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Data-driven research has emerged as a forth paradigm of e-Science, opening up possibilities for the discovery of new 
knowledge from existing digital resources.  Digital libraries need to leverage advances in GRID and Web 2.0 
technologies that will drive the infrastructure for building epistemic networks of the future.  The development of 
decentralised core technologies for data integration and co-reference services are essential for creating a sustainable 
global knowledge network. 
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Data-driven science has emerged as a new model 
which enables researchers to move from experimental, 
theoretical and computational distributed networks to a 
new paradigm for scientific discovery based on large 
scale distributed GRID networks (OFG, NSF/JISC 
2007).  The new model is not restricted to the sciences.  
Hundreds of thousands of new digital objects in 
multimedia formats are placed on the Web and in 
digital repositories everyday, supporting and enabling 
research processes not only in science, but in medicine, 
education, culture and government.  It is therefore 
important to build infrastructure and web-services that 
will allow for exploration, data-mining, semantic 
integration and experimentation across all of these rich 
resources in large-scale digital libraries where data is 
properly curated, archived and preserved.  
 
Yet, there is also a growing consensus that traditional 
libraries and GRID solutions alone are too heavy and 
administratively burdensome, and that Web 2.0 allows 
for the development of a more light-weight service 
oriented architecture that can adapt readily to user 
needs by using on-demand utility computing, such as 
mash-up’s, surf clouds, annotation and tagging, 
knowledge sharing, social networks, and automated 
workflows for composing multiple services.  The goal 
is not just to have fast access to information over 
distributed networks, but to have the capacity to create 
new digital resources, interrogate data and form 
hypotheses about its meaning and wider contexts. 
(Lagoze 2005)  As librarians working in e-Science 
have increasingly perceived, digital libraries need to 
dramatically extend the role of traditional libraries by 
encouraging collaboration (allowing users to be both 
producers and consumers by contributing knowledge 
actively through annotations, reviews, comments) and 

contextualisation (users expanding the web of inter-
relationships and layers of knowledge that extend 
beyond primary sources). (Borgman 2003) 
 
Clearly what needs to emerge is a mixed-model of 
GRID + Web 2.0 solutions for digital libraries which 
creates an epistemic network that supports a four step 
iterative process: (i) retrieval, (ii) contextualisation, 
(iii) narrative and hypothesis building, (iv) creating 
contextualised digital resources in semantically 
integrated knowledge networks to enable new 
discoveries and social networks.  What is key here is 
not just managing the amount of new data in a digital 
library, but the capacity to interrogate, contextualise, 
share and order existing resources in a semantically 
accessible form that creates new knowledge. 
 
Peter Murray-Rust (Murray-Rust 2007) points to a 
prime example of a scientific discovery that emerged 
from the re-use of existing resources:  Mendeleev’s  
Law of Periodicity:  “The law of periodicity was thus a 
direct outcome of the stock of generalisations and 
established facts which had accumulated by the end of 
the decade 1860-1870; it is an embodiment of those 
data in a more or less systematic expression.” 
 
Mendeleev’s law emerged from a concatenation of 
facts extracted from the current published chemical 
literature which appeared in many languages and 
symbolic formulations; the analysis of  relations in the 
data and metadata – the experimental conditions – 
were critical for establishing his conclusion.  Murray-
Rust’s thesis that ‘the current scientific literature, were 
it to be presented in semantically accessible form, 
contains huge amounts of undiscovered science’ 
demonstrates the urgency of developing core digital 



 

library technologies that will allow us to make similar 
discoveries with existing digital resources. 
 
The core technologies we see as most critical for the 
development of digital libraries as epistemic networks 
are: 
(i) Data Modelling, Core Ontologies and Document 
Retrieval by Complex Associations 
(ii) Data Integration and Concatenation of Facts for 
Knowledge Discovery 
(iii)  Knowledge Management based on Co-reference 
Services 
 
 
(i) DATA MODELLING AND CORE  
    ONTOLOGIES FOR COMPLEX RETREIVAL 
 
The single most important obstacle to achieving 
semantic integration and the contextualisation of 
information in digital libraries is the fact that 
traditional digital library metadata repositories do not 
model contextual relationships.  The representation of 
content as well as context in digital resources must rely 
on a generic, or nearly generic, information model.  
The prevailing assumption has been that a generic 
‘top-down approach’ is required for the semantic 
integration of digital libraries, but the ‘top-down’ 
strategy has proved limited.  Generic solutions are 
generally quick and cheap, but they have a short life 
span, as can be seen with statistical methods of 
information retrieval, and the hypertext model.  The 
‘top-down’ approach is intrinsically short-sighted since 
its initial conceptualisation can never anticipate future 
problems and therefore will never be a long-term 
solution. 
 
An example of the shortcomings of the ‘top-down’ 
approach for digital libraries is the Dublin Core 
metadata element set (DCMI 2006). It is an excellent 
simplification of bibliographic information that 
provides a unified data structure for all kinds of 
materials.  However, when more and more cases are 
squeezed under the same umbrella, so that quite a lot 
of domain specific interpretation of seemingly 
common metadata elements become mutually 
incompatible, then the usefulness of DC brakes.  
Attempts to fix the problem with ‘qualified’  Dublin 
Core Elements only increased heterogeneity so in the 
end  ‘qualified DC’ was abandoned by the DC 
Consortium. 
 
However, generic solutions need not be ‘top down’; 
they can also be ‘bottom up’.  The CIDOC CRM is a 
‘bottom up’ information model that starts from the 
analysis of real research scenarios and practices of 
information management in different domains.  Our 
model is based on deep knowledge engineering across 
disciplines that generalises domain specific cases in 
order to find the most generic ontological structures 
and generic processes across multiple domains.  The 
CIDOC CRM is a ‘core ontology’ that abstracts 
hundreds of schemata used for documentation in 
various museum disciplines into 80 classes and 130 
relationships, yet we have found that less than 5% of 
its concepts are museum specific.  It is not huge and 
messy, but small, compact and focused on contextual 
relationships not objects in isolation.  The CRM 

represents generic kinds of discourse, such as location, 
participation, part-whole composition, and reveals 
generic structures that integrate both factual and 
categorical knowledge in a way that is useful for very 
specific applications. 
 
Three ideas are central to the CRM: a)  The 
relationship between entities and the identifiers that are 
used to refer to the entities (including ambiguity of 
reference) are part of a historical reality that is to be 
documented, therefore, the CRM distinguishes nodes 
representing real-world items from nodes representing 
names per se;  b) Types and classification systems are 
not only a means of structuring information about 
reality, but also represent the historical past as a human 
construct; c) the CRM analyses the past by dividing it 
into discrete events.  The documented past can be 
formulated as events involving “Persistent Items” 
(continuants or endurants) (Crofts et al. 2005) both 
material (Ceasar, Lucy) and immaterial (The Empire, 
Hominid). Material and immaterial items can be 
present in events either through physical information 
carriers or as concepts. 
 
From this point of view, a picture of history emerges as 
a network of lifelines of persistent items meeting in 
space-time events (fig.1). This abstraction turns out to 
be extraordinarily powerful. Many intuitive 
relationships are analyzed in terms of events, such as 
“has creator” or “has origin”. With a minimal schema, 
there arise a surprising wealth of inferences and any 
event can be described by the CRM.  For instance: the 
life of Caesar. 
 

 
 
Figure 1: Historical events as meetings of things 
               and people 
 
Complex genetic family relations can be represented 
by birth events including a father and a mother.   The 
“friend of a friend” application (FOAF) can be based 
on co-authoring and other common events between 
people. Influences on lives and achievements can be 
traced to people meeting or communicating with other 
people, and the development of ideas, theories and 
discoveries that lead back to them. Chronologies can 
be justified by the causal ordering of events.  (Doerr , 
Plexousakis, et al 2004) Experimental knowledge in 
the sciences is gained by actual human experiments 
that are carried out by individuals and teams of 
researchers in space/time; they can be documented as 
events, independent of subject matter.  Calculating 
statics of bridges or climate models are not covered by 
ontologies but they can be documented as events. 
Descriptive sciences, like geosciences and biodiversity 



 

studies, gain knowledge by collecting an immense 
number of observations carried out by individual 
scientists and research teams, which can be described 
as events on a human scale connected to people and 
ideas.  Embedded in all metadata that is stored in 
libraries, including digital libraries, there is an 
historical perspective which can be represented as 
events from which new knowledge can be gained. 
 
(ii) DATA INTEGRATION AND THE 
CONCATENATION OF FACTS 
  
The CIDOC CRM has developed a model which 
semantically connects documents in a way that is 
diametrically opposed to the hypertext paradigm. 
Using a minimal but central part of the CIDOC CRM 
as an example, we elaborate the problem of extracting 
knowledge from the contents of documents, metadata 
and links between documents, into a coherent semantic 
network.  The semantic power of the CRM can be 
shown with minimal ease by demonstrating how with 
employing only 3 Classes and 2 Properties from the 
CRM a network of deep relations can emerge: E5 
Event, P12 occurred in the presence of; E77 Persistent 
Item (Persistent Item comprises material and 
immaterial things, including persons); E5 Event. P7 
took place at; E53 Place.  Consider the following data 
and metadata records: 
 
The State Department of the United States holds a 
copy of the Yalta Agreement. One paragraph begins, 
“The following declaration has been approved: The 
Premier of the Union of Soviet Socialist Republics, the 
Prime Minister of the United Kingdom and the 
President of the United States of America … jointly 
declare their mutual agreement to concert …” (Halsall 
1997).  
 
A Dublin Core record about this may read: 
Type:Text 
Title: Protocol of Proceedings of Crimea Conference  
Title.Subtitle: II. Declaration of Liberated Europe  
Date: February 11, 1945. 
Creator: 
The Premier of the Union of Soviet Socialist Republics  
The Prime Minister of the United Kingdom   
 The President of the United States of  America 
Publisher: State Department 
Subject: Post-war division of Europe and Japan 
 

Figure 2: Allied Leaders at Yalta 

The Bettmann Archive in New York holds a world-
famous photo of this event (fig 2). 
A Dublin Core record of this image might be: 
Type:Image 
Title: Allied Leaders at Yalta  
Date: 1945 
Publisher:United Press International (UPI) 
Source: Wikipedia 
References: Churchill, Roosevelt, Stalin 
 
Another piece of information comes from the 
Thesaurus of Geographic Names [TGN], which may 
be captured by the following data: 
 
TGN Id: 7012124 
Names: Yalta (C,V), Jalta (C,V)  
Types: inhabited place(C), city (C) 
Position: Lat: 44 30 N,Long: 034 10 E 
Hierarchy: Europe (continent) <– Ukrayina (nation) 
<– Krym (autonomous republic) 
Note: Located on S shore of Crimean Peninsula; site of 
conference between Allied powers in    WW II in 1945; 
is a vacation resort noted for pleasant climate, & 
coastal & mountain scenery; produces wine, canned 
fruit & tobacco products. 
Source:  TGN, Thesaurus of Geographic Names 
 
It has long been recognized that the only element 
common to all of these records is the date ‘1945’; that 
is why a DC-based or Google search for ‘The Yalta 
Agreement’ will never be adequate, since contextual 
relationships are not represented in their data models. 
 
The information from these three sources can be 
represented as instances of 3 Classes and 2 Properties 
of the CIDOC CRM: 
 
(1) Crimea Conference (E5) 
        P12 occurred in the presence of 
  The Premier of the Union of Soviet 
Socialist Republics (E77) 
   The Prime Minister of the United 
Kingdom  (E77) 
    The President of the United States of  
America (E77) 
  Protocol of Proceedings of Crimea 
Conference (E77) 
(2) Allied Leaders at Yalta (E5) 
       P12 occurred in the presence of 
  Stalin (E77) 
   Churchill  (E77) 
    Roosevelt (E77) 
  Photo of Allied Leaders at Yalta (E77) 
       P7 took place at  
  Yalta (E53) 
 
 (3) Yalta Conference (E5) 
       P12 occurred in the presence of 
  Allied Powers (E77) 
       P7 took place at  
  Yalta(E53) 
 
Resolving in sequence the different ways of referring 
to the same items, the uncorrelated parts will collapse 
into a single epistemic network, which connects the 
text, the image, the place and the people through the 
historic event: 



 

 

(4) Yalta Conference (E5) 
       P12 occurred in the presence of 
  Stalin, Premier of the Union of Soviet 
Socialist Republics (E77) 
   Churchill, Prime Minister of the United 
Kingdom  (E77) 
    Roosevelt, President of the United States 
of  America (E77) 
  Protocol of Proceedings of Crimea 
Conference (E77) 
  Photo of Allied Leaders at Yalta (E77) 
               P7 took place at  
  Yalta(E53) 
 
If we collect enough related events, even this 
rudimentary schema already creates a powerful 
network for recovering biographical and contextual 
data about people, documents, objects, and places. 
What we learn from this example is: a) A knowledge 
network must be built on suitable ontological 
abstractions that support relevant contextual 
relationships which can be surprisingly simple yet 
powerful; b) Advanced reasoning cannot take place if 
the elements of the network are not connected. They 
connect through the domain and range values of the 
relations that identify items in a domain of discourse. 
Since identifiers are not usually unique and therefore 
do not match up, then importance of “duplicate 
removal” or co-reference detection as a process is 
critical, even though its importance in largely 
unrecognized in the research on information 
integration;  c) Knowledge about relationships comes 
from the document – either from its proper contents or 
its “metadata”.  What actually relates the documents is 
not a “hyperlink”, but the fact that they refer to the 
very same things. These may be events, dates, places, 
persons, material or immaterial things such as texts, 
images, names etc.  Since the connecting facts are not 
revealed in the hyperlink, the hypertext model is 
fundamentally limited to manual navigation. 
 
Equally misleading seems to be the paradigm of a 
document as a “digital surrogate” of a real world item, 
which is one of the motivations for the RDF syntax. 
There is a problem however about which of the 
documents, out of all the documents, about a real 
world item, should become the surrogate; how should 
the competition between the properties of the surrogate 
and the thing itself be resolved?  
 
   We suggest that appropriate “digital surrogates” of 
real world items should be modeled as surrogate nodes 
external to the documents, with no necessary property 
except an identity. The relations between surrogate 
nodes should be seen as extractions or summarizations 
from the documents (see fig. 3); let us call these facts. 
By facts we mean the instances of relationships (or 
‘properties’ in the terminology of OWL and RDFS). 
Constructs like “reification” in RDF and other 
argumentation models (Roux 2004) make explicit the 
link between the source provided and the relation. 
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Figure 3: Relations as document summarization 
 
(iii) KNOWLEDGE MANAGEMENT 

  BASED ON CO-REFERENCE 
 
As we have shown, even if we have a global schema, 
and the means to provide factual relations, one 
important feature is missing to build a network: co-
reference. (Levesque 1984)  How do we know if two 
relations relate to the same real world item? This 
important problem has received little attention, 
although it is a core technology for epistemic 
networks.  We propose a novel solution to achieve the 
long-term, scalable integration of facts that will 
provide knowledge management based on co-
reference. 
 
Traditionally, librarians have invested heavily in so-
called authority files or knowledge organisation 
systems (KOS) which register names and 
characteristics of authors and other items and associate 
them with a preferred representation in a central 
resource, and then advise colleagues to use the central 
resource as a reference to obtain unique identifiers. 
(Patel et al 2005)  In one respect, this does not solve 
anything since we still cannot determine if a local 
source refers to an item also listed in the KOS.  In 
another respect, the approach has been partially 
successful.  The descriptions increase the chance that 
an expert of the local source can recognize the item, 
use the identifier, and then pass this on to colleagues 
that will also use the identifier for the same item. But 
using a central resource causes serious scalability 
problems. Even worse, different communities in 
different countries tend to create their own authority 
files with overlapping content, so there is no 
international process for data integration. 
 
In order to create a truly global knowledge network, 
one could take advantage of the power of Web 2.0 by 
creating a social epistemic network, engaging the 
general public as well as experts, that would publish 
and preserve each and every detected co-reference 
together with its sources.   We suggest setting up a 
Web 2.0 Co-reference Service supported by a grid 
service oriented architecture for digital libraries, so 
that anyone anywhere can publish a co-reference along 
with its source data to preserve referential integrity; 
this would achieve more than any single authority file 
and have an international scope.   The epistemic 
network will grow simply through the efforts of the 
users.  Nothing like this exists on the Web at the 
moment but it is potentially a way of engaging the 
public, as in wikipedia, to play a large role in building 
a global epistemic network. 



 

 
Intuitively, co-reference should be transitive and form 
equivalence classes (Levesque 1984) that could scale 
up to any size. In order to relate the elements of an 
equivalence class of cardinality ν, a minimal number of 
(ν-1) primary equivalences is needed to derive all ν(ν-
1)/2  equivalences. This demonstrates the economic 
power of preserving co-reference knowledge once the 
networks grow tighter. Each equivalence class can be 
identified with a surrogate node as described above. 
Co-reference links can then be implemented indirectly 
as links to a common surrogate node. 
 
We suggest that co-reference detection must be a semi-
automatic process within a Web 2.0 service.  Massive 
participation of scholars qua experts in this process 
will be essential since it often requires specialised 
knowledge and should not be left simply to automated 
guesswork.   As a matter of good practice, it should 
become a personal product of scholarly research that is 
properly documented. 
 
There are also economic benefits since data integration 
is expensive.  Mathematical models could be 
developed that would estimate the time it takes to carry 
out integration activity and offer a cost-benefit 
analysis. Further, formal foundations of “data 
cleaning” could be investigated, such as: to what extent 
does the propagation of co-reference knowledge allow 
for inferences or assumptions about other co-
references via related facts etc.?  Finally, mathematical 
models could be used to develop effective strategies in 
peer-to-peer networks of co-reference detection and 
monitoring of global consistency.  A “knowledge 
economy” would emerge that ensures the long-term 
integration of digital repositories by preserving 
knowledge about co-reference.  
 
This idea is radically new, in four respects: (i)  The 
ultimate authority for identifier equivalence are people 
– the witness or the expert – with knowledge of the 
two contexts that are to be connected. Co-reference is a 
valuable element of knowledge that comes at high cost, 
therefore it should be curated and preserved for future 
information systems; (ii) The model suggests that 
several current approaches of ad-hoc data cleaning and 
central authorities are ineffective and miss an 
important part of the problem: the preservation and 
control of real-time detected co-references; (iii) The 
co-reference model can be implemented in a 
completely distributed “democratic” manner. 
Therefore, in contrast to other approaches, it is 
completely scalable and imposes minimal constraints 
on the kind of organisation in which it will be 
implemented; (iv) Problems surrounding co-reference 
act as a perfect proof-of-concept for how Grid + Web 
2.0  technologies can be combined to form epistemic 
networks and provide solutions to the global 
knowledge management crisis. 
 
Implementation 
 
How can these facts be created in an efficient way?   
The problem is that a generic model does not suggest 
what to document in any specific case, it only 
sufficiently explains what has been documented.  It 
requires constant abstract thinking to match 

generalizations to specific problems, even though the 
generalizations are quite obvious after one sees them. 
For instance, in the CRM finding an object (as in 
archaeology) would be represented as activity in which 
an object is present. This abstraction is sufficient for 
most inferences about an archaeological find. The 
activity type “finding” would be a term entered as data, 
but not as part of the core model.  An archaeologist 
entering data however would like to see a field 
reminding him to enter where and when an object was 
found.  Similarly, other disciplines will have other 
special things to include. Hence, data entry forms 
should normally be more application specific than the 
generic model, even if they are designed to capture 
data for instantiating the generic model.  
  
It is also good practice for a researcher or 
documentation specialist to preserve the enriched 
information unit as a whole, both in order to maintain 
authorship of the information unit and for future 
revisions. If data is directly entered into a global 
semantic network and all knowledge is merged, then 
the original units are lost.  Many traditional relational 
database schemata are not immune to this criticism.  
Preserving information units allows an association to 
be made between them and the people who understand 
their interpretation and other relevant knowledge, 
thereby verifying the quality of the contents.  
 

 
Figure 4: Semantic network linked back to sources via 
reification links 
 
Finally, large monolithic resources are more sensitive 
to complete corruption and therefore cause more 
problems for digital preservation than distributed units. 
Therefore we propose to logically separate 
documentation units and primary sources from the 
network level, and instead to derive data for the 
network level from the documentation units and 
primary sources. Duplication of information 
establishes good practice for digital preservation. 
  
We distinguish three possible architectures to achieve 
this separation.  They have different performance 
characteristics, but can easily be combined for 
optimisation purposes: (1) warehousing, (2) mediation 
services, (3) mixed –model. 
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1.  In a data warehouse-style, facts can be extracted 
from sources and physically aggregated in a semantic 
network. The extracted facts directly connect the   
surrogate nodes (fig. 4). In order to update the network 
when sources change, it may be necessary to introduce 
reification statements or similar mechanisms linking 
facts to their sources. This strategy makes querying, 
especially joins and deductions, across resources very 
fast. Updating is more difficult, since individual facts 
may have multiple sources. Maintaining reification 
links is relatively expensive. It becomes even more 
complex when co-reference statements are added and 
linked to the surrogate nodes. On the other hand, 
physically (on a dedicated system) creating the 
network provides more flexibility to actually detect co-
reference relations (Doerr, Schaller et al. 2004), 
because extraction and aggregation can be done in 
complex processes. Finally, semantic networks are not 
scalable, or at least no scalable architecture has yet 
been successfully proposed.  
 
2.  Sources are interpreted by a mediation service 
(Wiederhold 1992).  For instance, queries are 
formulated in terms of the global model and 
transformed according to the different source models 
to bring back results conforming to the global model 
(Calvanese et al. 1998) (fig.5). Assuming mainly a 
local-as-view (LAV) approach (Cali 2003), this is only 
possible if the sources have a data structure which can 
be mapped to the global model. The performance may 
depend on the degree of heterogeneity of the local 
source to the global model. For mediation services, it is 
more difficult to resolve co-reference relations, 
because queries are expected to be answered in real-
time. This would change completely if explicit co-
reference relations were available. Joins and 
deductions are more costly, and require larger 
temporary computer memory, but with mediation 
services there is no update problem at all. 
 
3.  Whereas the above solutions have been widely 
discussed in the past decade, we propose here yet 
another variant.  Extracted local facts are represented 
in terms of the global model as summarization 
metadata units, which are preserved and remain 
connected to their sources. Then, co-reference relations 
could be described by linking to the surrogate nodes 
the corresponding local nodes, which in turn are linked 
by local facts (figure 6). The surrogate nodes could, for 
instance, be implemented by one-to-many XLinks.  
This strategy doubles the path lengths in the network 
and makes querying slower, but it has the advantages 
of avoiding both heterogeneity and reification, and of 
offering a scalable solution without central update 
problems. 
 
We suggest that the architectures described above 
deserve more research about the precise conditions 
under which they would be most effective, both 
singularly and in combination.  Obviously, querying 
data paths in solution 3) is more effective the lower the 
density of co-reference relations relative to the number 
of local nodes, and the lower the multiplicity of 
identical facts between the metadata units, because it 
requires less joins across metadata units. 
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Figure 5: Query mediator interprets source relations 
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Figure 6: Metadata connected to sources and indirect 
co-reference links 
 
We have nothing against introducing some limited 
heterogeneity in solution 3, so that solution 3 and 2 
become more similar. In new systems, one could 
design the data structures of local sources with 
minimal heterogeneity and published mappings to the 
global model. In local environments with a low update 
rate, solution 1 may be most effective, if reification can 
be simplified. Then, a complete semantic network 
could take the logical place of a metadata unit in 
solution 3. Under this aspect, solution 3 could indicate 
a way to make semantic networks distributed. These 
are only examples of how these architectures could be 
combined to produce far more flexible and generic 
solutions for information integration. For any 
distributed solution, especially grid-enabled, research 
about effective indexing would also be a major issue 
that needs attention. (Podnar et al. 2006).  
  
Solution 3 is particularly suited to natural language 
processing techniques for knowledge extraction from 
free text. The CIDOC CRM has a nearly “linguistic” 
structure and makes this task relatively easy (Genereux 
& Niccolucci 2006). In particular the event model 
maps easily to phrases containing action verbs. We 
suggest that more research should be invested in 
extracting event-based metadata by semi-automatic 
methods from free-text. Far too little attention has been 
focused on this important problem. (Vincent 2005). 



 

 
In conclusion, we suggest that peer-to-peer networks 
and GRID technology can provide an effective 
infrastructure for next generation digital libraries.  The 
use of DataGRIDs will be essential (i.e. nodes with 
uniform access protocols which can be accessed 
automatically to follow associations in the way a 
human would browse the web, thereby collecting 
concatenated facts and other relations), since they will 
enable advanced semantics within the emerging global 
network to perform automated reasoning for executing 
precise inferences, both categorical and factual,  
currently impossible on a large scale.  This networked 
infrastructure will support various online services to 
create a dynamic GRID + Web 2.0 epistemic network 
that will publish and preserve co-references, create 
distributed indices, control and monitor consistency, 
and manage convergence to higher states of 
integration. This new model of a digital library makes 
possible advanced reasoning over distributed resources 
on a global scale, and hence opens up new 
opportunities for uncovering new discoveries, like 
those of Mendeleev,  from existing resources.  
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