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Abstract

Logic and theoretical computer science are deeply interconnected,
with logic forming a foundational pillar in the emergence of computer
science. This connection has grown stronger over time, driven by ad-
vancements in symbolic systems within artificial intelligence, formal
verification methods, and automated reasoning techniques. However,
within the vast landscape of computer science, data science remains
an area where the link to logic is relatively underdeveloped. In this
paper, I apply algebraic logic to address an urgent challenge for data
scientists: metadata veracity. Inspired by Willard Van Orman Quine’s
well-known slogan, “No entity without identity”, I propose, “No data
without metadata”, underscoring the importance of descriptive meta-
data in scientific articles. The central idea of my framework is that
the geometric zones of a scientific article — with its atomic metadata
— correspond to an algebraic situation space. Consequently, I develop
a situation-based semantics grounded on the idea that situations are
portions of a possible world, a possible world is a PDF document
and that sentences point to situations and describe what is going on in
them. Applying mathematical logic tools to data mining enables a rig-
orous framework for defining metadata veracity, offering a structured
approach to assess the accuracy and reliability of extracted informa-
tion.
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1 Preliminaries

In recent years, one of the concepts that has captured the interest of data scientists
is that of data quality, a complex and multidimensional concept, to the definition
of which different dimensions concur: “Data quality is a multidimensional con-
cept combining consistency, freshness, completeness, and accuracy of the data as
a non-exhaustive list of dimensions to characterize data fitness-of-use” [[1]]. In the
era of Big Data, data quality has become more important than ever. Normally,
volume, velocity and variety are used to characterise the main features of Big
Data [2]. However, the importance of the fourth ‘V’ of Big Data, veracity, is in-
creasingly recognised. For the purposes of my paper, the conceptual dimensions I
consider are those of data completeness and consistency. In general, the following
definitions of completeness and consistency are used in data science:

- “Completeness, pertinence and relevance refer to the capability of repre-
senting all and only the relevant aspects of the reality of interest” [3]].

- “Consistency, cohesion and coherence refer to the capability of data to com-
ply without contradictions to all properties of the reality of interest, as spec-
ified in terms of integrity constraints, data edits, business rules and other
formalisms” [3]].

In my paper, I apply the concepts of data completeness and consistency to a spe-
cific data type: metadat Metadata are crucial in data science, as they establish
“a criterion of identity for data” [4]]. Inspired by Willard Van Orman Quine’s
well-known slogan, “No entity without identity” [3], I propose, “No data with-
out metadata,” underscoring the importance of descriptive metadata in scientific
articles. Specifically, I focus on descriptive metadata extracted from scientific ar-
ticles and use one of the most effective extraction systems available: Cermine [6],
a framework designed and trained to extract information from PubMed. Cermine
is an open source tool specializes in extracting metadata and content from sci-
entific articles in PDF format. Its modular architecture utilizes both supervised
and unsupervised machine learning techniques. In details, Cermine’s extraction
workflow takes a PDF file on the input and produces its geometric hierarchical
representation in Trueviz format:

In this representation, an article is a list of pages, each page
contains a list of zones, each zone contains a list of lines, each line

The idea of metadata can be traced back to antiquity, with its initial presence in early libraries;
however, the first published use of the term ‘metadata’ in the sense of ‘data about data’ likely
appears in the first edition of NASA’s Directory Interchange Format Manual, published in 1988.
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contains a list of words, and finally each word contains a list of char-
acters. Each structure element can be described by its text content
and bounding box (a rectangle enclosing the element).The structure
contains also the natural reading order for the elements on each level.
Additionally, labels describing the role in the document are assigned
to zones [6]].

Subsequently, every zone is labelled with one of four general categories: meta-
data, references, body or other. Metadata zone classification classifies all meta-
data zones into specific metadata classes, and from metadata zone classification
metadata extraction path extracts a rich set of atomic metadata. The output for-
mat of the extraction workflow is NLM JATS. JATS (Journal Article Tag Suite)
describes a rich set of XML elements and attributes for the description of scien-
tific publications. Documents in JATS format can store a large range of struc-
tured and descriptive metadata of the document (title, authors, affiliations, journal
name, publication date, abstract, keywords, etc.). I focus on four specific atomic
metadata: title, authors, journal name, and keywords. The core of my situational
framework is that the zones of a scientific article — with its atomic metadata —, cor-
respond to an algebraic situation space. Consequently, I develop a situation-based
semantics grounded on the idea that situations are portions of a possible world, a
possible world is a PDF document and that sentences point to situations and de-
scribe what is going on in them. Applying mathematical logic tools to data science
enables a rigorous framework for defining metadata veracity, offering a structured
approach to assess the accuracy and reliability of extracted informatiorﬂ

2 Metadata as Situations

My situation semantics is based on the notion of situation space developed by
Alessandro Giordani [9]. Giordani characterizes: i) the notion of situation space
in a way similar to the notion of state space used by John Langshaw Austin [10]] for
developing truthmaker semantics; and ii) the connection between situations and
sentences, drawing inspiration from the work of Kit Fine [[11}/12]. Additionally, in
line with Giordani, I assume that there is no substantial difference between the foy
world described below and a generic possible world. Consequently, I develop my
situation-based semantics on the idea that situations are portions of a world (and
more specifically of a ‘document world’) and that sentences point to situations

3For an application of modal logic to metadata extraction systems based on machine learning see
[[7], while for a study on logical language capable of investigating interactive voting decisions in
multi-agent systems in liquid democracy see [8].
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and describe what is going on in them. Algebraically, a situation space is a join-
semilattice [13,114]]. A join-semilattice is a set of situations Sit equipped with an
idempotent, commutative, associative binary operation L. Sit is partially ordered
by the relation s < s’, which by definition means s LI s’ = &'. In this order, s < s’
is the least upper bound of s and s’. The largest element of Siz, if it contains one,
is denoted by 1.

Definition 1. A situation space is a join-semilattice with top, (Sit, 1,L).

Sit 1s a set of situations, 1 is the top element, so that s LI 1 = 1, and L| returns the
join of two situations. By definition the binary operation is

1. idempotent: s U s = s, for every s € Sit
2. commutative: s11s = s L s, for every s, s’ € Sit
3. associative: s (s'Us") = (sUs') Us", forevery s, s, s" € Sit.

Let us consider the following toy world.

€1 Co

%] Cq

Figure 1: An algebraic toy world with four elementary cells.

This world consists of four elementary cells: ¢y, cs, c3, ¢4, numbered from the top-
left to the bottom-right corner. A situation is any portion of the world obtained
by joining certain cells together. For example, ¢y, ¢; LI co, and the entire world
1 = ¢y UeyUes ey are situations. A moment’s reflection reveals that, given there
are 4 cells, the number of situations in this world is 2* — 1l The most relevant
intuition of the situation semantics developed by Giordani concerns the way a
sentence is related to the worlcﬂ Let p;, 2 = 1,...,4, be the sentence expressing
the proposition that cell ¢ of our toy world is filled, Giordani writes:

4Obviously, partial ordering on Sit is just spatial containment between the portions of the world
constituted by the cells.
SFurthermore, this intuition is at the basis of John Austin’s definition of truth.
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So, p; states that the first cell of the world is filled, and there-
fore it expresses a true proposition, while p, states that the fourth cell
of the world is filled, thus expressing a false proposition. It makes
perfect sense to assume that a sentence of this kind points to a situa-
tion and describes what is going on in it. Indeed, p; points to the first
cell and describes it as filled, and similarly, p, points to the second
cell and describes it as filled [9].

Graphically, I indicate in Fig. 2. a filled cell with the colour grey, and an unfilled
cell with the colour white.

D1 D2

Figure 2: A toy world with filled and unfilled cells.

As for complex sentences, it makes sense to assume that p; A py points to the
first two cells and describes them as a couple of filled cells, and therefore it is
false. Similarly, p; V po points again to the first two cells, but describes them
as a couple of cells of which at least one is filled, thus being true. So, it makes
sense to introduce a general assumption to the effect that complex sentences point
to the cells described by their components. Finally, since T is a description of
everything, it points to the whole world, and therefore any formula containing T
points to the whole world as well.

In my application domain, the elementary cells of a document world corre-
spond to the text zones of the document that contain the information related to the
atomic metadata of interest. For example, in Fig. 3. the PDF document [15] from
which I perform the metadata extraction in the example in Section 4., the title
metadata zone is highlighted in red, the author metadata zone in blue, the journal
metadata zone in yellow, and finally the keywords metadata zone in green. Meta-
data title zone with its atomic metadata correspond to cell ¢;, metadata author to
cell ¢y, metadata journal to cell ¢3, and finally, metadata keywords to cell cﬂ

®My application domain primarily involves the extraction of structured, descriptive metadata from
scientific articles in PDF format. In this setting, atomic metadata — such as the article title,
author(s), journal, and keywords — are identified in distinct text zones of the document, each of
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Alchemical free energy calculations have become a standard and widely used tool, in particular for calculating and compar-
ing binding affinitics of drugs. Although methods to compute such free energies have improved significantly over the last
decades, the choice of path between the end states of interest is usually still the same as two decades ago. We will show that
ther is a fundamentally arbitrary, implicit choice of parametrization of this path. To address this, the notion of the kength
of a path or a metric is required. A metric recently introduced in the context of the accekerated weight histogram method
also proves to be very useful here. We demonstrase that this metric can not only improve the efficiency of sampling along a

given path, but that it can also be used to improve the actual choice of path. For a set of relevant use cases, the combination

method

pathway of (un)

of these imp can increase the effi of free energy by up to a factor 16.
y Alchemical free energy - Lambda path -A d weight hi

1 Introduction binding free energy of two {or more) ligands to a proein by
computing the difference in the free energy of mutating the

In ical fr Iy ions the nature of the sim-  ligand when bound to the protein and when in solution. This

ulated particles is changed. The goal of classical istry  avoids ing the, physical or unphysi

‘was to obtain mom precious materials from cheaper ones.  binding the ligand and the protein. [2, 3]

In ical free energy the goal is to obtain Initially, the main use of alchemical free energy calcula-

the difference in free energy between systems of different
composition or with different interactions. A single such
free energy difference between different chemical states is
not useful by itself. But when considering thermodynamic
cycles, a closed loop of multipk: of such free energy dif-
ferences between multiple states, meaningful free energy
differences can be computed, see e.g. [1]. The power of
alchemical free energy calculations lies in the property that
two (or more) well chosen alchemical transformations can
ofien kead to much fhici than

tions was to parametrize and validate molecular mechan-
ics force fields, in particular for protins. [4-9] A common
check is to compare the free energies of compounds in dif-
ferent solvents with experiment. Here the compound is (de)
coupled from the solvent by scaling the interactions of the
compound with the solvent. Over the: last two decades drug
binding free encrgics have become one of the main appli-
cation arcas of mokcular simulations. [10-13] However,
there are still few, if any, marketed drugs developed using

the physical pathway between the states one is interested in.
A typical example is the computation of the difference in

lecular dynamics based binding free energy calculations.
[14] Here one can distinguish absolute binding free energy
caleulations, which are in method similar to solvation free

energy calculations but with additional restraints, and the
melative fie gy diffie between binding of two differ-
ent drugs to the same molecule or one drug to different mol-
ecules. Relative free energy differences are obtained using
alchemical transformations of the ligand or binding partners.
‘When the goal is to compute free energy differences of many
rather similar molecules, this enables efficient free energy
calculations by alchemical transformation of a few atoms for
each edge in a graph of molecules.
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Figure 3: Document with highlighted metadata.

In addition, I denote with m the atomic extracted metadata, to wich I add a spe-
cific subscript according to whether it is a metadata title m;, metadata author m,,
metadata journal m;, and metadata keywords my. In this way, my language has
only sentences expressed by a particular propositional formula p having the form

ey

where V indicates a particular predicate or properties that a metadata can in-
stantiate (or have, or exemplify). Metaphysically speaking, a metadata must be

p=Vm

which is critical for establishing the document’s identity and relevance in data indexing, retrieval,
and analysis. These text zones align with specific cells in my framework, allowing logical and
algebraic tools to assess metadata consistency and completeness within each zone.
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EANY3

understood as an object. I use the term ‘object’ “as applying to whatever bears
properties” [[16]]. In more detail, a metadata may satisfy a particular predicate V
denoting the property in question or, equivalently, make true the corresponding
sentences p. Metadata are objects, for they are property—bearerﬂ Formally, V in-
dicates the element’s content of a specific metadata in the XML markup language
produced by Cermine. For example, given a scientific article, if Cermine extracts
the following XML as metadata author value

<contrib contrib-type= >
<string-name>Aristotle</string-name>
</contrib>

then V = Aristotle and therefore

p = Aristotle m, 2)

The propositional formula p should read ‘metadata author is Aristotle’. These
aspects allow the development of intuition of how a sentence is related to the doc-
ument world. Let p;, 2 = 1, ..., 4, be the sentence expressing the proposition that
cell 7 of my toy world instantiates (or has, or exemplifies) the atomic metadata
information of the text zones of the PDF document of interest. Let us assume that,
po states that the second cell of the document world instantiates Aristotle, and
therefore it expresses a false proposition and metadata is not correctly extracted
(for this reason I coloured the cell red), while p3 states that the third cell of the
document world instantiates The Protein Journal, thus expressing a true proposi-
tion and a correct metadata extraction (for this reason I coloured the cell green).
Also in my application domain “it makes perfect sense to assume that a sentence
of this kind points to a situation and describes what is going on in it”[9]]. Indeed,
in Fig. 4. p, points to the second cell and describes it as containing the word
‘Aristotle’ (not correctly) and, similarly, ps points to the third cell and describes it
as containing the word ‘The Protein Journal’ (correctly).

The final step is to define when an extraction is complete and consistent. A key
challenge of data quality arises from the fact that the extracted information may
exhibit bias, noise, outdatedness, inaccuracies, and misleading elements, render-
ing it unreliable. For this reason, I adapt the general definitions of completeness
and consistency to the domain of metadata extracted from scientific articles:

- Completeness refers to the capability of a specific metadata extraction to
represent all and only true propositional formulas p about the relevant as-
pects of the document;

- Consistency refers to the capability of atomic metadata to comply without
contradictions to all document properties.

"For a Meinongian interpretation of mathematical objects see [17? ].
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Figure 4: p, points to the second cell, and ps points to the third cell.

Where by ‘relevant aspects’ I mean that the atomic metadata bears exactly the rel-
evant part of the text of the document without errors, e.g. the title not being given
in full or with additions, while by ‘document properties’ I mean that the atomic
metadata does not bear information falling under another class of metadata, e.g.
that in the abstract metadata no information falling under the keywords metadata
is also added.

3 Syntax and Semantic

Given these general theoretical issues, my basic language L consists of a non-
empty set Q of propositional variables, with a characteristic member of Q being
p; (where 7 is some natural numberf] and the following logical constants: T (top);
— (negation); A (conjunction); V (disjunction); — (classical implication); and the
bracketsﬂ The set F'm(L) of formulas of £ is defined inductively according to
the following grammar:

0P =P | T | =0 (0AD) ]| (6V )] (¢— ) 3)

where p € Q.

As I have already specified, my semantic framework is a development of possible
worlds semantics: “the content of a sentence is defined both in terms to the set of
worlds at which it is true and in terms of the situation it points to” [9]. For this
reason, the notion of a model for L is defined based on the notion of a situation
frame.

Definition 2. A situation frame for L is a tuple (W, R, S) where

8Given our application domain, §) is finite (therefore, for some n, {) = {P1,P2,..-,Pn}). Luse the
variable p to range over the elements of Q.

°I remove the outermost parentheses and assume that conjunction and disjunction bind stronger
than the conditional.
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- W £0;
- R:W — P(W)is such that w € R(w);

- S : W — Sissuch that S,, is a situation space (Sit,,, 1,,, U,,).

Intuitively, W is a set of possible worlds, while R is a function that associates
each world w € W with the set R(w) of worlds that are accessible from it. It
is important specify that (W, R) coincides with a modal frame with a reflexive
relation. S is a function that associates each world w € W with a situation space.
In general, “the underlying idea is that every propositional variable is viewed as
a device that points to a certain situation at a certain world and describes the way
things are in that situation” [9]. This idea can be made more precise through a
specific reference function for sentences.

Definition 3. A reference function o for a frame for L is a function

o: W x Fm(L) = J,ew Sitw such that

ow(P) € Sity; (4)
0w($) = 1o, if T occours in ¢; Q)
0uw(9) = Up{ow(p) : p € Q¢)}, if T does not occour in ¢. (6)

In this way, “the referent of a propositional variable at a world is the situation it
points to at that world, while the referent of a complex formula at a world is the
join of the referents of its components at that world” [9].

Definition 4. A situation model for L is a tuple (W, R, S, 7, V') where
- (W, R, S) is a situation frame;
- o is a reference function for (W, R, S);

- Vi W x Q — {1,0} is a valuation function.

V" associates each pair constituted by a world w € W and a propositional variable
p € Q with a truth value, the truth value of j at w.

Definition 5 Truth of a formula at world in a model for £. Let M be a situation
model for £. The notion of truth is defined so that

MwkET (7)
Mowk=p  iff V,(p) =1 ®)
M,wl==¢ iff M,w - ¢ ©)
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M,wkE= oA iff M,wl= ¢and M, w = 1) (10)
MwkE= ¢V iff M,w = ¢or Mw =1 (11)
MwlkE¢—1 iff M,wp ¢or M,w 1 (12)

Definition 6. The relation - of logical consequence for L is defined so that
AII— gb iff, for all M and w, M, w ):AonlylfM w ):¢
whereACEandM w ):AlffM w =6 forall € A,

System (E, I-#) is my basic semantic system of situation-based modal logic.

4 An Application Case

In this section, I analyze how my logical system can be applied to data mining.
Given the PDF [[15] and focusing only on the metadata title (V1m; = p,), authors
(Vamg = po), journal name (Vym; = ps), and keywords (V4my, = p4), Cermine
extracts the following metadata.

w3.0rg/1999/xlink">

/journal-title=

Figure 6: Metadata keywords in XML extracted by Cermine.
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As can be easily observed in Fig. 5. and fig. 6., Cermine correctly extracts all the
required metadata; therefore, all the cells in Fig. 7. are gree

Figure 7: A consistent and complete toy world.

In this case, the metadata extraction performed on the document can be considered
both consistent and complete based on the previously defined criteria. Specifi-
cally, completeness is achieved by ensuring that the atomic metadata accurately
represents all relevant aspects of the document, capturing only the necessary con-
tent without omissions or extraneous additions. Consistency is maintained by
aligning atomic metadata strictly with the properties of the document, avoiding
overlaps between different metadata classes — such as ensuring that abstract meta-
data remains distinct from keywords metadata. These adapted definitions of com-
pleteness and consistency, tailored to the domain of metadata extraction from sci-
entific articles, offer a reliable framework for evaluating the accuracy and quality
of the extracted information. Naturally, since the extraction is correct and com-
plete, it is straightforward to verify that specific propositions follow as conse-
quences. As examples, I demonstrate the following logical consequences using
the method of analytic tableaux [19].

Example 1.
(P1 = P2) A (P2 — p1), p1 IF Do (13)

To determine whether ps is a logical consequence, it is sufficient to construct a
countermodel with true premises and a false conclusion.

Proof.
(D1 — D2) A (P2 — P1), P1 ¥ Do

10Tn Fig. 7., for the sake of convenience, I report only the green colour of the cell without writing
the relevant atomic metadata in each cell.
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L. (1 = Pa2) A (P2 — 1) Premise

2. D1 Premise

3. —pa Denied conclusion

4. (D1 — P2) from 1.

5. (P2 — P1) from 1.
/\

6. —p1 X P2 X from 4.

]

Since the tree is closed (%), there is no countermodel for the sequence; thus, it is
never the case that all premises are true and the conclusion is false. Therefore, the
sequence is valid and sound, and p- is a logical consequenceﬂ

Example 2.
p1— (P2 = P3), P1 — —P2 IF P — P (14)
Proof.
p1— (P2 — P3), P1 — —P2 ¥ P1 — Ps
1. p1— (P2 — P3) Premise
2. P1 — TP2 Premise
3. —(pr — Ps) Denied conclusion
4, D1 from 3.
5. —Ps3 from 3.
6. —pp X Do — P3 from 1.
7. —p1 X —Pg X from 2.
8. —Po® P3 X from 6.

Since the tree is not closed (©), p1 — ps3 1s not a logical consequence.

5 Conclusion

In this paper, I have examined how foundational principles of modal and algebraic
logic can meaningfully address the critical issue of data veracity within descrip-
tive metadata for scientific articles. By aligning the zones of an article with an

For an introduction to proof theory see [20]], and for its application to data science see [21]].
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algebraic situation space, I have crafted a framework in which atomic metadata
functions as verifiable, representative components of the document world. This
approach facilitates a rigorous assessment of metadata veracity by grounding it in
well-defined logical standards of completeness and consistency: completeness en-
sures that all relevant facets of an article are represented fully, while consistency
confirms that the metadata accurately reflects the document’s structure without
contradictions. The significance of data veracity within the broader context of
data science and Big Data cannot be overstated. With the exponential growth of
digital data, the need for reliable and quality information has become paramount.
By applying situation-based modal logic to metadata veracity, this study not only
advances a logical, structured methodology for verifying the accuracy of extracted
metadata but also emphasizes that quality in Big Data depends heavily on data ve-
racity. High-quality data infrastructures — especially in scientific domains — rely
on rigorous, consistent, and comprehensive data, which is vital for supporting
valid analysis and trustworthy insights in fields ranging from academia to indus-
try. This work represents an important step toward reinforcing the integrity of
scientific metadata in a digital age, where vast amounts of data are at risk of be-
ing compromised by inaccuracies or inconsistencies. The future developments
of my research will focus on: i) refining the logical tools employed by applying
mathematical methods characteristic of topology [22]; and ii) implementing an
innovative framework of knowledge extraction based on mathematical logic.
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