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ABSTRACT

During the last few years, the advent of the CD-Rom,
and the introduction of high bandwidth communications
networks has caused a spectacular explosion in the avail-
ability of large video-libraries. While a great deal of ef-
fort has been invested in problems of how to effectively
utilize bandwidth to communicate large bodies of data
across the network, relatively little effort has gone into
how to organize, and access, video databases. In this
paper, we describe how video data may be organized
and structured so as to facilitate queries. We develop a
formal model of video data and show how spatial data
structures, suitably modified, provide an elegant way of
storing such data. We develop algorithms to process
various kinds of video queries and show that in most
cases, the complexity of these algorithms is linear. We
develop algorithms to update these video databases. A
prototype system called AVIS (“Advanced Video Infor-
mation System™) has been designed at the University of
Maryland based on these concepts.

INTRODUCTION
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The primary aim of this paper is to study methods of
indexing video databases so as to efficiently store and
retrieve video data in a number of diverse ways. Some
example queries to be used for such retrievals may be:

(Query 1) find all video-frames in which John Wayne
appears,

(Query 2) find all video-frames in which someore is
being murdered, or more complicated ones such as

(Query 3) find all video-frames in which Dean Martin
appears and Fred Astaire is dancing with Ginger
Rogers,

(Query 4) find all people who appear in the frames
where Gene Kelly and Ginger Rogers are getting
married,

(Query 5) find all video-frames showing Ginger
Rogers dancing with someone other than Fred As-
taire when he is in the same room, (note that Fred
Astaire may not be visible in all these frames, but
the fact that he is in the room during that time
may be known in advance)

(Query 8) find all video-frames in which Alfred Hitch-
cock appears after someone is killed.
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The primary contributions of this paper are the follow-
ing:

1. First of all, we will show that certain kinds of ex-
isting spatial data structures are adequate for ef-
ficiently storing certain kinds of information. In
particular, we will show that the problem of storing
which objects occur in which frames may be viewed
as an equivalent problem of storing line segments.

2. Second, we will show how we may make use of the
above “spatial database” intuition to efficiently in-
dex multimedia data so as to be able to handle
all the kinds of queries listed above -~ in partic-
ular, we will show how a combination of spatial
database technology and relational database tech-
nology can be “merged” together to efficiently solve
all the kinds of queries above.

3. Third, we will describe how updates to information
about video data may be efficiently implemented
using the data structures defined above.

4. Finally, we will describe a prototype implementa-
tion, called AVIS (“Advanced Video Information
System”) of the above data structures and algo-
rithms. The implementation suggests that the the-
oretical algorithms work very well in practice.

VIDEO INFORMATION

If we look at the queries given in the introduction sec-
tion, we will notice that two types of information are
being queried. The first type is a set of entities — things
of interest to us in the movie. The second type of in-
formation is the video-frames in which these entities are
present. In this section, we will list the types of entities
in a video that are of interest and later we will explain
how the notion of the occurrence of an entity can be
mapped onto the spatial domain.

e Video Objects: These are the entities that are
present in the video frames.

e Activity Types: Informally speaking, an activ-
ity describes the subject of a given video frame-
sequence.

e Event: An event may be thought of as an
instantiation of an activity type.

— Roles: The events that are of the same activ-
ity type are differentiated from each other by
the set of objects involved in them.

— Teams: A teanm is a set of objects/ descrip-
tions that jointly describe an event, i.e. they
are the instantiation of the roles in an activity

- type.

Frame Sequences: In the area of video-databases, we
observe that video-data may be classified as follows: a
body of raw video data, RVD, for short, is a set of entities
called frames. In addition to the raw video data, there is
a set, ENT, of “entities” — objects that are of interest as
given above within the domain of a given RVD. Last but
not least, there is an association map, A, that specifies
which objects occur in which video-frames.

We will assume that the set of frames, RVD, is the set
{1,...,n} for some arbitrarily chosen, but fixed integer
n. Likewise, we will assume that the set of objects is
also the set {1,...,k} for some arbitrarily chosen, but
fixed integer k. There is no loss of generality in making
this assumption; it is convenient in providing a formal
mathematical framework for reasoning about multime-
dia systems.

A frame-sequence is a pair [1,5) where 1 < 7,< j < n.
[, 7) represents the set of all frames between ¢ (inclusive)
and j (non-inclusive). In other words, [i,5) = {k|¢ <
k < 7}. i (resp. 7) is said to be the start (resp. end) of
the frame-sequence [z, 7).

We may define a partial ordering, C, on the set of all
frame sequences as follows: {i1,j1) T [iz,72) iff i1 <
j1 < iy < jp. Intuitively, [i1,71) C [i2,72) means that
the sequence of frames denoted by [i1,j;) precedes the
sequence of frames denoted by [i3,j2). As usual, we use
[t1,71) T [i2,52) to denote that [41,71) C [é2,52) and
J1# 2.

A set, X, of frame-sequences is said to be well-ordered
iff:

1. X is finite, i.e. X = {[¢1,/1),...,[¢r, )} for some
integer r, and
2. [il,jl) ; [i27j2) ..E_ B E [ir7jr)-

A set, X, of frame-sequences is said to be solid iff
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1. X is well-ordered, and

2. there is no pair of frame-sequences in X of the form
[il, 22) and [ig, 23)

An association-map is a function, A, such that for each
entity ent € ENT, A(ent) is a solid set of frame-sequences.
Intuitively, A(ent) = {[(i1,71), [t2,J2)} means that entity
ent occurs in all frames in the frame-sequences [iy, j1)
and [iz,jg).

Association Maps and Segment Trees: Associa-
tion maps correspond exactly to line segments on the z-
axis of the Cartesian plane, and hence, association maps
may be stored using any method to store such collinear
line segments, such as the well known segment tree (cf.
Samet [11]). The one difference between our segment
trees, and the ordinary segment trees (cf. Samet[11]) is
that a single object name may label multiple line seg-
ments. To differentiate between the two, we will refer
to our data structure as a frame segment tree.

The observation that association maps correspond to
line segments is not new — it has been made by several
individuals in the multimedia community.

One of the key observations in our paper is that this
object-frame map is just a set of line segments all of
which are horizontal. Consequently, the frames in which
a given object appears may be viewed as a set of line seg-
ments on the z-axis, obtained by projecting the shaded
line segments shown in the figure onto the z-axis.

Hence, an appropriate data structure for this problem
would contain:

e a segment tree representing the set of all line seg-
ments in RVD, and

e additional arrays, such as OBJECTARRAY,
EVENTARRAY and ACTIVITYARRAY which provide ad-
ditional indices to the nodes in the tree denoting
where the corresponding data is located.

Frame Segment Tree Representation of Video-
Frames:

1. Each node in the frame segment tree represents a
frame-sequence [z,y) starting at frame z and in-
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cluding all frames up to, but not including, frame
Y.

9. The number inside each node may be viewed as a
pointer to that node.

3. The set of numbers (in boldface) placed next to a
node denotes the id-numbers of video objects and
events that appear in the entire frame-sequence as-
sociated with that node. Thus, for example, if a
node N represents the frame sequence [7,7) and
object o occurs in all frames in [4,7), then object
o labels node N (unless object o labels an ancestor
of node N in the tree).

The OBJECTARRAY: The object array is an array whose
i’th element denotes video object number ¢ (denoted
by oi). Associated with any element of this array is
an ordered linked list of pointers to nodes in the frame
segment tree.

The EVENTARRAY: As in the case of the OBJECTARRAY
the event array stores the frame sequences, in the form
of links to the frame segment tree, for each different
event. Events are uniformly numbered from el to eN.
For each event, the following information is stored: the
activity type, the team as a list of pairs of the form (role:
player) and finally, a list of tree nodes that indicates the
frame sequences in which this event occurs.

The ACTIVITYARRAY: Thisis another index which sim-
ply stores, for each activity type, the list of events of
that type. This will facilitate queries about a certain
activity type as opposed to a certain event of that type.
Similarly, the ROLEARRAY simply lists the name of the
roles, since the roles are also stored by their unique id
number in the video database. In addition to these, we
assume that we have hash tables for objects, activity
types and roles that map their names to their unique id
numbers. We will not give details of these tables, since
they’re only used to locate the id numbers.

Video Database: A video-database is a 9-tuple
(RVD, OBJ,EVT, A, ACT, ®, p, ROLE, PLAYERS)

where



e RVD is a set of integers {1,...,n} for some n;
e OBJ is a set whose members are called “objects”;
e EVT is a set whose elements are called events;

e )is a that assigns to each entity ent € (0BJUEVT),
a solid set of frame-sequences;

e ACT is a set whose elements are called activity
types;

e R is a set whose elements are called roles;

e pis a map that assigns, to each event an activity
type;

e ROLE is a map that takes as input, a frame-
sequence [i,7) € EVT U J,cop3 A(0), an activity A in
o([4,7)), and a role in ®(A), and assigns as output,
a member of 0BJ;

¢ PLAYERS is a map that takes as input an event
and its activity type, as output returns a mapping
from the roles of the activity to the entities in the
database and to strings.

Elementary Object Queries: This is a query of the
form: “Given the name of an object, find all video
frames in which a given object occurs.”

Elementary Activity Type Queries: This is a
query of the form: “Find all the video frames in which
events of a given activity type occurs.”

Detailed Activity Queries — Event Queries: This
is a query of the form: “Find all video frames in which
one of a given set of events occurs, where the events are
specified by the activity type and the roles of specific
objects involved in this activity”

Object Occurrence Queries: This is a query of the
form: “Find all objects that occur in a given set of frame
sequences.”

Activity Type Occurrence Queries: This is a
query of the form: “Find all the activities that occur
in a given set of frame sequences.”

Conjunctive Queries: (1) Queries that take as in-
put, a specification, and return as output, a set of frame
sequences, (2) queries that take as input, a set of frame
sequences, and return a set of objects, (3) same type
of input as 2, but returns as output, a set of events, (4)
there are some other queries that we have not discussed,
which take the same types of input as 2 and 3, but they
return as output return activity types, role of a specific
object and etc.

Compound Queries: For example, suppose we con-
sider the query “Find all the objects present in the video
when a certain event (specified by the activity type and a
team) occurs.” In general, answers to compound queries
are found by directing the output of one function as in-
put to another function.

RELATED WORK

Gibbs et. al. [2] study how stream-based temporal mul-
timedia data may be modeled using object based meth-
ods. However, concepts such as roles and players, the
distinction between activities and events, and the in-
tegration of such video systems with other traditional
database systems are not addressed.

Hjelsvold and Midtstraum [5) develop a “generic” data
model for capturing video content and structure. Their
ideais that video should be included as a data type in re-
lational databases, i.e. systems such as PARADOX, IN-
GRES, etc. should be augmented to handle video data.
In particular, they study temporal queries ~ something
we do not do in this paper. In contrast, the innova-
tion in our approach is the use of well studied spatial
(rather than temporal)’ data structures, suitably modi-
fied, to query video data. We have used those intuitions
to develop techniques for processing queries as well as
for updating these video data structures — the first al-
gorithms we know of for incorporating updates to video
data.

Oomoto and Tanaka [9] have developed a language
called VideoSQL for accessing video data. In contrast
to their effort, in this paper we develop indexing struc-
tures and query processing algorithms for querying video
data, and use a logical query language to query the data.

There has also been a good deal of work on picture re-
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trieval systems [4, 3, 8] — however, these works deal with
static images, whereas in contrast we have studied ways
of organizing temporal sequences of such images (i.e.
video).

CONCLUSION

Once an electronically accessible video library exists
(and some such libraries exist even today, e.g. at the
National Archives in College Park, Md.), the need to
access these database “by content” assumes great im-
portance. The primary aim of this paper is to develop
techniques by which the content of these movies can be
stored on-line so as to facilitate such accesses.

To accomplish this, we have presented a succinct the-
oretical description of video databases. We have then
shown how such video databases may be stored electron-
ically, and furthermore, we have designed polynomial-
time query processing algorithms that traverse these
data structures. In addition, as the “content” of these
video databases may be updated from time to time, we
have developed methods to implement such updates. Fi-
nally, we have developed an implemented system called
AVIS (“Advanced Video Information System”) that im-
plements the various video-based queries described here.
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