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Abstract. In this paper we present the annotation model implemented
by Flexible Annotation Service Tool (FAST) and the set-theoretical data
models deﬁned in the NEsted SeTs for Object hieRarchies (NESTOR)
framework. We show how annotations assume a tree structure that can be
exploited by NESTOR to improve access and exchange of Digital Objects
(DOs) between Digital Librarys (DLs) in a distributed environment.

1

Motivations

DLs are getting the preponderant mean to manage, exchange and retrieve cultural heritage resources. DLs can be seen as tools for managing information resources of diﬀerent kinds of organizations ranging from libraries, and museums
to archives. In these diﬀerent contexts, DLs permit the management of wide and
diﬀerent corpora of resources which range from books and archival documents
to multimedia resources as pointed out in [8].
Furthermore, DL are not only systems which permit the users to manage, exchange and retrieve digital objects or metadata, they are increasingly becoming
part of the user’s work. DL can enable the intellectual production process and
support user cooperation and exchange of ideas. In this way, DL not only foster
access to knowledge, but they are also part of knowledge creation and evolution.
The evolution and transmission of knowledge has always been an interactive process between scientists or ﬁeld experts and annotations have always been one of
the main tools for this kind of interaction. In the digital era, annotations are still
means of intellectual collaboration and in DL they are considered ﬁrst-class digital objects [7]. They are also adopted in a variety of diﬀerent contexts, such as
content enrichment, data curation, collaborative and learning applications, and
social networks, as well as in various information management systems, such as
the Web (semantic and not), and databases.
As an example, in Figure 1 we can see diﬀerent kinds of annotations commenting an archival document managed by an archival system1 . Documents in
an archive are organized in a hierarchy [4] and the annotations may need to be
attached both to the content - the actual documents - and to the structure - the
1
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Fig. 1. Diﬀerent kinds of annotation annotating an archival document

relationships between the documents - of an archive. Furthermore, in Figure 1
we can see that an annotation can be a textual comment (i.e. “really interesting” which annotates the content of the document) or the expression of a user
information need (i.e. “How can I get there?” which annotates an element of the
archival structure); the map is an annotation provided by a user and conceptually attached to another annotation and not to an archival component.
The previous example shows that annotations are a quite complex concept
comprising a number of diﬀerent aspects and in order to deal with this heterogeneity a formal model for digital annotations has been proposed in [1] and this
model has been adopted by the FAST annotation service for representing and
managing annotations. Furthermore, we pointed out the importance of annotating both the content and the structure of digital objects; in [6] we presented
the NESTOR Framework which is based on two set data models alternative to
the tree that permit us to model hierarchies handling structure and content in
an independent way. The clear distinction and autonomous treatment of content
and structure elements in the NESTOR Framework ease the adoption of services
which consider the structural elements deﬁning the organization of the objects
of interest as relevant as the objects themselves. Indeed, it can be exploited by
FAST enabling a natural way to annotate both the content and the structure of
hierarchies of objects. Moreover, we shall see that also annotations can be shaped
into a hierarchy and thus modeled throughout the NESTOR Framework as well
enabling a uniform representation of both annotated objects and annotations.
The use of NESTOR with annotations concerns: the data structure used to
attach annotations to hierarchies and contents, the way in which annotations are
accessed and exchanged in a distributed environment and the annotation search
strategies.
The paper is organized as follows: Section 2 points out the characteristics
of FAST annotation model highlighting the hypertext created by annotations
in a DL and their hierarchical structure. Section 3 introduces the theoretical
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foundations of the NESTOR framework. Section 4 describes how NESTOR can
be applied to the presented annotation model and points out the advantages of
this approach. Finally, Section 5 draws some ﬁnal remarks.

2

FAST Annotation Model

FAST adopts and implements the formal model for annotations proposed by [1]
which has been also embedded in the reference model for digital libraries developed by DELOS, the European network of excellence on digital libraries [2].
According to this model an annotation is a compound multimedia object constituted by diﬀerent signs of annotation which materialize the annotation itself;
for example, we can have textual signs, which contain the textual content of the
annotation, image signs, if the annotation is made up of images, and so on. In
turn, each sign is characterized by one or more meanings of annotation which
specify the semantics of the sign; for example, we can have a sign whose meaning corresponds to the title ﬁeld in the Dublin Core (DC) metadata schema2 ,
in the case of a metadatum annotation, or we can a sign carrying a question of
the author about a document whose meaning may be question or similar. Every
annotation is uniquely identiﬁed by the pair (namespace, identiﬁer).
In the following, we need a terminology to distinguish between two kinds of
digital objects: the generic ones managed by a digital library or available in the
Web, which we call documents, and the ones that are annotations. Therefore,
when we use the generic term digital object, we mean a digital object that can
be either a document or an annotation.
Annotations can be associated to a digital object, that can be both a document
or an annotation, by two types of link:
– annotate link: it permits to link an annotation to a part of a digital object.
By means of annotate link an annotation can annotate one or more parts
of a digital object expressing intra-digital object relationships between the
diﬀerent parts of the annotated digital object. An important constraint is
that an annotation can annotate one and only one digital object.
– relate-to link: it is intended to allow an annotation only to relate to one
or more parts of other digital objects, but not the annotated one. Therefore,
this kind of link lets the annotation express inter-digital object relationships,
meaning that the annotation creates a relationship between the annotated
digital object and the other digital objects related to it. By means of relate-to
links an annotation can link more digital objects.
From these deﬁnitions annotations can be seen as linking means between digital
objects. Annotations permit us to create new relationships between the components of a digital objects, between diﬀerent digital objects of the same DL
or between digital objects belonging to diﬀerent DLs. As shown in [1] the set
of digital objects and annotations forms a labeled directed acyclic graph called
document-annotation hypertext.
2
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Definition 1. Let A be the set of annotations, D the set of documents, and
DO = A∪D the set of digital objects, which are either annotations or documents.
The document-annotation hypertext is a labeled directed graph
Hda = (DO, Eda ⊆ A × DO, lda )

(2.1)

where:
– DO = A ∪ D is the set of vertices;
– Eda is the set of edges;
– lda : Eda → LT , with LT = {annotate, relate-to}, is the labeling function
which associates the corresponding link type to each edge.
It has been proved in [1] that Hda does not contain loops and cycles. Furthermore, we know that each annotation must annotate only one digital object, thus
for each document there is a unique tree of annotations constituted by “annotate” edges that can be rooted in the document. For each annotation we can
determine the unique path to the document root of the tree at which the annotation belongs. In this work we aim to point out the backbone of annotations which
is composed by the “annotate” links; we are interested in independent threads
of annotations rather than in the general structure of the annotation graph. The
following proposition which is extensively described and proved in [1] outlines
this aspect of annotations.






Proposition 1. Let Hda = (DO , Eda ) be the subgraph of Hda , such that:


– Eda = {e ∈ Eda | lda (e) = Annotate};




– DO = {do ∈ DO | ∃e ∈ Eda , e = (a, do)}


Hda is the subgraph whose edges are of the kind, Annotate, and whose vertices are



incident with at least one of these edges. Let Hda = (DO , Eda ) be the underlying


graph of Hda , which is the undirected version of Hda . The following properties
hold:


– Hda is a forest;

– every tree in Hda contains a unique document vertex d.
In Figure 2 we can see an example of document-annotation hypertext, the di
rected acyclic graphs (Hda ) formed by the “annotate” links with the “relate-to”

links are removed and the forest Hda .
The formal model for annotation provided a sound basis for designing and developing an XML Schema for the FAST annotation service. The FAST XSchema3
allows annotations and related entities to be represented and exchanged into a
well-deﬁned XML format. The FAST XSchema encodes both the content and
the metadata about the annotation. For instance, it encodes the data about the
user who created the annotation and about the groups sharing the annotation;
at the same time the FAST XSchema permits us to encode the “annotate” and
the “relate-to” links information.
3
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Fig. 2. A document-annotation hypertext Hda and the forest Hda composed by two
trees created considering only the “annotate” links

3

The NESTOR Framework

We propose two set data models called Nested Set Model (NS-M) and Inverse
Nested Set Model (INS-M) based on an organization of nested sets. The foundational idea behind these set data models is that an opportune set organization
can maintain all the features of a tree data structure with the addition of some
new relevant functionalities. We deﬁne these functionalities in terms of ﬂexibility
of the model, rapid selection and isolation of easily speciﬁed subsets of data and
extraction of only those data necessary to satisfy speciﬁc needs.
The most intuitive way to understand how these models work is to relate them
to the well-know tree data structure. Thus, we informally present the two data
models by means of examples of mapping between them and a sample tree. The
ﬁrst model we present is the Nested Set Model (NS-M). An organization of
sets in the NS-M is a collection of sets in which any pair of sets is either disjoint
or one contains the other. In ﬁgure 3 (b) we can see a tree mapped into a NS-M
represented by the means of an Eulero-Venn diagram. We can see that each node
of the tree is mapped into a set, where child nodes become proper subsets of the
set created from the parent node. Every set is subset of at least of one set; the set
corresponding to the tree root is the only set without any supersets and every
set in the hierarchy is subset of the root set. The external nodes are sets with
no subsets. The tree structure is maintained thanks to the nested organization
and the relationships between the sets are expressed by the set inclusion order.
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Fig. 3. (a) A tree. (b) The Euler-Venn Diagram of a NS-M. (c) the Doc-Ball representation of a INS-M.

The second data model is the Inverse Nested Set Model (INS-M). We can
say that a tree is mapped into the INS-M transforming each node into a set,
where each parent node becomes a subset of the sets created from its children.
The set created from the tree’s root is the only set with no subsets and the root
set is a proper subset of all the sets in the set organization. The leaves are the
sets with no supersets and they are sets containing all the sets created from the
nodes composing the tree path from a leaf to the root. An important aspect of
INS-M is that the intersection of every couple of sets obtained from two nodes
is always a set representing a node in the tree. The intersection of all the sets in
the INS-M is the set mapped from the root of the tree.
In Figure 3 (c) we can see a tree mapped into a INS-M represented throughout
a DocBall representation [11]. The representation of the INS-M by means of the
Euler-Venn diagrams is not very expressive and can be confusing for the reader,
for these reasons we use the DocBall representation. We exploit the DocBall
ability to show the structure of an object and to represent the “inclusion order
of one or more elements in another one” [11]. The DocBall is composed of a
set of circular sectors arranged in concentric rings as shown in Figure 3 (c). In
a DocBall each ring represents a level of the hierarchy with the center (level 0)
representing the root. In a ring, the circular sectors represent the nodes in the
corresponding level. We use the DocBall to represent the INS-M, thus for us
each circular sector corresponds to a set.
It is worthwhile for the rest of the work to deﬁne some basic concepts of set
theory: the family of subsets and the subfamily of subsets, with reference to [3]
for their treatment. However, we assume the reader is conﬁdent with the basic
concepts of ZFC axiomatic set theory [9], which we cannot extensively treat here
for space reasons.
Definition 2. Let A be a set, I a non-empty set and C a collection of subsets
of A. Then a bijective function A : I −→ C is a family of subsets of A. We call
I the index set and we say that the collection C is indexed by I.
We use the following notation {Ai }i∈I to indicate the family A; the notation
Ai ∈ {Ai }i∈I means that ∃ i ∈ I | A(i) = Ai . We call subfamily of {Ai }i∈I the
restriction of A to J ⊆ I and we denote this with {Bj }j∈J ⊆ {Ai }i∈I .
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Definition 3. Let {Ai }i∈I be a family. We define {Ai }i∈I to be a linearly
ordered family if ∀Aj , Ak ∈ {Ai }i∈I , Aj ⊆ Ak ∨ Ak ⊆ Aj .
Furthermore, we can say that a family {Ai }i∈I is a linearly ordered family if
every two sets in {Ai }i∈I are comparable. In literature a linearly ordered family
is also called a chain.
Definition 4. Let {Ai }i∈I be a family . We define {Ai }i∈I to be a topped
family if ∃Ak ∈ {Ai }i∈I | ∀Aj ∈ {Ai }i∈I , Aj ⊆ Ak . If Ak ∈ {Ai }i∈I | ∀Aj ∈
{Ai }i∈I , Aj ⊆ Ak then {Ai }i∈I is defined to be a topless family.
Definition 5. Let A be a set and let {Ai }i∈I be a family. Then {Ai }i∈I is a
Nested Set family if:
A ∈ {Ai }i∈I ,

(3.1)

∅∈
/ {Ai }i∈I ,
∀Ah , Ak ∈ {Ai }i∈I , h = k | Ah ∩ Ak = ∅ ⇒ Ah ⊂ Ak ∨ Ak ⊂ Ah .

(3.2)
(3.3)

Thus, we deﬁne a Nested Set family (NS-F) as a family where three conditions
must hold. The ﬁrst condition (3.1) states that set A which contains all the sets
in the family must belong to the NS-F. The second condition (3.2) states that the
empty-set does not belong to the NS-F and the last condition (3.3) states that
the intersection of every couple of distinct sets in the NS-F is not the empty-set
only if one set is a proper subset of the other one.
Theorem 2. Let T (V, E) be a tree and let Φ be a family where I = V and
∀vi ∈ V , Vvi = ΓV+ (vi ). Then {Vvi }vi ∈V is a Nested Set family.
This theorem deﬁnes how a tree is mapped into a NS-F, the proof and an extensive description can be found in [6].
In the same way we can deﬁne the Inverse Nested Set Model (INS-M):
Definition 6. Let A be a set and let {Ai }i∈I be a family and let {Bj }j∈J ⊆
{Ai }i∈I be a sub-family. Then {Ai }i∈I is an Inverse Nested Set family if:
∅∈
/ {Ai }i∈I ,

Bj ∈ {Ai }i∈I .

(3.4)
(3.5)

j∈J

∃Bk ∈ {Bj }j∈J | ∀Bh ∈ {Bj }j∈J , Bh ⊆ Bk
⇒ ∀Bh , Bg ∈ {Bj }j∈J , Bh ⊆ Bg ∨ Bg ⊆ Bh .

(3.6)

Thus, we deﬁne an Inverse Nested Set family (INS-F) as a family where two
conditions must hold. The ﬁrst condition (3.4) states that the empty-set does
not belong to the INS-F. The second condition (3.5) states that the intersection
of every subfamily of the INS-F belongs to the INS-F itself. Condition 3.6 states
that every subfamily of a INS-F can be a topped family only if it is linearly
ordered; alternatively, we can say that every subfamily of an INS-F must be a
topless family or a chain.
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Theorem 3. Let T (V, E) be a tree and let Ψ be a family where I = V and
∀vi ∈ V , Vvi = ΓV− (vi ). Then {Vvi }vi ∈V is an Inverse Nested Set family.
Diﬀerently from Theorem 2 we report the proof of this theorem because it is
slightly diﬀerent form the one presented in [6].
Proof. By deﬁnition of the set of the ancestors of a node, ∀vi ∈ V , |Vvi | =
|ΓV− (vi )| ≥ 1 and so ∅ ∈
/ {Vvi }vi ∈V (condition 3.4).
Let {Bvj }vj ∈J be a subfamily of {Vvi }vi ∈V . We prove condition 3.5 by induction on the cardinality of J. |J| = 1 is the base case and it means that
every subfamily {Bvj }vj ∈J ⊆ {Vvi }vi ∈V is composed only by one set Bv1 whose
intersection is the set itself and belongs to the 
family {Vvi }vi ∈V by deﬁnition.
For |J| = n− 1 we assume that ∃ vn−1 ∈ V | vj ∈J Bvj = Bvn−1 ∈ {Vvi }vi ∈V ;

equivalently we can say that ∃ vn−1 ∈ V | vj ∈J ΓV− (vj ) = ΓV− (vn−1 ), thus,
ΓV− (vn−1 ) is a set of nodes that is composed of common ancestors of the n − 1
considered nodes.
For |J| = n, we have to show that ∃ vt ∈ V | ∀ vn ∈ J, Bvn−1 ∩ Bvn = Bvt ∈
{Vvi }vi ∈V . This is equivalent to show that ∃ vt ∈ V | ∀ vn ∈ J, ΓV− (vn−1 ) ∩
ΓV− (vn ) = ΓV− (vt ).
Ab absurdo suppose that ∃ vn ∈ J | ∀ vt ∈ V, ΓV− (vn−1 ) ∩ ΓV− (vn ) = ΓV− (vt ).
This would mean that vn has no ancestors in J and, consequently, in V ; at
the same time, this would mean that vn is an ancestor of no node in J and,
consequently, in V . But this means that V is the set of nodes of a forest and not
of a tree.
Now, we have to prove condition 3.6. Let {Bvj }vj ∈J be a subfamily of
{Vvi }vi ∈V . Ab absurdo suppose that ∃Bvk ∈ {Bvj }vj ∈J | ∀Bvh ∈ {Bvj }vj ∈J ,
Bvh ⊆ Bvk ⇒ ∃Bvh , Bvg ∈ {Bvj }vj ∈J | Bvh  Bvg ∧ Bvg  BVh . This means
that {Bvj }vj ∈J is a topped but not linearly ordered family.
This means that we can ﬁnd Bvg , Bvh , Bvk ∈ {Bvj }vj ∈J | ((Bvh ∩ Bvk = ∅) ∧
(Bvh ∪ Bvk ⊂ Bvg ) ∧ (Bvh  Bvk ) ∧ (Bvk  Bvh )) ⇒ ∃vh , vk , vg ∈ V | ((ΓV− (vh ) ∩
ΓV− (vk ) = ∅) ∧ (ΓV− (vh ) ∪ ΓV− (vk ) ⊆ ΓV− (vg )) ∧ (ΓV− (vh )  ΓV− (vk )) ∧ (ΓV− (vk ) ⊆
ΓV− (vh ))). This means that there are two paths from the root of T to vg , one
through vh and a distinct one through vk , thus δV− (vg ) = 2 and so T is not a
tree.


4

FAST and NESTOR: A Set-Theoretic View of
Annotation Hierarchies

From the data model perspective, in the context of DLs we have to take into
account both the organization of digital resources and the organization of annotations. In the Deﬁnition 1 we treated both annotations and documents as
Digital Objects (DO), it is worthwhile for the rest of the work to maintain this
notation and, as a generalization, we indicate as documents every resource type
managed by a DL which is not an annotation.
The NESTOR framework can be applied to all DO organizations with a tree
structure. In the following we show how NESTOR can be applied to a tree where
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the nodes are documents and where each node can be the root of a sub-tree
of annotations. The union of the document tree and the annotation sub-trees
forms a DO tree that can be uniformly mapped into one of the set data models
formalized in the NESTOR framework.
Let T (DT , ET ) be a document tree where DT = {di }, 1 ≤ i ≤ n is the set of
documents representing the nodes of the tree and ET ⊂ DT × DT is the set of
edges connecting the nodes. From Proposition 1 we know that for all di ∈ DT


may exist a tree Hda [di ] of annotations rooted in di ; Hda is a forest representing

the union of all the trees Hda [di ]. From Deﬁnition 1 we know that DO = D ∪ A,


thus we can deﬁne the tree T H (DOT H  , ET H  ) where DOT H  = DT ∪ DO


and ET H  = ET ∪Eda . T H (DOT H  , ET H  ) is a DO tree because its nodes may
be both documents and annotations. In Figure 4 we can see a document tree,
two annotation sub-trees and how the union of these trees forms a DO tree. From
this Figure we can see that we have to deal we three trees each of those enabling
the access to a diﬀerent granularity level of information: T (DT , ET ) permits

us to access only the documents managed by a DL, Hda permits us to access
only the annotations and the annotated documents (the roots of the annotation

trees) and T H (DOT H  , ET H  ) permits us to access the whole resource space
composed by documents and annotations.

All the DOs belonging to the tree T H (DOT H  , ET H  ) can be encoded in eXtensible Markup Language (XML) ﬁles; for instance if T (DT , ET ) represents an
archival tree, each node (document) would represent a division of the archive such
as fonds, sub-fonds or series that can be encoded in XML ﬁles. The annotations, as
well, are encoded following the FAST XSchema and thus are treated as XML ﬁles.

All the relationships between the nodes of T H (DOT H  , ET H  ) are hard coded
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inside the XML ﬁles; indeed, for instance, FAST XSchema permits us to encode
the “annotate” links information and a similar approach is adopted by Encoded
Archival Description (EAD) metadata format [10] in the archival context.
The adoption of the NESTOR framework enables the separation of the information about the hierarchical structure of DOs from their content because
the structural links are mapped into inclusion dependencies between sets. In
the case of annotations only the “annotate” links can be treated by means of
NESTOR because they form a tree structure; instead, the “relate-to” links form
a directed acyclic graph that is out of the scope of NESTOR. Following the
Theorems 2 and 3 the document tree, the annotation forest and the DO tree
can be straightforwardly mapped into an equivalent number of NS-F or INS-F.

We deﬁne {Ti }i∈I to be the family mapped from T (DT , ET ), {Hj }j∈J [dt ] to



be the family mapped from Hda [dt ] where H = {{Hj }j∈J [dt ]} with dt ∈ DT


is the collection of families {Hj }j∈J and {T Hk }k∈K to be the family mapped

from T H (DOT H  , ET H  ). If the mapping from the trees to the families is done
following Theorem 2 we obtain a collection of NS-F, as we can see in Figure 5,
instead if it is done following Theorem 3 we obtain a collection of INS-F.
In Figure 5 we represent only the structure of the NS-M, but every set can
contain some elements such as XML ﬁles encoding the content of DOs. By means
of NESTOR we separate the content from the hierarchical structure of DOs
enabling a ﬂexible way to access and exchange DOs in a distributed environment.
In a distributed environment where two or more DLs exchange DOs we have to
consider not only how to exchange the DOs but also which additional information
may be necessary to properly understand the meaning of the exchanged DOs.

For instance, if we consider the annotation Ai ∈ Hda , in order to understand its
meaning we need, at least, to access the document annotated by Ai . In order
to infer the context of Ai we need the DOs in the path from Ai to the root
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Fig. 5. The trees in Figure 4 mapped into NS-Families
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of the tree Hda . The information brought by the root of the annotation tree
could be not suﬃcient to understand the proper meaning of Ai , so we may have
the necessity to reconstruct the path from Ai up to the root of the document
tree T (DT , ET ). By means of NESTOR these operations can be easily done by
mapping the trees into the INS-M that fosters the reconstruction of the upper
levels of the hierarchy. Then the reconstruction of the path becomes a series of
set operations that do not involve the content of DOs (for instance the XML ﬁles

encoding the DOs). If we consider the INS-F {T Hk }k∈K we can determine the
nearest common ancestor of two or more annotations simply intersecting the sets
at which they belong; indeed, suppose we want to know the correlation between
two annotations belonging to the same DO tree, by means of the INS-M we
can determine their nearest common document throughout a single intersection
operation between sets. On the other hand, we can decide to use the NS-M
because it is useful to determine the descendants of a node. If we consider the NSF {Ti }i∈I , starting from a document we can reconstruct all its descendants in the

document space, if we consider the collection of families H we can reconstruct
all the annotations related to a document or related to a particular annotation

and if we consider the NS-F T H (DOT H  , ET H  ) starting from a document
we can easily reconstruct all its descendants both in the document and in the
annotation spaces. Furthermore, the use of set data models permits us to change
the structure of the hierarchy without aﬀecting the DOs content; indeed any
variation in the hierarchical structure will aﬀect only the inclusion order between
the sets and not the data that is encoded into the XML ﬁles.

5

Final Remarks

In this paper we have described how the NESTOR framework can be applied
to the FAST system enabling a set-theoretical view of annotation hierarchies.
We have shown that documents and annotations are often organized into tree
data structures and how these hierarchies can be joined together in a tree representing the whole information space composed by documents and annotations.
Furthermore, we have pointed out some of the advantages of using the set data
models deﬁned in the NESTOR framework.
Future works will concern the deﬁnition of how to exchange annotations between DLs in a distributed environment exploiting the set-theoretical extension
of the Open Archives Initiative Protocol for Metadata Harvesting (OAI-PMH)
described in [6]. Furthermore, we shall analyze how the application of NESTOR
aﬀects the FAST search framework [5]. From the text-based search point-of-view,
the NESTOR Framework can be exploited to display the search results in the
right context of the hierarchy and not only in a ﬂat ranked list.
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