
�������������������� ��������������������������������������������������������������������������������������������
INSTITUTO DE COMPUTAÇÃO
UNIVERSIDADE ESTADUAL DE CAMPINAS

Analyzing Compound Object Technologies

from the 5S Perspective

Nádia P. Kozievitch, Ricardo da S. Torres,

Edward A. Fox

Technical Report - IC-11-01 - Relatório Técnico

January - 2011 - Janeiro

The contents of this report are the sole responsibility of the authors.

O conteúdo do presente relatório é de única responsabilidade dos autores.



Analyzing Compound Object Technologies

from the 5S Perspective
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Abstract

There are many applications which need support for compound information. Thus,
we need new mechanisms for managing data integration; aids for creating references,
links and annotations; and services for clustering, organizing and reusing compound
objects (COs) and their components. Few attempts have been made to formally char-
acterize compound information, related services, and technologies. We propose the
description and interplay of technologies for handling compound information taking ad-
vantage of the formalization proposed by the 5S Framework. This paper: (1) analyzes
technologies which manage compound information (DCC, Buckets, OAI-ORE); (2) uses
5S formal definitions for describing them; (3) presents a case study, illustrating how CO
technologies and the 5S Framework can fit together to support exploration of compound
information.

1 Introduction

Consider a scenario where a Ph.D. student enters a thesis into the Digital Library (DL) of an
institution. Suppose that the thesis work leads to 12 chapters; metadata like title, author,
area, year; and two related documents: an overview PowerPoint presentation describing
chapter one and a recorded video which refers to the literature review content of chapter
two.

The easiest way of managing the thesis with its different components would be simply
creating a compressed file (e.g., zip or tar file). On the other hand, the institution is
interested in offering services like browsing, searching, and recommendation in the digital
library, that normally might not work well with such compressed files. Year after year, more
students are encouraged to ingest their theses in the system, so it is important to guide
the DL users and administrators to best practices that would allow such enhanced services.
Suppose for example, that some researchers might be interested in executing queries such
as: “the PowerPoint files whose annotations are associated with theses about parasites”;
“the ten longest videos whose frames were annotated with the word ‘Linux’ ”; “theses in
PostScript format with brain images in gray color”.
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2 Kozievitch et al.

In this scenario, the thesis can be seen as a Compound Object (CO), composed of
multiple parts (PDF file, metadata, PowerPoint, and video). The institutional digital library
is able to offer services to list all the components in a compressed file, but generally:

• users will not be able to deal with the information heterogeneity, nor with the different
types of data, such as annotations, metadata, or links between components;

• administrators will have to provide access to the whole compressed file to get infor-
mation about its internal structure, especially the number and types of components;

• users will have to uncompress the compressed file if just one of the components is
required, i.e., if the user is interested only in reusing/manipulating a specific file;

• users will face problems for downloading the compressed files, since they are bigger
than single files and more vulnerable to errors during transfers;

• administrators will not be able to support queries which combine internal content,
metadata, and annotations across different media types;

• administrators will provide just one navigation perspective provided by the com-
pressed file, not supporting different views of navigation (metadata, images, browsing,
indexing, etc.).

As in this scenario, there are many reasons to seek an approach to work effectively with
compound digital objects and their components. One key reason is the variety of perspec-
tives regarding how the information is stored, organized, and presented to the user. On
the one hand there is the simple compressed file. On the other hand, there is a possible
management chaos, in the sense that applications need to handle different dimensions of
information (as shown in Figure 1): annotations, software, metadata, links, versions, struc-
tures, handles, boundary, composition, and services associated with different media that
compose the compound object (for example, multimodal queries considering visual and tex-
tual descriptions). Still, there are several aspects that can analyzed, such as formalisms and
technologies. And despite the popularity of applications which manage compound objects,
few attempts have been made to formally characterize and compare technologies used to
manage Compound Objects and related services.

Figure 1: Different perspectives of the information.
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The formalization of frameworks and theories are important, allowing us to under-
stand clearly and unambiguously the characteristics, structure, and behavior of complex
information systems. The formalization of a concept abstracts the general characteristics
and common features for similar problems, explaining their structures and processes, later
helping their solution through the design and development of applications. A precise spec-
ification of requirements strengthens the correctness of an implementation [15]. Motivated
by that, Gonçalves et al. proposed the 5S (Streams, Structures, Spaces, Scenarios, and
Societies) digital library formal framework to describe digital libraries. The flexibility of
the 5S theory has been further demonstrated as an instrument for requirements analysis in
DL development and organization, analyzing several aspects of DLs [47, 31].

This paper analyzes CO technologies from the 5S perspective, focusing on four aspects
of compound objects: identity, structure, components, and boundary. With the objective
of working more effectively with COs, our contribution includes: (1) the comparison of
technologies which manage compound information (Digital Content Component - DCC [43],
Buckets [25], and Open Archives Initiative Protocol - Object Reuse and Exchange - OAI-
ORE [23]); (2) the usage of 5S formal definitions for describing CO technologies; (3) a case
study illustrating how CO technologies and the 5S Framework can fit together to support
exploration of compound information.

From the several CO technologies available, DCC was chosen for comparison because
it supports different aspects of COs, such as the encapsulation of software. OAI-ORE is a
widely used protocol for grouping and packaging objects. And Buckets are used by some in
the digital librarian community, allowing links to remote packages, networks, or databases.

This document has the following organization: section 2 presents CO technologies, the
5S Framework and other modeling approaches; section 3 shows the 5S formalism for COs;
section 4 presents the analysis of DCC, Buckets and OAI-ORE; section 5 shows a case
study; and finally section 6 presents conclusions and a discussion of future work.

2 Compound Technologies, the 5S Framework, and other
modeling approaches

This section presents related work associated with compound technologies, the 5S frame-
work, and other modeling approaches.

2.1 Compound Objects

There are different means of structuring digital objects [3]: atomistic, compound, and
complex. The atomistic approach is when the user has a single file (whether made up from
a single or multiple text files) in a preferred format. The compound approach is made
up from multiple content files, which may be of different formats. The complex object is
described using a network of digital objects within the repository. In the Fedora approach,
the complex object has a parent aggregation object which is related to multiple child digital
objects, each one with a single content datastream.
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According to Krafft et al., Compound Objects (COs) are single entities that are com-
posed of multiple digital objects, each of which is an entity in and of itself [22]. Cheung et
al. defined CO as the encapsulation of various datasets and resources generated or utilized
during a scientific experiment or discovery process, within a single unit, for publishing and
exchange [7]. In other words, a compound object is an aggregation of objects, that can be
grouped together and manipulated as a single object.

Compound objects also were defined as aggregations of distinct information units that
when combined form a logical whole [23]. Santanché, on the other hand, used the idea
of COs in the field of software reuse and exchange [42]. Like the script concept [46], or
the frame concept [29], the components in a CO are supposed to have the same behavior,
respect the same rules, or represent the same concept.

In different portions of the literature, a variety of perspectives and parameters have been
presented for exploring compound objects and aggregations:

• ontologies: Gerber et al. [2] specified for example, an ontology for the encapsulation
of digital resources and bibliographic records;

• granularity: Fonseca et al. cited vertical navigation, where accessing a class immedi-
ately above or below, implies in a change of level of detail [12];

• compliance in standards: Candela et al. explored the completeness of the CO (mea-
suring whether a minimal required set of elements is available) [6]. If we consider stan-
dards for aggregations, other parameters could still be the included, like the number
of components, types of accepted compositions, or the minimum/maximum elements
that the composition should have;

• priority among components: Candela et al. also explored the priority of one com-
ponent compared to the complete set, so, if this component is copied or deleted, the
other parts are copied or deleted along with it [6];

• portability for the CO structure: Park et al. explored the adaptation of the CO
structure to different domains, such as portable devices, where some components
(such as videos) might not be necessary [36];

• access to components: Manghi et al. suggested different access roles for the different
parts, as suggested in the authentication and authorization service [26];

• reuse and preservation: Rehberger et al. examined the role that secondary repositories
can play in the preservation and access of digital historical and cultural heritage
materials [39];

• others: track of provenance [30], and timeline [18].

COs have also been used in preservation and harvesting [27, 40], to combine current
objects to create new ones [43], or even for grouping information to respect the same per-
missions or operations. Depending on the aggregation, different layers can be exposed,
using different information granularity, or type of media, for example.
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In this paper we will adopt the term “aggregation” or “composition” as the encapsulation
of multiple files to be referenced as a single unit; and the term “decompose” to provide access
to the next lower granularity of the CO. If the user decomposes a thesis CO, for example,
the user will have access to all its parts. For the inverse operation we will adopt the term
“compose”, when the user tries to access the higher granularity of CO elements.

2.2 Compound Technologies

Several CO formats arise from different communities [32, 33]. From scientific computing,
standards such as the Network Common Data Form (NetCDF), Hierarchical Data Format
(HDF), and Extensible File System (ELFS) can be cited. HDF and NetCDF, for example,
are used in multi-dimensional storage and retrieval, while ELFS is an approach to address
the issue of high performance I/O by treating files as typed objects.

From the persistent data storage perspective, there are representations like the Metadata
Encoding and Transmission Standard (METS) [8]. Other technologies have been proposed,
like the multimedia framework MPEG-21 [4], and the Moving Picture Experts Group -
21 Digital Item Declaration Language (MPEG-21 DIDL). Additional new standards have
emerged, like SQL Multimedia and Application Packages (SQL/MM), or web-based learning
content specifications, such as SCORM [1]. Earlier related work on COs goes back decades,
for example [13].

MPEG-21 [4] aims to define an open framework for multimedia applications, to support
for example declaration (and identification), digital rights management, and adaptation.
MPEG-21 is based on two essential concepts: the definition of a fundamental unit of distri-
bution and transaction, which is the digital item, and the concept of users interacting with
them.

METS [11] addresses packaging to collect digital resource metadata for submission to the
repository. METS uses a structural map to outline a hierarchical structure for the digital
library object, where file elements may be grouped within fileGrp elements, to provide for
subdividing the files by object version. METS can, therefore, be used as a tool for modeling
real world objects, such as particular document types.

SCORM [1] is a compilation of technical specifications to enable interoperability, acces-
sibility, and reusability of web-based learning content. With a Content Aggregation Model,
resources described in an imsmanifest.xml file, organized in schema/definition (.xsd and
.dtd) files, and placed in a zip file, are used as a content package.

SQL/MM [28] describes storage and manipulation support for complex objects. A num-
ber of candidate multimedia domains were suggested, including full-text data, spatial data,
image data, and others.

Even though there are a large number of standards to support the management of
COs, there is still incompatibility, motivating solutions for integration and interoperability.
Buckets, for example, were initially proposed in 1999, as a construct for publishing in digital
libraries.

Three technologies were chosen in this paper to explore CO concepts: DCC, OAI-ORE,
and Buckets. Their terms for compound information vary: DCC uses the term component;
Buckets use the term logically grouped items; and OAI-ORE uses aggregation or compound
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object.

There are several examples of their use in the literature (Table 1). The scenarios
illustrate different aspects of compound objects: granularities, approaches for access control,
publication, uniform interface, diversity of information, and reuse.

Table 1: Example of scenarios for DCC, OAI-ORE, and Buckets in the literature.
DCC Gilberto works with sensor data and needs to encapsulate individual sensors,

sensor networks, and sensor archival files, besides controlling data production,
integration, and publication. Gilberto does not want to be concerned with sensor

particularities, but only deal with uniform interfaces to access the data,
regardless of the nature of their providers.

OAI-ORE Raul is managing a large number of diverse objects in a digital library
repository. Raul needs to group the information in a pre-determined context

for future reuse, besides preparing them for cross-repository services.
The data might have some particularities, such as versions, aggregation of

objects, web pages with images, or collections of chapters in a book.

Buckets Maria is interested in accessing/managing information instantiated in several
forms, differentiated by semantic types (report, video, software, datasets,

etc.), with different representations (PostScript, PDF,
Word). Maria needs an easy way, such as the Web,

to access the data, independently of how they are archived.

Regardless of their use, they manipulate a different range of concepts. DCC focuses on
the following characteristics of a compound object: (i) single primary identity, (ii) a persis-
tent representation of boundary, defining what is part of the object and what is not, (iii)
the allowance of composition diversity, and (iv) the composition of COs by other compound
objects, creating hierarchies and layers. Buckets, on the other hand, require handles, com-
ponents (called packages), elements, access methods and object oriented containers. Finally,
the OAI-ORE architecture essentially consists of: (i) identifiers; (ii) resources; (iii) standard
protocols, such as HTTP, that enable access to the data; (iv) links via URI references; and
(v) named graphs for encapsulating information into a compound object.

Considered all listed features, four are always present: identity, components, structure,
and boundary. The identity is responsible for a unique representation of a CO. Components
are the parts of a compound object. The structure represents how the components relate
to each other. The boundary distinguishes between components that are considered to be
part of the compound object (a page of the book), and components that are not [23]. We
will focus our analysis on these four concepts. The next sections detail each of the three
technologies.

2.2.1 Digital Content Component (DCC)

Digital Content Component (DCC) [43, 10, 38, 44, 45] was proposed in 2006, as a general-
ization format for representing compound objects. The approach derives from an analysis
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and comparison of content packages, and Open Complex Digital Object (OCDO) and reuse
standards [43].

DCC adopts a model for abstracting containment relationships present in all compound
object standards. The Moving Picture Experts Group 21 (MPEG-21) container-item rela-
tionship [4], IMS Content Packaging (IMS-CP) resource-file relationship [5], and Metadata
Encoding and Transmission Standard (METS) fileGrp-file relationship are all realizations
of a generic container-contained relationship. The DCC management structure is a gener-
alization of the content reuse manifest file structures (Reusable Asset Specification - RAS,
MPEG-21, METS, and IMS CP), having the infrastructure based on component and com-
position.

A DCC is composed of four distinct subdivisions (Figure 2-a): (a) the content itself;
(b) the declaration of a management structure that defines how components within a DCC
relate to each other, in XML; (c) a specification of the DCC interfaces; and (d) metadata
to describe version, functionality, applicability, and use restrictions – using OWL.

Its main characteristics are: (i) it can uniformly encapsulate both executable (programs,
processes, etc.) and non-executable (data sets) content; (ii) it provides a context description
for its content, using references to ontologies; (iii) it provides descriptions of interfaces to
operations, also with references to ontologies; and (iv) it is independent of a platform or
programming environment. Each Deployment DCC can be later stored inside a zip file
(if applicable in the application), following the Open Archival Information System (OAIS)
idea, where each content combination can be stored or retrieved as a package.

(a) (b)

Figure 2: (a) Digital Content Component Representation. (b) Fluid Web Jar file and main
blocks.

DCC does not establish public methods for accessing data. However, in the Java version,
a FluidWeb Jar file is suggested [44], as shown in Figure 2-b. Santanche called the “Fluid
Web” the dynamic perspective of the web, where digital content can travel and be replicated,
adapted, decomposed, fused, and transformed. The FluidWeb Jar file is composed of six
classes: (i) Annotation is the part responsible for the component annotation; (ii)Component
is the base component used to create each DCC; (iii)Connector is used to connect DCCs;
(iv) Factory is the part responsible for creating the DCCs; (v)Message is responsible for
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exchanging messages between the DCCs; and (vi) Context is responsible for defining the
component context. DCC does not use a specific format for storage and execution, since
they do not impact interoperability. A DCC can be of two types: Process (for processing)
and Passive (for data).

2.2.2 Buckets

Buckets [25, 34, 35] provide an archive-independent container construct in which all related
semantic and syntactic data types and objects can be logically grouped together, archived,
and manipulated as a single object. Buckets are active archival objects and can communicate
with each other, or arbitrary network services. Buckets are based on standard World Wide
Web (WWW) capabilities to function, managed by two tools. One is the author tool, which
allows the author to construct a bucket with no programming knowledge. The second one
is the management tool, which provides an interface to allow site managers to configure the
default settings for all authors at that site.

The bucket prototype is written in Perl 5, and makes use of HTTP as a transport
protocol, storing bucket metadata in RFC 1807 (a format for bibliographic records), with
all document files gathered into a single Unix directory. A bucket follows the same model
and has all relevant files collected together using directories from file system semantics. A
single bucket can have multiple packages. A single package can have several elements, as
shown in Figure 3 (adapted from [25]).

Buckets have main public methods (shown in Table 2), but additional ones can be
added through the interface (with function Add method).

Figure 3: Buckets Architecture (adapted from [25].
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Table 2: Main public methods implemented by Buckets [25].

Method Description

Metadata returns the metadata

Display bucket “unveils” itself to requester

Id returns the bucket’s handle

List methods list all public methods known by a bucket

List owners list all principals that can modify the bucket

Add package adds a package to an existing bucket

Delete package deletes a package from an existing bucket

Add element adds an element to an existing package

Delete element deletes an element from an existing package

Add method adds a new method to an existing bucket

Delete method removes a method from a bucket

2.2.3 OAI-ORE

Open Archives Initiative Protocol - Object Reuse and Exchange (OAI-ORE) [23, 24, 49, 40]
aims to develop, identify, and profile extensible standards and protocols to allow reposito-
ries, agents, and services to interoperate in the context of use and reuse of compound digital
objects. It defines logical boundaries, the relationships among their internal components,
and their relationships to the other resources. OAI-ORE was used, for example, as an
extension that enables the import process of the data to operate more quickly, with reposi-
tories becoming interfaces to remote storage where content is represented and accessed via
an OAI-ORE resource map. It is based entirely on the architecture of the Web, with the
biggest influence being from the RDF model. Another example of OAI-ORE use is the
Literature Object Re-use and Exchange (LORE) [2], a light-weight tool designed to enable
scholars and teachers of literature to author, edit, and publish objects.

Tarrant et al. [49] modeled a simplified three-stage repository (adapted in Figure 4)
showing example interfaces, or plug-ins, which can be used at each stage, where OAI-ORE
is used to get and to serve content. The main focus is on objects and relationships between
these objects. In Tarrant et al. for example, the publication object has two parts, the
publication itself (PDF) and an XML record which represents the stored metadata. The
OAI-ORE data model also works with specific metadata, as for example, the identity of
the authoring agent from the resource map, the last modification date-timestamp of the
resource map, etc.

OAI-ORE does not have public methods, but it is congruent with the Web architecture. This
architecture essentially consists of: (i) URIs (Uniform Resource Identifier) for identifying
objects; (ii) resources, which are items of interest; (iii) standard protocols, such as HTTP,
that enable the access to the data; (iv) links via URI references; and (v) named graphs for
encapsulating information into a compound object.
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Figure 4: Illustration of the use of the OAI-ORE protocol.

OAI-ORE was later used as the basis of the D-Net Software Toolkit [26], in what was
called Aggregative Digital Library Systems (ADLSs). The objective was to construct ADLSs
by following a “Lego” approach, that is, by deploying data, services, and functionality areas
and combining them into workflows, based on their application requirements.

2.3 Formalisms for Digital Libraries

There are several approaches available for formalizing digital libraries and compound ob-
jects, such as the Dexter Hypertext Reference Model [9, 17], the Amsterdam Model [18],
the Guidelines for Electronic Text, Encoding and Interchange (TEI-P5 by [48]), the DE-
LOS Reference Model [6], the Open Provenance Model (OPM) [30], the Component-Based
Authoring from Park et al. [37], and the 5S Framework [15].

The Dexter Hypertext Reference Model [9, 17] defines a composite component, which
may be a frameset, an iframe, a link to another object (such as a video clip), or a link
component. The Dexter Model does not consider the internal structure of the component,
or description/format from the content.

The Dexter Model was extended to support synchronized hypermedia. That extension
is known as the Amsterdam Model [18]. In this case, in contrast to hypertext components,
multimedia components are represented in a certain predetermined order. To express this
explicitly, timelines are introduced.

The Guidelines for Electronic Text, Encoding and Interchange (TEI-P5 [48]), another
initiative based on markup and hypertext, grew out of a planning conference sponsored by
the Association for Computers and the Humanities (ACH). The scheme provides a variety of
linking mechanisms, which may be used to indicate temporal alignment and aggregation of
fragmented structures, such as the use of the part attribute on fragmentary <lg> elements,
the use of the next and prev attributes on fragments of embedded structures to join them
into a larger whole, and the use of the <join> structure to define an element composed of
the fragments. But TEI-P5 does not consider the formalization of concepts.

In the Digital Library community, the DELOS Reference Model [6] also manages re-
sources which can be composed of smaller resources (with the relation <hasPart>) and
linked to other resources (with the relation <associatedWith>), to form compound arti-
facts. However, the DELOS Reference Model does not consider detailed formalization of
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these concepts, nor the definition of abstractions such as space or services in terms of sce-
narios [6].

Still in the Digital Library community, we also can mention the Open Provenance Model
(OPM) [30], and the Component-Based Authoring tool [37]. In essence, OPM is respon-
sible for tracking provenance of objects, consisting of direct graphs, dependencies, objects
(nodes), and rules (such as “generated by”, “controlled by”). Besides allowing temporal
constraints and annotations, it does not comprise other digital library concepts, like soci-
eties or services. The Component-Based Authoring tool, on the other hand, uses a Petri
net-based formalism for referencing the unified modeling of digital library infrastructure.

Finally, the 5S Framework was proposed [15, 14] as a formal theory to describe digital
libraries (DLs). The 5S framework allows us to define DLs rigorously and usefully, providing
abstractions as a formal foundation to define, relate, and unify concepts - among others,
of digital objects, metadata, collections, and services - required to formalize and elucidate
“digital libraries” [47].

The 5S framework captures the complexity of DLs. Figure 5 illustrates the supporting
layers of definitions: mathematical foundations (e.g., graphs, sequences, and functions, not
shown in the interest of brevity), the 5Ss (Streams, Structures, Spaces, Scenarios, and
Societies), and key concepts of a DL (e.g., digital object, collection). Connections represent
dependencies, indicating that a concept is formally defined in terms of previously defined
concepts that point to it, with downward lines assumed pointing down.

Figure 5: 5S definition structure.

In the 5S formalism:

• Streams are sequences of elements of an arbitrary type (e.g., bits, characters, im-
ages, etc.). In this sense, they can model both static and dynamic content. The
first includes, for example, textual material, while the later might be, for example, a
presentation of a digital video, or a sequence of time and positional data (e.g., from a
GPS) for a moving object.

• A structure specifies the way in which parts of a whole are arranged or organized. In
digital libraries, structures can represent hypertexts, taxonomies, system connections,
user relationships, and containment – to cite a few.

• A space is a set of objects together with operations on those objects that obey certain
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constraints. Examples include 2D and 3D spaces, as used in GIS, as well as concept,
feature, vector, and probability spaces.

• Scenarios can be used to describe external system behavior from the user point of
view; provide guidelines to build a cost-effective prototype; or help to validate, infer,
and support requirements specifications and provide acceptance criteria for testing.

• A society is a set of entities and the relationships between them. The entities include
humans as well as hardware and software components, which either use or support
digital library services. Societal relationships make connections between and among
the entities and activities.

We are using 5S to analyze compound objects due to the wide flexibility of aspects which
can be explored (Streams, Structures, Spaces, Scenarios, and Societies). From the Streams
perspective, we can reference all the sequence of elements in the CO (e.g., bits, charac-
ters, images, etc.). From the Structures perspective, the parts of a CO can be organized,
linked or contained, orienting readers within a document. From the Spaces perspective, the
combination of operations of CO and their restrictions are defined. With the Scenarios ab-
straction, specific services (such as image search by content and annotation) can be explored
to handle CO elements of different types. Finally, with the Society abstraction, different
users and roles can be described. Later the same 5S concepts can be combined to explore
abstractions such as granularity (through Streams, Structures, COs) or the encapsulation
impact on services (such as indexing and browsing).

3 Compound Objects in the 5S Framework

Recall the 5S definition of a digital object [15]. A digital object is a tuple do = (h, SM,ST,
StructuredStreams), where

1. h ∈ H, where H is a set of universally unique handles (labels);

2. SM = {sm1, sm2, . . . , smn} is a set of streams;

3. ST = {st1, st2, . . . , stm} is a set of structural metadata specifications;

4. StructuredStreams = {stsm1, stsm2, . . . , stsmp} is a set of StructuredStream func-
tions defined from the streams in the SM set (the second component) of the digital
object and from the structures in the ST set (the third component).

Streams are sequences of elements of an arbitrary type (e.g., bits, characters, images,
etc.). Structural Metadata Specifications are the relations between the object and the parts
(as chapters in a book). Structured Streams define the mapping of a structure to streams
(how chapters, sections, introduction, etc. are organized to define a book). More details
are available in [15].

From [31], a compound object is a tuple cdo = (h, SCDO = DO ∪ SM,S) where

1. h ∈ H, where H is a set of universally unique handles (labels);
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2. DO = {do1, do2, . . . , don}, where doi is a digital object;

3. SM = {sm1, sm2, . . . , smn} is a set of streams;

4. S is a structure that composes the compound object cdo into its parts in SCDO.

We consider the minimum CO as a tuple cdo = (h, SCDO = DO,S) where

1. h ∈ H, where H is a set of universally unique handles (labels);

2. DO = {do1}, where do1 is a digital object;

3. S is a structure that indicates {do1} as a component of cdo.

Note that the mentioned definitions consider the metadata in a separate catalog [15].
The DO and SM components are finite sets, therefore the S structure is also finite, defining
what belongs to the CO or not (concept mentioned earlier as boundary).

The S structure in the compound object is not specified, therefore can be extended
to any structure that represents parts of a whole, such as a list, a tree, or even a graph.
As a practical example, we can mention the Fedora Commons approach [3], where lists
represent multiple single files which were packed together, and graphs represent files which
are related, creating networks of digital objects. If we consider files arranged in HTML5 [36],
the S structure can be extended to a cyclic graph.

Our definition of minimum CO considers SCDO=DO, since the main compositions in
CO technologies start with the digital object itself. If a lower granularity is necessary, the
atomistic definition [15] can be applied. Our focus is not to explore these fine-grained
concepts, but consider a high-level approach: aggregate logically and perhaps physically,
distinct objects, so they can be represented as a single unit.

Recall the motivation example presented in Section 1 (shown in Figure 6), where a
thesis has 12 chapters, some metadata, a PowerPoint presentation describing chapter one,
and a recorded video which refers to the content of chapter two.

The thesis compound object presented has the structure co = (h, SCDO = DO ∪ SM,S),
where:

• h1 is a unique handle that identifies co;

• DO = {do1, do2, do3}, where do1 is a thesis, do2 a PowerPoint file, and do3 a video;

• SM = {sm1, sm2, . . . , smn} is a set of streams;

• S is a structure that identifies how do1, do2, and do3 are composed.

In this case, the S structure can be represented formally as a graph, but in practice
several formats could be used. Figure 7, for example, presents a simplistic way of structuring
the thesis, using XML. In this case, the file starts listing the general metadata about the
thesis and then lists the structure organization. Each chapter is a separate PDF file, which
can be later aggregated with other types of documents. XML was also previously used to
combine schemes and 5S [16].
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Still on this example, different scenarios can be explored later: users might need to
manipulate only PDF files, search by text, have different roles for accessing videos, or
specific structures for accessing the same thesis by a cell phone web browser. But different
technologies might present different advantages on aggregating COs.

Figure 6: Example of a thesis compound object.

Figure 7: Example of XML structure for a thesis compound object.

4 Analyzing DCC, Buckets, and OAI-ORE

With the main concepts of DCC, Buckets, OAI-ORE, and the 5S Framework summarized
in section 2, and the CO formalization in section 3, this section initially presents the formal
treatment for describing COs in DCC, Buckets, and OAI-ORE. Then their differences are



Analyzing Compound Object Technologies from the 5S Perspective 15

presented, considering aspects related to identity, components, structures, advantages, and
implementation.

4.1 Example: Formal Treatment of DCC, Buckets and OAI-ORE

In this section we recall the compound object definition presented in section 3, and use
it to describe COs in DCC, Buckets, and OAI-ORE.

4.1.1 DCC

The following formalizes a compound object cdo in DCC. Let cdo = (h, SCDO = DO ∪
SM,S) where

1. h ∈ H, where H is a set of universally unique handles, represented by URIs and
relative URIs;

2. DO = {do1, do2, . . . , don}, where doi is a single DCC. A CO can be represented by a
DCC composed by other DCCs;

3. SM = {sm1, sm2, . . . , smn} is a set of streams, which can be processed by decompos-
able DCCs;

4. S is a XML structure that composes the compound object cdo into its parts in SCDO.

DCC also can encapsulate the software which manages the content. This can be mapped
in the 5S Framework by defining software as a structured scenario.

Through the interface, the DCC can expose how the components are accessed, composing
or decomposing the information, in an adaptable view, according to user’s needs. Different
societies might be interested in different views of the data, such as images, video collections,
or even streams which start with lowercase letters. The interface is responsible for the
interoperability in users’ needs.

If an application needs to reuse information, it could use the same DCC, and add only
new functions, if they are available. The possibility of file encapsulation and functions
description helps the information exchange. If the user wants to use just some of the DCCs,
they could be composed again, and the user does not have to gather unwanted data.

4.1.2 Buckets

The following formalizes a compound object cdo in Buckets. Let cdo = (h, SCDO =
DO ∪ SM,S) where

1. h ∈ H, where H is a set of universally unique identifiers;

2. DO = {do1, do2, . . . , don}, where doi is an element. The compound object can be
represented by the packages or buckets;

3. SM = {sm1, sm2, . . . , smn} is a set of streams, which can be processed by decompos-
able DCCs;
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4. S is a Unix directory structure that unifies all the components under the same aggre-
gation.

Different societies can access data through different access methods, manipulating pack-
ages/buckets according to user’s needs.

4.1.3 OAI-ORE

The following formalizes a compound object cdo in OAI-ORE. Let cdo = (h, SCDO =
DO ∪ SM,S) where

1. h ∈ H, where H is a set of universally unique handles, represented by URIs;

2. DO = {do1, do2, . . . , don}, where doi is a single resource. The compound object can
be represented by the aggregations;

3. SM = {sm1, sm2, . . . , smn} is a set of streams;

4. S is a OAI-ORE resource map that composes the compound object cdo into its parts
in SCDO.

In OAI-ORE, different named graphs can be explored according to the society needs [19].
The identification (URI), composition (compound object), and unit of encapsulation (re-
source map) describe digital objects that can be exchanged later as web resources.

4.2 Exploring differences between DCC, Buckets, and OAI-ORE

DCC, Buckets, and OAI-ORE have been used with different purposes, but their focus is
still aggregate resources. The technologies can be mapped to the 5S framework, as shown
in Table 3. The different advantages arise: from the space perspective, DCC works with
ontologies, while from the streams perspective, the HTML-based structure in OAI-ORE
facilitates integration with applications. Their operations and restrictions are different,
since they manage different perspectives of the CO. The information aggregation can use
several abstractions to differentiate internal parts, such as named graphs, XML files and
unix directories. Different perspectives of the same entity can be explored in interfaces,
methods, or named graphs.

For highlighting even more their differences, we selected issues related to identity, compo-
nents, structure, boundary, and manipulation: (i) unique identifier; (ii) component division;
(iii) how the components are composed; (iv) what is encapsulated; (v) usage; (vi) internal
format and structure; (vii) implementation or access tools; (viii) advantages; (ix) how they
manage software; (x) main use in the literature; and (xi) how they handle preservation.

The technologies might present different advantages, like the executable encapsulation
in DCC, remote package pointer in Buckets, or an easy way to visualize aggregations in
OAI-ORE. The reuse of information can explore different components of an aggregation.
They can use aggregations for metadata, using graphs as descriptions (like OAI-ORE), or
manage content with metadata (like Buckets), or even trying also to encapsulate processes,
content, and metadata, like DCC. The objective is not to compare them, but to understand
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Table 3: Examples of the relation between DCC, Buckets, and OAI-ORE in the 5S Frame-
work.
Item in 5S DCC Buckets OAI-ORE

Spaces Vocabulary for compose, Vocabulary for compose, Vocabulary for compose,
decompose, ontology decompose decompose

Streams Use of compose or Methods can be added to The same composition as
decomposable DCCs decompose the object HTML

Structures XML Unix directories Named graphs
and aggregations

Scenarios Interface can be New methods can be added Different named graphs
adapted, DCCs can be could be added for

reused or composed each scenario, society

Societies Different information Different methods Different named graphs
views for users and for users and roles can be applied
roles can be applied can be applied

their scenarios and differences, so they can be better explored, mapped, or even be combined
later.

Even presenting different advantages, from the concepts perspective verified in this paper
(compound object identity, structure, components, and boundary), DCC, Buckets and OAI-
ORE present and manage the same information, therefore can be mutually mapped. One
example is the mapping presented in sections 4.1.1, 4.1.2, and 4.1.3.

5 Case Study

In this section we present a case study to provide a better understanding of how the CO
concepts of identity, structure, boundary, and components can fit together in real DL ap-
plications, in particular, on a Fingerprint Digital Library [21].

Consider a Fingerprint Digital Library which unifies four different digital libraries, from
a compound object (CO) perspective. We offer this as an example of how database modeling
approaches can be enriched with a theory-base handling of CO concepts, so as to better
add requirement analysis, design and implementation of important database and/or digital
library applications. Those aware of law enforcement activities will know of the first type
of DL (DL1), associated with databases of stored fingerprints. Another domain relates to
a project to create training materials for fingerprint examiners (DL2). A third type of
DL relates to the evidence and data describing a crime scene (DL3). A fourth type of
DL relates to our NIJ funded research studies supporting experimentation with fingerprint
image analysis techniques, quality measures, and matching methods (DL4). Combining
these four into an integrated DL, where compound objects allow us to work across these
DLs (see Fig. 8), yields a very interesting and very large DL.

In DL1, information is used to identify a person. It manages large law enforcement
databases which may have millions of people’s prints, where each one can come with 10 fin-



18 Kozievitch et al.

Table 4: Basic CO concepts from DCC, Buckets, and OAI-ORE perspective.
Description DCC Buckets OAI-ORE

Unique identifier URI Handle URI

Component Process and passive DCCs Unix directories Resource map,
Division aggregations

Compose Parts accessed through Packages and nested Resource map and
CO relative URI, group DCC Buckets aggregations

What is Metadata, content, processes Metadata, content Metadata
encapsulated?

Usage Encapsulate content Archive independent Object reuse and
container construct exchange

Format Content, structure, RFC-1807, Map resources using map,
interface and metadata Unix directories URIs, aggregation

Implementation Jar file, extensible Access through Author Mapping resources
to other languages and Management Tool to resource map

Advantages Ontology, interface, Pointer to remote package, Move repository, used
encapsulate executable network or database, log as standard between

content different systems

Manage Can encapsulate content As a normal file As a normal file
software? with respective SW

Main use in Encapsulate content Active Archival Describe objects and
the literature on applications and web Objects their aggregation

Preservation Encapsulate executable Directories can be easily Description allows easy
and non-executable content, zipped for archival or transport and reuse

structure and description transport
allows reuse

gers, 10 toes, palm, pads of feet, etc. One of the biggest biometric database and fingerprint
identification system is from the Federal Bureau of Investigation1. It has at least 66 million
subjects in the criminal master file, along with more than 25 million civil print images.

DL2 has a different purpose: to educate and train users. Ideally, for testing fingerprint
examiners, the combination of examples identified could be used for assessment, so each
case in an exam is distinct, reducing opportunities for cheating. The training modules will
have examples for instruction, and yet others for exercises and examinations, taken from
all of the other DLs.

In DL3, images are used for matching or excluding individuals. The evidence from a
crime scene can come from thousands of people who visited a popular place, or touched an
object, creating data which can be later compared with a criminal history record. Each
person has ten fingers, and each finger can produce different images depending on the type
of distortion, e.g., from a finger sliding. In addition, there are overlays of different prints,
i.e., combinations of images from the fingers under the same substrate.

1http://www.fbi.gov/hq/cjisd/iafis.htm
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In DL4, the focus is on fingerprint algorithms, varying parameters on skin distortion
and blurring. Distorted or synthetic images are created by algorithms that simulate motion
and/or skin distortion. The combination of a single recorded print with the 10 parameters,
for example, can synthetically generate about 10,000 images.

To give a sense of scale, suppose that one image generates 100 distorted images. Multiply
by 25 million possible suspects. Then try to match a crime scene image which has 55 partial
fingerprints. Finally, select and link good examples for use in training.

Through the integration, the digital library unifies four different communities, allowing
each one to see different perspectives, and explore the system as a whole, or focus in
a determined area. In addition, we can take advantage of digital library services (e.g.,
browsing and searching), formalisms, and preservation solutions.

According to [41], the integration process is divided into four steps: (i) discovery: sys-
tems “learn” about the existence of each other; (ii) identification: systems unambiguously
identify their individual items; (iii) access: systems access their items; and (iv) utilization:
systems synthesize their items. Our case study presents the first two steps.

We used COs to facilitate the aggregation abstraction (as shown in Fig. 8), embracing
components from different domains, and unifying them with a single concept.

Figure 8: The integration of fingerprint digital libraries.

Figure 9: The main classes representing the Fingerprint DL.
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Figure 10: An example of compound object using four digital libraries: (A) Recorded Prints,
(B) Distorted Images, (C) Crime Scene Images, and (D) Training Material.

Figure 9 presents the concept map of the main classes, as a summary of the entity-
relationship diagram [20]. Class Individual, for example, aggregates all the information
from the 10 fingers, along with images, minutiaes, and other metadata for a single person.
Later the user can explore if the same person has images distorted by algorithms, extracted
from a crime scene, or manipulated by the police station.

The integration of the four sub-systems can be exemplified by Figure 10. Compound
Object 1 (CO1) has the following components: a fingerprint image from system A, one
distorted image from system B, a crime scene image from system C, and a link to related
training material, taken from system D. The components can be identified by CO1.A.1,
CO1.B.1, CO1.C.1 and CO1.D.1, respectively. The CO1 structure can be represented by
RDF, while the content could be packaged using OAI-ORE or DCC. The interface of CO1
can comprise the union information of its four components, along with the union of their
respective vocabularies (individual, fingers, thumb, quality, distortion, parameters, etc.).

If we consider the CO formal treatment of Figure 10, we have CO1= (h, SCDO =
DO ∪ SM,S) where

1. h is a unique handle that represents CO1, and h ∈ H, where H is a set of universally
unique handles (labels);

2. DO = {A.1, B.1, C.1 and D.1};

3. SM = {sm1, sm2, . . . , smn} is a set of streams;
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4. S is an XML structure that composes the compound object cdo into its parts in
SCDO.

Additionally, the 5S Framework could be used to map other aspects of a digital library.
As an example, consider the Society and Structure descriptions. Examples of societies
in a fingerprint digital library include criminal justice agencies, scholars, students, and
researchers. Examples of structures in a fingerprint digital library include the information
organization. Each person has 10 fingers, and each finger can produce different images
depending if it is from a police station, or distortion, or a crime scene. If they belong to
the same finger, structures are used to represent this hierarchy.

The initial exploration of CO concepts on a project in an early development stage
was important to highlight the amount of information and details needed to manage and
aggregate. Further, DCC could be used to encapsulate the objects, or even OAI-ORE with
a RDF parser, in an integrated DL service, providing the match between latent and recorded
fingerprints, or a chain of evidence to convince a jury of confidence of match, for example.
Other integrated DL services could consider the object versions (with the composition of
distortions, for example), correspondence of versions with provenance, or the harvesting and
matching in a DL integration process.

For the harvesting process, the Open Archives Initiative Protocol for Metadata Har-
vesting (OAI-PMH) can be used, defining a mechanism for data providers to expose their
metadata. For disseminating the content in concert with a metadata harvesting protocol,
some steps are necessary [27]: (i) wrap the data in a packaging format; (ii) include the
metadata; (iii) encode the references to the files; and (iv) harvest the package. For this,
OAI-ORE or DCC can be used, representing the objects and aggregations.

The complexity of the mapping and updating in the integration process can be affected
by several factors, such as knowledge of the application domain, the number of elements in
the local schema, and the size of the collection [47].

In the case of compound object technologies, such as DCC and OAI-ORE, the mapping
process also depends on other factors, such as how the components are aggregated, what
is their granularity, which vocabulary each technology is using, how the components are
identified and structured, or how they are organized in a schema.

In summary, our case study explored two steps of the integration process: the “discov-
ery” of each system, and the identification of individual items for a possible aggregation.
For this we used the 5S Framework along with the CO technologies to analyze the inte-
grated fingerprint digital library, from the identity, components, structure, and boundary
perspectives. Finally, we discussed how the components can be accessed later, along with
their individual metadata.

6 Conclusions

There are several applications which need to address the shortcomings of organizing and
managing, defining and integrating compound objects and their services in digital libraries.
Examples include the integration of different DLs or the management of different informa-
tion types.
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This paper discusses how compound objects can fit together with the 5S Formalism and
CO technologies. Since there are several information dimensions related, we focused on four
aspects of COs: identity, structure, internal components, and boundary. Our contribution
is through the analysis of DCC, Buckets, and OAI-ORE, investigating their similarities and
exploring them with a 5S framework approach. We address some impacts of digital object
composition, identifying the need for additional parameters. Finally we present a case study
using a Fingerprint Digital Library to illustrate the modeling benefits of our approach.

There are several research efforts that can be explored to further extend our current
work. These include the study of the impact of COs on other 5S constructs, and the use of
COs in other domains (such as biodiversity information systems) and specific services (such
as content-based image retrieval and annotation).
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