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57 ABSTRACT 

A method and system automatically produce a temporal 
layout for controlling the presentation of a multimedia 
document. A partial temporal layout, or schedule, is pro 
duced during a compiletime phase of the method from 
duration information about the media items included in the 
document, and from the temporal relationships between the 
media items, as specified by a document author. Several 
temporal relationships are supported, including "simulta 
neous with', for synchronization of two media items or 
events, and relationships such as "before by 10 seconds.” 
The temporal formatter positions media data items having 
predictable behavior in time according to the specified 
temporal relationships and using the specified durations, and 
creates an auxiliary temporal layout with unresolved times 
for each media data item or event therein having unpredict 
able behavior. The temporal formatter automatically pro 
duces temporal layouts for documents that include media 
items for which internal events and continuously adjustable 
durations are specified, thereby providing for very flexible 
positioning of media items in time without the author's 
involvement. The author of the document may specify a 
flexibility metric at the media or event level related to the 
continuously adjustable durations that provides the temporal 
formatter with guidance as to how to best position tempo 
rally related media items in time. In an illustrated embodi 
ment, the flexibility metric consists of duration-adjustment 
costs, and the temporal formatter uses linear programming 
to Solve for solutions to equations formulating the temporal 
constraints between connected components in the document. 

33 Claims, 9 Drawing Sheets 
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METHOD AND SYSTEM FOR TEMPORALLY 
FORMATTING DATA PRESENTATION IN 

TIME-DEPENDENT DOCUMENTS 

COPYRIGHT NOTICE 

A portion of the disclosure of this patent document 
contains material which is subject to copyright protection. 
The copyright owner has no objection to the facsimile 
reproduction by anyone of the patent document or the patent 
disclosure as it appears in the Patent and Trademark Office 
patent file or records, but otherwise reserves all copyright 
rights whatsoever. 

1. Field of the Invention 
The present invention relates generally to processor-based 

multimedia information authoring and presentation systems, 
and more particularly to a processor-based method and 
system for the automatic temporal formatting (scheduling) 
of multimedia documents. 

2. Background 
Information presented in the form of a traditional docu 

ment has a spatial layout that indicates where the informa 
tion, such as text, graphics, and images, is to be presented in 
the document space. Information in the traditional document 
is static, or unchanging, in time. In contrast, a multimedia 
information presentation, while perhaps also having a spatial 
layout for at least some portions of the information, is 
dynamic, and presentation of the information as a whole 
involves consideration of time relationships between con 
stituent parts. The introduction of the time dimension in 
multimedia information presentations raises a complex set 
of authoring and presentation issues that center around the 
scheduling of the presentation. First, in order to convey 
information effectively, the various data components, or 
media, of a multimedia information presentation must be 
scheduled to occur at specific times. In addition, some of the 
media may be presented concurrently with other media, 
requiring coordination of the information presentations. 
Moreover, in interactive multimedia information presenta 
tions where a system user is permitted to interact with the 
presentation, such as, for example, in a hypertext or hyper 
media environment, the user's interactions will affect the 
scheduling of other media events. These interactions, known 
as unpredictable events, must also be smoothly integrated 
into the multimedia presentation. 
A brief discussion of existing multimedia authoring and 

presentation systems will highlight some of the deficiencies 
that exist with respect to scheduling the presentation of a 
multimedia document. In the remainder of this description, 
an abbreviation enclosed in brackets () refers to a publi 
cation that contains information about the idea with which 
the bracketed abbreviation is associated. The author and title 
of the referenced publication may be found in Section D, 
below. Also, in the remainder of the description, the system 
user who creates the multimedia document will be referred 
to as the "author,” and the system user who observes and 
hears the presentation of the document will be referred to as 
the "reader.” These may be the same person. 

In a multimedia authoring and presentation system, the 
author of a multimedia document either creates or identifies 
the individual data components, called "media items,' to be 
included in the document. The author may also have the 
capability of specifying a portion of a media item, called a 
"media segment,” for inclusion in the document, and media 
segment and media item may be used interchangably herein. 
The author then specifies a relationship between the media 
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2 
items with respect to time that is to govern the actual 
presentation of the document to the reader. These relation 
ships between media items with respect to time will be 
referred to herein as "temporal relationships.” The author, in 
specifying the temporal relationship, provides a “temporal 
specification.” In order to provide for the creation of a 
multimedia document having a rich set of capabilities, the 
authoring system should support the creation and specifica 
tion of media items having both fine granularity and con 
tinuously adjustable durations. In addition, the system 
should support specifying a variety of different temporal 
relationships between media items, and should allow for the 
specification of a measurement, or metric, that indicates the 
quality of the resulting presentation if durations of media 
items are adjusted, or the expense of adjusting a duration. 
(Section A. below describes these concepts in more detail.) 
The process of determining from a temporal specification 

when to present the individual components of information in 
a multimedia document may be a very complex one, depend 
ing on the variety of temporal relationships supported and 
whether fine granularity and continuously adjustable dura 
tions are supported. The process of determining the set of 
times for presenting media items included in a multimedia 
document from the author's temporal specification will be 
referred to herein as "temporally formatting” the multimedia 
document. The set of times for presenting media items 
included in a multimedia document will be referred to herein 
as the document's "temporal layout,' or schedule. 
A variety of factors in addition to the temporal relation 

ship among media items, such as the duration of each 
individual media item, the coordination of one media item 
with another, and the preparation time and playback rate of 
the various presentation devices involved, to name but a few, 
must also be considered in formatting the temporal specifi 
cation into an actual temporal layout that can be used to 
schedule the presentation of the media items on the appro 
priate presentation devices. First generation multimedia 
authoring and presentation systems require the author of the 
multimedia presentation to temporally format, or schedule, 
media items manually, before a multimedia document is 
presented. This is analogous to the system user of a bitmap 
or graphical editor manually laying out the text, graphics, 
and images spatially in a document before the system prints 
or displays the document. Several existing multimedia 
authoring and presentation systems require authors to create 
temporal layouts manually by positioning media items on a 
document timeline Drapeau 91), MacroMind 89, Ogawa 
90), QuickTime 91), a tedious and error-prone process. 
Other manual methods include temporal scripting languages 
Fiume 87 and object composition Petri nets (Little 1990. 
These manual systems place the burden on the author of the 
document to sort out the complex temporal relationships 
among media items, to position the media item in time, to 
adjust presentation rates when necessary, and to edit the 
durations of media items when necessary, leading to much 
trial and error before a successful presentation can be 
achieved. 

Automatic temporal formatters attempt to relieve the 
author of some of the complexities of the temporal format 
ting task. An automatic temporal formatter uses a temporal 
specification, which consists of certain descriptive informa 
tion about the media items and the temporal relationships 
among the media items, to produce a temporal layout that 
indicates when events in a document should occur. Some 
formatters also make use of an environment specification, 
which describes the characteristics and capabilities of the 
workstation and network of the target environment, to 
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further refine the temporal layout. The temporal layout is 
used to control the document's actual physical presentation 
on the presentation device or devices. An automatic tempo 
ral formatter can be evaluated using the measurement cri 
teria of (i) its flexibility in assigning times to media items; 
(ii) the types of different temporal behavior it handles; (iii) 
its ability to detect temporal mismatches among the speci 
fied temporal relationships of the media items; and (iv) when 
in the document production cycle the automatic formatter 
executes. 

An automatic temporal formatter may execute either 
before the document is presented, referred to as a "compi 
letime' scheduler or formatter; while the document is being 
presented, referred to as a "runtime' scheduler or formatter; 
or at both times, referred to as a "hybrid” scheduler or 
formatter. The characteristic of when an automatic temporal 
formatter is executed affects both the quality and the expres 
siveness of the presentation. A compiletime formatter can 
improve the appearance of the resulting documents by 
simply having the ability to lookahead at temporal relation 
ships specified between media items in order to assign 
starting times for them, and by taking full advantage of the 
flexibility of the media item durations and the temporal 
relationships to smooth out predeterminable temporal and 
environment mismatches before the document is actually 
presented. In addition, a compiletime formatter can identify 
errors that normally would not be detected until runtime, if 
at all. These errors include inconsistencies in the temporal 
specification, such as unsatisfiable temporal relationships, 
and inconsistencies because of the environmentin which the 
document is going to be displayed, such as the lack of a 
particular type of presentation device. This type of error 
checking performed at compiletime incurs no additional 
computational resources because the algorithm that does the 
error checking is the same one that produces the temporal 
layout. In contrast, a runtime formatter typically does not 
detect mismatches until a portion of the document has 
already been presented. This delay in detection limits a 
runtime formatter's ability to smooth out mismatches and 
often produces a choppy presentation. However, an auto 
matic temporal formatter executing at runtime, unlike a 
compiletime formatter, can accommodate unpredictable 
behavior, such as unpredictable events and media data 
having unpredictable durations. A hybrid scheduler may 
provide a compiletime formatter that handles the predictable 
portions of the temporal specification and a runtime format 
ter that handles the unpredictable portions. 

Several existing runtime temporal formatters accommo 
date media items having abroad range of characteristics, and 
consequently are able to produce automatic schedules of 
varying flexibility and quality. Each of these runtime tem 
poral formatters also accommodate some aspects of the 
unpredictable behavior that arises from media data specified 
as having unpredictable durations or specified as including 
unpredictable events. A system known as "Trellis' disclosed 
by Stotts et al., Stotts 1990, uses a temporal data flow 
representation based on timed Petrinets to describe both the 
structure and the browsing semantics of hypertext docu 
ments. The system has been implemented using text media 
items. Fiume et al. disclose an object-oriented temporal 
scripting language which an author uses to compose multi 
media objects. Fiume 87.) Fiume et al. disclose a language 
that supports media items with fine granularity, that have 
predictable durations. The language includes behavior speci 
fication called temporal transformations that allow an author 
to manually specify actions such as positioning an object in 
absolute time, scaling the duration of an object (i.e., con 
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4 
tinuous adjustment), or inverting the (temporal) direction of 
a media item between "forward' and "backward'. The 
compiler-interpreter for this language is, in effect, its runt 
ime temporal formatter. 

Another runtime temporal formatter is disclosed by Bul 
terman et al. and addresses the problem of presenting 
multimedia documents in a heterogeneous hardware envi 
ronment Bulterman 1991). The runtime temporal formatter 
disclosed by Bulterman et al., called "the player,” supports 
media items, called data blocks, that have coarse granularity 
and predictable durations. It is unclear whether media items 
with unpredictable durations are supported. However, media 
item durations are not flexible, and therefore no metric is 
provided for adjusting them. The range of temporal speci 
fications supported include binary ordering relations, called 
synchronization arcs, that may be placed between the end 
points of media items, and sequential and parallel ordering 
relations among intervals. 
An existing hybrid temporal formatter, called MODE 

(Multimedia Objects in a Distributed Environment), was 
designed to address the problem of presenting multimedia 
documents in distributed, heterogeneous hardware environ 
ments. Blakowski 1992. Blakowski et al. disclose a tem 
poral formatter that supports media items called objects that 
have fine granularity, predictable and unpredictable dura 
tions, and continuously adjustable durations. Events 
included within media items are called reference points. 
MODE supports interactive objects that allow readers to 
control a document's presentation dynamically. It appears, 
however, that the predictable durations of continuously 
adjustable media items are not adjustable at compiletime. 
MODE's hybrid formatter provides a compiletime compo 
nent called the Optimizer and a runtime component called 
the Synchronizer. The input to each component consists of 
a temporal layout, manually constructed by the author using 
a timeline approach, and an environment specification. 
Therefore, neither the Optimizer nor the Synchronizer auto 
matically produces a temporal layout. The Optimizer uses 
the environment specification to select a presentation style to 
be used for this presentation of the document that is depen 
dent on the actual types of hardware available in the current 
environment. Blakowski et al. also disclose that MODE 
provides for a metric called "priorities' which may be 
associated with each object to describe its sensitivity to 
media delays. With respect to synchronization of media data, 
Blakowski et al. disclose that MODE supports temporal 
relationships called synchronization points that connect two 
or more reference points. Synchronization is performed by 
a signaling mechanism and accomplished at runtime. Each 
presentation thread reaching a synchronization point sends a 
corresponding signal to all other presentation threads 
involved in the synchronization point. After the dispatch of 
all signals, the presentation thread waits until it receives 
signals from all the other participating threads of the syn 
chronization point before proceeding. In addition, the runt 
ime Synchronizer component allows receiving media items 
to make continuous (shrinking) adjustments to their dura 
tions to reach the synchronization point faster, and/or allows 
sending media items to stretch their durations to wait for the 
other media items. The Synchronizer component of the 
temporal formatter handles media delays via this signaling 
mechanism at runtime, using the priorities. 

Existing automatic temporal formatters handle media 
items with diverse sets of characteristics, making their 
functionality difficult to compare. Many of the existing 
multimedia authoring systems require the author to manu 
ally produce a temporal layout by assigning times to the 
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media data included in the document. For documents having 
a rich set of capabilities that permit the specification of a 
wide variety of inter-media item temporal relationships, 
manual scheduling is exceedingly burdensome to the author. 
An automatic temporal formatter should relieve most of this 
burden. However, in order to present a multimedia document 
having a rich set of capabilities, it is essential that an 
automatic temporal formatter handle media items of both 
coarse and fine granularity, and that have continuously 
adjustable durations. It appears that none of the formatters 
described above having only a runtime component are able 
to produce a schedule automatically for media items having 
predictable and continuously adjustable durations, and some 
of these formatters do not support media items having fine 
granularity. The hybrid formatter disclosed by Blakowski et 
al., while supporting a rich set of media item specification, 
appears to require a manually produced temporal layout as 
input to each of its compiletime and runtime components, 
and thus it appears not to actually produce a schedule 
automatically, but to optimize the manually produced sched 
ule for the particular presentation environment, and to 
handle synchronization and aspects of unpredictable behav 
ior at runtime. 
What is needed is a significantly improved automatic 

multimedia document presentation scheduler requiring less 
manual scheduling effort on the part of the author and 
accommodating media items having continuously adjustable 
durations and unpredictable behavior as early in the process 
of presenting the document as possible in order to detect 
inconsistencies and/or mismatches early in the presentation 
process. 

SUMMARY OF THE INVENTION 

The method and system of the present invention provide 
a compiletime component of a temporal formatter that 
automatically constructs a partial temporal layout for media 
segments having predictable behavior. The temporal format 
ter flexibly positions in time, at the event level, the media 
items included in a document using a range of times speci 
fied for each media item while still satisfying the temporal 
relationships between media item events, as specified by the 
author. The temporal relationships that may be specified 
include several relative relationships (e.g., before by 10 
seconds, before by at least 15 seconds, and before by 
between 10 and 20 seconds) in addition to the standard 
"simultaneous with temporal relationship, thus requiring 
the temporal formatter to do more than merely synchronize 
events in order to position the media items in time effec 
tively. If a specified temporal relationship between two 
events cannot be satisfied by positioning a media item in 
time, the temporal formatter further is able to adjust the 
duration of one or more media items as necessary to satisfy 
temporal relationships. For any two media item events that 
cannot be initially positioned to satisfy a specified temporal 
relationship, the temporal formatter uses a flexibility metric, 
which may be specified at both the media item level and at 
the document level, to determine which media item duration 
of the two media item events should be changed, whether to 
lengthen (“stretch') or shorten ("shrink”) the duration to be 
changed, and by how much. The method provides a wide 
range of flexibility in positioning media events, and relieves 
the burden of this positioning from the document author. In 
addition, this temporal formatting is accomplished before 
displaying the document, representing a significant improve 
ment over existing schedulers which do not make adjust 
ments until the document is being displayed at runtime. 
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6 
Thus, the method and system of the present invention are 
able to effectively support and schedule media items that 
have a rich set of capabilities including fine granularity, 
continuously adjustable durations, and the explicit represen 
tation of temporal relationships among media items in a 
document. 

Moreover, the method of automatically providing a tem 
poral format for a multimedia document also produces a 
consistent schedule for media items having unpredictable 
behavior. This is especially important for the effective 
production of interactive multimedia documents, which are 
used in a variety of environments such as education. An 
interactive multimedia document can act as a multimedia 
user interface, and thus a multimedia document authoring 
system can act as a multimedia user interface builder. 
Interactive multimedia documents must support rich coor 
dination between their predictable and unpredictable por 
tions so that the necessary connections can be made between 
the user interfaces and the applications they control. The 
automatic temporal formatter of the present invention Sup 
ports the rich set of capabilities needed by an interactive 
multimedia document environment and successfully accom 
modates media items having unpredictable behavior. 

Therefore, in accordance with the present invention, there 
is provided a method of temporally formatting a plurality of 
media items included in a time-dependent document in an 
information presentation system. Each media item is capable 
of producing human perceptions when presented by a media 
presentation device. The system includes memory for stor 
ing data, and a processor connected for accessing the data 
stored in the memory. The data stored in the memory 
includes instruction data indicating instructions the proces 
sor executes. The method comprises operating the system 
processor to obtain temporal constraint data indicating a 
time ordering relation value between first and second tem 
porally related media items. The processor also obtains 
media item durational time values and flexibility metric data 
for each media item. Each durational time value indicates a 
duration range of predictable elapsed presentation durations 
for a respective media item. The duration range includes an 
optimum duration. The flexibility metric data associates a 
measurement with each of selected durations other than the 
optimum duration within the range of durations. The pro 
cessor then assigns document presentation time values to 
each media item. Each document presentation time value 
assigned to a respective one of the media items produces a 
computed duration within the range of durations indicated 
for the respective media item, and satisfies the temporal 
constraint data specified between the respective media item 
and a second media item. The document presentation time 
values assigned to media items are computed using a linear 
programming technique to solve a linear function that mini 
mizes a measurement associated with lengthening and short 
ening media item durations for respective media items. The 
linear function is subject to a plurality of linear constraints 
that are selected from a group of constraints including media 
item durations, flexibility metric data for respective media 
item durations, and temporal constraint data between pairs 
of media items. 
The novel features that are considered characteristic of the 

present invention are particularly and specifically set forth in 
the appended claims. The invention itself, however, both as 
to its organization and method of operation, together with its 
advantages, will best be understood from the following 
description of the illustrated embodiment when read in 
connection with the accompanying drawings. In the Figures, 
the same numbers have been used to denote the same 
component parts and acts. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram schematically illustrating a 
general overview of the process and data flows of the present 
invention; 

FIG. 2 is a diagram illustrating the data structures that are 
the input to the illustrated embodiment of the method of the 
present invention; 

FIG. 3 illustrates the schematic graphical representation 
of a time-dependent document as produced by the authoring 
subsystem which uses the method of the present invention; 

FIG. 4 is a diagram illustrating the main and auxiliary 
schedule data structures that are the output of the illustrated 
embodiment of the temporal formatter of the present inven 
tion; 

FIG. 5 illustrates the broad steps of the method of the 
present invention; 

FIG. 6 illustrates the schematic graphical representation 
of the connected components of the time-dependent docu 
ment illustrated in FIG. 3, as determined by the method of 
the present invention; 

FIG. 7 illustrates the detailed steps of the illustrated 
embodiment of the present invention; 

FIG. 8 is a block diagram schematically illustrating the 
runtime component of the temporal formatter of the present 
invention; and 

FIG. 9 is a simplified block diagram illustrating the 
system environment in which the method of the present 
invention may be used, and the system configuration of the 
system of the present invention. 
While the present invention will be hereinafter described 

in connection with an illustrated embodiment, it will be 
understood that it is not intended to limit the invention to 
that embodiment. On the contrary, it is intended to cover all 
alternatives, modifications and equivalents as may be 
included within the scope of the invention as defined by the 
appended claims. 

EDETALED DESCRIPTION OF THE 
ILLUSTRATED EMBODEMENT 

Table 1: Detailed Description Table of Contents 
A. Conceptual framework of a multimedia document and 

a multimedia information presentation system. 
B. Description of an illustrated embodiment of the 

method of the present invention. 
1. The temporal specification data structures that are the 
input to the method of the present invention. 
a. The media-level specification. 
b. The document-level specification. 

2. An exemplary time-dependent document and the user 
interface of the authoring subsystem. 

3. The schedule data structures that are produced by the 
method of the present invention. 

4. The temporal formatting method of the present inven 
tion. 
a. The linear programming implementation. 
b. An alternative implementation. 

5. The runtime component of the temporal formatter. 
C. The system environment and system configuration of 

the present invention. 
D. References. 
E. Miscellaneous considerations and conclusion 
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8 
A. Conceptual framework of a multimedia document and a 
multimedia information presentation system. 
The present invention relates to method steps for operat 

ing a system including a processor, and to processing 
electrical or other physical signals to produce other desired 
physical signals. The detailed descriptions which follow are 
presented largely in terms of display images and sounds, and 
symbolic representations of operations of data within the 
memory of the system. These descriptions and representa 
tions, which are algorithmic in nature, are the techniques 
used by those skilled in the data processing arts to most 
effectively convey the substance of their work to others 
skilled in the art. An algorithm is here, and generally, 
conceived to be a self consistent sequence of acts leading to 
a desired result. These acts are those requiring physical 
manipulations of physical quantities such as electrical or 
magnetic signals that are capable of being stored, trans 
ferred, combined, compared, and otherwise manipulated. It 
proves convenient at times, principally for reasons of com 
mon usage, to refer to these signals by a variety of terms, 
including bits, values, elements, pixels, symbols, characters, 
terms, numbers, data items, or the like. However, all of these 
terms and the additional terms defined below are convenient 
labels applied to appropriate physical quantities. 

Further, the manipulations performed are often referred to 
in terms, such as adding, comparing, or determining, which 
are commonly associated with mental operations performed 
by a human user. Apart from supplying certain signals to the 
system that the method operates, the capability of a human 
user is neither necessary nor desirable in the operations 
described herein which form part of the automatic temporal 
formatting method of the present invention. In addition, the 
algorithmic descriptions presented herein of the acts of the 
present invention are not inherently related to any particular 
processor, system, or other apparatus. Useful systems for 
performing the operations of the present invention include 
general purpose digital computers or other similar devices 
configured as described below and in the claims. 
The present invention also relates to a system for per 

forming these operations. This system may be specially 
constructed for the required purposes or it may comprise a 
general purpose computer selectively activated or reconfig 
ured by a computer program stored in the computer. In 
particular, various general purpose systems may be used 
with programs in accordance with the teachings herein, or it 
may prove more convenient to construct more specialized 
apparatus to perform the required acts of the method. The 
required structure for a variety of these systems will appear 
from the description given below. 
By way of general background, the term "data” refers 

herein to physical signals that indicate or include informa 
tion. The term "data” includes data existing in any physical 
form, and includes data that are transitory or are being stored 
or transmitted. For example, data could exist as electromag 
netic or other transmitted signals or as signals stored in 
electronic, magnetic, or other form. An "item of data' or a 
"data item' is a quantity of data that a processor can access 
or otherwise operate on as a unit. For example, an eight-bit 
byte is a data item in many data processing systems. Data 
can be combined into a "data structure.' A "data structure' 
is any combination of interrelated data. A data structure may 
also include other data structures. A processor "accesses' an 
item of data in memory by any operation that retrieves or 
modifies the item, such as by reading or writing a location 
in memory that includes the item. An item of data "indi 
cates' a thing, an event, or a characteristic when the item has 
a value that depends on the existence or occurrence of the 
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thing, event, or characteristic, or on a measure of the thing, 
event, or characteristic. When an item of data can indicate 
one of a number of possible alternatives, the item of data has 
one of a number of "values.” For example, when the time 
data item included in the schedule command data item can 
specify one of a number of different times a presentation 
action may take place, the time data item indicates a time 
value. In addition, a first item of data "indicates' a second 
item of data when the second item of data can be obtained 
from the first item of data, when the second item of data can 
be accessible using the first item of data, when the second 
item of data can be obtained by decoding the first item of 
data, or when the first item of data can be an identifier of the 
second item of data. For example, when the duration data 
item for two temporally adjacent events in a media descrip 
tion data item is obtainable using the event value indicated 
by an event data item, the first item of data, the event data 
item, indicates the second item of data, the duration data 
item. In another example, when a first item of data includes 
a pointer or other information related to the location of a 
second item of data in a memory or other storage medium, 
the first item of data indicates the second item of data. Thus, 
in the context of the present invention, when the media 
pointer data item has a memory address value which the 
processor can use to locate and access the media data item, 
the media pointer data item indicates the media data item. 

Preliminary to describing the embodiments of the claimed 
invention illustrated in the accompanying drawings, it is 
helpful to provide a conceptual framework describing the 
environment in which the method and system of the present 
invention operate, and to establish a common base of 
terminology. The terms described and defined below have 
the meanings indicated throughout this specification and in 
the claims. 
A multimedia information presentation system is often 

described as a presentation of information that includes 
presenting information on different types of output devices, 
or "media, such as a display device and a speaker, or 
presenting information that is stored on different types of 
storage media, such as digital video or audio data stored on 
digital media, and analog data stored on video tape or audio 
tape or video disk, or presenting information from diverse 
sources, such as from a live television broadcast and from a 
computer memory. The method of the present invention does 
not use "media' in this manner to necessarily refer to output 
data presentation signals of different types, although the 
method may be used to operate a system that includes 
presentation of information on different output media 
devices. 
The method of the present invention provides a method of 

automatically temporally formatting the presentation of data 
components that have temporal relationships among them. 
These data components may be thought of as a temporally 
related unit called a "time-dependent document.” A "time 
dependent document' as used herein is a series of (at least 
two) discrete sets, or components, of data related in time 
(e.g., by order of occurrence) and presented to a human user 
on one or more media presentation devices suitable for 
presenting the data components in human-perceptible form. 
The term 'series' is intended to include discrete sets of data 
components that are partially or wholly concurrent in time, 
as well as those that do not overlap in time and are 
sequential. A multimedia document defined by at least two 
discrete sets, or components, of data related in time and 
presented to a human user on one or more media presenta 
tion devices is an example of a time-dependent document. In 
addition, a hypermedia document is also an example of a 
time-dependent document. 
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10 
A discrete set of data in a time-dependent document 

defines a "media item,' and the series of media items that 
define a time-dependent document may include discrete sets 
of data defining static and dynamic (e.g., in motion) 
"images' as well as sounds (also referred to as audio). A 
static media item, which, in contrast to a dynamic media 
item, typically does not have an inherent dimension of time 
associated with its specification, may become part of a 
time-dependent document when it is specified as being 
temporally related to another media item, or when it is 
explicitly specified as having a presentation duration. For 
example, data components defining each of two static 
images, such as two photographic slides, each define a static 
media item, and, if related in time, as for example by order 
of occurrence, the series of the data components defining the 
two photographic slides defines a time-dependent document 
as that term is intended to be used herein. Similarly, data 
components defining a video image segment and an audio 
segment respectively are each media items, and if related in 
time, these data components also define a time-dependent 
document. A media item may also be defined by any other 
type of discrete set of data, in addition to those defining 
images and audio, that may be presented to a user in the form 
of human-perceptible signals, such as, for example, olfac 
tory data or tactile data. A media item may also include an 
application program that produces data that may be pre 
sented to a user in the form of human-perceptible signals, 
and may itself be a composite data component including 
another time-dependent document. A "media item' is dis 
tinguishable from a data description about that media item 
that includes information the temporal formatter of the 
present invention uses to produce a temporal layout of the 
time dependent document. The data description about that 
media item is referred to as a "media description data 
structure' or a "media-level specification' about a media 
item. 
A time-dependent document and many of the following 

definitions will generally be described herein in terms of 
image and sound media items, but the method of the present 
invention will operate on a time-dependent document com 
posed of any media items related in time by order of 
occurrence, and so the description of the illustrated embodi 
ment in the context of image and sound media items only is 
not intended to be limiting to those media items. Moreover, 
the description of the illustrated embodiment in terms of 
both image and audio media items is also not intended to 
require that the method of the present invention operate on 
time-dependent documents that include media items having 
different signal types. The method of the present invention 
will operate successfully on time-dependent documents that 
include at least two different media items of the same signal 
type that are related in time by order of occurrence, such as 
data components defining the temporally related photo 
graphic slides, or data components wholly comprised of text 
data. 
The document author explicitly specifies which media 

items are to be included in the document, and, depending on 
the authoring system, may be able to specify the starting 
point and ending point of an entire media item or of a media 
segment, thereby implicitly editing a subset of the media 
item for inclusion in the document. Each of the starting and 
ending points of a media data item or media item segment 
is called an "event data item,' or "event.' Articles and texts 
discussing multimedia systems may also call these points 
“reference points' or "synchronization points.” In addition 
to starting and ending event data items, a media item may 
also include additional, specified event data items, each of 
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which is a data item indicating an internal point of the media 
item between the starting point and the ending point. The 
degree of specification of event data items in a media item 
is referred to as the "granularity” of the media item. Existing 
authoring systems that permit only a reference to starting 
and ending points in a media item permit the construction of 
documents including media items having "coarse granular 
ity." Authoring systems that permit authors to reference 
internal event data items permit the construction of docu 
ments including media items having "fine granularity.' By 
way of example, if a media segment is a piece of film 
footage in a foreign language, the ability to specify internal 
event data items within the film footage (e.g., actual film 
frames) permits the temporal relationship of text media 
segments in the form of subtitles to be specified more easily 
and with more precision. 

Event data items are classified as "predictable events' and 
"unpredictable events.” Predictable events mark times that 
can be determined in advance under ideal conditions (ignor 
ing unpredictable delays, such as excessive network load). 
Examples of predictable events include the time at which a 
specific frame in a video is presented or the time at which a 
specific sample in an audio recording is played. Unpredict 
able events mark points in time during the presentation of a 
media segment that cannot be determined in advance, such 
as when a program reaches a particular state or when a 
reader selects an object on the screen. 
A media item's "duration,' also called a "durational time 

value" herein, indicates the length of time required to 
prepare and present a media item. Preparing a media item for 
presentation may include the time needed for retrieving, 
compressing, transmitting, and uncompressing the data. A 
duration for presenting a media item or media segment 
specifies the length of time between two events in the media 
item or media segment. Thus, a media item having only 
starting and end events specified will have a single duration, 
while a media item having fine granularity may have a 
duration specified for each data component marked by two 
adjacent events. 

Durations are classified as "predictable' or "unpredict 
able.' A predictable duration is one whose length can be 
determined in advance. Examples of media items with 
predictable durations include audio, video, and animations. 
Typically, the length of a predictable duration is a function 
of the number of discrete data items and the rate at which a 
unit of data is presented. A predictable media preparation 
time includes such time as the time required to spin up video 
playback heads or to transmit data over a network providing 
guaranteed throughput. An unpredictable duration is one 
whose length cannot be determined until the media segment 
actually ends. Media segments with unpredictable durations 
include programs with unpredictable execution times, such 
as database search engines and simulations; and realtime 
communication, such as telephone conversations and live 
broadcasts of lectures. Unpredictable media preparation 
times include those to perform a graphical transformation on 
an image or to transmit data over a network in which 
resources cannot be reserved. 

With respect to static media items such as text and still 
images, durations can be imposed on the media item, such 
as by the document author or a process of the authoring 
system assigning a duration. For example, a predictable 
duration could be imposed on an image media segment 
either by presenting it for a fixed amount of time, say 10 
seconds, or by presenting portions of it at a fixed rate, say 
highlighting 6 regions of the image for 2 minutes each for an 
overall duration of 12 minutes. An unpredictable duration 
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12 
could be imposed by allowing readers to scroll through the 
media segment at their own speed. 

Support in an authoring system for the ability to manipu 
late the duration of a media item is critical to the overall 
quality of the appearance and presentation of a time-depen 
dent document. This is because, when positioning in time 
two media items that are temporally related, if one or both 
media items has a range of durations within which it can be 
acceptably presented, its duration may be adjusted during 
the temporal formatting process in order to more effectively 
accommodate the temporal relationship between it and the 
other media item. A media item whose duration may be 
adjusted anywhere within a range is said to have a "con 
tinuously adjustable' duration. The media-level specifica 
tion of a continuously adjustable media item specifies a 
range from which the duration can be selected, and perhaps 
may include a preferred, or "optimum” duration within that 
range, which is typically the media item's natural duration. 
The characteristic of a media item that allows both posi 
tioning in time within a range of times, and allows for 
changing the duration of the media item may be referred to 
as its "flexibility.” The temporal formatting method of the 
present invention supports the temporal formatting of media 
items having this characteristic flexibility, as well as media 
items having fixed durations or have little or no flexibility 
with respect to positioning in time. As will be described in 
more detail below, the temporal formatting method of the 
present invention will initially attempt to place events in 
time using their optimum durations. For example, a video 
media segment can specify a range from 5 to 10 seconds, and 
may have a preferred duration of 10 seconds. The particular 
behavior used for implementing a continuously adjustable 
duration will vary with the type of media item, but generally 
will include such behaviors as modifying the playback rate, 
discarding or repeating data, or performing an alternative 
action when there is no more data to present. Selection of 
any of these behaviors will take into account the behavior's 
effect on the overall quality of the media item's physical 
appearance. Within certain ranges, the physical effects of 
these types of behaviors may not noticeably reduce quality. 
Once an authoring system supports the creation of a 

media item providing flexibility in its duration, the author 
who performs manual temporal formatting, or an automatic 
temporal formatter, must understand the trade-offs in select 
ing one duration above another or in deviating from the 
duration specified as optimum. Thus, the ability to provide 
an objective measure, or metric, describing the quality of a 
particular media segment's presentation, or the expense of 
generating, transporting, or presenting the media segment, 
or both, becomes a factor that is important to the overall 
quality of the appearance and presentation of the time 
dependent document. A "flexibility metric' specifying a 
quality or expense parameter can be used by a formatter to 
select the "best” representation for each media segment in a 
given situation. That representation may include selecting an 
alternative presentation type for the media item, or adjusting 
the duration of the media item. In the method of the present 
invention, the flexibility metric permits the scheduler to 
determine the "best' way to adjust the durations of one or 
both of first and second temporally adjacent media items 
within the range of durations specified for each in order to 
satisfy the specified temporal relationship between the two 
media items. The "best” solution to adjusting the durations 
is computed by the system according to metric parameters 
supplied by the document's author. In the illustrated 
embodiment of the temporal formatting method of the 
present invention described in detail in Section B below, the 
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author of the time-dependent document specifies "costs' for 
each media item. Costs are numerical values that define to 
the method a penalty for deviating from the optimum 
duration specified for a media item. 
Media item granularity determines how flexibly and pre 

cisely two temporally related media items may be positioned 
in time. The specification of an internal event data item 
within a media item permits the positioning of that event 
data item in time with respect to another event data item 
within the same or within another media item to which it is 
temporally related. 
The temporal formatting and coordination of the at least 

two media items that define a time-dependent document 
necessarily involve interpreting the temporal relationship 
specified between the two media items. The temporal for 
matting method of the present invention supports the tem 
poral formatting of a time-dependent document that includes 
media items having an ordering relationship between two 
specified events each of which is included in a respective 
media item. Two event data items are "temporally adjacent' 
when a time ordering relationship between the two events 
has been specified. The data indicating the ordering rela 
tionship between two events is referred to herein as "tem 
poral constraint data.” The author of the time-dependent 
document may specify a temporal ordering relationship 
between media items at the events marked by event data 
items. An event data item can identify a range of things: an 
absolute time, a relative time during the document's pre 
sentation (i.e., 10 seconds after the start of the document, 
halfway through a media item); a predictable or unpredict 
able event in a media item; an external event that can be 
passed through to the system (i.e., user interaction); or a 
composite event data item, which is any temporal relation 
ship that produces aspecific point in time. Ordering relations 
are binary relations that specify the order of occurrence of 
event data items in the time-dependent document. Examples 
of ordering relations include "simultaneous with' and 
"before by 10 seconds." These parameters may be temporal 
equalities, such as 10 seconds; temporal inequalities, such as 
less than 10 seconds; or temporal ranges, such as between 10 
seconds and 1 minute. The present invention uses the 
specified temporal relationships to assign times to events by 
positioning media segments, and then adjusting temporal 
relationships or durations of media segments within speci 
fied ranges. Note that, in the example above of the static 
media item with predictable duration defined by highlighting 
6 regions of the image for 2 minutes each for an overall 
duration of 12 minutes, when the presentation of one of the 
six highlighted regions is temporally related to a prior 
presented one of highlighted regions of the image, the two 
temporally related presentations of the highlighted regions 
describe first and second temporally adjacent media items 
for purposes of the present invention. 
A "schedule data structure' produced by the present 

invention and indicates timing and operation information 
that controls the presentation of the time-dependent docu 
ment. This timing and operation information is referred to 
herein as the document's "temporal layout.” Other refer 
ences may call this information a document's 'schedule.” 
The schedule data structure includes a plurality of "schedule 
command data structures, or "commands,” each of which 
indicates information necessary for controlling the presen 
tation of a media item. Each schedule command data struc 
ture contains at least a time data item indicating a time value, 
an event data item, specifying the event to which the time 
value is associated, and a reference to the media item that 
includes the event. When the event time values satisfy the 
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14 
specified temporal relationships among media segments, a 
temporal layout is "consistent.” Otherwise, the temporal 
layout contains "temporal mismatches.' When a temporal 
layout is consistent and its environment requirements are 
satisfied (e.g., the specified presentation devices are avail 
able), the temporal layout is "presentable.” The automatic 
temporal formatting method of the present invention pro 
duces a consistent temporal layout, detecting unsatisfiable 
and uncorrectable temporal mismatches during a compile 
time phase, before the document is actually presented. Such 
mismatches are flagged as errors in the temporal specifica 
tion. 
The automatic temporal formatting method of the present 

invention processes, as input, media items that have both 
"predictable behavior” and "unpredictable behavior.” The 
term "predictable behavior” refers to a media item that has 
both a predictable duration and that includes only predict 
able events. The term "unpredictable behavior” refers to a 
media item that has either an unpredictable duration, or that 
includes an unpredictable event, or both. In particular with 
respect to media items having unpredictable behavior, the 
automatic temporal formatting method of the present inven 
tion handles media items having content-based unpredict 
able behavior, which includes program states and user 
interaction with the content of the document. Content-based 
unpredictable behavior is made explicit in the temporal 
specification that is prepared by the author of the time 
dependent document. The temporal formatting of content 
based unpredictable behavior increases the expressiveness 
of the resulting document. 
A "partial temporal layout' is one in which media items 

having predictable behavior are formatted, but media items 
having unpredictable behavior are not completely formatted 
by the temporal formatter. When the method of the present 
invention processes media items having both predictable and 
unpredictable behavior as input, the method produces, dur 
ing a compiletime phase, a schedule data structure called the 
"main schedule data structure,” or simply the "main sched 
ule,” which includes times assigned to events having pre 
dictable behavior, and a schedule data structure called an 
"auxiliary schedule data structure,” or simply the "auxiliary 
schedule' for each event having unpredictable behavior. An 
event data item in the main schedule indicates the auxiliary 
schedule data structure for a temporally adjacent event data 
item for which a time cannot be assigned. These data 
structures are described in more detail below in the discus 
sion accompanying FIG. 4. During the runtime phase of the 
method, events that have only been partially temporally 
formatted in advance (i.e., unpredictable events) are com 
pletely formatted by "presentation” and "event handler' 
runtime subsystems. These are described in more detail 
below, in the discussion accompanying FIG. 8. 
The temporal formatting and coordination of the at least 

two media items that define a time-dependent document may 
also include specifying and adjusting one or more media 
item behaviors, or "operations,” that a document author has 
specified for a media item, where an authoring system 
supports such specification. An operation is a one or more 
instructions that are able to be interpreted by the media 
manager responsible for controlling the presentation of 
media items of the same type. Operation specification allows 
authors to impose behavior on an event, much as different 
appearances, such as bold or italic, can be applied to 
characters or paragraphs in spatial document formatting 
systems. Authors may wish to add behaviors to individual 
events, such as sending messages to other media segments; 
individual intervals, such as zooming in on a portion of an 
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image, or to groups of intervals, such as setting the volume 
of all audio media segments to a certain level. The result of 
an operation can be time-altering, such as "increase play 
back speed” or "pause 10 seconds," or it can be non-time 
altering, such as "start” and "increase volume.” 

Time-altering operations affect the durations of media 
item, and, as a result, a temporal formatter must account for 
time-altering operations when producing the temporal lay 
out of a time-dependent document. The method of the 
present invention accounts for time-altering operations by 
determining what effect the time-altering operation has on a 
media item duration. The schedule data structure produced 
by the method of the present invention includes an operation 
data item indicating an "event presentation operation' to 
take place at the time value indicated by the time data item. 
An "event presentation operation' is an operation associated 
with an event included in that media item, to control that 
media item's or event's presentation behavior. Event pre 
sentation operations include the behavior operations speci 
fied by the author or by the system, which are carried over 
from the temporal specification into the schedule data struc 
ture, and event behavior operations produced by the method 
as a result of adjustments made to event durations during the 
temporal formatting process. An example of the latter type 
of event presentation operation is described in the discussion 
below of the illustrated embodiment of the method. A 
"media manager' is an application that is capable of per 
forming or executing the event presentation operations for a 
specific type of media item, such as, for example, an 
application that executes event presentation operations con 
trolling a video or audio tape recorder. 
The discrete set of data defining a media item may be 

comprised of an "output definition data structure' including 
sufficient information to directly produce output in human 
perceptible form, such as an image by presenting the image 
on a display, or such as a sound by presenting the sound 
through a loudspeaker. In the case of image data, for 
example, data defining an image may be referred to as 
"image definition data.” A two-dimensional array is an 
image definition data structure that can define all or any part 
of an image, with each item of data in the array providing a 
value indicating the color of a respective location of the 
image. Each such image location is typically called a 
"pixel', and the two-dimensional array of data is typically 
called "image pixel data' or an "image pixel data structure,' 
each item of data in the array providing a value, called a 
"pixel value', indicating the color of an image location. 
While image pixel data is the most common type of image 
definition data, other image definitions, such as vector list 
data, are intended to be included within the meaning of data 
defining an image. The discrete set of data defining a media 
item may alternatively be comprised of a data structure and 
an operation for operating on that data structure. An opera 
tion "produces' a display feature or object in an image or a 
sound in a set of audio signals when the operation begins 
without the data defining the image display feature or sound, 
and performing the operation results in the data defining the 
image display feature or sound. 
As used herein, an "image” is a pattern of light. An image 

may include characters, words, and text as well as other 
features such as graphics. An image may be divided into 
image “segments,” each of which is itself an image. A 
segment of an image may be of any size up to and including 
the whole image. The term "display feature' refers to any 
human perception produced by a display in a processor 
based system. A "display object' or "object' is a display 
feature that is perceptible as a coherent unity. A display 
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object "includes' a display feature if presentation of the 
display object can produce perception of the display feature. 
An image "includes' a display feature or object if presen 
tation of the image can produce perception of the feature or 
object. For example, in FIG.3, graphical representation 400 
of the exemplary time-dependent document is an image that 
includes labeled, directed arcs 446 and 442. 

Static image media items may include, but are not limited 
to, still video, graphic or photographic images, and images 
of portions or pages of characters, also referred to as text, 
such as, for example, conventional documents, spreadsheets, 
musical scores, subtitles, and data base query results. 
Dynamic image media items may include, but are not 
limited to, digital video, live motion video, video special 
effects, simulations, animations and realtime or recorded 
broadcast images, such as video images received from a 
television broadcast. 
A sound is a pattern of auditory signals. An audio media 

item may be composed of, but is not limited to, digitally 
sampled audio signals stored in a memory, audio signals 
generated by a digital signal processor, audio signal data for 
use in controlling external synthesizers and an audio tape 
recorder or the playing of audio from a VCR, and realtime 
or recorded broadcast audio signal data, such as signals 
received from radio and television broadcasts. 
A "media presentation device' is a presentation device 

that can provide a discrete set of data included in a time 
dependent document in a human-perceptible form. A "dis 
play device,” or "display” is a media presentation device that 
provides information in visual form in the form of images. 
A display may, for example, include a cathode ray tube; an 
array of light emitting, reflecting, or absorbing elements; a 
device or structure that presents marks on paper or another 
marking-receptive medium; or any other device or structure 
capable of defining an image in a visible form. To "present” 
an image on a display is to operate the display so that a user 
can perceive the image. A "display area' is the portion of the 
display in which an image is presented or the medium which 
receives an image. Aloudspeaker, or speaker, is an example 
of a media presentation device that provides information in 
human auditory form. Similarly, to "present' audio media on 
a speaker is to operate the speaker so that a user can perceive 
the sound. 

Additional information with respect to general concepts 
about time-dependent documents may be found in Bucha 
nan 1993) at Sections 2 ("Issues and Requirements...") and 
3 ("Automatic Temporal Formatters...') of that document, 
which sections are hereby incorporated by reference. To the 
extent that any information in that portion of Buchanan 
1993) conflicts with statements herein about the present 
invention, the discussion herein is controlling. With this 
conceptual framework of the automatic temporal formatting 
method and system of the present invention in mind, the 
description of an illustrated embodiment of the present 
invention now follows. 
B. Description of an illustrated embodiment of the method 
of the present invention. 
1. The temporal specification data structures that are the 
input to the method of the present invention. 

FIG. 1 illustrates a general overview of the process and 
data flows of the present invention. In the illustrated embodi 
ment, the author of a time-dependent document creates or 
identifies the individual media items 90 of the document and 
then specifies a temporal relationship among them that is to 
control the presentation of the document to the reader. These 
temporal relationships are captured in one or more data 
structures 10 and 60 which, together with the media items 
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90, are known collectively as the "temporal specification'2 
of the time-dependent document. The automatic temporal 
formatting method 100 of the present invention then uses 
data items in the temporal specification 2 to produce the 
partial temporal layout 200, also referred to as the schedule 
data structure, which indicates all or part of the temporal 
layout of the presentation of the time-dependent document. 
In a further process, the partial temporal layout 200 is input 
to a runtime operation 300 which completes the final tem 
poral layout needed for presentation and controls the actual 
presentation of the data in the document. 

FIG. 2 illustrates the components of the temporal speci 
fication 2 that is the input to the illustrated embodiment of 
temporal formatting method 100. Temporal specification 2 
used by the present invention includes three data structures: 
a media-level specification called a media specification data 
structure 10, which describes the temporal behavior of 
individual media items in the document; a document-level 
specification called a document specification data structure 
60, which describes the temporal behavior of the document 
as a whole; and the media items 90 that include the data from 
which the human-perceptible signals of the document, such 
as video or text images or sounds, are produced. Separating 
the temporal specification into these multiple levels supports 
facilitates reuse of media items in the same documents or in 
different documents. Note that in the present invention, the 
data structures are not limited to a combination of data items 
physically located in a substantially contiguous part of a 
system's memory, but may include individual data items 
diversely located in one or more local or remote memories 
and accessible by the system processor when it performs the 
operations of the method. Note also that the connecting lines 
and arrows in FIGS. 1 and 4, such as connecting line 82 in 
FIG. 2, illustrate the concept that a first data item "indicates' 
a second data item, in accordance with the definition pro 
vided above of "indicates.' The connection between the data 
items may be implemented using pointers or other linking 
mechanisms, or by defining the data structures in memory to 
the method, or in any other manner that accomplishes this 
connection. 

a. The media-level specification. 
The media-level specification describes the temporal 

behavior of each of the media items 90 that are included in 
a time-dependent document, such as video clips, audio 
recordings, text files, programs, or other time-dependent 
documents. The media specification data structure 10 
includes a media description data structure 12 indicating 
information describing each single media item included in 
the document. Each media description data structure 12 
includes media item reference data 38 that indicates the 
respective media item 94 described by media description 
data structure 12. Each media description data structure 12 
also includes event data items 14, each of which marks a 
point in time during the presentation of the respective media 
item. For example, each media description data structure 12 
may include start (e) and end (e) event data items that 
indicate respectively the start and end of the presentation of 
the respective media item, as specified by the author. In the 
illustrated embodiment, each media description data struc 
ture 12 also includes zero or more internal event data items 
(e) between the start and end events, as specified by the 
author of the document. These internal events may then be 
temporally related to events specified in other media items. 
Event data items may indicate predictable or unpredictable 
events. Unpredictable events can be activated or deactivated 
by the author at any event, which allows authors to control 
when unpredictable events can affect the document's behav 
1O. 
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With continued reference to FIG. 2 and media description 

data structure 12, each event data item indicates a data item 
16 that includes information about two temporally adjacent 
events in the same media item, referred to herein as e, and 
es. Duration data item 18 indicates the elapsed durational 
time value between e, and e, in the illustrated embodi 
ment, this durational time value is represented by three time 
values: a minimum time value 20 which is a minimally 
acceptable elapsed time of the media item between e, and 
e; an optimum time value 22 which is the natural or actual 
elapsed time of the media item between e, and el; and a 
maximum time value 24 of the media item between e, and 
e i-1 
The temporal formatting method of the present invention 

handles the temporal formatting of durational time values 
that are both predictable and unpredictable. For predictable 
durations, the minimum, optimum, and maximum durations 
are either nonnegative real numbers or the value "unspeci 
fied.” To specify a duration of a fixed length, the author 
specifies the minimum, optimum, and maximum durational 
time values as being equal to a single nonnegative real 
number. To specify a duration of adjustable length, the 
author specifies different nonnegative real numbers as dura 
tional time values which indicate that the duration is adjust 
able to any value within the range specified by the minimum 
and maximum durations. The author specifies an unpredict 
able duration by assigning the value "unpredictable' to the 
minimum, optimum, and maximum durations. 

In the present invention, each media description data 
structure 12 indicating information describing a media item 
in the document includes flexibility metric data 28 which 
relates to the presentation quality of the respective media 
item described by media description data structure 12. 
Flexibility metric data 28 is an objective measure specified 
by the author of the media item's ability to be flexibly 
positioned in time or to have a flexible duration, or both. The 
flexibility metric may simply be a binary value indicating 
whether or not the media item is required to be positioned in 
time or is optional, or the flexibility metric may represent a 
more complex specification of media item flexibility, such as 
described below in the illustrated embodiment. For example, 
the flexibility metric could provide an objective measure 
indicating how to select from a range of time values in a 
temporal constraint. The flexibility metric is then used by 
temporal formatter 100 to make media item positioning and 
duration decisions during the production of the temporal 
layout of the document. 

In the illustrated embodiment, flexibility metric data 28 is 
related to each duration data item 18 indicating the elapsed 
durational time value between two temporally adjacent 
events, e, and e, and is referred to as duration-adjustment 
cost data 28, which are associated with adjustable durational 
time values for temporally adjacent events to give prefer 
ence, or priority, levels to the durational time values in the 
range between minimum durational time value 20 and 
maximum durational time value 24 currently computed. 
Media items having unpredictable durations have durations 
specified as “unpredictable', and events are flagged to 
identify which events are starting and ending events. The list 
of predictable internal events is maintained in increasing 
temporal order, and the list of unpredictable internal events 
are arranged in order of creation. A document author speci 
fies duration-adjustment cost data for each duration data 
item 18 that indicates to temporal formatting method 100 the 
penalty for selecting a duration other than the optimum. 
Selecting an elapsed time for two temporally adjacent events 
that is different from optimum durational time value 22 
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typically reduces the presentation quality of the media item 
that includes those events, and costs can be viewed as an 
objective measure of this degradation. Each duration data 
item 18 indicates, via arrow 40, two separate cost data items 
30 and 32, specified as nonnegative real numbers. Cost 
shrink, data item 30 has a value for the cost of reducing, 
or shrinking, the duration of temporally adjacent events e. 
and e, when a value greater than or equal to the minimum 
and less than the optimum durational time value is selected 
by temporal formatter 100. Cost stretch data item32 has 
a value for the cost of expanding, or stretching, the duration 
of temporally adjacent events et and e when a value 
greater than the optimum and less than or equal to the 
maximum durational time value is selected by temporal 
formatter 100. 

b. The document-level specification. 
The document-level specification describes the temporal 

behavior of the document as a unit. The document specifi 
cation data structure 60 includes a document description 
data structure 62 indicating information at the document 
level describing each media item included in the document. 
Each document description data structure 62 includes media 
item reference data 68 that indicates the respective media 
description data structure 12 in media specification data 
structure 10 of the media-level specification. A single media 
item may appear in multiple documents or repeatedly in a 
single document. Each appearance of a media item is 
referred to as an "instance' of that media item, and all 
instances of a media item in either the same document or in 
multiple documents share the information in the media-level 
specification. For example, document description data struc 
ture 64 also indicates media description data structure 12 in 
media specification data structure 10, thereby representing 
that media item 94 is repeated in the document represented 
by document specification data structure 60. 

Each document description data structure 62 also includes 
temporal constraint data 70 indicating time ordering rela 
tionships among events in the document. Temporal con 
straints explicitly represent the temporal relationships 
among events in the document by specifying the temporal 
ordering of pairs of events in one or more media items. Each 
temporal constraint is directed from a source event, e, to 
a destination event, e. Temporal constraints are specified 
by the author. There are two classes of temporal constraints: 
temporal equalities, such as requiring that two events e. 
and eas occur simultaneously, or that e precede e by 
a fixed length of time; and temporal inequalities, such as 
requiring that e, precede e by some unspecified dura 
tion, that e, precede e by at least 15 seconds, or that e 
precede e by at least 10 and no more than 20 seconds. 
Table 2 below lists the temporal constraints supported by the 
illustrated embodiment of temporal formatter 100. Column 
2 in Table 2 provides the mathematical representation used 
by temporal formatter 100 to express the constraint. 

TABLE 2 

Temporal Constraints 

Ordering Relationship Mathematical Representation 

Simultaneous with 
Before by t 
Before by at least t 
before by no more than s 
before by at least t and no 
more thans 

timedest - times = 0.0 
timedest times = t 
timedest - timere 2 t 
timedest - times. SS 
timedest - timese 2 t 
timedest - times is S 

Each document description data structure 62 also includes 
media data operations data 72 indicating operations speci 
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fied by the document author associated with an event data 
item to control that media item's presentation behavior. 
Specifying operations at the document level, rather than at 
the media specification level, allows authors to control 
individual instances of a media item differently. Thus, for 
example, the presentation of media item 94 may differ each 
time it is presented in the document represented by docu 
ment specification data structure 60 because the operations 
included in media data operations data 86 in document 
description data structure 64 may be different from the 
operations included in media data operations data 72 in 
document description data structure 62, even though they 
both indicate media description data structure 12 represent 
ing media item 94. 

Durations and flexibility metrics could also be maintained 
at the document level, represented as document-level dura 
tion data item 74 and document-level flexibility metric data 
item 78 in document description data structure 62. The 
duration and flexibility metric would be specified in exactly 
the same manner as those at the media specification level 
described above. However, the duration and flexibility met 
ric specified at the document level would be associated with 
specific instances of a media item, allowing the author to 
tailor the behavior of each instance of the media item 
separately. 

Finally, document specification data structure 60 could 
also capture information indicating the activation and deac 
tivation of unpredictable events, as specified by the docu 
ment author at the document level, in unpredictable event 
control data 80. As a result, unpredictable events in different 
instances of a media item could be activated and deactivated 
separately, and events could activate and deactivate unpre 
dictable events in other media items. 
2. An exemplary time-dependent document and the user 
interface of the authoring subsystem. 
An illustrated embodiment of the method and system of 

the present invention will be described with respect to an 
exemplary time-dependent document that was actually cre 
ated and for which a temporal layout was actually produced 
according to the present invention. The exemplary document 
describes a physics lecture consisting of a stored lecture on 
electricity and magnetism, and a realtime audio connection 
to one or more related lectures that take place while the 
reader is viewing the document. 
The authoring subsystem of the system of the present 

invention provides a user interface, illustrated in FIG. 3, for 
representing the exemplary document to the author in a 
schematic, graphical representation 400 in display area 580 
of a display device 570 (FIG. 9). The authoring subsystem 
provides two direct manipulation authoring tools for creat 
ing and editing temporal specifications: a temporal view of 
a media item, and an interactive document editor, which is 
shown in FIG. 3. Authors use the editors provided by the 
media managers to create and edit media items and to mark 
internal events within them. In response to the author's 
actions in a media editor, the authoring subsystem creates 
the graphic representation of the temporal view of a media 
item, as illustrated in FIG. 3. Authors use the authoring 
Subsystem's interactive document editor to create the docu 
ment-level specification from which the temporal specifica 
tion of a time-dependent document is created. The document 
editor supports adding media items to a document, placing 
temporal constraints between events to specify their tempo 
ral ordering, and adding lists of operations to events to 
control the presentation behavior of a media item. 
The concept of time runs vertically in graphical repre 

sentation 400, from the top of display area 580 to the bottom. 
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The stored physics lecture is represented by the graphical 
representation within dotted lines 430, and contains several 
media items: an audio recording 431 of the lecture, an 
animation 454 showing the operation of a battery, and a 

22 
Unpredictable behavior is represented in graphical repre 

sentation 400 in two ways. The real time audio connection to 
related lectures, identified by reference numeral 470 in FIG. 
3, contains a calendar tool media item. 450 that identifies 
related lectures, and an audio controller media item 460 that hypertext dictionary of relevant terminology, shown as 5 

media item 420. This dictionary is presented as a text index manages the audio connections to the lectures. Each of these 
of terms. When the reader selects a term with a pointing media items has an unpredictable duration. Calendar tool 
device such as a mouse, the definition of that term is t e 450 E. SASA". age are 
presented. Each media item, such as the audio electricity and OW 2S El C E. di E. g ying 
magnetism lecture 431, is displayed vertically and has its 10 ese unpredictable qurations. Unpredictable events are rep 
own timeline 432, based on the optimum durations between resented as "floating' circular nodes, positioned in graphical 
its events. Gra h nodes repres R ts i dia items: representation 400 so as to be vertically aligned with the 

d p t pr s y 1 ne 1 t timeline of its related media item. For example, unpredict 
Square nodes represent start and end eyents, and circular able event “Related Lecture'452 is shown as a circular node 
nodes represent internal events. Graphical representation positioned above start event 458 and timeline 456 for the 
400 shows that audio electricity and magnetism lecture 431 15 Calendar Tool media item. 450 which is the source of the 
has a total of three eyents: start event 434, end event 438, unpredictable event. Graphical representation 400 shows 
and internal event 436. Media item operations are displayed that, if a related talk starts while the reader is viewing the 
1n a separate window 404 in response to a request from the physics document, the document system pauses the lecture 
author for such a display. and opens an audio connection to the appropriate conference 

Temporal constraints between events are represented as 20 room. This connection remains open until the reader explic 
labeled, directed arcs between the source and destination itly asks to leave the related talk, represented by unpredict 
eventS. Graphical representation 400 shows that the author able event 462. At that point the audio connection is termi 
has specified four temporal constraints for electricity and nated, represented by directed arc 466, and the stored 
magnetism lecture 430. The directed arc representing tem- physics lecture is resumed. 
poral constraint 440 is labeled with "before by 0:10:0' and 25 Because graphical representation 400 represents a tem 
indicates that the start of the audio electricity and magnetism poral specification of the document, in contrast to an actual 
lecture 431 should precede the start of Dictionary media schedule for the document, media items cannot be posi 
item 420 by 10 seconds; thus, the hypertext dictionary tioned relative to one another in a meaningful manner until 
appears 10 seconds after the lecture starts. The battery temporal formatter 100 produces a consistent schedule, and 
animation is presented while the lecture describes how 30 in fact, media items triggered by unpredictable events can 
batteries operate. The directed arc representing temporal not be positioned until runtime. For example, to specify that 
constraint 442 is labeled with "S/W" meaning "simultaneous two events, e.g. events 436 and 454 in FIG. 3, must occur at 
with' and indicates that the occurrence of the internal event the same time, the author places a "simultaneous with” 
Battery Operation 436 inside the electricity and magnetism temporal constraint, as illustrated by arc 442, between the 
lecture 431 should be at the same time as the start of battery 35 nodes representing these events. Because temporal formatter 
animation media item 454; the directed 2C representing 100, rather than the author, is responsible for producing a 
temporal constraint 444 is labeled with "simultaneous with” consistent schedule, the nodes representing these events 
s Eso th . t of electly, instein Ea." not line up horizontally in graphical represen ecture should be at the same time as the end of battery tation 

animation media item 454. The directed arc representing 40 Table 3 below illustrates the media-level specification for 
temporal constraint 446 is labeled with "before by 0:30:0" the exemplary time-dependent document shown in graphical 
and indicates that the end of electricity and magnetism representation 400 of FIG. 3. 

TABLE 3 

Physics Lecture Media Level Specification 

Media Durations Costs 

Item Event Events Min Opt Max Shrink Stretch 

Electrolyte Start End O 9 unspec 0.75 0.25 
Definition 
Dictionary Start End O 9 unspec 0.75 0.25 
Electricity Start Battery 20 20 20 999 999 
& Operation 
Magnetism Battery End 9 9 9 999 999 
Lecture Operation 
Battery Start End 8 16 32 2 2 
Animation 
Calendar Start End unpred unpred unpred none InOIle 
Tool 
Audio Start End unpred unpred unpred none none 
Controller 

lecture 431 should precede the end of Dictionary media item 65 
420 by 30 seconds; thus, the hypertext dictionary disappears 
30 seconds after the lecture ends. 

3. The schedule data structures that are produced by the 
method of the present invention. 
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The schedule data structures 200 produced by temporal 
formatter 100 of the present invention are illustrated in FIG. 
4 and include a main schedule data structure 210, which 
includes times assigned to events having predictable behav 
ior, and an auxiliary schedule data structure 260 for each 
event having unpredictable behavior. Main schedule data 
structure 210 includes one schedule command data structure 
230 for each predictable event in the time-dependent docu 
ment, as specified in document specification data structure 
60 and media specification data structure 10. Auxiliary 
schedule data structure 260 includes one or more schedule 
command data structures 270 for each unpredictable event 
identified in the time-dependent document. If no unpredict 
able events are identified, temporal formatter 100 does not 
produce auxiliary schedule data structure 260. 

Each schedule command data structure includes informa 
tion for controlling the presentation of a media item, which 
will be called a "command,” and contains five parts: a time 
data item 212 specifying when during the presentation of the 
document the command should be issued; reference data 216 
to the media item 90 this command controls; the event data 
item 218 this command is associated with; list data 222 of 
the unpredictable events to be activated or deactivated upon 
the occurrence of the event indicated by event data item 218; 
and an operation data item 226 indicating the event presen 
tation actions to be executed upon the occurrence of the 
event. 

Runtime formatter 300 (FIG. 1) executes the commands 
in schedule data structure 200 to present the time-dependent 
document to a reader. 
4. The automatic temporal formatting method of the present 
invention. 
The method and system of the present invention uses a 

two-phase approach to produce consistent schedules for 
time-dependent documents. This approach allows for the 
handling of predictable and unpredictable behavior in a 
uniform manner. Specifically, temporal formatter 100 uses 
the temporal specification produced by the document author 
to produce a main schedule data structure which controls the 
predictable part of the document; and zero or more auxiliary 
schedule data structures, which control the portions trig 
gered by unpredictable events. In effect, temporal formatter 
100 preprocesses the temporal specification before presen 
tation of the document actually begins. At runtime, runtime 
formatter 300 recognizes unpredictable events and merges 
their auxiliary schedules into the executing main schedule to 
produce the intended temporal behavior for the document. 
Note that if the time-dependent document contains no media 
items having unpredictable behavior, the main schedule data 
structure produced by temporal formatter 100 will have 
sufficient information to control presentation of the entire 
document, and runtime formatter 300 will present the docu 
ment according to the times assigned to events in the main 
schedule data structure. 

FIG. 5 illustrates the broad steps of the method 100 of the 
present invention. Temporal formatter 100 preprocesses a 
document's temporal specification when a system user 
(either author or reader) asks the system to present that 
document. Temporal formatter 100 begins by obtaining the 
durations and flexibility metric data for each media item 
from the media-level specification, in boxes 104 and 112, 
respectively. Next, in box 120, document-level temporal 
constraint data for events in each media item included in the 
document are obtained from the document description data 
structures included in document specification data structure 
60. Then, the document's events are partitioned into "con 
nected components,' in box 130, using the durations and 
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temporal constraint data. A connected component consists of 
temporally related events; no known temporal relationships 
exist between two different connected components. For each 
connected component, the events are positioned in time by 
assigning relative times to the events in the connected 
component, in box 150, using the flexibility metric data, the 
durational time values for temporally adjacent events, and 
the temporal constraint data. This positioning may involve 
adjusting the durations of some of the temporally adjacent 
events, in accordance with the flexibility metric data. 
Finally, temporal formatter 100 creates the schedule com 
mand data structure for each event that controls the presen 
tation of the media items, in box 170. Each of these steps 
will now be examined in more detail, with reference to the 
flow chart of FIG. 7. 

a. The linear programming implementation. 
In the following description, a knowledge of linear pro 

gramming is presumed. A useful text in this regard is 
Operations Research, F. S. Hillier and G. J. Lieberman, 
Holden-Day, San Francisco, 1974. See also, E. Lawler, 
Combinatorial Optimization: Networks and Matroids, Holt, 
Rinehart and Winston, New York, 1976. In particular, this 
invention requires the solution of an optimizing minimiza 
tion problem whose objective function minimizes the overall 
cost of stretching and shrinking media item durations. Math 
ematical methods for utilizing a linear programming solu 
tion may be found in the cited Hillier and Lieberman 
reference as well as other linear programming references 
and are available in software form to enable a computer to 
realize such functions. With respect to the process of deter 
mining connected components described below, suggested 
union-find algorithms for accomplishing this may be found 
in Cormen T. H., Leiserson C. E., Rivest R. L., Introduction 
to Algorithms, MIT Press, Cambridge, Mass. and McGraw 
Hill Book Co., New York, 1990. 
To obtain the durational time values and flexibility metric 

data, temporal formatter 100 unifies the values specified at 
the media and document levels in boxes 106 and 114, if 
document level specifications have been made, and adjusts 
durations to reflect the presence of time-altering operations, 
such as "Increase Playback Speed" or "Pause 10 seconds,” 
as illustrated in box 108. If a pair of temporally adjacent 
events within a single media item have durations and costs 
specified at both media and document levels, those at the 
document level are used. However, temporal formatter 100 
must check that the document-level durations do not conflict 
with those specified at the media level. For example, if the 
media-level duration had a minimum value of 10 seconds, an 
optimum of 20 seconds, and a maximum of 30 seconds, the 
document-level duration must specify values between 10 
and 30 seconds, such as (1) an adjustable duration with a 
minimum of 12 seconds, an optimum of 15 seconds, and a 
maximum of 18 seconds, or (2) a fixed document-level 
duration of 10 seconds. If values outside this range are 
specified, the temporal formatter 100 would issue a warning 
about the erroneous document-level durations. Time-alter 
ing operations affect durations. For example, applying an 
"increase Playback Speed by 2” operation to a media item's 
start event cuts all of its durations in half. Therefore, 
temporal formatter 100 checks for time-altering operations, 
and if they are found, it adjusts the affected durations, or it 
calls the media manager to adjust the durations. 

During the process in box 130, the temporal formatter 100 
determines temporally related events by using a union-find 
algorithm to partition the document into connected compo 
nents. First, each event is placed in a separate connected 
component, in box 132. Then, temporally adjacent event 
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durations are determined, in box 134, and, together with the 
temporal constraints, are examined to determine if they are 
in a connected component, in box 138. In general, two 
events are placed in the same connected component if they 
are connected by a temporal constraint or a duration. How 
ever, events connected by unpredictable durations are not 
merged into the same connected component. For each con 
nected component, temporal formatter 100 maintains four 
lists, as illustrated in box 36: (1) the event list, which 
contains all predictable events in the connected component; 
(2) the trigger list, which contains unpredictable events that 
appear as source events in temporal constraints, and (3) the 
caused list, which contains unpredictable events that appear 
as destination events, and (4) the unconstrained list, which 
contains unpredictable events that do not appear in any 
temporal constraints. A connected component is unpredict 
able if its trigger list is not empty or if its unconstrained list 
is not empty, and otherwise it is predictable. 

Partitioning the temporal specification into connected 
components simplifies the problem of computing an overall 
schedule in two ways. First, subsequent steps of temporal 
formatter 100 operate on each connected component indi 
vidually, reducing the size of the problem that must be 
handled. Second, separating a temporal specification into 
predictable and unpredictable portions allows temporal for 
matter 100 to generate separate temporal layouts that can be 
merged together at runtime to produce a consistent schedule 
for the entire document. The union-find algorithm is roughly 
linear in the number of durations plus the number of 
temporal constraints. 

Returning to the example of the physics lecture document 
described above and illustrated in FIG. 3, temporal formatter 
100 identifies six connected components for the exemplary 
document. shown in FIG. 6: two connected components 482 
and 484, are predictable, and the remaining four connected 
components 480, 486, 488 and 490 are unpredictable. 

With respect to the process in box 150 (FIG. 5), temporal 
formatter 100 formulates the problem of assigning times to 
the events in each connected component as a linear program, 
which it solves using the simplex method, a well-known 
operations research technique for solving linear programs in 
a finite number of steps. The general problem of linear 
programming is to find values for a set of variables that 
maximize (or minimize) a linear function of those variables, 
called the objective function, subject to a set of linear 
constraints on the values of those variables. Note that the 
term "linear constraints' or just "constraints' is used to refer 
to the linear equation input to the linear program, and not to 
the "temporal constraints' describing the temporal relation 
ships specified by an author in a temporal specification. 
Although the worst-case execution time of the simplex 
method is exponential, most practical applications of this 
algorithm have polynomial execution times even for very 
large problems, consisting of hundreds of variables and 
thousands of constraints. 
The linear program of temporal formatter 100 solves for 

three variables for each event e, in a connected component: 
time, the time at which event e, should occur; 
amtEarly, the length of time event e, occurs prior to its 

optimum time of occurrence; and 
antLater, the length of time event e, occurs later than its 

optimum time of occurrence. 
The time time, is relative to the start of the connected 

component containing that event. For events in predictable 
connected components, these times are relative to the start of 
the document; in unpredictable connected components, 
these times are relative to the time at which the triggering 
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unpredictable event occurs. For any event e, its amtEarly, 
and amtLate are nonnegative and at most one is positive. As 
noted earlier, in the illustrated embodiment, the flexibility 
metric data is duration-adjustment cost data 28 (FIG. 2) 
including cost shrink, data item 30 and cost stretch. 
data item 32. The objective function of the linear program 
minimizes the overall cost of stretching and shrinking the 
durations of media items. The linear constraints of the linear 
program are the durations between each pair of temporally 
adjacent events and the temporal constraints. Thus, the 
variables amtEarly and antLate, encode the stretching 
and/or shrinking needed to best capture the author's desired 
temporal constraints. 

Temporal formatter 100 transforms a document's tempo 
ral specification into the objective function and the con 
straints used by the linear program, in boxes 154 and 158 of 
FIG. 5, as follows: 
By definition, the start event of each media item e occurs 

neither early nor late. A constraint is added to specify this: 
amtEarly=antLate=0 

The linear program represents the duration between tem 
porally adjacent events e, and e in a single media item as 
follows: 
Case 1: An optimum duration has been specified. Three 
constraints are added: 
1. an upper bound on the amount the duration is shrunk: 

amtEarly is optPuration, if minDuration=unspecified 

amtEarly is optPuration-minDuration, otherwise 

2. an upper bound on the amount the duration is stretched: 

antLate Coo, if maxDuration-unspecified 

antLates maxDuration-optiduration, otherwise 

3. the assigned values equal the optimum duration: 

time-timetamtEarly-amtLatei, i=optpuration 

The shrinking and stretching costs are a linear function of 
the amount temporal formatter 100 shrinks the duration 
below its optimum value and stretches the duration beyond 
its optimum value, respectively. The objective function is 
updated to include these costs: 

costShrink amtEarly-costStretch; * antLate 

Case 2: The optimum duration is unspecified. Three con 
Straints are added to ensure that: 
1. the duration never falls below the minimum duration: 

time-time;20, if minDuration=unspecified iii 

time-time;2minDuration, otherwise 

2. the duration never exceeds the maximum duration: 

time-time.<ce, if maxDuration=unspecified 

time-times maxDuration, otherwise 

3. the event e cannot occur early or late because no 
optimum duration is specified: 

amtEarly=amtLate 1-0 

Because no optimum value is specified, no cost is associated 
with stretching or shrinking the duration of this interval. 
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systems Sparcstation computer, generally follows the imple 
mentation described in relation to FIGS. 5 and 7 above. 
Nonetheless, the code may differ from the above description 
in various ways. For example, the code may be divided into 
procedures or routines differently than described above. In 
the code in Appendix A, the actual procedure for the linear 
programming simplex method is referred to by the proce 
dure name "Simplex." This procedure is a standard software 
procedure for performing the linear programming, and is not 
included in the code in Appendix A. 

b. An alternative implementation. 
In an alternative implementation, the events in a time 

dependent document may also be flexibly positioned in time 
using a shortest path algorithm. The shortest path algorithm 
is a polynomial algorithm (O(n)) that supports a limited 
form of stretching and shrinking using minimum and maxi 
mun durations only. Instead of computing "optimal' event 
times, this algorithm produces a range of legal times at 
which each event can occur. In another embodiment of the 
method of the present invention, temporal formatter 100 
used this algorithm, scheduling each event at the earliest 
possible time in its legal range. This implementation did not 
make use of a flexibility metric. However, this algorithm 
very quickly determines whether at least one consistent 
temporal layout can be produced, and so it is useful for either 
debugging or as a preprocess to more quickly identify the 
existence of a consistent temporal layout for the particular 
input temporal specification. 
5. The runtime component of the temporal formatter. 
The temporal layout, in the form of the schedule data 

structure, produced by temporal formatter 100 is passed to 
a runtime component, called the runtime formatter 300 (FIG. 
1), that operates while the time-dependent document is 
being presented. Runtime formatter 300 controls the pre 
sentation of the document by managing a document clock 
that controls when commands are issued, and by monitoring 
unpredictable events that control when main and auxiliary 
schedules are merged together. The functional parts of 
runtime formatter 300 and the interactions among them are 
illustrated in FIG. 8. Runtime formatter 300 initiates the 
presentation of a document when it receives a schedule data 
structure from temporal formatter 100, and is comprised of 
three subsystems. Presentation system 310 manages the 
document clock, executes the information presented in the 
schedule command data structures for each event, and 
merges the main and auxiliary schedule data structures into 
an executing schedule data structure. Event handler 320 
monitors unpredictable events. Media managers 330 execute 
the operations indicating event presentation actions in the 
main and auxiliary data structures and detect the occurrence 
of unpredictable events. 
When the presentation of a document is initiated, presen 

tation system 310 registers the document's unpredictable 
events and auxiliary schedule data structures, places the 
commands from the main schedule data structure into the 
executing schedule data structure, and starts the document 
clock. To register unpredictable events and the information 
indicated in their associated auxiliary schedule data struc 
tures, presentation system 310 establishes a list of the 
unpredictable events the document recognizes, and associ 
ates each of the unpredictable events with the information 
indicated in the respective auxiliary schedule data structure 
for that event. This list is then registered with event handler 
320. Unpredictable events are marked as either active or 
inactive as described below. Initially, all unpredictable 
events are inactive. An unpredictable event becomes active 
at the beginning of the presentation of the media item that 
includes the unpredictable event. 
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The document clock is initialized to zero and is incre 

mented until the presentation of the document is completed, 
or until the reader explicitly pauses or terminates the pre 
sentation of the entire document. The document time of a 
paused document remains fixed until the reader resumes its 
presentation. The document clock rate can be adjusted to 
speed up or slow down document playback. 

Presentation system 310 removes each command from the 
executing schedule data structure when the document clock 
reaches the specified time. Commands are executed in two 
steps. First, presentation system 310 activates or deactivates 
any specified unpredictable events. Then, presentation sys 
tem 310 issues the specified operations to control the behav 
ior of a media item or to support inter-media item commu 
nication. 

Event handler 320 monitors unpredictable events by 
detecting their occurrence and by determining whether they 
should affect the document's behavior. When one of the 
media managers 330 detects the occurrence of an unpredict 
able event, it signals the event occurrence to event handler 
320. Event handler 320 maintains the list of active and 
inactive unpredictable events, and determines whether the 
unpredictable event is active or inactive. Inactive unpredict 
able events are ignored by event handler 320. For active 
unpredictable events, event handler 320 passes the active 
unpredictable event signal to presentation system 310, 
requesting that presentation system 310 retrieve the infor 
mation from the associated auxiliary schedule data structure 
that is needed to present the portion of the document 
controlled by the active predictable event. Presentation 
system 310 identifies the associated auxiliary schedule data 
structure, produces a new instance of it, converts the relative 
time data included in the auxiliary schedule data structure 
into absolute time data by adding the current document time, 
and merges the information in the auxiliary schedule data 
structure into the executing schedule data structure. Because 
multiple instances of an auxiliary schedule can appear in the 
executing schedule at any time, runtime formatter 300 must 
be able to distinguish among them when executing com 
mands. Therefore, presentation system 310 also adds infor 
mation to each command to identify the instance to which it 
belongs. 
Media items may send messages to each other during their 

execution and presentation. A document author may specify 
that the decision to determine what message to send may be 
delayed until runtime. During the compiletime phase of the 
present invention, an event presentation action of "send 
message' is produced in the temporal layout, indicating that 
the message content is to be determined at runtime. During 
the runtime phase, when presentation system 310 encounters 
an event presentation action of "send message,' it signals the 
message generating control procedure of the applicable 
media manager 330 to determine what message should be 
sent. Messages may be sent to one or more specific media 
items, or broadcast to all active media items. 
C. The system environment and system configuration of the 
present invention. 
The method of operating a processor-based system of the 

present invention has the common components, character 
istics, and configuration of system 500 illustrated in FIG. 9. 
System 500 includes input circuitry 552 for receiving input 
"request” signals from user interaction device 554 indicating 
image display requests. An image display request may 
include a request for an operation and information identi 
fying the requested operation, wherein the signal or signals 
indicate one or more actions by a system user intended to 
cause performance of the operation. User interaction device 



5,515,490 
31 

554 may include any one of a variety of input devices 
controllable by a human user, including a keyboard, or a 
pointing and gesturing device to indicate actions or gestures, 
such as a mouse, trackball, or a stylus or pen-like device. 
Processor 540 is connected for receiving the signals from 
input circuitry 552. 

System 500 also includes memory 510 for storing data. 
Processor 540 is connected for accessing the data stored in 
memory 510, and for providing data for storing in memory 
510. Memory 510 stores instruction data indicating instruc 
tions the processor executes, including the instruction data 
indicating the instructions for operating system 500 accord 
ing to temporal formatter 100 of the present invention. 
Memory 510 also stores the document specification data 
structure 60, the media specification data structure 10, and 
the schedule data structure 200. Memory 510 may also store 
some of the media items 90. The physical embodiment of 
memory 510 is a "data storage medium' or "storage 
medium''. A "data storage medium” or "storage medium” is 
a physical medium that can store data. Examples of data 
storage media include magnetic media such as floppy disks 
and PCMCIA memory cards, optical media such as CD 
ROMs, and semiconductor media such as semiconductor 
ROMs and RAMs. As used herein, “storage medium' covers 
one or more distinct units of a medium that together store a 
body of data. For example, a set of floppy disks storing a 
single body of data would be a storage medium. A "storage 
medium access device' is a device with circuitry that can 
access data on a data storage medium. Examples include 
floppy disk drives and CD-ROM readers. 

Processor 540 is also connected for providing data defin 
ing an image, for example, the images shown in display area 
580 in FIGS. 3 and 6, to output circuitry 560 for presentation 
on display device 570 in display area 580. With respect to 
circuitry components, any two components of circuitry are 
"connected' when there is a combination of circuitry that 
can transfer data from one of the components to the other. 
Processor 540 is further connected for providing data defin 
ing images, produced according to the method of the present 
invention, to output circuitry 560 for presentation on display 
570 in display area 580. Output circuitry 560, input circuitry 
552, display 570, processor 540 and memory 510 may be 
physically embodied in one device. 

System 500 may also includes one or more additional 
media presentation devices 590, in addition to display 
device 570, each having its own appropriate output circuitry 
(not shown.) Processor 540 is also connected for providing 
data from the executing schedule data structure to the media 
presentation devices during the presentation of a time 
dependent document. In addition, media presentation device 
590 may include some portion of memory 510 for storing a 
media item, and processor 540 is also connected for access 
ing the memory 510 included in media presentation device 
590 during the processing of temporal formatter 100 or its 
runtime formatter 300. For example, media presentation 
device 590 may be a device such as a computer with its own 
processor and memory, and storing a data base such as the 
dictionary needed to display the electrolyte definition in the 
exemplary physics lecture document described above. 
The actual manner in which the physical hardware com 

ponents of system 500 are connected may vary, and may 
include hardwired physical connections between some or all 
of the components, connections over wired or wireless 
communications facilities, such as through remote or local 
communications networks and infrared and radio connec 
tions. For example, memory 510 may include memory that 
is physically connected to processor 540 as local memory, or 
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that is remotely accessible to processor 540 by means of a 
wired or wireless communications facility, such as memory 
included in a media presentation device. Thus, when it is 
described that the method causes processor 540 to access or 
obtain a particular data item, that data item may be stored in 
a memory device that is remotely located from system 500 
but which is accessible to processor 540 by means of the 
appropriate connections. It is further of importance to note 
that the range of the physical size of system 500 may include 
a small desktop, laptop, or pocket-sized or smaller device to 
larger more conventionally sized systems such as those 
including personal computers or workstations, or even to 
large electronic whiteboard applications. It is intended that 
the method of operating a system according to the present 
invention be operable on all systems in this physical size 
range. 
The system configuration of the present invention 

includes the components shown in FIG. 9. Processor 540 is 
operated according to the method of the present invention 
shown in FIGS. 5 and 7, and creates, stores and manipulates 
the data structures shown in FIGS. 2 and 4 in memory 510. 
The system of the present invention uses an open archi 

tecture that allows existing media managers to be incorpo 
rated into the system. These media managers control the 
storage, presentation, and editing of media items of a 
specific media type. The system's open architecture allows 
new media types to be added as they become available. In 
the system of the illustrated embodiment, four media man 
agers are supported: a text editor, a 2D color graphical 
editor, a digital audio editor, and a clock animation. 
As noted earlier, a current embodiment of the present 

invention has been implemented on a Sun Microsystems 
Sparcstation computer in the Cedar programming environ 
ment utilizing the Cedar programming language. It will be 
apparent to those of skill in the art that a wide variety of 
programming languages and hardware configurations could 
readily be used in place of those used in the illustrated 
embodiment based on the description herein and on the 
system illustration in FIG. 9 without departing from the 
scope and intended utility of the method of the present 
invention, 
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E. Additional considerations and conclusions. 
Actual experience with temporal formatter 100 shows 

reasonable performance metrics. Performance studies of the 
illustrated embodiment of the method indicate that large 
connected components can substantially increase the execu 
tion time of the linear programming implementation, while 
small connected components have much less effect on 
overall execution time. Sparse matrix techniques may be 
used to improve the performance of the current simplex 
method implementation. 

With respect to media items, such as text and still images, 
that do not ordinarily include any notion of time in their 
specifications, it has been noted above that an author can 
choose to impose either predictable or unpredictable dura 
tions on such media items. In the predictable case, such 
durations should be specified as having predictable durations 
with a minimum duration of Zero, an optimum duration that 
estimates the length of time an average reader needs to view 
the material, and an unspecified maximum duration. Very 
low stretching and shrinking costs are associated with these 
durations so that the temporal formatter will attempt to 
adjust them first. If such media items are specified as having 
a minimum duration of zero, an unspecified optimum dura 
tion, and an unspecified maximum duration, no stretching 
and shrinking costs would be required, and because no cost 
would be associated with stretching or shrinking these 
durations, temporal formatter 100, in attempting to adjust 
these durations first might set the durations to zero and thus 
the media items would effectively disappear. 

The temporal formatting method and system of the 
present invention provided herein may be modified to take 
into account predictable media setup times, such as those 
required to spin up video playback heads. Temporal format 
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ter 100 could be integrated into existing manual temporal 
formatting systems that already have a model for handling 
such setup times, and would be able to process Such setup 
times during the temporal formatting of the document with 
out modification. In the illustrated embodiment, such setup 
times could be accommodated, again without modification 
of temporal formatter 100, if the media-level specification 
were extended to include a new event called a setup event. 
The setup event would occur before the start event and the 
duration between the setup and start events would be set 
equal to the expected media setup time. The author would 
specify the setup event and its duration, or this information 
could be automatically provided from the presentation 
device's media manager, if available. 
The temporal formatting method and system of the 

present invention provided herein may also be modified to 
take into account presentation device resource checking. 
Temporal formatter 100 currently has access to data speci 
fying the document's presentation device requirements. An 
additional data structure, or a modification to an existing 
data structure, specifying the available presentation devices 
available to the author or reader in the system currently 
being used could be provided. With access to such a data 
structure, temporal formatter 100 could be modified to add 
a step to determine whether event presentation actions 
specified in each schedule command data structure can be 
met with available devices. This resource checking would 
also include checking, for concurrently presented media 
items of the same type, that sufficient resources were avail 
able. For example, temporal formatter 100 could be modi 
fied to check that, if two predictable video segments were 
temporally formatted to be presented concurrently by tem 
poral formatter 100, checking could be done to ensure that 
the presentation system included two video playback 
devices. For documents including media items having 
unpredictable behavior, the runtime component of the tem 
poral formatting method of the present invention would need 
to be modified to check such resource requirements each 
time it merges an auxiliary data structure into an executing 
scheduling data structure. 

In summary, the method and system of the present inven 
tion for automatically temporally formatting the media seg 
ments of a time-dependent document provides for flexibly 
assigning times to media segments between a continuously 
adjustable range of durations; handling a variety of types of 
temporal behavior; detecting temporal mismatches among 
the specified temporal relationships of the media; and, 
because it executes in both compiletime and runtime in the 
document production cycle, handling the temporal format 
ting of unpredictable events. The method of the present 
invention produces consistent temporal layouts for docu 
ments with both predictable and unpredictable behavior. The 
two-phase approach used by the method has several advan 
tages. Predictable temporal inconsistencies can be identified 
and resolved in advance of the presentation of the document 
by adjusting the media items to produce durations of desired 
or necessary lengths. In addition, the method handles both 
predictable and unpredictable behavior in a uniform manner. 
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APPENDIX A 

- Analysisimpl. mesa 
- Copyright 1992 by Xerox Corporation. All rights reserved. 

DIRECTORY 
Analysis, 
Basics, 
Card Tab, 
Convert, 
Code Timer, 
DocumentObj, 
List, 
MediaClass, 
PrimitiveObj, 
Real, 
Reftab, 
Rope, 
ScheduleGen And WiewtimePrivate, 
Schedule(GenerationPrivate, 
Simplex, 
SymTab, 
Tiger, 
UserCommunication 

Analysisimpl; CEDAR PROGRAM 
IMPORTS Card Tab, Code Timer, Convert, DocumentObj, List, PrimitiveObj, Real, Reftab, 
Rope, SchedulegenAnd ViewtimePrivate, Simplex, SymTab, UserCommunication 
EXPORTS Analysis 
BEGIN 

OPEN Analysis; 

REALINFINITY; REAL = Real.LargestNumber; 

Medial temID: TYPE Tiger. MediaItemID; 
EventiD: TYPE Tiger. Event|D; 
instancelD: TYPE Tiger, instance ID; 
SyncConstraint Time: TYPE Tiger. SyncConstraint Time; 
SyncConstraintTimelnfo: TYPE Tiger. SyncConstraintTimelnfo; 
EventOfPrimitiveEntity: TYPE Tiger. EventOfPrimitiveEntity; 

EventinConncomp: TYPE Schedulegeneration Private. EventinConncomp; 
RowN: TYPE ScheduleGeneration Private. RowN; 
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MatrixN: TYPE ScheduleGeneration Private. MatrixN; 
VecSed: TYPE Schedulegeneration Private.VecSeq; 
CommandTime: TYPE Schedule Generation Private. Command Time; 
CommandTimelnfo: TYPE Schedule(Generation Private. Command Time info; 
Objective Fun Element: TYPE Schedulegeneration Private.ObjectiveFun Element; 

Clustered Command: TYPE Schedule(Generation Private. ClusteredCommand; 
Clustered Command info: TYPE Schedule Generation Private. Clustered Command info; 
Objective FunWec: TYPE Schedulegeneration Private. Objective Funvec, 
Card Vector: TYPE ScheduleGeneration Private.Card Vector; 
AdjustWar: TYPE Schedule(Generation Private. AdjustWar; 

DisplayCommand: TYPE Schedule(GenAndviewtimePrivate. DisplayCommand; 
DisplayCommand info: TYPE SchedulegenAndViewtimePrivate.DisplayCommand info; 
DisplayCommand List: TYPE Schedule(GenAnd ViewtimePrivate. DisplayCommand List; 
Operation: TYPE SchedulegenAndViewtime Private. Operation; 
Operation info: TYPE Schedule(GenAndViewtimePrivate.Operation info; 
MediaItem Contro Panel ProcS: TYPE 
Schedulegen AndViewtimePrivate. Medialtern Control Panel Procs; 

-- Scheduling Code 

CreateSchedule: PUBLIC PROC pinput: LPlnput - NL RETURNS status: ATOM (-SSuccess, 
displayCommand List: DisplayCommand List - NL, 
asyncEventdisplayCommandsByEventinstancelD: RefTab. Ref- NIL, 
mediateninstancel DsinSchedule: List. LORA - NIL, media tem.Control Panel ProcS: Reftab. Ref 
<-NL { 

ExamineEach Event: RefTab. Each PairAction { 
-- eventinstancel DTo Array ColNum: key: eventinstancel D, val: arrayColNum (REF CARD). 

eventArray Col Num: CARD - NARROWval, REF CARD t; 
found: BOOLEAN-FALSE, 
eventinfoWal: Card Tab. Vale- NL; 
eventinfo: EventinConnComp (-Nt; 
newCommand: Display Command - NL; 
new Medialtern Control Panel Procs: MediatenContro Panel Procs - NIL; 

found, eventinfoVale-Card Tab. Fetch plnput.array Col NumlookupTable, 
eventArray ColNunn; 

IF NOT found THEN ERROR; 

eventinfo - NARROW eventinfoWa, 
IF eventinfo = NILTHEN ERROR; 
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newCommand, new MediatemControl Panel Procs (- 
ConstructCommand pinput.plnput D, eventinfo); 

SELECT eventinfo.class FROM 
$Start, $End, $Synchronous = > 
IF new Command i NL THEN BEGIN 
displayCommand List (- List.Append (displayCommand List, LISTInewCommand)); 
F eventinfo.class = SStart THEN 
mediaItem instancel DsinSchedule ( - List.Appendmedialterminstancel DsinSchedule, 

LIST eventinfo.medialtem instancelD; 
END; 

ENDCASE c > BEGIN 
IF asyncEventisplayCommandsByEventinstancelD = NL THEN 

asyncEventOisplayCommandsEyeventinstancel D - Reftab. Create; 
IFNOT Reftab.Store asyncEventDisplayCommandsByEventinstancel D, 

eventinfo..eventinstanceID, F newCommand = NILTHEN NL ELSE LIST newCommand 
THEN ERROR; 

END; 

IF new MediatemControl Panel Procs i N THEN BEGIN 
F media item Control Panel ProcS = NILTHEN mediaItem.ControlPanelProcs e 

Reflab. Create); 
IF NOT Refab. StoremediaItem Control Panel Procs, eventinfo.nediatem instancelD, 

new MediaItem.Control Panel Procs THEN ERROR; 
END; 

objectiveFunction: Objective FunWec (-NL; 
pOutputArray: MatrixN - NL; 
basis: Card Vector (- NL, 
rowArray NumRepBy MVar: Card Vector (- NIL; 
saved ObjectiveFunction: Objective FunWece-NL; 
pivotSequence: List. LORA - NIL; 
sorted Command List: List. LORA - NIL; 
clusteredCommand List: List. LORA (- NIL; 
objectiveRope: Rope.ROPE - NIL, 
objFunWalue: Objective Fun Element; 

objectiveFunction, poutputArray, basis, rowArrayNumRepByMVar, 
savedObjective Function (-Simplex. Build LPArray (lpinput.lpObjective Fun, 
pinput.lplnputArray, pinput.leConstraintCount, plnput.geConstraintCount, 
Epinput.eConstraintCount); 

status, pivotSequence (-Simplex. SolveLPobjectivefunction, poutputArray, basis); 
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-- Check the value of the objective function to see if we have found a feasible solution. 
IF Status = SNOColumn EnterFound THEN BEGIN 
FOR i: CARD IN (0.basis.length) DO 
SELECT basisi FROM 
> pinput.lpObjectiveFun.ncols + lp Input.leConstraintCount + 

pinput.geConstraintCount + 2* plnput.eConstraintCount s > 
objFun Value.m - objFunValue.m + poutputArray(i) (0); 
> O - > 
objFunValue.constant - objFun Value.constant + (pOutputArrayil(Ol 

savedObjective Function basis il).constant); 
ENDCASE => ERROR; 
ENDLOOP, 

IF objFunValue.m # 0.0 THEN BEGIN 
status - SMWars.Leftinobjective; 
objective Rope - Rope.ConcatConvert. RopeFrom Real objFunValue.m.), "M"); 
END; 

IF objectiveRope # NLTHEN objective Rope - Rope.Concat(objective Rope, " + "l; 
objective Rope (-Rope.Concat(objective Rope, 

Convert. Rope From Real objFunValue.constant); 

UserCommunication. Print Message:pinput.document D.otterRouter, 
Rope.Concat("Objective: ", objectiveRope); 

END; 

-- If the presentation is consistent, then create a list of display commands that will be used 
by the Viewtime system for controlling the display of the presentation. Otherwise, we should 
provide tools that help identify what is wrong with the document specification. 
SELEC status FROM 
$NoExit Row Found, SMVarsleftinobjective = > BEGIN 
UserCommunication. PrintError Messagelpinput.document ID.otter Router, "No solution 

found."; 
RETURN status, NL, NFL, NL, NL); 
END; 

$NoColumn EnterFound - > BEGIN 
ReadScheduleTimestobjective Function, poutputArray, basis, plnput); 

(- Reftab. Pairs pinput.eventinstancel DToArray Co. Num, ExamineEach Event); 

Sorted Command List - List.Sort displayCommand List, CompareDisplayCommands); 
displayCommand List - sortedCommand List; 
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--Detect commands for a single primitive entity that are clustered at the same time (at a 
granularity of milliseconds). 

clustered Command List - Find Clustered DisplayCommandsdisplayCommand List; 
F clustered Command List # N1THEN 

UserCommunication. PrintClustered Command Infolpinput.documentiD, 
clustered Command List; 

status (-$Success; 
END; 
ENDCASE = > ERROR; 

ConstructCommand: PROC pinputlD: Rope.ROPE - NIL, eventinfo: EventinConncomp - 
NIL RETURNS displayCommand: DisplayCommand (-NIL, medialtem Control PanelProcs: 
Media item Control Panel Procs - NIL) { 
event D: EventID, 
operations: List. LORA; 
activateAsyncEventinstancelDs: list. LORA (- NL; 
deactivate AsyncEventinstancel Ds: List. LORA (- NL; 
mediaClassMethods: MediaClass. MediaClass Methods (-NL; 
supported Operations: List. LORA (- NL; 
unsupportedOperations: List. LORA e-NIL; 
displayOperations: List. LORA (-Nll; 
end Display Media item: BOOLEAN (-FALSE; 
found: BOOLEAN-FALSE; 
timeVal: SymTab. Vale-Nil, 
command Time: CommandTime (- NL; 
command TimeSec: INT (-0; 
commandime USec: NT - 0; 
optimalDuration: SyncConstraintTime (-Nil, 

found, timeValle-SymTab. Fetch eventinfo.commandTimes, pinputlo); 
IFNOT found THEN ERROR; 

command Time (- NARROWtimeVall; 

-- If the command is to occur at NFINITY, then don't issue the command because it will 
never OCCur. 

IF command Time.scheduled Attime = REALINFINITY THEN RETURN; 

commandTimeSec - Real. Fixcommand Time.scheduledAttime); 
command Time USec e-Real. Fix (commandTime.scheduled Attime - commandTimeSec) * 

1000000; 

mediaClassMethods e-PrimitiveObj.GetClassOfPrimitiveEntity(eventinfo.medial temID); 
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F mediaClass Methods - NILTHENERROR; 

-- See if the Current event is a start or end event. If so, then we have to add the commands 
$start or Send, respectively. 
SELECT event Info.class FROM 
SStart - > BEGIN 
mediaItem Control Panel Procs - mediaCassMethods; 

- mediattemControlPanelProcs 
- NEWMediatemControl Panel Procsinfo 
-- pauseProc: mediaClass Methods. pause, 
-- resumeProc: mediaClassMethods.resume, 
-- end Proc: mediaClass Methods.end, 
-- endAndClean Up Proc: mediaClassMethods.endAndClean Up 
-- ; 

activate Asynct ventinstance Ds e 
DocumentObj. GetAsyncEventinstancelDsForMediaItem instance eventinfo.document D, 
eventinfo.mediaItem instance D; 

-- We are looking at an asynchronous media item, so we have to activate that event. 
F eventinfo.durationToMextEvent - NILTHEN BEGIN 
asyncEnd Eventinfo: EventOfPrimitiveEntity - 

PrimitiveObj.GetEnd EventinfoeventinfomediaItemID); 
asyncEnd Eventinstance D: instance D - 

DocumentObj.GetEventinstancel Deventinfo.document D, eventinformediaitem instance D, 
asyncEnd Eventinfo..eventlD); 

iF asyncEnd Eventinstance D = NILTHEN ERROR; 

activate AsyncEventinstancel Ds - CONSasyncEnd Eventinstancel D, 
activate AsyncEventinstancel Ds; 

END; 
IF eventinfo.operations = NL OR NARROWList. Nth Element eventinfo.operations, 1, 

Operation.operator # SStart THEN 
eventinfo.operations - List.Append LIST NEWOperation info - operator: $start, 

eventinfo.operations; 
END; 
$End, $EndAsync = D BEGIN 
deactivate AsyncEventinstancel Ds - 

DocumentObj.GetASyncEventinstance Dsfor Medialtern Instance(eventinfo.document D, 
eventinfo.mediatem instance D; 

-- If we are looking at an asynchronous end event, we have to deactivate it when the 
command gets executed. 

IF eventinfo.class = $EndAsync THEN 
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deactivate AsyncEventinstancel Ds e- CONS(eventinfo..eventinstancel D, 
deactivate AsyncEventinstancelos; 

end Display Mediatem <-TRUE; 
IF eventinfo.operations = NLL OR NARROWList. Nth Element eventinfo.operations, 

List. Length eventlnfo.operations), Operation.operator # $end THEN 
eventinfo.operations (- List. Append eventinfo.operations, LISTINEWOperationinfo (- 

operator: $end) }); 
END; 
ENDCASE s > NULL; 

(supportedOperations, unsupported Operations) e 
mediaClassMethods.checklfoperationsSupported eventlnfo.operations; 
FOR ol: List. LORA (-supportedOperations, ol.rest WHILE of # NiLDO 
curroperation: Operation (- NARROWol.first); 

curroperation.operatorProce-SELECT curroperation.operator FROM 
$start = > mediaClass Methods.start, 
$showSelection => mediaClass Methods.showSelection, 
$zoom = > mediaClass Methods.zoom, 
$openViewer = > mediaClass Methods.openViewer, 
$closeViewer = a mediaClassMethods.closeViewer, 
$destroyViewer - > mediaClassMethods.destroyViewer, 
$pause = D mediaClassMethods.pause, 
Sresume = > mediaClassMethods. resume, 
Send e > mediaClassMethods.end, 
$query = > mediaClassMethods.auery, 
$sendMessage = > mediaClassMethods.sendMessage, 
ENDCASE = DERROR; 

IF curroperation.operatorProc = NILTHEN ERROR; 

displayOperations (- List.Append displayOperations, LIST curroperation; 
ENDLOOP; 

-- include a rate change (actually a rate setting) operation. Right now we have to put one 
per node. Maybe we can be more intelligent able this and only include this operation when 
it is really needed: 

-- 1) We really need to change the rate (i.e., commandTime...amountEarly # 0.0 OR 
command Time...amountLate # 0.0), OR 

- 2) We need to restore the rate back to the optimal rate. 
F mediaClass Methods.changeRate = NILTHEN 
IF command Time...amountEarly # 0.0 OR command Time...amountLate # 0.0 THENERROR 
ELSE optimal Duration (- NL 
ESE 
Feventinfo.durationToNextEvent # NILTHEN BEGIN 
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change Rateoper: Operation (- NEWOperationinfo - 
operator: $changeRate, 
operand: NL, 
operatorProc: mediaClassMethods.change Rate 
1; 

|F eventinfo.durationToNextEvent.opt = NILTHEN ERROR; 

optimal Duration (- eventinfo.durationToNextEvent.opt; 
displayOperations (- List.Append(LiSTchange RateCper, displayOperations; 
END; 

-- If the command has no operations and we don't have to activate or deactive any 
asynchronous events, then don't bother to add a command because we don't need one. 

IF displayOperations = NIL AND activate AsyncEventinstancel DS = NL AND 
deactivate AsyncEvent instance DS = NL AND NOT end Display MediaItem THEN RETURN(NL, 
NL; 

-- basetime and schedule instanceID are filted in at viewtime when this schedule becomes 
active. 
displayCommande - NEW DisplayCommand info e 
commandTime; 
sec: command TimeSec, 
used: command Time USec 
, 

baseTime: N L, 
nextNodeAmountEarly: commandTime...amountEarly, 
nextNode.Amountilate: command Time...amountLate, 
optimalDuration: optimal Duration, 
document D: eventinfo.documentiD, 
mediaItemID: eventinfo.medialtem D, 
mediatem instancelD: eventinfo.mediatem instancel D, 
schedulenstance D: NL, 
event D: eventinfo...event D, 
eventinstance ID: eventinfo...eventinstancel D, 
operations: displayOperations, 
activate AsyncEventinstancel Ds: activate AsyncEventinstancelDs, 
deactivate AsyncEventinstancelDs: deactivate AsyncEventinstancelDs, 
instantiate Mediaten: F eventinfo.class = SStart THEN 

mediaClassMethods.create Mediaitem instance ELSE NL, 
end Display Medialtem: end Display Media item 
l; 

}; 
ReadScheduleTimes: PROC objective: Objective FunWece-Nil, Iparray: MatrixN - NL, 

basis: Card Vector e-NIL, pinput: LPinput (-NL) { 
simplexValues: RowNe-NEWVecSealpArray(0.ncols; 
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-- Put the values computed using the Simplex method into a vector so that we can pull out 
the values in a uniform manner. 
FOR i: CARD IN (0..p.Array.nrows) DO 
simplexValues(basisi <-lpArrayil(Ol; 
END LOOP; 

FOR i: CARD IN 0.simplexValues.ncols) DO 
found: BOOLEAN - FALSE; 
val: Card Tab. Val (- NIL; 

-- if value in basisi is in pinput.arrayColNumLookupTable, then we are looking at one of 
our variables. Otherwise, we are looking at a slack or artificial variable and we can ignore it. 

found, wall (- Card Tab. Fetch pinput.arrayCoiNum LookupTable, i; 
F found THEN 
WITH val SELECT FROM 
node Time: EventinConnComp = > BEGIN 
timeval: SymTab.Vale-NIL; 
command Time: CommandTime (- NL; 

found, timeValle-SymTab. Fetch node Time.command Times, pinput.lpinputlDl; 
iF found THEN commandTime - NARROWva 
ELSE BEGIN 
command Time e-NEWCommand Timelnfo; 
IFNOT SymTab. Store node Time.command Times, plnput.lpinputID, command Time) 

THEN ERROR; 
END; 
commandTime.scheduled Attime (- simplexValuesi 
END; 
adjustAmount: AdjustWar = > BEGIN 
srcEventinConncomp: EventinConncompe-NIL; 
srcEwentArray Col NumVal: Reflab.Val - NL; 
srcEventArray Col Num: CARD - 0, 
srceventinfoWa: Card Tab. Val - NL; 
timeWa: SymTab. Val - NL; 
commandTime: CommandTime - NL; 

found, SrcEventArrayCol NumVale 
Reftab-fetchplnput..eventinstancel DToArrayCol Num, adjustAmount.srcEventinstanceD); 

IFNOT found THENERROR; 

srcEventArrayColNume - NARROWIsrcEventArraycolNumwal, REF CARD) ; 

(found, SrcEventinfoWall - Card Tab. Fetch (lpinput.arrayColNumlookupTable, 
srcEventArray Col Num; 
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IF NOT found THEN ERROR; 

srcEwentlnConncomp - NARROWsrceventinfoWall; 

found, timeval (-SymTab. FetchsrcEventinConnComp.commandTimes, 
lpinput.lpinputtD); 

iF found THEN command Time - NARROW time Val 
ESE BEGIN 
command Time e-NEWCommandTimelnfo; 
IFNOTSymTab. StoresrcEventinConnComp.command Times, pinput.lpinputlD, 

commandTimel THEN ERROR; 
END; 
SELECT adjustAmount...varType FROM 
amtEarly = > command Time...amount Early e- simplexValuesi; 
antLate - > command Time...amountLate - simplexValuesi, 
ENDCASE = > ERROR; 
END; 
ENDCASE c > ERROR; 

END LOOP: 

-- Analysis Routines 

FindClustered DisplayCommands: PROC (displayCommand List: List. LORA - NIL) RETURNS 
clustered Command List: List. LORA - NL} { 

i: INT (-1; 
F displayCommand List = NILTHEN RETURNNL; 

UNTIL i > = List. Length displayCommand List DO 
j: NT 4-i + 1, 
firstDisplayCommand: DisplayCommand e 

NARROWList.Nth Element displayCommand List, ill; 
nextDisplayCommand: DisplayCommande 

NARROWList. Nth ElementicisplayCommand List, j)); 
currClustered Command: Clustered Command; 

currCustered Command - NEWClustered Command Info (- 
media temID: firstDisplayCommand.medial temlD, 
mediaitem instancel D: first DisplayCommand.mediateminstancel D, 
time: first DisplayCommand.command Time, 
clustered DisplayCommands: LISTfirstDisplayCommand) 
l; 
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WHILE firstDisplayCommand.command Time = nextDisplayCommand.commandTime AN 
first DisplayCommand.mediatemlinstancel D = nextDisplayCommand.mediaftem instance D 
AND i <= List.ength displayCommand List DO 

CurrClustered Command.clustered DisplayCommands (- 
List.Append currClusteredCommand.clustered DisplayCommands, 
LISTInextDisplay Command)); 

(-j -- 1: 
IF i <= List. Length displayCommand List THEN nextDisplayCommande 

NARROWList.Nth Element(displayCommand List, ill; 
ENDLOOP; 

IFj > i + 1 THEN clusteredCommand List (- List.AppendclusteredCommand List, 
LIST currClustered Command; 

i(-j; 
END LOOP: 

}; 

CompareDisplayCommands: List.CompareProc { 
firstCommand: DisplayCommande - NARROWEref 1}; 
secondCommand: DisplayCommand - NARROW(ref2); 
comparison: Basics.Comparison; 

IF firstCommand - NILOR second Command = NILTHENERROR; 

-- Sort display commands by command time. We can ignore the base time because it is 0, 
for all of the commands. If times are equat, thensort by primitive entity iD. If primitive enti 
IDs are equal, then sorted according to the order of events in the primitive entity. If no sort 
proc exists for this media type, then sort by the order of cleats in the descriptor. 
comparison e 

SchedulegenAndViewtimePrivate.CompareTimentervals(firstCommand.command Time, 
second Command.command Time; 

F comparison # equal THEN RETURN comparison); 

IF firstCommand.mediatem instanced # second Command.mediaItem instanceID THEN 
BEGIN 

comparison (- Rope.Compare firstCommand.mediatem instancel D.id, 
Second Command.medialtem instancel D.id); 

IF comparison # equal THEN RETURNicomparison ELSE ERROR; 
END; 
Comparison (-PrimitiveObj-Comparevents firstCommand.medial temD, 

firstCommand.event|D, second Command.event D); 
F comparison # incomparable THEN RETURN comparison) ELSE ERROR; 

END. 
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It is therefore evident that there has been provided in 
accordance with the present invention, a method and sys 
tems that fully satisfy the aims and advantages hereinbefore 
set forth. While this invention has been described in con 
junction with a specific embodiment thereof, it is evident 
that many alternatives, modifications and variations will be 
apparent to those skilled in the art. Accordingly, the inven 
tion as herein described is intended to embrace all such 
alternatives, modifications and variations as fall within the 
scope of the appended claims. 
What is claimed: 
1. A method of temporally formatting first and second 

temporally related media items included in a time-dependent 
document in an information presentation system; the infor 
mation presentation system including memory for storing 
data, a processor connected for accessing the data stored in 
the memory, and at least one media presentation device; the 
data stored in the memory including instruction data indi 
cating instructions the processor executes; the method com 
prising: 

operating the processor to obtain, for each of the first and 
second media items, at least one pair of temporally 
adjacent media item event data items, referred to as a 
pair of temporally adjacent events, identifying a media 
item segment; each event in each pair of temporally 
adjacent events marking a point in time in the respec 
tive media item such that a second event in the pair of 
events follows a first event in time; each media item 
segment indicating whether occurrence of the media 
item segment in the time-dependent document is pre 
dictable or unpredictable; 

operating the processor to obtain temporal constraint data 
indicating a time ordering relation value specified 
between first and second temporally related event data 
items, referred to hereafter as a pair of temporally 
related events, identified from among the temporally 
adjacent events; a first one of the temporally related 
events being an event included in a media item segment 
in the first media item and a second one of the tempo 
rally related events being an event included in a media 
item segment in the second media item; 

operating the processor to obtain a durational time data 
item, hereafter referred to as a duration, for each 
respective media item segment; each durational time 
data item indicating an elapsed time for presenting the 
respective media item segment on the at least one 
media presentation device; each durational time data 
item further indicating whether the duration is predict 
able or unpredictable; each predictable duration indi 
cating a range of predictable elapsed presentation dura 
tions for a respective media item segment, and 

for each respective media item segment having a predict 
able occurrence and a predictable media segment dura 
tion, operating the processor to assign a document 
presentation time value to each event included in the 
respective media item segment using the range of 
predictable elapsed presentation durations indicated for 
the respective media item segment and using the tem 
poral constraint data specified between the respective 
media item segment and a second media item segment; 
each respective media item segment for which docu 
ment presentation time values are assigned having a 
computed presentation duration falling within the range 
of predictable elapsed durations for the respective 
media item segment; the document presentation time 
values assigned satisfying the temporal constraint data 
specified between the respective media item segment 
and the second media item segment. 
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2. The temporal formatting method of claim 1 wherein 
each respective media item segment indicates flexibility 

metric data measuring a presentation quality of the 
respective media item segment at each of selected 
durations within the range of predictable elapsed pre 
sentation durations when the media item segment is 
presented by the at least one media presentation device 
for the selected duration; and 

operating the processor to assign the document presenta 
tion time value to each event in each respective media 
item segment includes selecting a duration, referred to 
as a selected duration, within the range of predictable 
elapsed presentation durations using the flexibility met 
ric data, and assigning the document presentation time 
values to the respective media item segment on the 
basis of the selected duration; the selected duration 
being the duration in the range of durations that simul 
taneously produces document presentation time values 
that satisfy the temporal constraint data specified 
between the respective media item segment and a 
second media item segment and that provide an accept 
able presentation quality when the respective media 
item segment is presented by the at least one media 
presentation device for the selected duration. 

3. The temporal formatting method of claim 1 
where in the range of predictable elapsed presentation 

durations for a respective media item segment further 
includes an optimum duration indicating a durational 
time value that produces a preferred presentation qual 
ity for the respective media item segment when the 
respective media item segment is presented by the at 
least one media presentation device for the optimum 
duration, 

wherein each respective media item segment indicates 
flexibility metric data measuring a deviation from the 
preferred presentation quality of the respective media 
item segment at respective durations other than the 
optimum duration within the range of predictable 
elapsed presentation durations when the media item 
segment is presented by the at least one media presen 
tation device for the respective duration; and 

wherein, when document presentation time values cannot 
be assigned that are consistent with the optimum dura 
tion for the respective media item segment and still 
satisfy the temporal constraint data, the step of oper 
ating the processor to assign a document presentation 
time value to each event in each respective media item 
segment includes using the flexibility metric data to 
determine an adjusted predictable elapsed duration 
larger or smaller than the optimum duration, referred to 
as an adjusted duration, within the range of predictable 
elapsed presentation durations indicated by the respec 
tive media item segment; the adjusted duration produc 
ing assigned document presentation time values satis 
fying the temporal constraint data specified between the 
respective media item segment and a second media 
item segment while producing a presentation quality 
that deviates by an acceptable amount from the pre 
ferred presentation quality of the respective media item 
segment, as measured by the flexibility metric data. 

4. The temporal formatting method of claim 3 wherein 
the flexibility metric data indicates a penalty value for 

adjusting the predictable elapsed presentation duration 
of a respective media item segment to an adjusted 
duration different from the optimum duration; and 

using the flexibility metric data to determine the adjusted 
predictable elapsed presentation duration for a respec 
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tive media item segment includes shortening or length 
ening the optimum duration such that the adjusted 
duration incurs a minimal penalty value. 

5. The temporal formatting method of claim 4 wherein the 
penalty value indicated by the flexibility metric for each 
respective media item segment is a cost associated with 
shortening or lengthening the optimum duration of the 
respective media item segment, and 

wherein the step of using the flexibility metric data to 
determine the adjusted predictable elapsed presentation 
duration includes optimizing an overall cost of length 
ening and shortening media item segment durations for 
respective media item segments. 

6. The temporal formatting method of claim 5 wherein 
optimizing the overall cost includes solving a function of at 
least three variables including a time at which each event 
should occur, a length of time an event occurs prior to its 
optimum time of occurrence, and a length of time an event 
occurs later than its optimum time of occurrence; the values 
of the at least three variables being subject to a plurality of 
linear constraints selected from a group of constraints 
including media item segment durations, the cost associated 
with shortening or lengthening the optimum duration of a 
respective media item segment, and temporal constraint 
data. 

7. The temporal formatting method of claim 1 wherein 
each media item includes only one pair of temporally 

adjacent media item event data items identifying a 
media item segment such that the one pair of tempo 
rally adjacent events marks beginning and ending 
points in time respectively of the media item and 
defines a media item having coarse granularity; 

the temporal constraint data indicates a time ordering 
relation value specified between a beginning or ending 
event of the first media item and a beginning or ending 
event of the second media item; and 

assigning document presentation times assigns times to 
the beginning and ending events in each media item. 

8. The temporal formatting method of claim 1 wherein 
each media item includes two or more pairs of temporally 
adjacent media item event data items identifying two or 
more media item segments defining a media item having fine 
granularity; each media item segment being a portion of a 
media item. 

9. The temporal formatting method of claim 1 wherein the 
media item segment is a dynamic media item segment 
producing a series of changing perceptions to a document 
reader during presentation of the dynamic media item seg 
ment in the time-dependent document; the media segment 
duration of the dynamic media item segment being a cumu 
lative duration of each of the series of changing perceptions. 

10. The temporal formatting method of claim 1 wherein 
the media item segment is a static media item segment 
producing a single static, unchanging perception to a docu 
ment reader during presentation of the static media item 
segment in the time-dependent document; the media seg 
ment duration of the static media item segment being 
imposed on the static media item segment and indicating a 
durational time value for presenting the static media item 
segment during presentation of the time-dependent docu 
ment. 

11. The temporal formatting method of claim 1 wherein 
assigning document presentation times to events included in 
media item segments occurs prior to the runtime presenta 
tion of the time-dependent document to a user of the 
information presentation system. 

12. The temporal formatting method of claim 11 further 
including 
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operating the processor to identify as having unpredict 

able behavior each respective media item segment 
indicating an unpredictable occurrence or an unpredict 
able media segment duration; and 

operating the processor to produce a second schedule data 
structure including a presentation command for each 
media item segment indicating unpredictable behavior; 
the presentation command indicating an unresolved 
document presentation time assigned to a starting event 
in a media item segment having an unpredictable 
occurrence; the presentation command further indicat 
ing an unresolved document presentation time assigned 
to an ending event in a media item segment having an 
unpredictable duration. 

13. The temporal formatting method of claim 12 further 
including operating the processor to assign document pre 
sentation times to the unresolved document presentation 
times in the second schedule data structure at the time the 
time-dependent document is presented under the control of 
the first schedule data structure; the first and second sched 
ule data structures together controlling presentation of media 
items having predictable and unpredictable behavior in the 
time-dependent document. 

14. The temporal formatting method of claim 1 further 
including operating the processor to produce a first schedule 
data structure for controlling presentation by the at least one 
media presentation device of each respective predictable 
media item segment having a predictable occurrence and a 
predictable duration; the first schedule data structure includ 
ing a presentation command indicating the document pre 
sentation time value for each media item event data item; the 
first schedule data structure, when used to control presen 
tation of the time-dependent document, causing a pair of 
temporally related media items to be presented at assigned 
document presentation times that satisfy the time ordering 
relation specified between them. 

15. A method for use in a processor-controlled machine 
for temporally formatting a time-dependent document, here 
after referred to as a multimedia document, including a 
plurality of media items each capable of producing human 
perceptions when presented by a media presentation device; 
the processor-controlled machine including memory for 
storing data, and a processor connected for accessing the 
data stored in the memory; the data stored in the memory 
including instruction data indicating instructions the proces 
sor executes to control operation of the machine; the method 
comprising: 

obtaining from memory, for each media item included in 
the multimedia document, media item duration data, 
flexibility metric data, and temporal constraint data; the 
media item duration data indicating a range of dura 
tional presentation time values, referred to as durations, 
for the respective media item; the range of durations 
including an optimum duration; the flexibility metric 
data indicating a measurement associated with each of 
selected durations other than the optimum duration 
within the range of durations; the measurement indi 
cating the temporal constraint data indicating a time 
ordering relation value specified between a respective 
media item and a second media item; and 

assigning document presentation time values to media 
items using the media item duration data, the flexibility 
metric data, and the temporal constraint data; each 
document presentation time value assigned to a respec 
tive one of the media items producing a computed 
duration within the range of durations indicated for the 
respective media item, and satisfying the temporal 
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constraint data specified between the respective media 
item and a second media item; the document presen 
tation time values assigned to media items being com 
puted by solving a function that optimizes a measure 
ment associated with lengthening and shortening media 
item durations for respective media items; the function 
being subject to a plurality of constraints selected from 
a group of constraints including media item durations, 
flexibility metric data for respective media item dura 
tions, and temporal constraint data between pairs of 
media items. 

16. The temporal formatting method of claim 15 wherein 
the optimum duration specified for a respective media item 
indicates a durational time value that produces a preferred 
presentation quality for the respective media item when the 
respective media item is presented by a media presentation 
device for the optimum duration; 

wherein the flexibility metric data associating a measure 
ment with each of selected durations within the range 
of durations is cost data indicating a quality of presen 
tation cost associated with deviating from the optimum 
duration by shortening or lengthening the optimum 
duration of a respective media item; 

wherein the group of constraints to which the function is 
subject includes the cost data; and 

wherein the function is solved to optimize an overall 
quality of presentation associated with shortening or 
lengthening the optimum duration of respective media 
items while still satisfying the temporal constraint data 
specified between pairs of media items. 

17. The temporal formatting method of claim 16 further 
including 

obtaining from memory, for each media item included in 
the multimedia document, a first data item indicating 
whether occurrence of the media item in the multime 
dia document is predictable or unpredictable, and a 
second data item indicating whether the media item 
duration is predictable or unpredictable; and wherein 

the step of assigning document presentation time values to 
media items includes identifying media items having 
predictable behavior, wherein predictable behavior is 
defined as having a predictable occurrence and a pre 
dictable duration, using the first and second data items; 
and solving the function for media items having pre 
dictable behavior. 

18. The temporal formatting method of claim 17 further 
including 

identifying as having unpredictable behavior each respec 
tive media item segment indicating an unpredictable 
occurrence or an unpredictable media segment dura 
tion; and 

assigning an unresolved document presentation starting 
time to a media item having an unpredictable occur 
rence and assigning an unresolved document ending 
presentation time to media item having an unpredict 
able duration. 

19. A method of temporally formatting a plurality of 
media items included in a time-dependent document in an 
information presentation system; the information presenta 
tion system including memory for storing data, a processor 
connected for accessing the data stored in the memory, and 
a plurality of media presentation devices; the data stored in 
the memory including instruction data indicating instruc 
tions the processor executes; the method comprising: 

operating the processor to obtain, for each media item, at 
least one pair of temporally adjacent media item event 
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data items, referred to as a pair of temporally adjacent 
events, identifying a media item segment; each event in 
a pair of temporally adjacent events marking a point in 
time in the respective media item segment such that a 
second event in the pair of events follows a first event 
in time with no intervening media item events specified 
between the pair of temporally adjacent events; each 
media item segment indicating whether occurrence of 
the media item segment in the time-dependent docu 
ment is predictable or unpredictable; 

operating the processor to obtain a durational time data 
item, hereafter referred to as a duration, for each 
respective media item segment; each durational time 
data item indicating an elapsed time for presentation of 
the media item segment by a respective one of the 
media presentation devices; each durational time data 
item further indicating whether the duration is predict 
able or unpredictable; each predictable duration includ 
ing a range of predictable elapsed presentation dura 
tions including a minimum duration, an optimum 
duration, and a maximum duration for presenting the 
respective media item segment; the optimum duration 
indicating a durational time value that produces a 
preferred presentation quality for the respective media 
item segment when the respective media item segment 
is presented by a respective one of the media presen 
tation devices for the optimum duration; each predict 
able duration further indicating flexibility metric data 
measuring a deviation from the preferred presentation 
quality of the respective media item segment at each 
respective duration within the range of durations when 
the media item segment is presented by the at least one 
media presentation device for the respective duration; 
the flexibility metric data indicating a penalty value for 
adjusting the predictable elapsed presentation duration 
of a respective media item segment to an adjusted 
duration different from the optimum duration; 

operating the processor to obtain temporal constraint data 
indicating a time ordering relation value specified 
between first and second temporally related event data 
items, referred to hereafter as a pair of temporally 
related events, identified from among the temporally 
adjacent events; a first one of the temporally related 
events being an event included in a first media item 
segment and a second one of the temporally related 
events being an event included in a second media item 
Segment, 

operating the processor to identify media item segments 
indicating a predictable occurrence and a predictable 
media segment duration as having predictable behav 
ior, and to identify media item segments indicating an 
unpredictable occurrence or an unpredictable media 
segment duration as having unpredictable behavior, 

for each respective media item segment having predict 
able behavior, operating the processor to assign a 
document presentation time value to each event 
included in the respective media item segment; each 
document presentation time value assigned producing a 
computed duration within the range of durations indi 
cated for the respective media item segment, and sat 
isfying the temporal constraint data specified between 
the respective media item segment and a second media 
item segment; the computed duration being an adjusted 
duration when document presentation time values can 
not be assigned that are consistent with the optimum 
duration for the respective media item segment and still 
Satisfy the temporal constraint data; the adjusted dura 
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tion being determined using the flexibility metric data 
and producing assigned document presentation time 
values satisfying the temporal constraint data specified 
between the respective media item segment and a 
second media item segment while producing a presen 
tation quality that deviates by an acceptable amount 
from the preferred presentation quality of the respective 
media item segment, as measured by an acceptably 
small penalty value indicated by the flexibility metric 
data; and 

for each respective media item segment having unpre 
dictable behavior, operating the processor to assign an 
unresolved document presentation time to a starting 
event in a media item segment having an unpredictable 
occurrence, and to assign an unresolved document 
presentation time assigned to an ending event in a 
media item segment having an unpredictable duration. 

20. The temporal formatting method of claim 19 further 
including 

operating the processor to produce a first schedule data 
structure for controlling presentation on the at least one 
media presentation device of each respective predict 
able media item segment having predictable behavior; 
the first schedule data structure including a presentation 
command indicating the document presentation time 
value for each media item event data item; the first 
schedule data structure, when used to control presen 
tation of the time-dependent document, causing a pair 
of temporally related media items to be presented at 
assigned document presentation times that satisfy the 
time ordering relation specified between them; 

operating the processor to produce a second schedule data 
structure including a presentation command for each 
media item segment indicating unpredictable behavior, 
the presentation command indicating an unresolved 
document presentation time assigned to a starting event 
in a media item segment having an unpredictable 
occurrence; the presentation command further indicat 
ing an unresolved document presentation time assigned 
to an ending event in a media item segment having an 
unpredictable duration; and 

operating the processor to assign document presentation 
times to the unresolved document presentation times in 
the second schedule data structure at the time the 
time-dependent document is presented under the con 
trol of the first schedule data structure; the first and 
second schedule data structures together controlling 
presentation of media items having predictable and 
unpredictable behavior in the time-dependent docu 
Inent. 

21. The temporal formatting method of claim 19 wherein 
the penalty value indicated by the flexibility metric for each 
respective media item segment is a cost associated with 
shortening or lengthening the optimum duration of the 
respective media item segment, and 

wherein the step of operating the processor to assign 
document presentation time values to events included 
in respective media item segments includes solving a 
function to optimize an overall cost of lengthening and 
shortening media item segment durations for respective 
media item segments. 

22. The temporal formatting method of claim 19 wherein 
the time ordering relation specified between temporally 
related events specifies a time ordering relation between 
media item segments included in the same media item. 

23. The temporal formatting method of claim 19 wherein 
the time ordering relation specified between temporally 
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related events specifies a time ordering relation between 
media item segments included in different media items. 
Serial No. 08/148,743 

24. The temporal formatting method of claim 19 wherein 
the step of operating the processor to identify media item 
segments having predictable and unpredictable behavior 
includes 

grouping media item event data items, referred to as 
events, included in media item segments into connected 
components of temporally related events using respec 
tive media item durations and temporal constraint data; 
a first event being temporally related to a second event 
if a time ordering relation is specified between the first 
and second events or if the first and second event 
identify a media item segment having a media item 
duration; a first connected component including events 
having no temporal relationship to events included in a 
second connected component; and 

evaluating each connected component to determine 
whether the connected component has predictable or 
unpredictable behavior; a connected component having 
unpredictable behavior when the connected component 
includes an unpredictable event or an event is included 
in a media item segment indicating an unpredictable 
duration; a connected component having predictable 
behavior when the connected component includes only 
predictable events each included in a media item seg 
ment indicating a predictable duration. 

25. The temporal formatting method of claim 24 wherein 
the step of operating the processor to assign document 
presentation times to events included in media item seg 
ments having predictable behavior includes positioning 
events in each connected component in relative temporal 
order within the connected component. 

26. A method for use in a processor-controlled multimedia 
authoring system for temporally formatting a multimedia 
document including a plurality of media items each capable 
of producing human perceptions when presented by a media 
presentation device; the multimedia authoring system 
including input circuitry connected to a user input device for 
producing user signals indicating actions of a system user; 
memory for storing data, at least one media presentation 
device; and a processor connected for receiving the user 
signals from the input circuitry, for accessing the data stored 
in the memory, and for presenting signals indicating a media 
item to the media presentation device; the data stored in the 
memory including instruction data indicating instructions 
the processor executes; the method comprising: 

receiving first user signals from the user input device 
indicating actions identifying media items to be 
included in a multimedia document; 

in response to the first user signals, producing a media 
item data structure for each respective media item 
identified for inclusion in the multimedia document; 
the media item data structure indicating starting and 
ending events in the media item; 

receiving second user signals from the user input device 
indicating actions assigning durations and duration 
measurement data to each respective media item; 

in response to the second user signals, modifying the 
media item data structure to further indicate a dura 
tional time data item, hereafter referred to as a duration, 
used by a media presentation device for presentation of 
the media item from the starting event to the ending 
event, a duration indicating a range of elapsed presen 
tation durations for a respective media item including 



5,515,490 
65 

an optimum duration; a duration further indicating 
flexibility metric data associating duration measure 
ment data at selected durations other than the optimum 
duration within the range of elapsed presentation dura 
tions when the media item is presented by a media 
presentation device for the selected duration; 

receiving third user signals from the user input device 
indicating actions assigning temporal constraints to 
pairs of media items; 

in response to the third user signals, producing and storing 
temporal constraint data indicating a time ordering 
relation value specified by the user between media 
items; 

receiving fourth user signals from the user input device 
indicating a request to produce a main schedule for the 
media items included in the multimedia document, and 

in response to the fourth user signals, assigning document 
presentation time values to events included in respec 
tive media items; the document presentation time val 
ues assigned producing a computed duration for each 
media item that falls within the range of elapsed 
presentation durations for the respective media item 
while satisfying the temporal constraint data specified 
between a respective pair of media items; the computed 
duration for a respective media item being an adjusted 
duration when the optimum duration specified for a 
respective media item would not produce document 
presentation time values that satisfy the temporal con 
straint data specified between a respective pair of media 
items; the adjusted duration being determined by solv 
ing a function to optimize an overall measurement 
associated with lengthening and shortening media item 
durations for respective media items; the function being 
subject to a plurality of constraints selected from a 
group of constraints including media item durations, 
the flexibility metric data associated with selected 
durations, and temporal constraint data. 

27. The method for temporally formatting a multimedia 
document of claim 26 wherein the optimum duration speci 
fied for a respective media item indicates a durational time 
value that produces a preferred presentation quality for the 
respective media item when the respective media item is 
presented by a media presentation device for the optimum 
duration; 

wherein the flexibility metric data associating a measure 
ment with each of selected durations within the range 
of durations is cost data indicating a quality of presen 
tation cost associated with deviating from the optimum 
duration by shortening or lengthening the optimum 
duration of a respective media item; 

wherein the group of constraints to which the function is 
subject includes the cost data; and 

wherein the function is solved to optimize an overall 
quality of presentation associated with shortening or 
lengthening the optimum duration of respective media 
items while still satisfying the temporal constraint data 
specified between pairs of media items. 

28. The method for temporally formatting a multimedia 
document of claim 26 wherein the media item data structure 
further indicates whether occurrence of the media item in the 
time-dependent document is predictable or unpredictable, 
and whether the duration is predictable or unpredictable; and 
wherein the method further includes 

producing a main schedule including document presen 
tation time values assigned for media items having 
predictable behavior; 
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producing an auxiliary schedule in addition to the main 

schedule; the auxiliary schedule indicating an unre 
solved document presentation time for each media item 
having an unpredictable duration or an unpredictable 
OCCurrence, 

receiving fifth user signals indicating a request from the 
user to present the multimedia document according to 
the main and auxiliary schedules, and 

in response to the fifth user signals, presenting the media 
items included in the multimedia document on the 
media presentation device according to the document 
presentation time values assigned in the main and 
auxiliary schedules; document presentation time values 
being assigned to the unresolved document presenta 
tion time values in the auxiliary schedule during runt 
ime as the multimedia document is being presented. 

29. The method for temporally formatting a multimedia 
document of claim 26 wherein 

the first user signals from the user input device further 
indicate actions identifying media item segments 
included in the media items to be included in a multi 
media document, 

each media item segment is identified in the media item 
data structure for a respective media item by a pair of 
temporally adjacent media item event data items, 
referred to as a pair of temporally adjacent events; each 
event in each pair of temporally adjacent events mark 
ing a point in time in the respective media item such 
that a second event in the pair of events follows a first 
event in time with no intervening events specified 
between the first and second events; 

the third user signals from the user input device further 
indicates actions assigning temporal constraints to a 
pair of events included in a single media item or 
included in respective first and second media items; a 
pair of events having a time ordering relation value 
specified therefor being referred to as a pair of tempo 
rally related events; the user having the capability to 
specify a time ordering relation between events internal 
to the single media item or to the respective first and 
second media items; and 

the step of assigning document presentation time values 
further includes assigning document presentation time 
values to the events included in media item segments; 
the document presentation time values assigned pro 
ducing a computed duration for each media item seg 
ment that falls within the range of elapsed presentation 
durations for the respective media item while satisfying 
the temporal constraint data specified between a respec 
tive pair of temporally related events; the function 
optimizing an overall measurement associated with 
lengthening and shortening media item durations for 
respective media item segments. 

30. A machine for temporally formatting a time-depen 
dent document, hereafter referred to as a multimedia docu 
ment, including a plurality of media items each capable of 
producing human perceptions when presented by a media 
presentation device; the machine including memory for 
storing data, and 

a processor connected for accessing the data stored in the 
memory; 

the data stored in the memory including instruction data 
indicating instructions the processor executes, 

the processor, in executing the instructions stored in the 
memory, obtaining from memory, for each media item 
included in the multimedia document, media item 
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duration data and temporal constraint data; the media 
item duration data indicating a range of durational 
presentation time values, referred to as durations, for 
the respective media item; the range of durations 
including an optimum duration; the media item dura 
tion data further indicating flexibility metric data asso 
ciating a measurement with each of selected durations 
other than the optimum duration within the range of 
durations; the temporal constraint data indicating a time 
ordering relation value specified between a respective 
media item and a second media item; 

the processor, further in executing the instructions stored 
in the memory, assigning document presentation time 
values to media items; each document presentation 
time value assigned to a respective one of the media 
items producing a computed duration within the range 
of durations indicated for the respective media item, 
and satisfying the temporal constraint data specified 
between the respective media item and a second media 
item; the document presentation time values assigned 
to media items being computed by solving a function to 
optimize a measurement associated with lengthening 
and shortening media item durations for respective 
media items; the function being subject to a plurality of 
constraints selected from a group of constraints includ 
ing media item durations, flexibility metric data for 
respective media item durations, and temporal con 
straint data between pairs of media items. 

31. The machine of claim 30 wherein the optimum 
duration specified for a respective media item indicates a 
durational time value that produces a preferred presentation 
quality for the respective media item when the respective 
media item is presented by a media presentation device for 
the optimum duration; 

wherein the flexibility metric data associating a measure 
ment with each of selected durations within the range 
of durations is cost data indicating a quality of presen 
tation cost associated with deviating from the optimum 
duration by shortening or lengthening the optimum 
duration of a respective media item; 

wherein the group of constraints to which the function is 
subject includes the cost data; and 

wherein the function is solved to optimize an overall 
quality of presentation associated with shortening or 
lengthening the optimum duration of respective media 
items while still satisfying the temporal constraint data 
between pairs of media items. 

32. A processor-controlled multimedia authoring system 
for producing, temporally formatting, and presenting a mul 
timedia document including a plurality of media items; the 
system including 

input circuitry connected to a user input device for 
producing user signals indicating actions of a system 
user, 

a media signal source for storing or receiving a plurality 
of sets of signals; each set of signals indicating a media 
item capable of producing human perceptions when 
presented by a media presentation device; 

first output circuitry connected to a first media presenta 
tion device having a display area for presenting images; 

second output circuitry connected to a second media 
presentation device for receiving audio signals and 
presenting sound using the audio signals; 

a processor connected for receiving the user signals from 
the input circuitry, connected for providing images to 
the first output circuitry, and connected for providing 
audio signals to the second output circuitry; 
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memory for storing data, the data stored in the memory 

including instruction data indicating instructions the 
processor executes; 

the processor being further connected for accessing the 
data stored in the memory; 

the processor, in executing the instructions, receiving first 
user signals from the user input device indicating 
actions identifying media item segments of media items 
to be included in a multimedia document; the proces 
sor, in executing the instructions in response to the first 
user signals, producing a media item data structure 
indicating data for a respective one of the media items 
included in the multimedia document, the media item 
data structure indicating at least one pair of temporally 
adjacent media item event data items, referred to as a 
pair of temporally adjacent events, identifying a media 
item segment; each event in each pair of temporally 
adjacent events marking a point in time in the respec 
tive media item such that a second event in the pair of 
events follows a first event in time; the media item data 
structure further indicating whether occurrence of the 
media item segment in the time-dependent document is 
predictable or unpredictable; 

the processor, further in executing the instructions, receiv 
ing second user signals from the user input device 
indicating actions assigning durations and measure 
ment values to respective media item segments; the 
processor, in executing the instructions in response to 
the second user signals, modifying the media item data 
structure indicating a respective media item segment to 
further indicate a durational time data item, hereafter 
referred to as a duration, used by a media presentation 
device for presentation of the media item segment; the 
media item data structure further indicating whether the 
duration is predictable or unpredictable; each predict 
able duration indicating a range of predictable elapsed 
presentation durations for a respective media item 
segment indicating a range of durations including an 
optimum duration; the optimum duration indicating a 
durational time value that produces a preferred presen 
tation quality for the respective media item segment 
when the respective media item segment is presented 
by a media presentation device for the optimum dura 
tion; each predictable duration further indicating cost 
data measuring a cost of deviation from the preferred 
presentation quality of the respective media item seg 
ment at respective durations other than the optimum 
duration within the range of predictable elapsed pre 
sentation durations when the media item segment is 
presented by a media presentation device for the 
respective duration; 

the processor, further in executing the instructions, receiv 
ing third user signals from the user input device indi 
cating actions assigning temporal constraints to pairs of 
media item segments; the processor, in executing the 
instructions in response to the third user signals, pro 
ducing and storing temporal constraint data indicating 
a time ordering relation value specified by the user 
between events, identified from among the temporally 
adjacent events indicated by each media item data 
structure; a pair of events having a time ordering 
relation value specified therefor being referred to as a 
pair of temporally related events; 

the processor, further in executing the instructions, receiv 
ing fourth user signals from the user input device 
indicating a request to produce a main schedule for 
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media items included in the multimedia document 
having predictable occurrences and predictable dura 
tions; the processor, in executing the instructions in 
response to the fourth user signals, assigning document 
presentation time values to events included in respec 
tive media item segments; the document presentation 
time values assigned satisfying the temporal constraint 
data specified between a respective pair of temporally 
related events while producing a presentation quality 
for a respective media item segment that deviates, 
when necessary, by an acceptable amount from the 
preferred presentation quality of the respective media 
item segment, as measured by the cost data, the pro 
cessor, further in executing the instructions for assign 
ing document presentation time values, solving a func 
tion to optimize an overall cost of lengthening and 
shortening media item segment durations for respective 
media item segments; the function being subject to a 
plurality of constraints that are selected from a group of 
constraints including media item segment durations, 
the cost data associated with deviating from the opti 
mum duration by shortening or lengthening the opti 
mum duration of a respective media item segment, and 
temporal constraint data. 
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33. The processor-controlled multimedia authoring sys 

tem of claim 32 wherein 
the processor, further in executing the instructions, pro 

duces an auxiliary schedule in addition to the main 
schedule; the auxiliary schedule indicating an unre 
solved document presentation time for each media item 
segment having an unpredictable duration or an unpre 
dictable occurrence; and 

the processor, further in executing the instructions, in 
response to fifth user signals indicating a request from 
the user to present the multimedia document according 
to the main and auxiliary schedules, presents the mul 
timedia document according to the document presen 
tation time values assigned in the main and auxiliary 
schedules, using media items stored in the media signal 
source and presenting media items on the first and 
second media presentation devices; the processor, in 
executing the instructions for presenting the multime 
dia document, assigning document presentation time 
values to the unresolved document presentation time 
values in the auxiliary schedule as the multimedia 
document is being presented. 




