The Design and Implemen tation of a Database

En vironmen t for Vision Researc h

�

Rex M. Jakob ovits

Department of Computer Science and Engineering, FR-35

Universit y of W ashington

Seattle, W ashington 98195

Abstract

The Database Environment for Vision Research (DEVR) is an entity-

oriented scienti�c database system based on a hierarchical relational data

mo del (HRS). This pap er describ es the design and implementation of the

data de�nition language, the application programmer’s interface, and the

query mechanism of the DEVR system.

DEVR provides a dynamic data de�nition language for mo deling image

and vision data, which can b e integrated with existing image pro cessing

and vision applications. Schema de�nitions can b e fully interleaved with

data manipulation, without requiring recompilation. In addition, DEVR

provides a p owerful application programmer’s interface that regulates data

access and schema de�nition, maintains indexes, and enforces typ e safety

and data integrity .

The system supp orts multi-level queries based on recursive constraint

trees. A set of HRS entities of a given typ e is �ltered through a net-

work of constraints corresp onding to the parts, prop erties, and relations

of that typ e. Queries can b e constructed interactively with a menu-driven

interface, or they can b e dynamically generated within a vision applica-

tion using the programmer’s interface. Query ob jects are p ersistent and

reusable. Users may keep libraries of query templates, which can b e built

incrementally

, tested separately

, cloned, and linked together to form more

complex queries.

�

Submitted in ful�llment of the Ph.D. Qualifying Pro ject requirement. This researc h was

sp onsored by the National Science F oundation under grant IRI-9116809, and by the W ashing-

ton T echnology Center. A shorter version of this pap er to app ear in IS&T/SPIE Symp osium

on Ele ctr onic Imaging: Scienc e and T e chnolo g y, F ebruary 1995.

Con ten ts

1 INTRODUCTION 2

2 THE HRS DA T A MODEL 3

2.1 Comp onents of the HRS : : : : : : : : : : : : : : : : : : : : : : : 3

2.2 Example Application: TRIBORS : : : : : : : : : : : : : : : : : : 3

3 IMPLEMENTING THE HRS 4

3.1 The Schema Class : : : : : : : : : : : : : : : : : : : : : : : : : : 4

3.2 The Entity Class : : : : : : : : : : : : : : : : : : : : : : : : : : : 6

4 THE PROGRAMMER’S INTERF

ACE 7

5 THE QUER

Y SYSTEM 8

5.1 Query Mo del: Constraint T rees : : : : : : : : : : : : : : : : : : : 8

5.2 Implementation of the Query Mo del : : : : : : : : : : : : : : : : 10

6 THE TEXTUAL USER INTERF

ACE 11

7 CONCLUSION 13

A A Session with TUI 14

A.1 Browsing Schemas : : : : : : : : : : : : : : : : : : : : : : : : : : 14

A.2 A Query over Ob ject 3D Entities : : : : : : : : : : : : : : : : : : 15

A.3 A Query over View Classes : : : : : : : : : : : : : : : : : : : : : 19

1 INTR

ODUCTION

Exp erimentation with image-related data often involves a numb er of disjoint

applications, each with their own internal data representation, communicating

via at �les. This approach leads to redundant pro cess ing, as data is marshalled

in and out of the v arious structur es and the �le system. F urthermore, it tends

to result in an unwieldy collection of cryptic disk �les that the researcher must

manage, making it di�cult to browse and correlate the intermediate data.

The Database Environment for Vision Research (DEVR) is an entity-oriented

scienti�c database system designed to facilitate exp erimentation with image-

related data[8]. The system provides a framework in which computer vision

researcher s may structur e their internal data to promote interop erability b e-

tween applications. DEVR frees the researcher from having to manage data at

the �le system level, and it enables the user to formulate sophisticated queries

across all asp ects of the exp eriment pro cess.

I implemented DEVR on top of the Ob ject Database Environment (ODE)[1],

a p ersiste nt C++ system. Ob jects are saved to disk automatically

, and retrieved into memory whenever they are reference d within an application. The DEVR

library consists of over 5000 lines of O++ co de[3], including the application

programmer’s interface and the textual user interface.

DEVR o�ers a dynamic data de�nition language for mo deling image and

vision data. I have designed and implemented a p owerful application program-

mer’s interface, which allows users to integrate the database with existing im-

age pro cessing and vision applications. I have also implemented a textual user

interface, which supp orts interactive browsing and template-driven query con-

struction. DEVR’s query pro cessor supp orts a wide range of multi-level queries

on complex user-de�ned typ es.

2 THE HRS D A T A MODEL

2.1 Comp onen ts of the HRS

DEVR is based on a hierarchical relational data mo del (HRS) which has evolved

from the Relational Data Structure (RDS) of Shapiro and Haralick[9

]. Every

entity in the system (images, regions, edges, etc.) is describ ed by a schema

consisting of three comp onents: pr op erties, p arts, and r elations.

The prop erties comp onent of a schema is a table of attribute de�nitions,

where each entry sp eci�es an attribute lab el and declares its typ e. Prop er-

ties may b e either atomic (i.e. oat, integer, string, etc.), or complex typ es.

Instances of the HRS de�ned by a schema will have attribute values that corre-

sp ond to the entries in the schema’s prop erty table. These v alues record global

information ab out the entity

, such as the numb er of rows in an image, or the

slop e of an edge.

The parts comp onent consists of any numb er of part sets, which are collec-

tions of p ointers to other entities in the system. This allows the user to repres ent

the natural decomp osition of spatial and image data in an organized hierarchy .

F or example, a View Class HRS may b e de�ned to contain an Images part

set, which in turn may contain an Edges part set, etc.

The relations comp onent consists of attributed relations over the parts of

that entity

. Each relation is made up of a set of tuples. A tuple consists of

an ordered list of p ointers to entities in the parts sets, and an optional list

of attributes. F or example, the Image HRS may contain a proximity rela-

tion, whose tuples consist of pairs of p ointers to edges and a numeric attribute

describing the distance b etween them.

2.2 Example Application: TRIBORS

The HRS data mo del has b een success fully used to supp ort a numb er of vision

applications. Figure 1 shows some of the data typ es used in the T riplet-Base d

Obje ct R e c o gnition System (TRIBORS)[7], an application that uses synthetic images to create probability mo dels for use in 3D ob ject recognition. TRIBORS

was originally implemented without the HRS mo del or the DEVR system, using

arbitrary data structur es and ASCI I �le dumps to maintain data b etween exe-

cutions. The input image �les were scattere d in v arious directories maintained

by the system’s designer. The HRS mo del easily supp orted the TRIBORS

data typ es, and DEVR’s application programmer’s interface was used to link

TRIBORS with the database. DEVR maintained the input images, synthetic

images, and internal data structure s (such as extracted edges).

Each 3D ob ject to b e pro cesse d by TRIBORS is represe nted by a T ri-

b ors Ob ject HRS, which consists of a 3D mo del and a set of view classes. The

Mo del 3D HRS is decomp osed into faces, edges, and p oints. Each View Class

HRS contains a numb er of real images and synthetic images, which in turn ref-

erence viewable gray scale images. TRIBORS generates a probability mo del for

each view class, which is stored as a relation in the HRS for that view class.

Each tuple of the probability relation consists of a triple of edges from the mo del,

with attributes describing the orientation of the segments, the frequency of the

triple’s o ccurre nce within the images for that view class, etc.

Actual CAD mo dels from TRIBORS exp eriments has b een success fully im-

p orted into DEVR, including multiple view classes consisting of over a hundred

images and their corresp onding spatial entities.

3 IMPLEMENTING THE HRS

The HRS mo del is implemented as a hierarchy of C++ classes [10], as shown

in �gure 2. All ob jects stored in the database descend from the pBase class,

which de�nes generic metho ds for printing and identi�cation. Because of the

ob ject-oriented design of the typ e system, DEVR can b e cleanly extended to

incorp orate new atomic typ es and functionality

, making full use of the automatic

dispatching and typ e checking functionality of C++.

3.1 The Sc hema Class

One sub class of pBase is the Schema class, whose instances represe nt the HRS

typ es de�ned in the database. Each Schema ob ject is assigned a unique name

when it is created. The system provides direct, e�cient retriev al of a Schema

ob ject via its name.

Each Schema ob ject stores the lab els and typ e information that denote the

prop erties, parts, and relations of an HRS typ e. In addition, it maintains the

typ e extent, a collection of p ointers to every instance of that typ e. Whenever the

user constructs a new entity

, the system inserts a p ointer to it in the typ e extent

of its schema. Conversely

, when an entity is destroyed, the system automatically

removes the p ointer from its schema’s typ e extent. The extent provides an

e�cient means for navigating over all HRS entities of a particular typ e.

model Model_3D PROPERTIES

PARTS view_classes Set of View_Class

Tribors_Object Model_3D

PROPERTIES the_object Tribors_Object

PARTS faces Set of Face_3D

Set of Edge_3D edges points Set of Point_3D

PARTS border

Face_3D

List of Edge_3D

Edge_3D

startp endp

PROPERTIES

Point_3D

Point_3D

PROPERTIES x_coord Real

Real

Real y_coord z_coord

Point_3D

PROPERTIES the_object min_lat max_lat min_long max_long

Tribors_Object

Real

Real

Real

Real

Set of Edge_3D

Set of Real_Image

Set of Synth_Image

RELATIONS

model_edges real_images synth_images real_probability_model edge2 edge3 edge1

Edge_3D Edge_3D Edge_3D

ATTRIBUTES

frequency view_length orientation distance theta

Real

Stat_Record

Stat_Record

Stat_Record

Stat_Record synth_probability_model

(similar to real_probability_model)

PARTS

View_Class

PROPERTIES

Real_Image

the_object origin_viewpoint distance sequence_num image

Point_3D

Real

Integer

Gray_Scale_Image

Tribors_Object

Figure 1: Schemas from the TRIBORS Application.

5

Schema Entity Query

pBase pInteger pFloat pString

Atomic

Complex

Figure 2: The class hierarchy in DEVR.

New data typ es are recurs ively constructed from existing typ es. DEVR

supp orts self-referenc ing schemas and circular typ e relationships. or example,

consider the TRIBORS system describ ed in �gure 1. An ject 3D refer-

ences a Mo

3D, while the Mo

3D refers back to the ject 3D which

it mo dels. When de�ning comp onents for a new typ e, the user may refer to

partially completed typ es.

3.2 The y Class

All data instances are derived from the Entity class. They can b e either atomic

( oats, integers, strings, etc.), or complex entities (user-de�ned typ es). The

comp onents of a complex entity may contain p ointers to other entities, so each

entity is a network of sub-entities.

Entities are comprised completely of raw data (i.e. arrays of p ointers to

other entities); all typ e-sp eci�c information (such as �eld lab els and typ es) is

relegated to the schema ob ject, thereby relieving complex entities from having

to store any redundant information. This allows entities to b e as compact as

p ossible, which is esp ecially imp ortant in vision applications that may involve

thousands of entities.

All complex entities are implemented using a single C++ class, regardless

of their sp eci�c typ e. Complex typ es are a ailable immediately; entities may b e

generated as so on as a typ e de�nition is completed, without requiring recompi-

lation of the system. By enabling �ne-grained interleaving of typ e de�nition and

data en, DEVR promotes exible user interaction and allows versatile real-

time transactions. urthermore, by treating data de�nition and manipulation

6 uniforml, application development is simpli�ed.

Each complex entity contains a p ointer to the schema identifying its typ e.

In fact, every typ e declaration is actually implemented as a p ointer to a sp eci�c

schema. or example, the prop erty table of the

3D schema contains

an entry called startp whose typ e is indicated by a p ointer to the Point 3D

schema. This approach incurs minimal overhead during typ e checking. Consider

the case where a user attempts to assign the startp prop erty of an

3D

entity E1 to an entity E2 which is not a Poin

3D. The system can detect

this by simply comparing the schema p ointer of E2 against the p ointer in the

startp entry of the

3D prop erty table.

4 THE

OGRAMMER’S INTERF CE

The DEVR system provides a p owerful application programmer’s interface,

called the MetaMaster, which can b e linked with C++ applications. By regu-

lating schema de�nition and data access, the MetaMaster enforces typ e-safet,

maintains indexes, and guarantees data integrit. or example, the MetaMaster

do es not allow a user to destroy a schema unless all instances of that Schema

have b een deleted.

In addition, the MetaMaster provides a convenient template-driven interface

for constructing new typ es and cloning entities. A new schema may b e created

by passing an existing schema as a parameter to the MetaMaster metho d creschema(). The new schema starts with all the comp onents of the

template schema, and can then b e edited as . Simila, the MetaMas-

ter has metho ds to create an identical copy of an entit.

Unlike traditional query languages which tend to imp ose restrictions on the

generality of data pro cessing[2 ], the MetaMaster interface is a self-contained

C++ ob ject that can interact seamlessly in any C++ program. It provides

all the exibility of a general programming language, thereby avoiding the

imp edance mismatch problem asso ciated with emb edded query languages. Users

who prefer a declarative external query language may invoke the ansaction cution Manager for handling batch transactions.

The MetaMaster interface provides metho ds for building new data typ es.

or example, the follo wing statements de�ne schemas for a Point 2D and an

2D:

persistent Schema *point_schema, *edge_schema;

point_schema = meta.new_schema("Point_2D");

meta.add_prop(point_schema, "x-coord", pFloat);

meta.add_prop(point_schema, "y-coord", pFloat);

edge_schema = meta.new_schema("Edge_2D");

7 meta.add_prop(edge_schema, "startp", point_schema);

meta.add_prop(edge_schema, "endp", point_schema);

The new Point 2D schema can b e used immediately to create entities.

The wing example shows a function newp oint, which constructs a new

Point 2D entity and returns its address:

persistent Complex *newpoint(float x, float y)

{

persistent Complex *c = meta.new_complex("Point_2D");

meta.set_prop(c, 0, x);

meta.set_prop(c, 1, y);

return c;

}

The newp oint function may now b e used with the MetaMaster to create an

2D entity and assign it start and end p oints:

persistent Complex *edge;

edge = meta.new_complex("Edge_2D");

meta.set_prop(edge, 0, newpoint(5, 10));

meta.set_prop(edge, 1, newpoint(7, 15));

The MetaMaster interface was succes sfully used to develop a numb er of

applications, including the cution Manager (a batch pro cessor

providing database access from the Unix command-line) and the extual User e (a menu-driven system for interactive query sessions). In addition, the

MetaMaster was used to integrate pre-existing vision applications (e.g. TRI-

BORS) with the DEVR system.

5 THE QUER

Y SYSTEM

5.1 Query Mo del:

t T rees

The query mo del used in DEVR is that of a recursive constraint tree. Every

query has an asso ciated eturn e that corresp onds to a particular schema

de�ned in the system, either atomic or complex. The query ob ject consists of

a ro ot, internal no des, and leaves. The ro ot is a template resembling an HRS

entity of the return typ e, having aint slots for each of the prop erties, parts,

and relations de�ned in the schema. A constraint slot may b e empty (implying

no constraint), or it may contain a p ointer to a sub-query of the typ e asso ciated

with that slot. Constraint slots may b e either atomic or complex, dep ending

on the typ e of the corresp onding comp onent in the schema. or atomic slots,

the sub-query will b e a leaf in the constraint tree, consisting of a lo cal b o olean

8 expression over the alue of that atomic typ e. The expression may contain an

arbitrary numb er of AND/OR/NOT clauses involving comparison op erators (>,

<, ==, etc.) and constants.

or complex slots, the sub-query will itself b e a constraint tree, whose ro ot

is a template of the return typ e for that slot. or example, consider the query

\�nd al l dges whose startp is in the er left ant and whose endp is in

the lower left ant.". or a 512 � 512 image, the query is depicted in �gure

3. The ro ot of the constraint tree for this query is of typ e

2D, with two

children no des of typ e Poin

2D, o ccupying the startp and endp slots.

x_coord y_coord

PROPERTIES

PROPERTIES x_coord y_coord

LOCAL EXPR

LOCAL EXPR

pFloat pFloat

< 255

> 255

endp startp PROPERTIES

Edge_2D

Point_2D

Point_2D

Figure 3: Query on a set edge entities.

The b o olean express ion at each leaf only allows lo cal constraints on the

atomic alue for that comp onent. o repres ent constraininvolving more than

one comp onent, each internal no de may contain a gional constraint expression,

whose op erands can b e anleaves the sub-tree ro oted at that no de. Any

comp onent name used a regional expression must b e a fully sp eci�ed path to

a leaf, to distinguish it from other p ossible comp onents. or example, consider

the query \�nd al l horizontal dges", whiccan b e mo deled as a single no de

of typ e containing the regional expression \startp.y-co ord ==

endp.y-co ord".

Some comp onents of an HRS may b e of ob jects (i.e. lists or sets).

or example, the rib ject HRS de�ned in 1 contains a classes

which is a set of p ointers to

Class entities. Queries over these ag-

comp onents are of the same form as a queries ova single entity of the

comp onent typ e, with an dinality ement. This requirement

9

imp oses a quantitative threshold that is used determine a candidate collec-

tion satis�es the . Cardinality requirements b e of the \at ast

N items" or \at ast N% of items".

o illustrate the express ive p ower of the DEVR query mo del, �gure 4 shows

the follo wing query that was implemented on the TRIBORS application: or

al cts whose dels have ast 20 es, �nd view classes whose

latitude fal ls en 45 and 60."

PROPERTIES the_object min_lat max_lat

View_Class

PROPERTIES model

Tribors_Object

LOCAL EXPR

> 45

LOCAL EXPR

< 60

PARTS faces cardinality

> 20

Model_3D pFloat pFloat

4: Query a set view classes TRIBORS.

5.2 tation of the Query Mo del

The Query mo is implemented as the Query class, a sub class pBase. Each

query constructe d by the user is repres ente d as an instance of the Query class,

and can b e stored in the database. The Query class contains metho ds for editing

query comp onents, b o olean expression, and determining whether a given

candidate HRS satis�es a set constraints. As with the Entity class, each

Query has p ointer to a particular Schema that identi�es its ro ot typ e. Each

Query contains a template entity whose comp onent slots not hold data, but

instead hold p ointers to other Query ob jects. o add a constraint on a particular

comp onent, a separate Query of that typ e is construc ted reference d from

the comp onent slot of the parent .

Users may keep libraries reusable query ob jects, which can b e built incre-

men, tested , cloned, and linked together form more complex

10 queries.

The query ob ject acts as �lter on a andidate of HRS entities the re-

turn typ e, yielding a esult set which is the subset of those candidates satisfying

every constraint in the . The system provides a Set class which enables the

user to store the results queries for further pro cessing and browsing. The Set

class includes facilities for iterating over its memb ers maintaining lo cal in-

dexes. In addition, the system provides op erators for standard set manipulation,

such as union, intersection, and di�erence.

o test whether a candidate entity satis�es a constraint, DEVR p erforms a

depth-�rst, recurs ive traversal of the constraint tree. Each constraint the tree

is applied to the corresp onding no de of the candidate entit, whose comp onents

must satisfy the b o olean expression that constraint. If any regional or lo cal

expression aluates to F

ALSE, the candidate entity is rejected. If all no des

of the constraint tree are satis�ed, a p ointer to the candidate entitis inserted

into the result set.

Users maconstruct queries interactively via the menu-driven Query c-ation e, which prompts for b o olean constraint express ions sub-

query links. In addition, a graphical interface is b eing develop ed, in which

queries b e visualized as a network icons that can b e manipulated with a

p ointing device.

The Query class includes metho ds to parse b o olean constraint express ions.

When an expression is added to a query ob ject, the expression checked for alidit, and then Filter ob ject construct ed and attached the .

During query pro cessing, the Query ob ject passes eaccandidate alue through

the Filter ob ject, whice�ciently determines whether the constraint is satis�ed.

Once queries have b een constructed, the Set essing e may b e

used to �lter candidate sets. The user cho oses query ob ject and declares an

input set, the system generates a result set. In addition to query pro cessing,

the interface allows users to browse sets, create indexes, and emplothe standard

set op erations.

interactive query interfaces are useful for vision researcher s want to

p ose high-level queries over their exp eriment data. However, vision applica-

tions to b e integrated with the database, an application programmer’s interface

is needed. The MetaMaster interface provides metho ds for construct ing and

executing queries dynamically from within a C++ application. A wide range of

vision applications can b e supp orted using automatic query generation, such as

query-by-example.

6 THE TEXTUAL USER INTERF

The Application Programmer’s Interface is an imp ortant to ol for integrating

with software applications, but it is not well suited for interactive ex-

p erimentation or browsing data, since requires the user to write and compile

11 programs. The extual User Interface (TUI) is an interactive menu-driven sys-

tem that allousers de�ne new data typ es, create edit entities, view

textual data and construct queries, and pro cess sets data.

Figure 5: The DEVR extual User InExisting schemas can b e used as templates construct ing new scProp erties, parts, and relations may b e added or deleted using simple mencommands. Users may also browse existing schema typ es and view the enasso ciated with any scUsers may construct constraint trees via the Query Sp eci�cation Menu. ter prompting for the ro typ e the constraint tree, system displatemplate of constraint slots corres p onding to the comp onents of that typ e. may constrain each slot with a b o olean express ion or a p ointer to a 12

. Query ob jects constructed this manner are saved in the database a ailable for later use. Users may construct simple queries, test them then incrementally build more complex constraint Once a query ob ject b een de�ned, the user may return to the Menu to pro cess the query on an input set. Input sets are of p ointers to entities, and can b e either the entire extent of a given typ e, or sp eci�c subset maintained by the user. Sets themselves p ersiste nt ob that can b e stored, browsed, App endix A demonstrates b eing used to construct the follo wing for the � Find all ob jects 2 or more view classes, CAD mo dels have least 40 edges b etween 10 and 20 � Find all view classes of the ob ject named \Cub e3Cut" that have at 15 real images, a minimlatitude of 50, and a maximum longitude 7 The DEVR system has demonstrated that the HRS mo del is e�ective mo eling image pro cessing vision applications. The MetaMaster interface b een used succes sfully to convert existing vision software to the mo (e.g. TRIBORS), and has b een tested on exp eriments involviover one hdred images and their extracte d entities. In addition, it has proven b e exp edient developing new applications. The extual User Interface was implemented using the MetaMaster ingraphical interface is b eing develop ed[6], which will enhance the querying and browsing facilities, and enable the user to design typ es and struct queries uture work will involve testing the system large volumes of data satellite images), and analyzing the p erformance the query pro cessor. provides a go o d environment for research in query b ecause is hybrid of relational and ob ject-oriented systems. Queries over the comp onent of an HRS could rely on relational query pro cess techniques[5]. Since the tuple �elds are restricte d to the memb ers of the sets a given entit, joins could b e easily optimized and lo cal indexes b e maintained with little overhead. Queries that involve more than just of an entity would require the navigatiof paths of p ointers the prop erties and parts of candidate entities. o optimize the query indexes can b e maintaion key comp onenDEVR’s query pro cessing provide a rich environment for and browsing exp eriment data. The HRS data mo del promotes interop erabilit13

b etween and provides a practical framework in which data may b shared among researchers in the computer vision communitA A Session o demonstrate query sp eci�cation and pro cessing, an annotated transcript a session with the extual User Interface included. Some of the output edited for brevitFirst, the TUI executable is invoked on a database called \tribtest" whiccontains data imp orted from the TRIBORS % tui Database Environment for Textual User Opened database: [DEVR Main 1: Schema 2: Entity 3: Query 9: A.1 wsing rom the Schema menu, the user may see a list of all the data typ es that curren[Schema 1: View 2: Create New 3: Edit Existing 4: Delete 5: List 9: Select> : (List Schemata)

Schemata defined in the database tribtest:

integer real fixed_string Object_3D Model_3D Face_3D 14

Point_3D Edge_2D Point_2D Stat_Record Real_Image Synth_Image Grey_Scale_IEdge_Image Image_Header The user manow view the comp onents of any schema by Select> : (View Enter type: SCHEMA: Object_3D

NUMBER OF INSTANCES: PROPERTI[0] name <fixed_stri[1] model <Model_3D>

[0] views <View_Clas[1] experiments <ExperimeNO Select> : (View Enter type: SCHEMA: NUMBER OF INSTANCES: PROPERTI[0] the_object <Object_3D[0] faces [1] edges [2] points <Point_3DNO A.2 A Query er 3D

The user nowishes to �nd ject 3D entities with 2 or more view whose CAD mo has at least edges b etween and 20 faces. the Query Sp eci�cation Menu, the constraint tree may b e formulated from b ottom up. First, a query over Mo

3D entities is constructed , which later b e used to constrain the del prop erty of a

3D [Query Specification 15

1: View 2: Define New 3: Edit 4: Delete 5: List Available 9: Select> : (Define New type: Created query#1<Model_Edit this query [y/n]: The query currently selected for query#1<Model_3D>

Constraints on Properti[0] the_object <Object_3D> : Constraints on [0] faces <Face_3D> : unconstrained.

[1] edges <Edge_3D> : unconstrained.

[2] points <Point_3D> : unconstraine[Edit 1: Select New to 2: View Selected 3: Edit Property Constraint

4: Edit Parts Constrai5: Edit Relation Constraint

6: Edit Constraint Expressi9: Select> : (Edit Parts ConstraiEnter slot number of part to constrain: Enter constraint on cardinality of faces: (>= 10) AND (<= Slot 0 has been Enter slot number of part to constrain: Enter constraint on cardinality of edges: >= Slot 1 has been 16

The Mo

3D query has b een stored the database, and assigned ID #1 for future referenc e. Next, the user creates an ject 3D , constraints to the del prop erty and the classes part Select> : (Define New type: Created query#2<Object_3D>.

Edit this query [y/n]: The query currently selected for query#2<Object_3DConstraints on Properties[0] name <fixed_string> : [1] model <Model_3D> : Constraints on [0] views <View_Class> : unconstrained[1] experiments <Experiment> : unconstrain[Edit 1: Select New to 2: View Selected 3: Edit Property Constraint

4: Edit Parts Constrai5: Edit Relation Constraint

6: Edit Constraint Expressi9: Select> : (Edit Property ConstraintEnter slot number of property to constrainEnter query ID of constrainfor model<Model_3Slot 1 has been Select> : (Edit Parts ConstraiEnter slot number of part to constrain: Enter constraint on cardinality of views: >= 17

Slot 0 has been Select> : (View Selected The currently selected query#2<Object_3DConstraints on [0] name <fixed_string> : [1] model <Model_3D> : query#1<Model_3D>

Constraints on Properti[0] the_object <Object_3D> : Constraints on [0] faces <Face_3D> : 10)) AND ((<= [1] edges <Edge_3D> : [2] points <Point_3D> : unconstraineConstraints on [0] views <View_Class> : (((>= [1] experiments <Experiment> : unconstrainedNow the completed query is used as a �lter over all entities of typ e

3D, creating an output set of p ointers to those entities satisfy constrain[Query 1: Query Specification 2: Process a 3: View a 4: Delete a 5: List 6: List Available 9: Select> : (Process a query ID: Query is of type query#2<Object_Query over all entities of this type [y/n]: 18

input set: set of 2 { Object_3DObject_3D#2 ** testing an Object_3D#1 PROPERTI[0] name <fixed_string> : [1] model <Model_3D> : PROPERTIE[0] the_object <Object_3D> : Object_3D#1

[0] faces <Face_3D> : set of 14 [1] edges <Edge_3D> : set of 36 [2] points <Point_3D> : set of 24 [0] views <View_Class> : set of 2 [1] experiments <Experiment> : set of 0 ** Object_3D#1 did not satisfy ** testing an Object_3D#2 PROPERTI[0] name <fixed_string> : [1] model <Model_3D> : PROPERTIE[0] the_object <Object_3D> : Object_3D#2

[0] faces <Face_3D> : set of 18 [1] edges <Edge_3D> : set of 48 [2] points <Point_3D> : set of 32 [0] views <View_Class> : set of 3 [1] experiments <Experiment> : set of 0 ** Object_3D#2 satisfies set#183 created with 1 elements.

{ Object_3D#2 A.3 A Query er View Only the

3D named \Cub e3Cut" satis�ed the constraints of query Cub e3Cut’s Mo

3D contains 3 distinct view classes. The user now to �nd out which of those view classes conat least 15 real images, have minim um latitude greater 50, and a maxim longitude less than 19

Once again, the query is constructed b ottom-up. First, the user query \Find 3D ob jects named Cub (Define New type: Created query#3<Object_3D>.

Edit this query [y/n]: The query currently selected for query#3<Object_3DConstraints on Properties[0] name <fixed_string> : [1] model <Model_3D> : Constraints on [0] views <View_Class> : unconstrained[1] experiments <Experiment> : unconstrainSelect> : (Edit Property ConstraintEnter slot number of property to constrainEnter constraint for name<fixed_string>: == Slot 0 has been Next, the ro ot level query is constructe d, typ e

Class. The prop ertslot ct is constrained the constructe d . Also, lat and long prop erties are assigned integer constraints. Finally

, cardinality of the images part set is constrained b e >= (Define New type: View_Class

Created query#4<View_Class>Edit this query [y/n]: Select> : (Edit Property ConstraintEnter slot number of property to constrainEnter query ID of constrainfor the_object<Object_3D>Slot 0 has been 20

Enter slot number of property to constrainEnter constraint for min_lat<integer>: > 1 has been Enter slot number of property to constrainEnter constraint for max_long<integer>: < 4 has been Select> : (Edit Parts ConstraiEnter slot number of part to constrain: Enter constraint on cardinality of real_images: >= Slot 1 has been Select> : (View Selected The currently selected query#4<View_ClasConstraints on Properties[0] the_object <Object_3D> : query#3<Object_3D>

Constrainon Propertie[0] name <fixed_string> : (((== Cube3Cut)[1] min_lat <integer> : (((> [2] max_lat <integer> : [3] min_long <integer> : [4] max_long <integer> : (((< Constraints on [0] model_edges <Edge_3D> : unconstrained.

[1] real_images <Real_Image> : (((>= [2] synth_images <Synth_Image> : unconstrained.

Now the query is used to �lter view classes the system. The �rst twview classes fail b ecause b elong to the ork ob ject instead of the Cub ob [Query 1: Query Specification 2: Process a 3: View a 21

4: Delete a 5: List 6: List Available 9: Select> : (Process a query ID: Query is of type query#4<View_Class>.

Query over all entities of this type [y/n]: input set: set of 5 { View_Class#1, View_ClasView_Class#3, View_Class#4, View_Class#5 ** testing an View_Class#1 PROPERTIES:

[0] the_object <Object_3D> : Object_3DPROPERTIE[0] name <fixed_string> : ** did not satisfy. ** testing an View_Class#2 PROPERTIES:

[0] the_object <Object_3D> : Object_3DPROPERTIE[0] name <fixed_string> : ** did not satisfy. Of the three classes, twsatisfy the entire constraint while one is rejected b ecause the long prop erty exceeds ** testing an View_Class#3 PROPERTIES:

[0] the_object <Object_3D> : Object_3DPROPERTIE[0] name <fixed_string> : [1] min_lat <integer> : [4] max_long <integer> : 22

[1] real_images <Real_Image> : set of 20 ** satisfies! ** testing an View_Class#4 PROPERTIES:

[0] the_object <Object_3D> : Object_3DPROPERTIE[0] name <fixed_string> : [1] min_lat <integer> : [4] max_long <integer> : [1] real_images <Real_Image> : set of 20 ** did not satisfy. ** testing an View_Class#5 PROPERTIES:

[0] the_object <Object_3D> : Object_3DPROPERTIE[0] name <fixed_string> : [1] min_lat <integer> : [4] max_long <integer> : ** satisfies! set#189 created with 2 elements.

23

Refere[1] R. Agrawal and N. Gehani. Ode: Ob ject database & environment. MOD, [2] F. Bancilhon and . Buneman.

es in aseguages. ACM Press , New [3] A. Biliris, N. Gehani, et al. Ode 3.0.3 User Manual. T&T Bell Lab tories, Murray Hill, New Jerse [4] R. Jakob ovits, L. Shapiro, and S. animoto. Implementing multi-levqueries in a database environment for vision research. In IS&T/SPIE osium on onic Imaging: e & gy, ebruary [5] H. Korth and A. Silb erschatz.

ase System epts. McGraw-Hill,

New ork, [6] L. Lewis, Shapiro, and S. animoto. Flexible data organization visualization supp ort a visual database system. In IS&T/SPIE sium on gyebruary [7] K. Pulli. rib ors: A triplet-based ob ject recognition system. ecRep ort 95-01-01, Deptartment of Computer Science and Engineering, versity of ashington, Seattle, W

A, January [8] L. Shapiro, animoto, , Ahrens, R. Jakob ovits, L. Lewis. A visual database system for data and exp eriment managemenmo del-based computer vision. In dings of the ondVision Workshop, pages ebruary [9] L. G. Shapiro and R. M. Haralick. A data structure. In essing 1, pages [10] B. Stroustrup. The C++ amming anguage, 2nd Ed. T&T Labs, Inc., Murray Hill, NJ, 24