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Response to Decision Letter

Symbolic Knowledge Extraction and Injection with Sub-symbolic Predictors:
a Systematic Literature Review

Dear Editors,

this is our revision of the survey “Symbolic Knowledge Extraction and Injection with Sub-symbolic
Predictors: a Systematic Literature Review” which was submitted to the CSUR special issue on
“Trustworthy Al” on August 08, 2022. The paper went through one round of revision, and it got
two major and one minor revision recommendations from the anonymous reviewers. Then,
because of the high number of submissions on the special issue, the editors invited as to resubmit
the paper in main track after major revision.

In the new version of the survey, we addressed the concerns of the reviewers, and updated our
survey to include contributions up to 2023. This changed the total amount of surveyed methods,
which is now 246 (it was 176, before). We also analysed the surveyed methods w.rt. the
presence / lack of runnable software implementations, and extended the survey accordingly on
this regard.

Accordingly, in what follows, we report detailed response to the reviewers’ concerns.

Reviewer 1

[Reviewer 1 provided a very long review: 8 pages long. Here, we just quote the summary the
reviewer wrote at the end of their review, and we answer to that.]

o Bring forward to the introduction section the definition/explanation of opacity,
with a reference, and explain clearly what is the paper’s stance for the
discussion that follows.
We edited the introduction to mention opacity since very beginning of the paper, and we now
clarify that we refer to Burrell’s third definition (i.e. “Opacity as the way algorithms operate at the

scale of application”)

o Revise the existing discussion on interpretability to account for the current
debate in this topic, and explain why you choose the interpretability route.
(This can be an opportunity to link better opacity, interpretability, and
explanation, leading to trustworthy Al).
We tried our best to improve the discussion in section 2.3 (the section about XAl), to welcome the
reviewer’s suggestions. However, the space is limited and the discussion is long and deep. So we
just provide insights and we forward the reader towards relevant readings on these discussions—

we include both our papers, and the ones suggested by the reviewers.

o Explain better the terms that would make a system’s predictions more
understandable.
Here, we tried to address altogether the many recommendations from the reviews’ sec. 2.2

(“specific remarks”). As a result, we did our best to link our discussion on XAl to Trustworthy Al, as
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the reviewer recommended. In particular, we added the suggested references to our section 2.3.
We also clarified the link among “interpretation” and computational logic, by explicitly mentioning
model theory.

© Reference better the increasing amount of surveys on explainability (see 4th
paragraph of section2.2)
We included and explicitly mention relevant surveys about XAl, and, in particular the ones

recommended by the reviewer. Clearly, for the very systematic nature of SLR, we cannot consider
them directly as secondary works without compromising the reproducibility of the SRL itself.

© Distinguish whether methods are theoretical or accompanied with
experimental/practical evaluations, and give Venn diagrams that classify
these.
o Distinguish methods that are accompanied with tools and platforms that use
these tools, where applicable, and provide Venn diagrams to illustrate the
results.
We did extend the survey to take software implementations into account. As explained in section

3, we now distinguish among methods coming with no software implementations, experimental
code, or reusable libraries. Summaries and statistics are now reported in the paper, while the
supplementary material provide details (e.g. the exact URLs of source code repositories).

o Justify better why SKE is to be preferred from other approaches based on ML
only e.g. work on Disentangled Representation Learning for interpretability.
There is no preference of SKE over ML-only methods. The point is just that, our survey focuses on

symbolic knowledge. This is an a-priori choice of ours, which should not be read as a statement
that SKE is superior w.r.t. purely sub-symbolic methods. We are aware that many methods exist for
XAl that to not rely on symbolic knowledge. For instance, LIME and SHAP are well-known methods
for XAl which do not exploit symbolic knowledge, despite being very effective and widely adopted.
However, as for Disentangled Representation Learning, we did not report them because they did
not fit our selection criteria.

o Give references of hybrid agent systems of the kind envisaged in the work,
past and present.
The reviewer’s comments made us understand that the prior version of the paper was too much

centred on agents. That was unintended and misleading, hence we totally understand the
confusion of the reviewer. For this reason, we rephrased the paper in such a way to minimise
references to the multi-agents system literature.

o Justify why the types of computational logics referred to in the work were
selected
In section 2, we provide an overview on computational logic, and then we detail notable sorts of

logics. We provide more details for the types of logic which are most frequent among the surveyed
methods. We chose not to report types of logic that were not exploited by any surveyed SKE/SKI
method (e.g. higher-order logics).

It is unclear whether the lack of the supplementary material was due to an
accidental omission, or due to a technical submission error, but this will need to
be provided with the revised version.
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We uploaded the supplementary material since the very first submission, and so we did for any
subsequent submission. That said, we acknowledge that the lack of supplementary materials may
hinder the understanding of our paper. We are sorry for the inconvenience. In the next round of
revision, we will explicitly ask the editors to forward supplementary materials to all reviewers. We
also thank the reviewer for providing such a detailed review, despite lacking the supplementary
materials. We hope that they manage to access the supplementary material in the next round, as
we provide many details about the surveyed methods in there.

Additional Questions:

* Istheinformation in the paper sound, factual, and accurate?: Yes
° If not, please explain why: <empty>

* Rate how well the ideas are presented (very difficult to understand=1), very easy to
understand=5): 3

* Rate the overall quality of the writing (very poor=1), (excellent=5): 4

* Rate the technical quality (very high=5), (high=4), (moderately high=3), (low=2), (very
low=1): 4

* Rate the relevance to significant areas of research or practice (very high=5), (high=4),
(moderately high=3), (low=2), (very low=1): 4

* Rate the general level of interest (very high=5), (high=4), (moderately high=3), (low=2),
(very low=1): 4

* Does this paper cite and use appropriate references?: No
o If not, what important references are missing?: See attached pdf.

* Should anything be deleted from or condensed in the paper?: No
o If so, please explain:

* s the treatment of the subject complete?: No
o If not, what important details/ideas/analyses are missing?: See attached pdf.

* Please help ACM create a more efficient time-to-publication process: Using your best
judgment, what amount of copy editing do you think this paper needs?: Moderate

*  Most ACM journal papers are researcher-oriented. Is this paper of potential interest to
developers and engineers?: Yes

Reviewer 2

This survey paper is a very complete and informative work, presenting the state
of the art regarding the relationship between symbolic knowledge and popular
supervised machine learning techniques. This relationship is analyzed from both
direction, that is, the extraction of knowledge from predictors, with impact e.qg.
on explainability and interpretation, and the injection of knowledge into ML
predictors, e.g. to improve their classification performance or tune their behavior.
The survey is well organized. The background section is very rich and informative,
and it ties together a variety of topics and terminologies which would otherwise
result overwhelming.
The actual survey is carried out following a sound and tested methodology, which
is clearly described in detail along with the results it produced.
The results of the survey are presented in the form of a series of taxonomies,
organizing twenty years of work in SKE and SKI.

We thank the reviewer for their nice words.
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The conclusions are relatively short. However, the results are discussed along the

paper when they are presented. Perhaps key statements or keywords of

observations about the findings could be highlighted to make them stand out

better.
Conclusions are deliberately short: the main “findings” of the paper are distilled in the taxonomies
presented in sec. 5, hence the conclusion section simply summarises it.

One minor issue: Figure 2 on page 12 is only supported by the bibliographical

reference [45]. While its general meaning is clear, it seems that the axes

represent scales which are not clear to the reader. In other word, what do exactly

"interpretability" and "predictive performance" mean in this chart?
The figure is deliberately ambiguous. As stated in [45] and as reported in the text, the main issue
with interpretability is that it is subjective, and there is no actual measure of it. Predictive
performance, in turns, is a general term referring to the score of choice for assessing a ML
predictor (e.g. “accuracy” for predictors exploited in classification tasks, or “mean square errors”
for regression tasks).

The whole point of the discussion around the figure is to report commonsense knowledge about
what ML models are considered more (or less) “interpretable” by ML experts. To better clarify
what we mean, in that section we report one particular notion of algorithmic opacity (from Burrell
[11]) — namely, the one we adopt in the paper — and we argue how “interpretability” is to be read
as “lack of opacity”.

Additional Questions:

e |stheinformation in the paper sound, factual, and accurate? Yes

e Rate how well the ideas are presented (very difficult to understand=1), very easy to
understand=5): 5

e Rate the overall quality of the writing (very poor=1), (excellent=5): 5

e Rate the technical quality (very high=5), (high=4), (moderately high=3), (low=2), (very
low=1): 5

e Rate the relevance to significant areas of research or practice (very high=5), (high=4),
(moderately high=3), (low=2), (very low=1): 5

e Rate the general level of interest (very high=5), (high=4), (moderately high=3), (low=2),

(very low=1): 5

Does this paper cite and use appropriate references? Yes

Should anything be deleted from or condensed in the paper? No

Is the treatment of the subject complete? Yes

If not, what important details/ideas/analyses are missing? <empty>

Please help ACM create a more efficient time-to-publication process: Using your best

judgment, what amount of copy editing do you think this paper needs? Light

e Most ACM journal papers are researcher-oriented. Is this paper of potential interest to
developers and engineers? Maybe

Reviewer 3

A systematic literature review (SLR) is done to find and categorize various
Symbolic Knowledge Extraction (SKE) and Injection, SKI, based predictors (ML
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algorithms) in the literature. Two main goals are divided into 9 research
questions.
The research questions are now 10: we added one focusing on software technologies.

Related literature was collected from scientific databases that was analyzed
further. The paper is well-written with a nice structure. The contents are provided
in detail.

We thank the reviewer for the nice words.

However, the main limitation is the novelty. Some surveys are already present in

the literature on the black box nature of ML algorithms and how users/human

can interpret or properly understand the internal working of these algorithms.
As we state in the paper, we used several prior surveys one of the starting point for our literature
exploration. Arguably, our survey is unprecedented in both depth and breadth: we survey more
works, more in detail as demonstrated by the fact that our taxonomies are richer. Also, this is (to
the best of our knowledge) the only survey jointly considering both SKE and SKI.

Moreover, | am not sure whether this paper focus is on all predictors or Decision

trees (DT) and neural networks (NN). From section 2, it seems the focus is on two

predictor types (DT and NN).
Our survey focuses on predictors of all sorts. In fact, the figures in section 4, and the tables in the
supplementary materials report methods involving other sorts of predictors (e.g. SVM).
Nevertheless, DT and NN are, by far, the most frequent ones, and this is why we detailed them in
the background section. Another reason why we do so is that DT and NN are notable
representatives of models which are commonly considered highly and poorly interpretable, so
believe they serve as clarifying examples in sec. 2.

Some more comments/suggestions.
1. Section 1 heading should he Introduction.
Fixed

2. No details are provided for HOL in section 2.2.2. why? as it is mentioned in the

first paragraph of section 2.2. Moreover, the results section shows that no SKI is

present with HOL formalisms in the literature.
The “HOL” acronym is not defined in our paper, so in this response we assume it refers to “higher-
order logics”. Under this assumption, the choice of citing HOL without discussing it is deliberate,
and it is due to the fact that we did not find any SKE or SKI method covering HOL.

3. Itis interesting that Web of Science (WoS) is not used for paper collection.

Why? as WoS and Scopus are the two most popular scientific databases.
We did use WoS in the early phases of our review, however we expected it to return proper
subsets of results provided by Scopus and Scholar. We believe this is very common in this field. As
our expectation proved correct in practice, we didn’t report WoS any further, in order to simplify
the presentation of the paper and to reduce the burden of reproducibility.

This line "For each search engine and query pair, we consider the first two pages
of result" is confusing. How many papers were present in the first two pages? It
would be better if authors add a table that provides the stats for the paper
collected from each database.
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We thank the reviewer for the nice suggestion. Sadly, there is no more room in the paper because
of the page limitation (35, ref included). Maybe this detail could be reported in supplementary
material?

The first query keywords include NN and SVM. | think this query is contradicting

the third query keyword where ML is used.
We believe there is no contradiction. According to our experience, it is quite common for
researchers in the field of ML to stick one sort of predictor and refer to that instead of ML. This is
why we refer to either ML in general or to specific sorts of predictors in our queries. Concerning
the choice of NN and SVM, we explicitly mention them because our expectation (then confirmed
by the retrieved data) was that NN and SVM are the sorts of model which would benefit more of
SKE.

4. How this SLR is different from some previous surveys such as [6, 12, 16, 24].
See above.

5. What are the main limitations and implications of this research? They should
be discussed in Section 5

We agree. In fact, we added a “Limitations” sub-section in section 5, and a paragraph in the
conclusions summarising the implications.

Additional Questions:

e |s the information in the paper sound, factual, and accurate?: Yes
o If not, please explain why: <empty>
e Rate how well the ideas are presented (very difficult to understand=1), very easy to
understand=5): 4
e Rate the overall quality of the writing (very poor=1), (excellent=5): 4
e Rate the technical quality (very high=5), (high=4), (moderately high=3), (low=2), (very
low=1): 3
e Rate the relevance to significant areas of research or practice (very high=5), (high=4),
(moderately high=3), (low=2), (very low=1): 3
e Rate the general level of interest (very high=5), (high=4), (moderately high=3), (low=2),
(very low=1): 3
e Does this paper cite and use appropriate references?: No
o If not, what important references are missing?: Add more references particularly in
sections 3 and 4.
e Should anything be deleted from or condensed in the paper?: No
o If so, please explain: <empty>
e [sthe treatment of the subject complete?: No
o If not, what important details/ideas/analyses are missing?: See comments to
authors for more details.
e Please help ACM create a more efficient time-to-publication process: Using your best
judgment, what amount of copy editing do you think this paper needs?: Moderate
e Most ACM journal papers are researcher-oriented. Is this paper of potential interest to
developers and engineers?: Maybe



Page 7 of 65 Computing Surveys

oNOYTULT D WN =

Symbolic Knowledge Extraction and Injection with
Sub-symbolic Predictors: a Systematic Literature Review

GIOVANNI CIATTO, Dipartimento di Informatica — Scienza e Ingegneria, ALMA MATER STUDIORUM—
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In this paper we focus on the issue of opacity of sub-symbolic machine-learning predictors by promoting
two complementary activities—namely, symbolic knowledge extraction (SKE) and injection (SKI) from and into
sub-symbolic predictors. We consider as symbolic any language being intelligible and interpretable for both
humans and computers. Accordingly, we propose general meta-models for both SKE and SKI, along with
two taxonomies for the classification of SKE/SKI methods. By adopting an eXplainable AI (XAI) perspective,
we highlight how such methods can be exploited to either mitigate the aforementioned opacity issue. Our
taxonomies are attained by surveying and classifying existing methods from the literature, following a
systematic approach, and by generalising the results of previous surveys targeting specific sub-topics of either
SKE or SKI alone. More precisely, we analyse 129 methods for SKE and 117 methods for SKI, and we categorise
them according to their purpose, operation, expected input/output data and predictor types. For each method,
we also indicate the presence/lack of runnable software implementations. Our work may be of interest for data
scientists aiming at selecting the most adequate SKE/SKI method for their needs, and also work as suggestions
for researchers interested in filling the gaps of the current state of the art, as well as for developers willing to
implement SKE/SKI-based technologies.

CCS Concepts: « Theory of computation — Logic; Machine learning theory; « Computing methodologies
— Hybrid symbolic-numeric methods; Knowledge representation and reasoning.

Additional Key Words and Phrases: machine learning, logic, symbolic knowledge extraction, symbolic knowl-
edge injection
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ACM Reference Format:

Giovanni Ciatto, Federico Sabbatini, Andrea Agiollo, Matteo Magnini, and Andrea Omicini. 2023. Symbolic
Knowledge Extraction and Injection with Sub-symbolic Predictors: a Systematic Literature Review. ACM
Comput. Surv. 1, 1 (August 2023), 35 pages. https://doi.org/XXXXXXX. XXXXXXX

1 INTRODUCTION

In the context of artificial intelligence (AI), more and more critical applications are being developed
that rely on machine learning (ML). This promotes a data-driven approach to the engineering
of intelligent computational systems where hard-to-code tasks are (semi-)automatically learned
from data rather than manually programmed by human developers. Tasks that can be learned this
way range from text [42] to speech [41] or image recognition [60], stepping through time series
forecasting, clustering, and so on. Applications are manifold, and make our life easier in many
ways—e.g., via speech-to-text applications, email spam and malware filtering, customer profiling,
automatic translation, virtual personal assistants, and so forth.

Learning, in particular, is automated via ML algorithms, often implying numeric processing of
data—which in turn enables the detection of fuzzy patterns or statistically-relevant regularities in
the data, which algorithms can learn to recognise. This is fundamental to support the automatic
acquisition of otherwise hard-to-formalise behaviours for computational systems. However, flexi-
bility comes at the cost of poorly-interpretable solutions, as state-of-the-art sub-symbolic predictors
- such as neural networks - are often exploited behind the scenes.

These predictors are commonly characterised by opacity [10, 32], as the interplay among the
complexity of the data and the algorithms they are trained upon/with makes it hard for humans to
understand their behaviour. Hence, by “interpretable” we here mean that the expert human user
may observe the computational system and understand its behavior. Even though the property is
not always required, there exist safety-, value-, or ethic-critical applications where humans must
be in full control of the computational systems supporting their decisions or aiding their actions.
In those cases, the lack of interpretability is a no-go.

State-of-the-art ML systems rely on a collection of well-established data mining predictors, such
as neural networks, support vector machines, decision trees, random forests, or linear models.
Despite the latter sorts of predictors being often considered as interpretable in the general case,
as the complexity of the problem at hand increases (e.g., dimensionality of the available data)
trained predictors become more complex, hence harder to contemplate, and therefore less inter-
pretable. Nevertheless, these mechanisms have penetrated the modern practices of data scientists
because of their flexibility, and expected effectiveness—in terms of predictive performance. Unfor-
tunately, a number of experts have empirically observed an inverse proportionality relation among
interpretability and predictive performance [13, 45]. This is the reason why data-driven engineer-
ing efforts targeting critical application scenarios nowadays have to choose between predictive
performance and interpretability as their priority: we call this the interpretability-performance
trade-off.

In this paper we focus on the problem of working around the interpretability-performance trade-
off. We do so by promoting two complementary activities, namely symbolic knowledge extraction
(SKE) and injection (SKI) from and into sub-symbolic predictors. In both cases, “symbolic” refers
to the way knowledge is represented. In particular, we consider as symbolic any language that is
intelligible and interpretable for both human beings and computers. This includes a number of logic
formalisms, and excludes the fixed-sized tensors of numbers commonly exploited in sub-symbolic
ML.

ACM Comput. Surv., Vol. 1, No. 1, Article . Publication date: August 2023.
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Intuitively, SKE is the process of distilling the knowledge a sub-symbolic predictor has grasped
from data into symbolic form. This can be exploited to provide explanations for otherwise poorly-
interpretable sub-symbolic predictors. More generally, SKE enables the inspection of the sub-
symbolic predictors it is applied to, making it possible for the human designer to figure out how
they will behave. Conversely, SKI is the inverse process of letting a sub-symbolic predictor follow
the symbolic knowledge possibly encoded by its human designers. It enables a higher degree
of control over a sub-symbolic predictor and its behaviour, by constraining it with human-like
common-sense—suitably encoded into symbolic form.

Apart from insights, notions such as SKE and SKI have rarely been described in general terms
into the scientific literature—despite the multitude of methods falling under their umbrellas. Hence,
the aim of this paper is to provide general definitions and descriptions of these topics, other than
providing durable taxonomies for categorising present and future SKE/SKI methods. Arguably,
these contributions should take into account the widest possible portion of scientific literature, so
as to avoid subjectivity. Accordingly, in this paper we propose a systematic literature review (SLR)
following the three-folded purpose of (i) collecting and categorising existing methods for SKE and
SKI into clear taxonomies, (ii) providing a wide overview of the state of the art and technology, and
(iii) detecting open research challenges and opportunities. In particular, we analyse 129 methods
for SKE and 117 methods for SKI, classifying them according to their purpose, operation, expected
input/output data and predictor types. For each method, we also probe the existence/lack of software
implementations.

To the best of our knowledge, our survey is the only systematic work focussing on both SKE
and SKI algorithms. Furthemore, w.r.t. other surveys on these topics, our SLR collects the greatest
number of methods. In doing so, we elicit a meta-model for SKE (resp. SKI) according to which
existing and future extraction (resp. injection) methods can be categorised and described. Our
taxonomies may be of interest for data scientists willing to select the most adequate SKE/SKI
method for their needs, and also work as suggestions for researchers interested in filling the gaps of
the current state of the art, or developers willing to implement SKE or SKI software technologies.

Accordingly, the remainder of this paper is organised as follows. Section 2 shortly recalls the state
of the art for machine learning, symbolic Al, and XAl aimed at providing readers with a fast-track
access to most of the concepts and terms used in the paper. Section 3 delves into the details of
what we mean by SKE and SKI, and explains how this SLR is conducted: there, we declare our
research questions and describe our research methodology. Then, Section 4 answers our research
questions, summarising the results of the analysis of the surveyed literature. The same results are
then discussed in Section 5, where major challenges and opportunities are elicited. Finally, Section 6
concludes the paper.

2 BACKGROUND
2.1 Machine Learning
A famous definition of machine learning by [39] states:

a computer program is said to learn from experience E with respect to some class of tasks
T and performance measure P if its performance at tasks in T, as measured by P, improves
with experience E.

This definition is very loose, as it does not specify (i) what are the possible tasks, (ii) how perfor-
mance is measured in practice, (iii) how / when experience should be provided to tasks, (iv) how
exactly the program is supposed learn, and (v) under which form learnt information are represented.
Accordingly, depending on the particular ways these aspects are tackled, a categorisation of the
approaches and techniques enabling software agents to learn may be drawn.

ACM Comput. Surv., Vol. 1, No. 1, Article . Publication date: August 2023.



oNOYTULT D WN =

Computing Surveys Page 10 of 65

4 Ciatto et al.

Three major approaches to ML exist: namely, supervised, unsupervised, and reinforcement learning.
Each approach is tailored on a well-defined pool of tasks, which may, in turn, be applied in a
wide range of use case scenarios. Accordingly, differences among three major approaches can be
understood by looking at the sorts of tasks T they support — commonly consisting of the estimation
of some unknown relation —, and how experience E is provided to the learning algorithm.

In supervised learning, the learning task consists of finding a way to approximate an unknown
relation given a sampling of its items—which constitute the experience. In unsupervised learning,
the learning task consists of finding the best relation for a sample of items — which constitute the
experience —, following a given optimality criterion intensionally describing the target relation.
In reinforcement learning, the learning task consists of letting an agent estimate optimal plans
given the reward it receives whenever it reaches particular goals. There, the rewards constitutes
the experience, while plans can be described as relations among the possible states of the world,
the actions to be performed in those states, and the rewards the agents expects to receive from
those actions.

Several practical Al problems — such as image recognition, financial and medical decision
support systems — can be reduced to supervised ML—which can be further grouped in terms of
either classification or regression problems [29, 49]. Within the scope of sub-symbolic supervised
ML, a learning algorithm is commonly exploited to approximate the specific nature and shape of an
unknown prediction function (or predictor) #* : X — Y, mapping data from an input space X into
an output space Y. There, common choices for both X and Y are, for instance, the set of vectors,
matrices, or tensors of numbers of a given size—hence the sub-symbolic nature of the approach.

Without loss of generality, in the following we refer to items in X as n-dimensional vectors
denoted as x, whereas items in Y are m-dimensional vectors denoted as y—despite matrices or
tensors may be suitable choices as well.

To approximate function 7%, supervised learning assumes that a learning algorithm is in place.
This algorithm computes the approximation by taking into account a number N of examples
of the form (x;,y;) suchthatx; € X ¢ X,y; € Y € Y, and |X| = |Y| = N. There, the set
D ={(x4,y:) | x; € X,y; € Y} is called training set, and it consists of (n + m)-dimensional vectors.
The dataset can be considered as the concatenation of two matrices, namely the N X n matrix
of input data (X) and the N X m matrix of expected output data (Y). There, each x; represents an
instance of the input data for which the expected output value y; = 7% (x;) is known or has already
been estimated. Notably, such sorts of ML problems are said to be “supervised” because the expected
outputs Y are available. Furthermore, the function approximation task is called regression if the
components of Y consist of continuous or numerable - i.e., infinite — values, classification if they
consist of categorical - i.e., finite — values.

2.1.1  On the Nature of Sub-Symbolic Data. ML methods, and sub-symbolic approaches in general,
represent data as (possibly multi-dimensional) arrays (e.g., vectors, matrices, or tensors) of real
numbers, and knowledge as functions over data. This is particularly relevant as opposed to symbolic
knowledge representation approaches, which represent data via logic formulee (cf. Section 2.2).
In spite of the fact that numbers are technically symbols as well, we cannot consider arrays and
their functions as means for symbolic knowledge representation (KR). Indeed, according to [51], to
be considered as symbolic, KR approaches should (a) involve a set of symbols, (b) which can be
combined (e.g., concatenated) in possibly infinite ways, following precise grammatical rules, and
(c) where both elementary symbols and any admissible combination of them can be assigned with
meaning—i.e., each symbol can be mapped into some entity from the domain at hand. Below, we
discuss how sub-symbolic approaches most typically do not satisfy requirements (b) and (c).
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Vectors, matrices, tensors. Multi-dimensional arrays are the basic brick of sub-symbolic data
representation. More formally, a D-order array consists of an ordered container of real numbers,
where D denotes the amount of indices required to locate each single item into the array. We may
refer to 1-order arrays as vectors, 2-order arrays as matrices, and higher-order arrays as tensors.

In any given sub-symbolic data-representation task leveraging upon arrays, information may
be carried by both (i) the actual numbers contained into the array, and (ii) their location into the
array itself. In practice, the actual dimensions (d; X ... X dp) of the array play a central role as
well. Indeed, sub-symbolic data processing is commonly tailored on arrays of fixed sizes—meaning
that the actual values of dy, . .., dp are chosen at design time and never changed after that. This
violates requirement (b) above, hence we define sub-symbolic KR as the task of expressing data in
the form of rigid arrays of numbers.

Local vs. distributed. When data is represented in the form of numeric arrays, the whole represen-
tation may be local or distributed [51]. In local representations, each single number into the array is
characterised by a well-delimited meaning—i.e., it is measuring or describing a clearly-identifiable
concept from a given domain. Conversely, in distributed representations, each single item of the
array is nearly meaningless, unless it is considered along with its neighbourhood—i.e., any other
item which is “close” in the indexing space of the array, according to some given notion of closeness.
So, while in local representations the location of each number in the array is mostly negligible,
in distributed representations it is of paramount importance. Notably, distributed representations
violate the aforementioned requirement (c).

2.1.2  Overview on ML Predictors. Depending on the predictor family of choice, the nature of
the admissible hypothesis spaces and learning algorithms may vary dramatically, as well as the
predictive performance of the target predictor, and the whole efficiency of learning.

In the literature of machine learning, statistical learning, and data mining, a plethora of learning
algorithms have been proposed along the years. Because of the “no free lunch” (NFL) theorem
[56], however, no algorithm is guaranteed to outperform the others in all possible scenarios. For
this reason, the literature and the practice of data science keeps leveraging on algorithms and
methods whose first proposal was published decades ago. Most notable algorithms include, among
the many others, (deep) neural networks (NN), decision trees (DT), (generalised) linear models,
nearest neighbours, support vector machines (SVM), and random forests.

These algorithms can be categorised in several ways, for instance depending (i) on the supervised
learning task they support (classification vs. regression), or (ii) on the underlying strategy adopted
for learning (e.g., gradient descent, least squares optimisation).

Some learning algorithms (e.g., neural networks) naturally target regression problems — despite
being adaptable to classification, too —, whereas others (e.g., SVM) target classification problems—
while being adaptable to regression as well. Similarly, some target multi-dimensional outputs
(y € R™, and m > 1), whereas others target mono-dimensional outputs (m = 1). Regressors are
considered as the most general case, as other learning tasks can usually be defined in terms of
mono-dimensional regression.

The learning strategy is inherently bound to the predictor family of choice. Neural networks, for
instance, are trained via back-propagation [47] - a particular case of stochastic gradient descent
(SGD), tailored on NN -, generalised linear models via Gauss’ least squares method, decision trees
via CART [9], etc. Even though all the aforementioned algorithms may appear interchangeable
in principle — because of the NFL theorem —, their malleability is very different in practice. For
instance, the least squares method involves inverting matrices of order N — where N is the amount
of available examples in the training set —, making the computational complexity of learning more
than quadratic in time. Furthermore, in practice, convergence of the method is not guaranteed in
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the general case; instead, it is guaranteed for generalised linear models—hence it is not adopted
elsewhere. Thus, learning by least squares optimisation may become impractical for big datasets
or for predictor families outside the scope of generalised linear models. Conversely, the SGD
method involves arbitrarily-sized subsets of the dataset (a.k.a. batches) to be processed a limited
(i.e., controllable) amount of times. Hence, the complexity of SGD can be finely controlled and
adapted to the computational resources at hand—e.g., by making the learning process incremental,
and by avoiding all data to be loaded in memory. Moreover, SGD can be applied to several sorts
of predictor families (there including neural networks and generalised linear models), as it only
requires the target function to be differentiable w.r.t. its parameters. For all these reasons, despite
the lack of optimality guarantees, SGD is considered as very effective, scalable, and malleable in
practice, hence it is extensively exploited in the modern data science applications.

In the remainder of this subsection we focus on two families of predictors — namely, decision trees
and neural networks —, and their respective learning methods. We focus precisely on them because
they are related to many surveyed SKE/SKI methods. Decision trees are noteworthy because of
their user friendliness, whereas neural networks are mostly popular because of their predictive
performance and flexibility.

Decision trees. Decision trees are particular sorts of predictors supporting both classification
and regression tasks. In their learning phase, the input space is recursively partitioned through a
number of splits (a.k.a. decisions) based on the input data X, in such a way that the prediction in
each partition is constant, and the error w.r.t. the expected outputs Y is minimal, while keeping
the total amount of partitions low as well. The whole procedure then synthesises a number of
hierarchical decision rules to be followed whenever the prediction corresponding to any x € X
must be computed. In the inference phase, decision rules are orderly evaluated from the root to
some leaf, to select the portion of the input space X containing x. As each leaf corresponds to a
single portion of the input space, the whole procedure results in a single prediction for each x.

Unlike other families of predictors, the peculiarity of decision trees lies in the particular outcome
of the learning process — namely, the tree of decision rules — which is straightforwardly intelligible
for humans and graphically representable in 2D charts. As further discussed in the remainder of
this paper, this property is of paramount importance whenever the inner operation of an automatic
predictor must be interpreted and understood by a human agent.

Neural networks. Neural networks are biologically-inspired computational models, made of
several elementary units (neurons) interconnected into a graph (commonly, directed and acyclic,
a.k.a. DAG) via weighted synapses. Accordingly, the most relevant aspects of NN concern the inner
operation of neurons and the particular architecture of their interconnection.

Neurons are very simple numeric computational units. They accept n scalar inputs (x1,...,x,) =
x € R"™ weighted by as many scalar weights (wy,...,w,) = w € R", and they process the linear
combination x - w via an activation function o : R +— R, producing a scalar output y = o(x - w).
The output of a neuron may become the input of many others, possibly forming networks of neurons
having arbitrary topologies. These networks may be fed with any numeric information encoded as
vectors of real numbers by simply letting a number of neurons produce constant outputs.

While virtually all topologies are admissible for NN, not all are convenient. Many convenient
architectures — roughly, patterns of well-studied topologies — have been proposed into the literature
[52] to serve disparate purposes—far beyond the scope of supervised machine learning. However,
identification the most appropriate architecture for any given task is non-trivial: recent efforts
propose to learn their construction automatically [2, 33].

Most common NN architectures are feed-forward, meaning that neurons are organised in layers,
where neurons from layer i can only accept ingoing synapses from neurons of layers j < i. The
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first layer is considered the input layer, which is used to feed the whole network, while the last one
is the output layer, where predictions are drawn. In NN architectures inference lets information
flow from the input to the output layer — assuming the weights of synapses are fixed —, while
training lets information flow from the output to the input layer—causing the variation of weights
to minimise the prediction error of the overall network.

The recent success of deep learning [20] has proved the flexibility and the predictive performance
of deep neural networks (DNN). ‘Deep’ here refers to the large amount of (possibly convolutional)
layers. In other words, DNN can learn how to apply cascades of convolutional operations to the input
data. Convolutions let the network spot relevant features into the input data, at possibly different
scales. This why DNN are good at solving complex pattern-recognition tasks—e.g., computer vision
or speech recognition. Unfortunately, however, unprecedented predictive performances of DNN
come at the cost of their increased internal complexity and greater data greediness.

2.1.3 General Supervised Learning Workflow. Briefly speaking, a ML workflow is the process
of producing a suitable predictor for the available data and the learning task at hand, with the
purpose of exploiting the predictor later so as to draw analyses or to drive decisions. Hence, any
ML workflow is commonly described as composed of two major phases, namely training — where
predictors are fitted on data — and inference—where predictors are exploited. However, in practice,
further phases are included, such as data provisioning and preprocessing, as well as model selection
and assessment.

In other words, before using a sub-symbolic predictor in a real-world scenario, data scientists
must ensure it has been sufficiently trained and its predictive performance is sufficiently high. In
turn, training requires (i) an adequate amount of data to be available, (ii) a family of predictors to be
chosen (e.g., neural networks, K-nearest neighbours, linear models, etc.), (iii) any structural hyper-
parameter to be defined (e.g., amount, type, size of layers, K, maximum order of the polynomials,
etc.), (iv) any other learning-parameter to be fixed (e.g., learning rate, momentum, batch size, epoch
limit, etc.). Data must therefore be provisioned before training, and, possibly, pre-processed to ease
training itself—e.g., by normalising data or by encoding non-numeric features into numeric form.
The structure of the network must be defined in terms of (roughly) input, hidden, and output layers,
as well as their activation functions. Finally, hyper-parameters must be carefully tuned according
to the data scientist’s experience, and the time constraints and computational resources at hand.

Thus, from a coarse-grained perspective, a machine learning workflow can be conceived as
composed of six major phases, and enumerated below:

(1) sub-symbolic data gathering: the first actual step of any ML workflow, where data is
loaded in memory for later processing;

(2) pre-processing: the application of several bulk operations to the training data, following
several purposes, such as: (i) homogenise the variation ranges of the many features sampled
by the dataset, (ii) detect irrelevant features and remove them, (iii) construct relevant features
by combining the existing ones, or (iv) encoding non-numeric features into numeric form;

(3) predictor selection: a principled search for the most adequate sort of predictor to tackle
the data and the learning task at hand. This is where hyper-parameters are commonly fixed;

(4) training: the actual tuning of the selected predictor(s) on the available data. This is where
parameters are commonly fixed;

(5) validation: measuring the predictive performance of trained predictors, with the purpose of
assessing if and to what extent it will generalise to new, unseen data;

(6) inference: the final phase, where trained predictors are used to draw predictions on unknown
data—i.e., different data w.r.t. the one used for training.
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2.2 Computational Logic

Symbolic knowledge representation has always been regarded as a key issue since the early
days of Al as no intelligence can exist without knowledge, and no computation can occur in
lack of representation. When compared to arrays of numbers, symbolic KR is far more flexible
and expressive, and, in particular, more intelligible—both machine- and human-interpretable.
Historically, most KR formalisms and technologies have been designed on top of computational
logic [34], that is, the exploitation of formal logic in computer science. Consider, for instance,
deductive databases [23], description logics [5], ontologies [17], Horn logic [37], higher-order logic
[50], just to name a few.

2.2.1  Formal logics. Many kinds of logic-based KR systems have been proposed over the years,
mostly relying on first-order logic (FOL) — either by restricting or extending it -, e.g., on description
logics and modal logics, which have been used to represent, for instance, terminological knowledge
and time-dependent or subjective knowledge. Here, we briefly recall the state of the art of FOL and
its most relevant subsets.

First-order logic. FOL is a general-purpose logic which can be used to represent knowledge
symbolically, in a very flexible way. More precisely, it allows both human and computational agents
to express (i.e., write) the properties of — and the relations among — a set of entities constituting
the domain of the discourse, via one or more formulae—and, possibly, to reason over such formulee
by drawing inferences. There, the domain of the discourse D is the set of all relevant entities which
should be represented in FOL to be amenable of formal treatment, in a particular scenario.

Informally, the syntax for the general FOL formula is defined over the assumption that there
exist: (i) a set of constant or function symbols, (ii) a set of predicate symbols, and (iii) a set of
variables. Under such assumption, a FOL formula is any expression composed of a list of quantified
variables, followed by a number of literals, i.e., predicates that may or may not be prefixed by the
negation operator (—). Literals are commonly combined into expressions via logic connectives, such
as conjunction (A), disjunction (V), implication (—), or equivalence («).

Each predicate consists of a predicate symbol, possibly applied to one or more terms. Terms may
be of three sorts, namely constants, functionsConstants represent entities from the domain of the
discourse. In particular, each constant references a different entity. Functions are combinations
of one or more entities via a function symbol. Similarly to predicates, functions may carry one or
more terms. Being containers of terms, functions enable the creation of arbitrarily complex data
structures combining several elementary terms into compisite ones. Such kind of composability by
recursion is what makes FOL satisfy the aforemention definition of “symbolic” valid for FOL. Finally,
variables are placeholders for unknown terms—i.e., for either individual or groups of entities.

Predicates and terms are very flexible tools to represent knowledge. While terms can be used
to represent or reference either entities or groups of entities from the domain of the discourse,
predicates can be used to represent relations among entities, or the properties of each single entity.

Intensional vs. extensional. In logic, one may define concepts - i.e., describe data — either exten-
sionally or intensionally. Extensional definitions are direct representation of data. In the particular
case of FOL, this implies defining a relation or set by explicitly mentioning the entities it involves.
Conversely, intensional definitions are indirect representations of data. In the particular case of
FOL, this implies defining a relation or set by describing its elements via other relations or sets.
Recursive intensional predicates are very expressive and powerful, as they enable the description
of infinite sets via a finite (and commonly small) amount of formulee—and this is one of the key
benefits of FOL as a means for KR.
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2.2.2  Expressiveness vs. Tractability: Notable Subsets of FOL. Tractability deals with the theoretical
questions: “can a logic reasoner compute whether a logic formula is true (or not) in reasonable time?”.
Such aspects are deeply entangled with the particular reasoner of choice. Depending on which and
how many features a logic includes, it may be more or less expressive. The higher the expressiveness,
the more the complexity of the problems which may be represented via logic and processed via
inference increases. This opens to the possibility, for the solver, to meet queries which cannot be
answered in practical time, or, by relying upon a limited amount of memory—or, just cannot get an
answer at all. Roughly speaking, more expressive logic languages make it easier for human beings
to describe a particular domain — usually, requiring them to write less and more concise clauses —,
at the expense of a higher difficulty for software agents to draw inferences autonomously—because
of computational tractability. This is a well-understood phenomenon in both computer science and
computational logic [8, 31], often referred to as the expressiveness-tractability trade-off.

FOL, in particular, is considered very expressive. Indeed, it comes with many undecidable,
semi-decidable, or simply intractable properties. Hence, several relevant subsets of FOL have
been identified into the literature, often sacrificing expressiveness for tractability. Major notions
concerning these logics are recalled below.

Horn logic. Horn logic is a notable subset of FOL, characterised by a good trade-off among
theoretical expressiveness and practical tractability [36].

Horn logic is designed around the notion of Horn clause [26]. Horn clauses are FOL formulee
having no quantifiers, and consisting of a disjunction of predicates, where only at most one literal
is non-negated—or, equivalently, an implication having a single predicate as post-condition and a
conjunction of predicates as pre-condition: h « by, ..., b,. There, « denotes logic implication
from right to left, commas denote logic conjunction, and all b;, as well as h, are predicates of
arbitrary arity, possibly carrying FOL terms of any sort—i.e., variables, constants, or functions. Put
it simply, Horn clauses are if-then rules written in reverse order, and only supporting conjunctions
of predicates as pre-conditions.

Essentially, Horn logic is a very restricted subset of FOL where: (i) formulee are reduced to clauses,
as they can only contain predicates, conjunctions, and a single implication operator, therefore
(ii) operators such as V, <, or = cannot be used, (iii) variables are implicitly quantified, and
(iv) terms work as in FOL.

Datalog. Datalog is a restricted subset of FOL [3], representing knowledge via function-free
Horn clauses—defined in the previous paragraph. So, essentially, Datalog is a subset of Horn logic
where structured terms (i.e., recursive data structures) are forbidden. This is a direct consequence
of the lack of function symbols.

Similarly to Horn logic, Datalogs’s knowledge bases consist of sets of function-free Horn clauses.

Description logics (DL). Description logics are a family of subsets of FOL, generally involving
some or no quantifiers, no structured terms, and no n-ary predicates such that n > 3. In other
words, description logics represent knowledge by only leveraging on constants and variables, other
than atomic, unary, and binary predicates.

Differences among specific variants of DL lay in which and how many logic connectives are
supported, other than, of course, whether negation is supported or not. The wide variety of DL is
due to the well known expressiveness—tractability trade-off. However, depending on the particular
situation at hand, one may either prefer a more expressive (= feature rich) DL variant at the price
of a reduced tractability (or even decidability) of the algorithms aimed at manipulating knowledge
represented through that DL, or vice versa.
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Regardless of the particular DL variant of choice, it is common practice in the scope of DL to
call (i) constant terms, as “individuals” — as each constant references a single entity from a given
domain —, (ii) unary predicates, e.g., as either “classes” or “concepts” — as each predicate groups a
set of individuals, i.e., all those individuals for which the predicate is true —, (iii) binary predicates,
e.g., as either “properties” or “roles”—as each predicate relates two sets of individuals. Following
such a nomenclature, any piece of knowledge can be represented in DL by tagging each relevant
entity with some constant (e.g., an URL), and by defining concepts and properties accordingly.

Notably, binary predicates are of particular interest as they support connecting couples of
entities altogether. This is commonly achieved via subject-predicate-object triplets, i.e., ground
binary predicates of the form (a f b) — or, alternatively, f(a,b) —, where a is the subject, f is the
predicate, and b is the object. Such triplets allow users to extensionally describe knowledge in a
readable, machine-interpretable, and tractable way.

Collections of triplets constitute the so-called knowledge graphs (KG), i.e., directed graphs where
vertices represent individuals, while arcs represent the binary properties connecting these individ-
uals. These may explicitly or implicitly instantiate a particular ontology, i.e., a formal description
of classes characterising a given domain, and of their relations (inclusion, exclusion, intersection,
equivalence, etc.), as well as the properties they must (or must not) include.

Propositional logic. Propositional logic is a very restricted subset of FOL, where quantifiers, terms,
and non-atomic predicates are missing. Hence, propositional formulee simply consist of expressions
involving one or many 0-ary predicates - i.e., propositions —, possibly interconnected by ordinary
logic connectives. There, each proposition may be interpreted as a Boolean variable — which can
either be true or false —, and the truth of formulae can be computed as in the Boolean algebra. So,
for instance, a notable example of propositional formula could be as follows: p A =g — r where p
may be the proposition “it is raining”, ¢ may be the proposition “there is a roof”, whereas r may be
the proposition “the floor is wet”.

The expressiveness of propositional logic is far lower than the one of FOL. For instance, because
of the lack of quantifiers, each relevant aspect/event should be explicitly modelled as a proposition.
Furthermore, because of the lack of terms, entities from a given domain cannot be explicitly refer-
enced. Such lack of expressiveness, however, implies computing the satisfiability of a propositional
formula is a decidable problem—which may be a desirable property in some application scenarios.

Despite propositional logic may appear too trivial to handle common decision tasks where
non-binary data is involved, it turns out a number of apparently complex situations can indeed
be reduced to a propositional setting. This is the case for instance of any expression involving
numeric variables or constants, arithmetical comparison operators, logic connectives, and nothing
more than that. In fact, formulee containing comparisons among variables constants (or among
each others) can be reduced to propositional logic by mapping each comparison into a proposition.

2.3 eXplainable Artificial Intelligence (XAl)

Modern intelligent systems are increasingly adopting sub-symbolic predictive models to support
their intelligent behaviour. These are commonly trained following a data-driven approach. Such
wide adoption is unsurprising, given the unprecedented availability of data characterising the
last decade. ML algorithms enable the detection of useful statistical information buried in data,
semi-automatically. Information, in turn, supports decision-making, monitoring, planning, and
forecasting virtually in any human activity where data is available.

However, despite its predictive capabilities, ML comes with some drawbacks making it perform
poorly in critical use cases. The most relevant example is algorithmic opacity—intuitively, the
human struggle to understand how ML-based systems operate or attain their decisions. In particular,
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we refer to ‘opacity’ according to the third definition provided by Burrell [10]: “opacity as the
way algorithms operate at the scale of application”. In ML-based applications, complexity — and
therefore opacity — arises because of the hardly predictable interplay among highly-dimensional
datasets, the algorithms processing them, and the way such algorithms may change their behaviour
during learning.

Opacity is a serious issue in all those contexts where human beings are liable for their decisions, or
when they are expected/required to provide some sort of explanation for it—even if the decision has
been suggested by software systems. This may be the case, for instance, in the healthcare, financial,
or legal domains. In such contexts, ML is at the same time both an enabling factor - as it automates
decision-making — and a limiting one—as opacity reduces human control on decision-making. The
overall effect is general distrust w.r.t. Al-based solutions.

Opacity is also the reason why ML predictors are called ‘black boxes’ in the literature. The
expression refers to systems where knowledge is not symbolically represented [32]. In absence of
symbolic representations, understanding the operation of black boxes — or why they recommend
or take particular decisions — becomes hard for humans. The inability to understand black-box
content and operation may then prevent people from fully trusting (and, therefore, accepting) them.

To make the picture even more complex, current regulations such as the GDPR [53] are starting
to recognise the citizens’ right to explanation [21]—which eventually mandates understandability of
intelligent systems. This step is essential to guarantee algorithmic fairness, to identify potential
biases/problems in the training data or in the black box’s operation, and to ensure that intelligent
systems work as expected.

Unfortunately, the notion of understandabil-
ity is neither standardised nor systematically A

assessed, yet. No consensus has been reached Q. Generalised linear models
on what “providing an explanation” should O Decision trees
mean when decisions are supported by ML 3 !
% O K Nearest Neighbours
[38]. However, many authors agree that black 3 O Random
andom Forest
boxes are not equally opaque: some are more £ _

. . . 3 O Support Vector Machines
susceptible to interpretation than others for our & O xemoost
minds—e.g., Figure 1 shows how differences in

. a1e . N | Network:
black-box interpretability are conventionally O newral etwrks
; Predictive Performance
described.

Despite being informal — as argued by [45],
given the lack of measures for “interpretability”
— Figure 1 effectively expresses why research
on understandability is actually needed. Indeed,
the figure stresses how the better performing black boxes are also the less interpretable ones. This is
troublesome as, in practice, predictive performance can only rarely be preferred over interpretability.

Nevertheless, consensus has been reached about interpretability and explainability being desirable
properties for intelligent systems. Hence, within the scope of this paper, we may briefly and
informally describe XAI as the corpus of literature and methods aimed at making sub-symbolic AI
more interpretable for humans, possibly by automating the production of explanations.

Along this line, based on the preliminary work by [15, 16], and by drawing inspiration from
computational logic (and, in particular, model theory), we let ‘interpretation’ indicate “the subjective
relation that associates each representation with a specific meaning in the domain of the problem”. In
other words, interpretability refers to the cognitive effort required by human observers to assign a
meaning to the way intelligent systems work, or motivate the outcomes they produce. In those
contexts, the notion of interpretability is often coupled with properties as algorithmic transparency

Fig. 1. Interpretability/performance trade-off for some
common sorts of black-box predictors.
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(characterising approaches which are not opaque), decomposability, or simulatability—i.e., in a
nutshell, predictability. Essentially, interpretable systems are understandable when humans can
predict their behaviour.

As far as the term explanation is concerned, we trace back its meaning to the Aristotelian thought,
other than the Oxford dictionary definition, which define ‘explanation’ as “a set of statements or
accounts that make something clear, or, alternatively, the reasons or justifications given for an action
or belief”. Thus, an explanation is an activity aimed at making the relevant details of an object clear
or easy to understand to some observer.

Accordingly, the concepts of explainability and interpretability are basically orthogonal. However,
they are not unrelated: explanations may consist of constructing better (~ more-interpretable)
representations for the black box at hand.

This is the case, for instance, of explanation by model simplification [48], where a poorly-
interpretable model is translated into another — a more interpretable one -, having “high fidelity”
[24] w.r.t. the first one. The translation process of the first model into the second one can be consid-
ered as an explanation. For example, as surveyed by this paper, several methods exist for extracting
symbolic knowledge out of sub-symbolic predictors. When this is the case, the extraction act is
technically an explanation, as it produces (more) interpretable objects — the symbolic knowledge -
out of (less) interpretable ones—the predictors.

Conversely, one may regulate the interpretability of an opaque model by altering it to become
“consistent” w.r.t. (i.e. “behave like”) some more interpretable one. In this case, no explanation
is involved, yet the resulting model has a higher degree of interpretability—which is commonly
the goal. For instance, as discussed by this paper, several methods exist for injecting symbolic
knowledge into sub-symbolic predictors. When this is the case, the injection act as the means by
which opacity issues are worked around.

Interpretability and explainability are key enabling properties for making Al-based solutions
(more) trustworthy in the eyes of human users. However, as highlighted by Rudin et al. [46], they
are not necessarily sufficient: they may enable also distrust. In other words, interpretability and
explainability enble finer control on intelligent systems, letting users decide whether to trust them
or not. Along this line, the surveyed SKE/SKI methods should be regarded to as tools for increasing
the degree of control users have on Al systems.

2.3.1 Sorts of explanation. According to the main impact surveys in the XAl area [6, 12, 24], two
major approaches exist to bring explainability or interpretability features to intelligent systems,
namely either by-design or post-hoc.

XAI by design. This approach to XAl aims at making intelligent systems interpretable or explain-
able ex-ante, since they are designed keeping these features as first-class goals. Method adhering to
this approach can be further classified according to two sub-categories:

symbols as constraint containing methods supporting the creation of predictive models — possi-
bly including or involving some black-box components — whose behaviour is constrained by
a number of symbolic and intelligible rules, usually expressed in terms of (some subset of)
first-order logic.

transparent box design containing methods supporting the creation of predictive models that
are inherently interpretable, requiring no further manipulation;

In particular, in the remainder of this paper, we focus on methods from the latter category, as it is
deeply entangled with symbolic knowledge injection.
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Post-hoc explainability. This approach to XAl aims at making intelligent systems interpretable
or explainable ex-post, i.e., by somehow manipulating poorly-interpretable pre-existing systems.
Method adhering to this approach can be further classified according to the following sub-categories:

text explanation where explainability is achieved by generating textual explanations that help to
explain the model results; methods that generate symbols representing the model behaviour
are also included in this category, as symbols represent the logic of the algorithm through
appropriate semantic mapping;

visual explanation techniques that allow the visualisation of the model behaviour; several tech-
niques existing in the literature comes along with methods for dimensionality reduction, to
make visualisation human-interpretable;

local explanation where explainability is achieved by first segmenting the solution space into less
complex solution subspaces relevant for the whole model, then producing their explanation;

explanation by example allows for the extraction of representative examples that capture the
internal relationships and correlations found by the model;

model simplification techniques where a completely-new simplified system is built, trying to
optimise similarity with the previous one while reducing complexity;

feature relevance methods focus on how a model works internally by assigning a relevance score
to each of its features, thus revealing their importance for the model in the output.

In particular, in the remainder of this paper, we focus on methods from the ‘model simplification’
category, as it is deeply entangled with symbolic knowledge extraction.

3 DEFINITIONS & METHODOLOGY

The goal of our SLR is to detect and categorise the many SKE and SKI algorithms proposed into the
literature so far, hence shaping a clear picture of what SKE and SKI mean today.

Following this purpose, we (i) start from broad and intuitive definitions of both SKE and SKI
(provided in Section 3.1); we then (ii) define a number of research questions aimed at delving into
the details of actual SKE and SKI methods; along this line, we (iii) explore the literature looking
for contributions matching the broad definitions from step (i) (following a strategy described in
Section 3.2). Finally, by analysing such contributions, we (iv) provide answers for the research
questions from step (ii) (in Section 4), and, in doing so, we (v) synthesise general, bottom-up
taxonomies for both SKE and SKI (in Sections 4.1 and 4.2).

3.1 Definitions for Symbolic Knowledge Extraction and Injection

Here we provide broad definitions for both symbolic knowledge extraction and injection, following
the purpose of drawing a line among what methods, algorithms, and technologies from the literature
should be considered related to either SKE or SKI, and what should not. We do so under a XAI
perspective, hence highlighting how both SKE and SKI help mitigating the opacity issues arising in
data-driven Al Then we discuss the potential arising from the joint exploitation of both SKE and
SKI.

Notably, we tune our definitions so as to comprehend and generalise the many methods and
algorithms surveyed later in this paper. Indeed, looking for a wider degree of generality, our
definitions commit to no particular form of symbolic knowledge, nor sub-symbolic predictor—
despite many surveyed techniques come with commitments of that sort. Hence, in what follows
we write “symbolic knowledge” meaning “any chunk of intelligible information expressed in any
possibly sort of logic”, as well as any sort of information which can be rewritten in logic form (e.g.,
decision trees). Similarly, we write “sub-symbolic predictor” meaning “any sort of supervised ML
model which can be fitted over numeric data to eagerly solve classification or regression tasks”.
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3.1.1 Extraction. Generally speaking, SKE serves the purpose of generating intelligible represen-
tations for the sub-symbolic knowledge a ML predictor has grasped from data during learning.
Here we provide a general definition of SKE and discuss its purpose as well as the major benefits it
brings against the XAI landscape.

Definition. We define SKE as

any algorithmic procedure accepting trained sub-symbolic predictors as input and produc-
ing symbolic knowledge as output, so that the extracted knowledge reflects the behaviour
of the predictor with high fidelity.

Notably, this definition emphasises a number of key aspects of SKE which are worth to be described
in further detail.

First, SKE is modelled as a class of algorithms — hence finite-step recipes — characterised by what
they accept as input and what they produce as output.

As far as the inputs of SKE procedures are concerned, the only explicit requirement is on trained
ML predictors. There is no constraint w.r.t. the nature of the predictor itself, hence SKE procedures
may be designed for any possible predictor family, in principle. Yet, this requirement implies that
the predictor’s training has already occurred, and it has reached some satisfying performance w.r.t.
the task it has been trained for. Hence, in a ML workflow, SKE should occur after training and
validation were concluded.

As far as the outputs of SKE procedures are concerned, the only explicit requirement is about the
production of symbolic knowledge. “Symbolic” is here intended, in a broader sense, as a synonym
of “intelligible” (for the human being), hence admissible outcomes are logic formule as well as
decision trees, or bare human-readable text.

In any case, for an algorithm to be considered a valid SKE procedure, the output knowledge
should mirror the behaviour of the original predictor w.r.t. the domain it was trained for, as much as
possible. This involves some fidelity score aimed at measuring how well the extracted knowledge
mimics the predictor it was extracted by, w.r.t. the domain and the task that predictor was trained
for. This, in turn, implies that the extracted knowledge should, in principle, act as a predictor
as well, thus being queryable as the original predictor would. Thus, for instance, if the original
predictor is an image classifier, the extracted knowledge should let an intelligent agent classify
images of the same sort, expecting the same result. The agent may then be either computational
(i-e., a software program) or human, depending on whether the extracted knowledge is machine-
or human-interpretable. Notably, the exploitation of logic knowledge as the target of SKE is of
particular interest as it would enable both options.

Purpose and benefits. Generally speaking, one may be interested in performing SKE to inspect
the inner operation of an opaque predictor, which should be considered a black box otherwise.
However, one may also perform SKE to automatise and speed up the process of acquiring symbolic
knowledge, instead of crafting knowledge bases manually.

Inspecting a black-box predictor through SKE, in turn, is an interesting capability within the
scope of XAI. Given a black-box predictor and a knowledge-extraction procedure applicable to it,
any extracted knowledge can be adopted as a basis to construct explanations for that particular
predictor. Indeed, the extracted knowledge may act as an interpretable replacement (a.k.a. surrogate
model) for the original predictor, provided that the two have a high fidelity score [15].

Accordingly, the application of SKE to XAI brings a number of relevant opportunities, e.g., by
letting human users (i) study the internal operation of an opaque predictor to find, for instance,
mispredicted input patterns; or correctly predicted input patterns leveraging upon some unethical
decision process; (ii) highlight the differences or the common behaviours between two or more
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black-box predictors performing the same task; (iii) merge the knowledge acquired by various
predictors — possibly of different kinds — on the same domain—provided that the same representation
format is used for extraction procedures [14].

3.1.2 Injection. Generally speaking, SKI serves a dual purpose w.r.t. to SKE. In particular, SKI aims
at letting a ML predictor keep some symbolic knowledge into account when drawing predictions.
Here, we provide a general definition of SKI, and we discuss its purpose and the major benefits it
brings w.r.t. the XAI panorama.

Definition. We define SKI as

any algorithmic procedure affecting how sub-symbolic predictors draw their inferences
in such a way that predictions are either computed as a function of, or made consistent
with, some given symbolic knowledge.

This definition emphasises a number of key aspects of SKI which are worth to be described in
further detail. Similarly to SKE, it is modelled as a class of algorithms. Yet, dually w.r.t. extraction,
SKI algorithms are procedures accepting symbolic knowledge as input and producing ML predictors
as output.

About the inputs of SKI procedures, the only explicit requirement is that knowledge should be
symbolic and user-provided—hence human-interpretable. However, since any input knowledge
should be algorithmically manipulated by the SKI procedure, we elicit an implicit requirement
here, constraining the input knowledge to be machine-interpretable as well. This implies that
some formal language - e.g., some formal logic, or some decision tree — should be employed for
knowledge representation, while free text or natural language should be avoided.

Along this line, another implicit requirement is that the input knowledge should be functionally
analogous w.r.t. the predictors undergoing injection. In other words, if a predictor aims at classi-
fying customer profiles as either worthy or unworthy for credit, then the symbolic knowledge
should encode decision procedures to serve the exact same purpose, and observe the exact same
information.

About the outcomes of SKI procedures, our definition identifies two relevant situations—which
are not necessarily mutually-exclusive. On the one side, SKI procedures may enable sub-symbolic
predictors to accept symbolic knowledge as input. SKI procedures of this sort essentially consist
of pre-processing algorithm aimed at encoding symbolic knowledge in sub-symbolic form, hence
enabling sub-symbolic predictors to accept them as input. In this sense, SKI procedures of this
sort enable sub-symbolic predictors to (learn how to) compute predictions as functions of the
symbolic knowledge they were fed with—assuming it has been conveniently converted into sub-
symbolic form. On the other side, SKI procedures may alter sub-symbolic predictors so that they
draw predictions which are consistent with the symbolic knowledge—according to some notion of
consistency. SKI procedures of this sort essentially affect either the structure or the training process
of the sub-symbolic predictors they are applied to, in such a way that the predictor must then keep
the symbolic knowledge into account when drawing predictions. In this sense, SKI procedures of
this sort force sub-symbolic predictors to learn not only from data but from symbolic knowledge as
well.

In any case, regardless of their outcomes, SKI procedures fit the ML workflow in its early phases,
as they may affect both preprocessing and training.

Notably, consistency plays a pivotal role in SKI, dually w.r.t. what fidelity does for SKE. Along
this line, our definition involves some consistency score aimed at measuring how well the predictor
undergoing injection can take advantage from the injected knowledge, w.r.t. the domain and
the task that predictor was trained for. So, for instance, if a knowledge base states that loans
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should be guaranteed to people from a given minority — as long as annual income overcomes a
given threshold -, then any predictor undergoing injection of that knowledge base should output
predictions respecting that statement—or at least minimise violations w.r.t. it.

Purpose and benefits. Generally speaking, one may be interested in performing SKI to reach
a higher degree of control on what a sub-symbolic predictor is learning. In fact, SKI may either
incentivise the predictor to learn some desirable behaviour, or discourage it from learning some
undesired behaviour. However, one may also exploit SKI to perform sub-symbolic or fuzzy manipu-
lations of symbolic knowledge, which would be otherwise unfeasible or hard to formalise via crisp
symbols. While the latter option is further analysed by a number of authors - such as [1, 30] -, in
the remainder of this section we focus on the former use case, as it is better suited to serve the
purposes of XAIL

Within the scope of XAlI, SKI is a remarkable capability as it provides a workaround for the issues
arising from the opacity of ML predictors. While SKE aims at reducing the opacity of predictor
by letting users observe its behaviour, SKI aims at bypassing the need for transparency. Indeed,
predictors undergoing the injection of trusted symbolic knowledge provide higher guarantees about
their behaviour, which will be more predictable and comprehensible—hence less astonishing.

Accordingly, the application of SKI to XAI brings a number of relevant opportunities, e.g., by
letting the human designers (i) endow sub-symbolic predictors with their common sense, and,
therefore: (ii) finely control what predictors are learning, and, in particular, (iii) let predictors learn
about relevant situations, despite poor data is available to describe them. Provided that adequate
SKI procedures exist, all such use cases come at the price of handcrafting ad hoc knowledge bases
reifying the designers’ common sense in symbols, and then injecting it in ordinary ML predictors.

3.2 Review Methodology

The overall review workflow is inspired by the goal question metric approach by [11]. In short, the
workflow requires some clear research goal(s) to be fixed, and then decomposed into a number of
research question the survey will then provide answers to. To produce such answers, the workflow
requires of course scientific papers to be selected, and analysed. To serve this purpose, the workflow
requires a pool of queries to be identified. Such queries must be performed on most relevant
bibliographic search engines (e.g., Google Scholar, Scopus). Finally, the workflow requires the
query results to be selected (or excluded) for further analyses following a reproducible criterion.
Any subsequent analysis is then devoted to answer the aforementioned research questions, hence
drawing useful classifications and general conclusions.

For the sake of reproducibility, in the remainder of this subsection we delve into the details of
how our SLR on symbolic knowledge extraction and injection is conducted.

We start by defining three different research goals (G):

G1 - “understanding which are the features of SKE algorithms”,
G2 - “understanding which are the features of SKI algorithms”.
G3 - “probing the current level of technological readiness of SKE/SKI technologies”.

Then, we break them down in the following research questions (RQ):

RQ1 (from G1) - “which sort of ML predictors can SKE be applied to?”
RQ2 (from G1) - “is there any requirement on the input data?”

RQ3 (from G1) - “which kind of SK can be extracted from ML predictors?”
RQ4 (from G1) - “for which kind of Al task can SKE be exploited?”

RQ5 (from G1) - “how does SKE work?”

RQ6 (from G2) - “which sorts of ML predictors can SKI be applied to?”
RQ7 (from G2) - “which kind of SK can be injected into ML predictors?”
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RQ8 (from G2) - “for which kind of Al tasks can SKI be exploited?”
RQ9 (from G2) - “how does SKI work?”
RQ10 (from G3) - “which and how many SKE/SKI algorithms come with runnable software imple-
mentations?”

Notice that research questions about SKE are analogous to those about SKI. In both cases, research
questions are devoted to clarify which kind of information can SKE (resp. SKI) methods accept
as input (resp. produce as output), how do they work, which Al tasks they can be used for (e.g.,
regression, classification), and which ML predictors they can be applied to (e.g., neural networks,
SVM, etc.).

In order to answer the research questions above, we identify a number of queries to be performed
on widely-available bibliographic search engines. In detail, queries involve the following keywords:

e (‘rule extraction’ V ‘knowledge extraction’) A (‘neural networks’ V ‘support vector machines’)
o (‘pedagogical’ v ‘decompositional’ Vv ‘eclectic’) A (‘rule extraction’ vV ‘knowledge extraction’)
e ‘symbolic knowledge’ A (‘deep learning’ V ‘machine learning’)

e ‘embedding’ A (‘knowledge graphs’ V ‘logic rules’ V ‘symbolic knowledge’)

e ‘neural’ A ‘inductive logic programming’

As far as bibliographic search engines are concerned, we exploit Google Scholar!, Scopus?, Springer
Link®, ACM Digital Library*, and DBLPS.

For each search engine and query pair, we consider the first two pages of results. For each result,
we inspect the title, abstract, and - in case of ambiguity —, the introduction, while trying and
classifying it according to three disjoint circumstances: (i) the paper is a primary work describing
some SKE or SKI method matching the broad definitions from 3.1, (ii) the paper is a secondary work
surveying some portion of literature overlapping SKE or SKI (or both), (iii) the paper is unrelated
w.r.t. to both SKE and SKI, hence it is not relevant for this survey. Notably, secondary works
selected in step (ii) are valuable sources of primary works, hence we recursively explored their
bibliographies to further select other primary works. In particular, in this phase we leverage upon
relevant secondary works such as [4, 7, 12, 18, 24, 25, 27, 54, 55, 57, 61]—which we acknowledge as
noteworthy (even though less extensive) surveys in the field of SKE or SKI.

We select 246 primary works, of which 129 works concern SKE, and 117 concern SKI. We then
analyse each primary work individually, in order to provide answers to the aforementioned research
questions. While doing so, we construct bottom-up taxonomies for both SKE and SKI.

Finally, we inspect each primary work for assessing its technological status. In particular, we
look for runnable software implementations corresponding to the method described in the primary
work. In case no software tool is clearly mentioned in the primary work, or if the software is not
technically accessible (e.g., Web site or repository is private or non-reachable) at the time of the
survey, then we consider the method as lacking software implementations. Otherwise, we further
distinguish among methods coming with reusable software libraries, and methods coming with
experimental code. In the first case, the software is ready for re-use, either because it is published
on public software repositories such as PyPi, or because it is structured in such a way to let users
exploit it for custom purposes. Vice versa, if the software tailored on the experiments mentioned in
the primary work, then we consider it experimental.

!https://scholar.google.com
https://www.scopus.com
Shttps://link.springer.com
4https://dLacm.org
Shttps://dblp.uni-trier.de
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4 SURVEY RESULTS

This section summarises the results of our survey. In particular, this is where we provide answers
for the research questions outlined in Section 3.2.

Accordingly, we group research questions according to their main focus (SKE or SKI), and
we answer to each question individually—grouping answers when convenient, for the sake of
conciseness. Answers consist of brief statistical reports showing the distribution of the surveyed
SKE/SKI methods w.r.t. some dimension of interest for either SKE or SKI. Interesting dimensions
are presented on the fly, as part of our answers. This is deliberate, since we select as ‘interesting
dimension’ any relevant way of clustering the surveyed methods. In other words, we let taxonomies
emerge from the literature rather than super-imposing any particular view of ours.

4.1 Symbolic Knowledge Extraction

By building upon secondary works, such as the work by [12] and the survey of [4], we identify three
relevant dimensions by which SKE methods can be categorised, namely: (i) the learning task(s) they
support; (ii) the method’s translucency; (iii) the shape of the extracted knowledge. By analysing the
surveyed SKE methods, we find these categories adequate. However, we identify new dimensions,
namely: (iv) the sort of input data the predictor undergoing extraction is trained upon, and (v) the
expressiveness of the extracted knowledge. In what follows we answer research questions RQ1-
RQ5 by focusing on such dimensions, individually. Conversely, in the supplementary materials, we
provide an overview of the 129 methods selected for SKE.

4.1.1 RQ1: Which sort of ML predictors can SKE be applied to? RQ5: How does SKE work? Answers
for questions RQ1 and RQ5 are deeply entangled, as they are both related to SKE methods’
translucency. Translucency deals with the need of SKE methods to inspect the internal structure of
the underlying black-box model, while producing the extracted rules.

SKE methods provide for translucency in two ways [4], and can be labelled accordingly as

decompositional if the method needs to inspect (even partially) the internal parameters of the
underlying black-box predictor, e.g., neuron biases or connection weights for neural networks,
or support vectors for SVM;

pedagogical if the algorithm does not need to take into account any internal parameter, but it can
extract symbolic knowledge by only relying on the predictor’s outputs.

Along this line, we observe that surveyed SKE methods can be grouped into as many big clusters,
depending on how they treat the predictor undergoing extraction.

W.rt. RQ1, it is worth highlighting that pedagogical methods can be applied to any sort of
supervised ML predictor, in principle—despite the literature may only report particular cases of
application to specific predictors. Conversely, each decompositional method focuses on a specific
sort of supervised ML predictor. Hence, decompositional SKE methods can be further categorised
w.r.t. which sort of supervised ML predictors they are tailored upon. As detailed by Figure 2, the
translucency is far from uniform for SKE methods. Indeed, nearly a half of the surveyed methods
are pedagogical, while the rest are tailored on feed-forward neural networks (possibly, with fixed
amounts of layers), SVM, linear classifiers, or decision tree ensembles.

W.rt. RQS5, it is worth highlighting that pedagogical methods treat the underlying predictor
as an oracle, to be queried for predictions the symbolic knowledge shall emulate. Conversely,
decompositional methods must look into the internal structure of predictors, hoping to detect
meaningful patterns in those patterns. For instance, SKE methods focusing on neural networks
may try to interpret inner neurons as meaningful expressions combining their ingoing synapses.

ACM Comput. Surv., Vol. 1, No. 1, Article . Publication date: August 2023.



Page 25 of 65 Computing Surveys

oNOYTULT D WN =

Symbolic Knowledge Extraction and Injection with Sub-symbolic Predictors: a Systematic Literature Review 19

Fig. 2. Venn diagram categorising SKE methods
w.r.t. translucency: pedagogical (P) or decompo-
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Fig. 3. Venn diagram categorising SKE
methods w.r.t. the input data type required
by the underlying predictor: binary (B), dis-
crete (D), continuous (C), images (1), text (T),
graphs (G).

4.1.2 RQ2: Is there any requirement on the input data for SKE?. This question can be answered
by looking at the accepted input data type of the surveyed SKE methods. In most cases, data is
structured, i.e. it consists of tables of numebrs, where features are of three different sorts:

binary if the feature can assume only two values, generally encoded with 0 and 1 (or -1 and 1, or
true and false);

discrete if the feature can assume values drawn from a finite set of admissible values; notably,
when this is the case, data science identifies two relevant sub-sorts of features: ordinal if
the set of admissible values is ordered (hence, enabling the representation of the feature via
some range of integer numbers), categorical if that set is unordered (hence, enabling the
representation of the feature via one-hot encoding);

continuous if the feature can assume any real numeric value.

Alternatively, data may consist of

images i.e. matrices of pixels, possibly with multiple channels;
text i.e. sequences of characters of arbitrary length;
graphs i.e. data structures of variable size, consisting of nodes/vertices interconnected by edges/arcs.

In Figure 3, we report absolute occurrence of the sorts of input features accepted by the surveyed
SKE methods, as described by their authors. As the reader may notice, the vast majority of surveyed
methods are tailored on structured data with continuous features.

4.1.3 RQ3: Which kind of SK can be extracted from ML predictors? Broadly speaking, any extracted
SK should mirror (i.e., mimic) the operation of the ML predictor it has been extracted from. For
supervised ML, this means the extracted knowledge should express a function, mapping input
features into output features (e.g. classes, for classification tasks). Functions can be represented in
symbols is several ways. Indeed, the SK extracted by the surveyed methods comes in various form.
Notably, such forms can be categorised under both a syntactic or semantic perspective. There,
syntax refers to the shape of the extracted SK, whereas semantic refers to what kind of logic
formalism the extracted knowledge may leverage upon—which is a matter of expressiveness.
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Fig. 4. Venn diagram categorising SKE
methods w.r.t. the output knowledge’s
shape: rule lists (L), decision trees (DT)
or tables (TA), knowledge graphs (KG).

Shape of the extracted knowledge. As far as syntax is concerned, decision rules [19, 28, 40] and
trees [43, 44] are the most widespread human-comprehensible formats for the output knowledge,
thus the vast majority of surveyed methods adopt one of these. However, other solutions have been
exploited as well—e.g., decision tables. In all cases, however, a common trait is that functions of
real numbers are expressed by using symbols to denote the same input and output features the
underlying ML predictor was trained upon.

W.r.t. surveyed SKE methods, we identify four major admissible shapes:

lists of rules, i.e. sequences of logic rules to be read in some predefined order;

decision trees see Section 2.1.2;

decision tables i.e., concise visual rule representations specifying one or more conclusions for
each set of different conditions. They can be exhaustive — if all the possible combinations
are listed -, or incomplete—otherwise. Generally speaking, decision tables are structured
as follows: there is a column (row) for each input and output variable and a row (column)
for each rule. Each cell ¢;; (cj;) contains the value of the j-th variable for the i-th rule. An
example of decision table is provided in the supplementary material.

knowledge graphs see Section 2.2.2.

Figure 4 sums up the occurrence of the different shapes of output rules required for SKE algorithms.
As the reader may notice, the majority of the surveyed methods target rule lists. Arguably, this trend
may be motivated by the great simplicity of rule lists, in terms of readability, and their algorithmic
tractability.

Expressiveness of the extracted knowledge. Despite the extracted knowledge may contain state-
ments of different shapes (e.g., rules, trees, tables), the readability, conciseness, and tractability of the
extracted rules heavily depend on what can those statements contain—which, in turn, dictate what
can (or cannot) be expressed. In the general case, statements may contain predicates or relations
among the symbols representing input or output features. These may (or may not) contain logic
connectives as well as arithmetic or logic comparators. SKE methods can be categorised w.r.t. which
and how many ways of combining symbols are admissible within statements.

Along this line, we identify five major formats for statements in the surveyed SKE methods:

propositional rules are the simplest format, where statements consist of propositions - i.e. sym-
bols denoting boolean input/output features —, possibly interconnected via logic connectives
(negation, conjunction, disjunction, etc.). Notice that statements containing relations (e.g.,
arithmetic comparisons) among single, continuous features and constant values are indeed
propositional as well.

fuzzy rules are propositional rules where the truth value of conditions and conclusions are not
limited to 0 and 1, but can assume any value € [0, 1];
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p

T Fig. 5. Venn diagram categorising SKE meth-
AT . ods w.r.t. the output knowledge’s expressiveness:
propositional (P), M-of-N (MN) , fuzzy (F), or
2 oblique (O) rules; or triplets (T).

oblique rules have conditions expressed as inequalities involving linear combinations of the input
variables. This is different from the propositional case, as features may be compared to other
features (rather than constants alone).

m-of-n rules are particular sorts of rules where boolean statements are grouped by n and each rule
is true only if at least m literals (out of n) are true, with m < n. Notice that m-of-(Xy, ..., X},)
is just a concise way of writing the disjunction among the conjunction of all possible m-sized
combinations of n boolean literals X, ..., X,,. Hence, m-of-n rules are just a concise way
of writing rules of other sorts: if Xj, ..., X, are all predicative statements, then supporting
won’t change their nature—and the same is true if Xj, ..., X,, are oblique statements.

triplets see Section 2.2.2.

Figure 5 summarises the occurrence of the different SK formats produced by the surveyed SKE
algorithms. As the reader may notice, the vast majority of surveyed SKE methods produce pred-
icative rules, i.e. rules composed of several boolean statements about individual input features,
possibly interconnected via logic connectives. Arguably, this trend may be motivated by the great
tractability of propositional rules, and by their simplicity. In fact, to construct propositional rules,
SKE algorithms may follow a divide-et-impera approach by focusing on each single input feature at
a time—hence enabling the simplification of the extraction process itself.

4.1.4 RQ4: For which kind of Al task can SKE be exploited? ML methods are commonly exploited
in Al to serve specific purposes, e.g. classification, regression, clustering, etc. Regardless of the
particular means by which SKE is attained, extraction aids the human users willing to inspect
how those methods work. However, the particular Al tasks ML predictors have been designed for
play a pivotal role in determining what outputs users may expect from those predictors. A similar
argument holds for extraction procedures, as the extracted knowledge should reflect the inner
behaviour of the original predictor. Along this line, it is interesting to categorise SKE methods w.r.t.
the AI task they assume for the ML predictors they are applied to.

Figure 6 summarises the occurrence of tasks among the surveyed SKE methods. Notably, most of
them can be applied uniquely to classifiers, whereas a small portion of them is explicitly designed
for regressors. Only few methods can handle both categories.

In general, we observe how the surveyed methods are tailored on either classification or regression
tasks—when not both. In either cases, surveyed methods focus on supervised ML tasks. To the best
of our knowledge, currently, there are no SKE procedures tailored on unsupervised or reinforcement
learning tasks.

4.1.5 RQ10: which and how many SKE algorithms come with runnable software implementations?
Among the 129 surveyed methods for SKE, we found runnable software implementations for 27
(20.9%). Of these, 10 consist of reusable software libraries, while the others are just experimental
code. Figure 7 summurises this situation. In the supplementary materials, we provide details about
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Fig. 6. Venn diagram categoris-
ing SKE methods w.r.t. the tar-
geted Al task: classification (C) or
regression (R).

Fig. 7. Pie chart categorising
SKE methods presence/lack
of software implementations.
There, ‘L’ denotes the pres-
ence of a reusable library, ‘E’
denotes  experiments  code,
and ‘?” denotes lack of known
technologies.

these implementations—there including the algorithm they implement and the link of the repository
hosting the source code.

4.2 Symbolic Knowledge Injection

As far as SKI is concerned, we take into account no prior taxonomy. Indeed, despite the methods
surveyed in this subsection come from well-studied (yet disjoint) research communities — such as
neuro-symbolic computation [7] and knowledge graph embedding [55] —, we are not aware of any
prior work attempting to unify these research areas under the SKI umbrella.

Along this line, we cluster the surveyed SKI methods according to four orthogonal dimensions,
namely: (i) the type of SK they can inject, (ii) the strategy they follow to attain injection, (iii) the kind
of predictors they can be applied to, (iv) the aim they pursue while performing injection. In what
follows, we answer research questions RQ6-RQ9 by focusing on such dimensions, individually.
Conversely, in the supplementary materials, we overview the 117 methods selected for SKI.

4.2.1 RQ7: Which kind of SK can be injected into ML predictors? Generally speaking, SKI methods
support the injection of knowledge expressed by various formalisms—despite each surveyed method
focuses on some particular formalism. Along this line, a key discriminating factor is whether the
chosen formalism is machine-interpretable or not—other than human-interpretable.

W.r.t. the formalism the input knowledge should adopt to support SKI, we may cluster the
surveyed methods into two major groups, namely:

logic formulae or KB (i.e., sets of formulee) adhering to either FOL or some of its subsets, which
are therefore both machine- and human-interpretable. Here, admissible sub-categories reflect
the kinds of logics described in Section 2.2.1. Ordered by decreasing expressiveness, these
are:
full first-order logic formulee including recursive terms, possibly containing variables,
predicates of any arity, and logic connectives of any sorts, possibly expressing definitions;
Horn logic (a.k.a. Prolog-like) where knowledge bases consist of head—-body rules, involving
predicates and terms of any sorts;
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Fig. 8. Venn diagram categorising SKI meth-
ods w.r.t. the input knowledge type: knowl-
edge graphs (KG), propositional logic (P),
first-order logic (FOL), expert knowledge (E),
Datalog (D), Horn logic (H), or modal logic
(M).

Datalog i.e., Horn clauses without recursive terms (only constant or variable terms allowed);
modal logics i.e., extensions of some logic above with modal operators (e.g., O and ¢),
denoting the modality in which statements are true (e.g. when, in temporal logic);
knowledge graphs i.e., a particular application of description logics aimed at representing
entity-relation graphs;
propositional logic where expressions are simply expressions involving boolean variables
and logic connectives.
expert knowledge i.e., any piece of human- (but not necessarily machine-) interpretable knowl-
edge by which data generation can be attained. This might be the case of physics formulae,
syntactical knowledge, or any form of knowledge that is usually held by a set of human
experts, and, as such, is only accessible to human beings. For this reason, expert knowledge
injection requires some data to be generated to reify its information in tensorial form. Of
course, expert knowledge may be cumbersome to extract and requires human engineers to
take care of data generation before any injection can occur.

In Figure 8 we categorise the surveyed SKI methods w.r.t. their formalism of choice. There, KG
are the most prominent cluster (including more than half of surveyed methods), while expert
knowledge is the smallest one. Methods tailored on FOL or its subsets (apart from KG) form another
relevant cluster. There, propositional logic plays a pivotal role, as it involves the relative majority
of methods.

Notably, as long as the logic formalism is concerned, we consider and report the actual logic used
in the papers. Indeed, this is rarely explicitly stated by the authors into their papers. So, we deduce
the actual logic used by each SKI method from the constraints its logic is subject to, according to
its authors.

4.2.2 RQ9: How does SKI work? By analysing the surveyed SKI methods, we acknowledge great
variety in the actual way injection is performed. Arguably, however, such variety can be tackled by
focusing on tree major strategies, depicted in Figure 9 and summarised below:

predictor structuring where (a part of) a sub-symbolic predictor (commonly, NN) is created to
mirror the symbolic knowledge via its own internal structure. In other words, a predictor is
created or extended to mimic the behaviour of the SK to be injected. For example, when it
comes to NN, their internal structure is crafted to represent logic predicates via neurons, or
and logic connectives via synapses;

knowledge embedding where SK is converted into numeric-array form — e.g., vectors, matrices,
tensors, etc. — to be provided as “ordinary” input for the sub-symbolic predictor undergoing
injection. In other words, numeric data is generated out of symbolic knowledge. Any numeric
representation of this sort is called embedding [of the original symbolic knowledge]. For ex-
ample, this is the common strategy exploited by the knowledge graph embedding community
[55], as well as by graph NN [1, 30];
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Fig. 9. Overview of major strategies followed by surveyed SKI methods.
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(c) Embedding strategy: the symbolic knowledge is converted in
tensorial form and ML predictors are fed “as usual”.

guided learning (ak.a., constraining) where SK is used to steer the learning process of ML predic-
tors, by either penalising inconsistent behaviours or by incentivising consistent behaviours
w.r.t. the SK. When the predictor undergoing injection is trained via some optimisation
process involving loss functions being minimised (e.g., NN), guided learning is achieved by
altering those loss functions in such a way that violations w.r.t. the SK increase the loss. A
dual statement holds for predictors requiring training to step through maximization processes.
The recent book by [22] nicely overviews methods of these kinds.

Figure 10 summarises the frequency of these strategies among the surveyed SKI algorithms. Notably,
the distribution of surveyed SKI methods among the three categories above is balanced.

4.2.3 RQ6: Which sorts of ML predictors can SKI be applied to? Virtually all surveyed SKI methods
are designed to inject knowledge into neural networks. However, as this survey spans over 2
decades, the sorts of NN supported by SKI methods are manifold—despite each method is tailored
on specific sorts of NN.

Accordingly, surveyed SKI methods can be classified w.r.t. the particular sort of NN they support.
As detailed by Figure 11, admissible choices along this line fit the many sorts of NN discussed in
Section 2.1.2, namely:

feed-forward NN multi-layered NN where neurons from layer i are only connected with layer
i+ 1, and multiple (> 2) layers may exist;
convolutional NN particular cases of feed-forward NN, involving convolutional layers as well;
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Fig. 10. Venn diagram categoris-
ing SKI methods w.r.t. strategy:
structuring (S), embedding (E), or
guided learning (L).

22

;
\, %

Fig. 11. Venn diagram categorising SKI
methods w.r.t. the targeted predictor type:
feed-forward (FF), convolutional (CNN),
graph (GNN) or recurrent (RNN) neu-
ral networks, Boltzmann machines (BM),
Markov chains (MC), transformers (TR),
auto-encoders (AE), deep belief networks
(DBN), denoising auto-encoders (DAE), ker-
nel machines (KM).

graph NN particular cases of convolutional NN tailored on graph-like data;

recurrent NN particular cases of NN admitting loops among layers;

Boltzmann machine a particular neural architecture where connections are undirected—i.e.,
every node is connected to every other node;

transformer particular case of recurrent NN that leverage a self-attention mechanism—i.e., differ-
entially weighting parts of the input data depending on their significance;

auto-encoders particular case of feed-forward NN, characterised by a bottleneck architecture
used to learn reduced data encodings through learning to regenerate the input from the
encoding;

deep belief networks a composition of multiple Boltzmann machines, stacked altogether, in a
feed-forward fashion;

denoising auto-encoder particular case of auto-encoders working over corrupted input.

Notable exceptions are:

kernel machines ML models relying on kernels—i.e., similarity measures between observed
patterns;

Markov chains state machines with probabilities on state transitions, modelling stochastic phe-
nomena.

Interesting enough, the vast majority of methods rely on (some sort of) NN. The reason is straight-

forward: methods tailored upon GNN (resp. CNN) assume the networks to accept specific kinds of

data as input, e.g. graphs (resp. images), while ordinary feed-forward NN accept raw vectors of real

numbers.

4.2.4 RQ8: For which kind of Al tasks can SKI be exploited? Unlike SKE methods — which uniquely
serve the purpose of inspecting black-box predictors by mimicking the way they address supervised
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Fig. 12. Venn diagram categorising SKI
methods w.r.t. aim: knowledge manipulation
(M) or enrich (E).

Fig. 13. Pie chart categorising
SKI  methods presence/lack
of software implementations.
There, ‘L’ denotes the pres-
ence of a reusable library, ‘E’
denotes  experiments  code,
and ‘7 denotes lack of known
technologies.

learning tasks —, SKI methods from the literature may serve multiple purposes. As outlined by
Figure 12, we identify two major purposes SKI methods may pursue, by targeting either symbolic
or sub-symbolic Al tasks. More precisely, SKI methods may pursue:

symbolic knowledge manipulation where SKI enables the sub-symbolic manipulation of sym-
bolic knowledge, by letting sub-symbolic predictors treat SK similarly to what done by
symbolic engines. In doing so, SKI supports symbolic-Al tasks such as
logic inference in its many forms (e.g. deductive, inductive, probabilistic, etc.), i.e. drawing
conclusions out of symbolic KB;
information retrieval looking for information in symbolic KB;
KB completion finding (and adding) missing information in symbolic KB;
KB fusion merging several KB into a single one, take care of (possibly, syntactically different)
overlaps;
The key point here is supporting tasks where both inputs and outputs are symbolic in nature,
but leveraging upon sub-symbolic methods to gain speed, fuzziness, and robustness against
noise.
learning support (a.k.a., enrich) where SKI lets sub-symbolic methods consume symbolic knowl-
edge to either improve or enrich learning capabilities. In doing so, SKI supports ordinary ML
tasks — such as classification —, by allowing ML predictors to process (or take advantage by)
structured symbolic knowledge. The underlying idea of such approaches is that there exist
some concepts that are cuambersome or troublesome to learn from examples—e.g., syntactical
concepts, semantics, etc. Therefore, symbolic knowledge expressing these high-level concepts
may be injected directly into the model to be trained.

As the reader may note from the picture, surveyed SKI methods are quite balanced w.r.t. the
categories above.

4.2.5 RQ10: which and how many SKI algorithms come with runnable software implementations?
Among the 117 surveyed methods for SKI, we found runnable software implementations for 60
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Fig. 14. Summary of SKE and SKI taxonomies derived from the literature, as discussed in section 4.

(51.3%). Of these, 11 consist of reusable software libraries, while the others are just experimental
code. Figure 13 summurises this situation. In the supplementary materials, we provide details
about these implementations—there including the algorithm they implement and the link of the
repository hosting the source code.

5 DISCUSSION

Figure 14 summarises the main contribution of our paper—i.e., the taxonomies for SKE and SKI
we induced from the surveyed literature. Generally speaking, such taxonomies are useful tools
to categorise present (and, hopefully, future) SKE/SKI methods, and to highlight the relevant
features of each particular method. In this way, the interested readers may figure out what to expect
from any given SKE/SKI method, as well as draw general analyses concerning the state of the art.
Accordingly, in this section we analyse our taxonomies, elaborating on the current challenges and
future perspectives.

It is worth mentioning that our taxonomies involve both “stable” and “contingent” categories by
which SKE/SKI methods can be described. These are represented as either white or grey boxes in
Figure 14. Stable categories are time-independent and they are not susceptible to change in the near
future, while contingent categories are subject to trends and may evolve. Consider for instance
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SKE methods (see Figure 14), categorised w.r.t. their output knowledge. While expressiveness is a
stable sub-category, its actual sub-sub-categories are contingent, meaning that new ones may be
added in the future.

5.1 SKE Taxonomy

As shown in Figure 14, SKE methods can be classified by (i) translucency, (ii) targeted Al task, (iii)

nature of the input data, and (iv) form of the output knowledge. W.r.t. item (i), SKE methods can
either be categorised as pedagogical or decompositional. In the particular case of decompositional
methods, the actually targeted predictor is relevant too—and possibilities currently include NN,
decision trees, SVM, and linear classifiers. W.r.t. item (ii), SKE methods may target classification
or regression tasks, or both. In any case, they currently target supervised ML tasks alone. W.r.t.
item (iii), SKE methods accept predictors trained upon binary, discrete, or continuous data. Finally,
w.r.t. item (iv), SKE methods may produce symbolic knowledge of different shapes, and with
different expressiveness. Shapes may currently involve rule lists, as well as decision trees or tables.
Conversely, as long as expressiveness is involved, symbolic knowledge may be propositional,
oblique, or fuzzy—possibly including M-of-N-like statements.

About translucency. It is worth stressing the relevance of pedagogical methods from the engi-
neering perspective. Indeed, if properly implemented, pedagogical methods may be exploited in
combination with predictors of any sorts. Of course, they are expected to reach lower performances
w.r.t. decompositional ones, as they access less information. On the other side, decompositional
methods may be more precise at the expense of generality.

About input data. We recall that binary features are particular cases of discrete features, while
discrete features are, in turn, particular cases of continuous features. Hence, it is worthwhile
noticing that extractors requiring only binary features can be applied to categorical datasets by
pre-processing discrete attributes via one-hot encoding (OHE). Analogously, extractors requiring
discrete features can work with continuous attributes if those continuous features are discretised.
Finally, continuous features can be converted into binary ones by performing discretisation and
OHE, in this exact order.

While these transformations can always be applied in the general case, some authors have
included them in their SKE methods at the design level. Hence, some papers explicitly account
discretisation or OHE as part of the SKE methods they propose. This is the case, for instance, of the
methods labelled as “C+D” in Figure 3. Other methods may instead rely upon other discretisation
strategies, such as the ones surveyed by [59]

About output knowledge. It is worth stressing that differences among rule lists, decision trees,
and tables are mostly syntactic, as conversions among these forms are possible in the general case
(cf. the supplementary materials for examples). As far as expressiveness is concerned, we remark
that all logic formalisms currently in use for SKE are essentially particular cases of propositional
logic—possibly, under a fuzzy interpretation. This implies that the full power of FOL is far from
being fully exploited in practice.

Finally, we point out some correlations among the expressiveness of output rules and the nature
of the predictor they are extracted from, as well as the input data it is trained upon. For instance,
decompositional SKE methods focusing upon NN are more likely to adopt M-of-N statements.
Arguably, the reason is that M-of-N expressions aggregate several elementary statements into a
single formula, similarly to how neurons aggregate synapses from previous layers in NN—hence
such methods approximate neurons via M-of-N expressions. Another example: SKE methods
working with continuous input data are more likely to adopt oblique rules—or, at least, propositional
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rules with arithmetic comparisons. In fact, decisions are there drawn by comparing numeric
variables with constants or among each other.

On SKE methods’ chronology. In conclusion, we stress the chronological distribution of SKE
methods. As highlighted by the supplementary materials, the majority of SKE methods have been
proposed during the decades ranging from the 90s up to the 2010s. Contributions slowed down
after that, up to the 2020s, where SKE gained new momentum.

In our opinion, research on ML interpretability gained momentum more than once in the history
of AL Each time sub-symbolic Al attracted the interest of researchers, so did the need to make it
more comprehensible. Arguably, this is the reason why most SKE-related works are concentrated
around the 2000s. In the last years, we are witnessing the novel spring of sub-symbolic AI [35],
which is, in turn, motivating researchers’ interest in XAI. Arguably, this is why SKE is gaining
novel momentum in recent years.

5.2 SKI Taxonomy

As shown in Figure 14, SKI methods can be classified by (i) form of the input knowledge, (ii)
followed strategy, (iii) targeted predictor type, and (iv) purpose. W.r.t. Item (i), SKI methods can
either accept logic formulee or expert knowledge as input. In the former case, current possibilities
include FOL and its subsets, and in particular knowledge graphs. W.r.t. Item (ii), SKI methods may
currently follow one of three strategies, namely: predictor structuring, knowledge embedding, or
guided learning. W.r.t. Item (iii), SKI methods currently mostly target NN-based predictors, other
than Markov chains and kernel machines. Finally, w.r.t. Item (iv), SKI methods may pursue two
kinds of purposes, non-exclusively: manipulating symbolic knowledge or supporting/enriching
learning. In the former case, current possibilities involve symbolic Al related tasks such as logic
inference (and its many forms), information retrieval, and KB completion/fusion.

About input knowledge and injection strategies. Logic formulee are the most common approach to
define prior concepts to be injected. This is true, in particular, for SKI approaches following the
model structuring or guided learning strategies. Indeed, via logic formule, they express criteria
that sub-symbolic models should satisfy or emulate. However, methods of these sorts often require
formulee to be grounded. Grounding introduces computational burden and hinders capability of
representing recursive or infinite data structures—hence limiting what can actually be injected.

Conversely, knowledge graphs are the most common knowledge representation approach when
it comes to perform SKI following the knowledge embedding strategy. This is unsurprising, given
that “knowledge graph embedding” is a research line per se.

About target predictors. Neural networks play a pivotal role in SKI. Arguably, the reason lays
in the great malleability of NN w.r.t. their structure and training, as well as their flexibility w.r.t.
feature learning. In fact, NN come in different shapes as different architectures may be constructed
by connecting neurons in various ways. This is fundamental to support SKI via predictor structuring.
Furthermore, as long as their architectures are DAG, NN can be trained via gradient descent, i.e.
by minimising a loss function of arbitrary shape. This is, in turn, fundamental to support SKI via
guided learning. Finally, feature learning is a characterising capability of NN, making them capable
to automatically elicit the relevant aspects they should focus upon, w.r.t. input data. This is the
reason why NN are well suited for the knowledge embedding strategy as well. Accordingly, to
the best of our knowledge, there exists no other sort of predictor having similar flexibility and
malleability.
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On SKI methods’ chronology. In conclusion, we stress the chronological distribution of SKI
methods. As highlighted by the supplementary materials, the majority of SKI methods have been
proposed after 2010, and, notably, the amount of contribution has exploded after 2015.

In our opinion, this distribution is due to the composite effect of three major drivers, namely:
natural language processing (NLP), XAI, and neuro-symbolic computation (NSC). Arguably, all such
drivers are gaining momentum in the last years, due to the success of machine- and deep-learning.
Indeed, NLP reached unprecedented performance levels after it started leveraging DL, possibly
combined with knowledge graphs and the corresponding SKI methods. Similarly, a portion of
XAl-related contributions propose SKI methods aimed at controlling, constraining, or guiding what
predictors learn from data. Finally, NSC has recently emerged as a field exploiting SKI methods to
process logic knowledge sub-symbolically, by exploiting the malleability of NN.

5.3 Challenges

We observe that SKE algorithms focus exclusively on supervised learning tasks - i.e., classification
and regression — while they do not tackle unsupervised or reinforcement learning tasks—e.g.,
clustering or optimal policy search. One may argue, for instance, that clustering algorithms are not
opaque - e.g., K-nearest neighbours —, despite operating on numeric data. However, pedagogical
SKE algorithms could be used on clustering predictors with no or minimal adjustments—as trained
clustering predictors are essentially classifiers upon anonymous classes. Similarly, it could be
possible to perform extraction on predictors trained using reinforcement learning with existing
SKE algorithms. Indeed, future literature works on SKE for unsupervised learning would be needed.

Furthermore, the vast majority of SKI algorithms accept knowledge in form of knowledge graph
- a.k.a., description logic — or propositional logic (Figure 8), which are much less expressive than
FOL. These logics lack support for recursion and function symbols, meaning that the user is quite
limited in providing knowledge to predictors. The reason behind this is that common ML predictors
are acyclic (e.g., NN, etc.), meaning that there is no straightforward way to integrate recursion nor
indefinitely deep data structures without severe information loss due to approximations. Hence,
future research efforts concerning SKI may consider addressing the injection of logics involving
recursive clauses or arbitrarily deep data structures.

5.4 Opportunities

We propose a brief discussion on the benefits arising from the joint exploitation of both SKI and
SKE in the engineering of Al solutions. (i) the possibility of debugging sub-symbolic predictors,
and (ii) the exploitation of symbolic knowledge as the lingua franca among heterogeneous hybrid
systems. Accordingly, in the remainder of this sub-section, we delve into the details of these
expected benefits.

5.4.1 Debugging sub-symbolic predictors. Debugging is a common activity for software program-
mers: it aims at spotting and fixing bugs in computer programs under production/maintenance.
There, a bug is some unknown error contained into the program which leads to some unexpected
or undesired observable behaviour of the computer(s) running that program. The whole procedure
relies on the underlying assumption that computer programs are intelligible to the programmer
debugging them, and that the program can be precisely edited to fix the bug.

One may consider XAl techniques as means to “debug” sub-symbolic predictors. In this metaphor,
sub-symbolic predictors correspond to computer programs — despite they are not manually writ-
ten by programmers, but learned from data —, while data scientists correspond to programmers.
However, debugging sub-symbolic predictors is hard, because of their opacity — which makes their
inner behaviour poorly intelligible for data scientists —, and because they cannot be precisely edited
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Fig. 15. ML workflow enriched with SKI and SKE phases. On the right, the train-extract-fix-inject loop is
represented.

after training—but should be rather retrained from scratch. Accordingly, here we discuss the role
of SKE and SKI to let data-science in overcoming these issues, hence allowing data scientists to
debug sub-symbolic predictors.

Figure 15 provides an overview of how SKI and SKE fit the generic ML workflow. In particular, the
figure stresses the relative position of both SKI and SKE w.r.t. the other phases of the ML workflow.
Notably, SKI should occur before (or during) training, while SKE should occur after it. However,
the figure also stresses the addition of a loop into an otherwise linear workflow (right-hand side of
the figure). We call it the “train-extract-fix-inject” (TEFI) loop, and we argue it is a possible way to
debug sub-symbolic predictors.

In the TEFI loop, SKE is the basic mechanism by which the inner operation of a sub-symbolic
predictor (i.e., ‘the program’, in the metaphor) is made intelligible to data scientists. The extracted
knowledge may then be understood by data scientists and “debugged”—hence looking for pieces of
knowledge which are wrong w.r.t. the data scientists expect. Then, symbolic knowledge may be
precisely edited and fixed. Along this line, SKI is the basic mechanism by which a trained predictor
is precisely edited to adhere to the fixed symbolic knowledge.

5.4.2  Symbolic knowledge as the lingua franca for intelligent systems. Intelligent systems can be
suitably modelled and described as composed of several intelligent, heterogeneous, and hybrid
computational agents interoperating — and possibly communicating — among each others. There, a
computational agent is any software or robotic entity capable of computing, other than perceiving
and affecting some given environment—be it the Web, the physical world, or anything in between.
To make the overall systems intelligent, these agents should be capable of a number of intelligent
behaviours, ranging from image, speech, or text recognition to autonomous decision making,
planning, or deliberation. Behind the scenes, these agents may (also) leverage upon sub-symbolic
predictors — possibly trained upon locally-available data —, as well as symbolic reasoners, solvers,
or planners to support such sorts of intelligent behaviours. In this sense, such agents are hybrid,
meaning that they involve both symbolic and sub-symbolic AI facilities. However, interoperability
may easily become a mirage because of (i) the wide variety of algorithms, libraries, and platforms
supporting sub-symbolic ML, other than (ii) the possibly different data items each agent may locally
collect and later train predictors upon. Indeed, each agent may learn (slightly) different behaviours,
due to the differences in the training data and in the actual ML workflow it locally adopts. When
this is the case, exchange of behavioural knowledge may become cumbersome or infeasible.

In such scenarios, SKI and SKE may be enablers of a higher degree of interoperability, by
supporting the exploitation of symbolic knowledge as the lingua franca for heterogeneous agents.
Indeed, hybrid agents may exploit SKE to extract symbolic knowledge out of their local sub-
symbolic predictors, and exchange (and possibly improve) that symbolic knowledge with other
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agents. Then, any possible improvement of the symbolic knowledge attained via interaction may
be back-propagated into local sub-symbolic predictors via SKI, hence enabling agents’ behaviour
to improve as well.

5.5 Limitations

This SLR also means to be as comprehensive, precise, and reproducible as possible; nonetheless,
we acknowledge two potential limitations: (i) the expected life span of our taxonomies, and (ii)
terminology issues in the literature.

Both SKE and SKI are hot topics nowadays: further advancements have to be expected for the
next decade, at least. Hence, our taxonomies may require to be verified, and possibly updated,
sometime in the future. The straightforward methodological approach defined by our SLR, however,
should ensure a clear path to future reproductions of this work.

Also, an evolution in the naming conventions clearly emerge from our analysis. Along the years,
SKE has been called in disparate ways—e.g. “rule extraction” [4], or “knowledge distillation” [58],
just to name a few. The same holds for SKI: there, naming conventions are commonly based on the
injection strategy, yet they rarely contain the word “injection”. So, we may have missed some works
while collecting papers simply because they were using different naming conventions that we were
not able to devise out. This is an inherent issue of the keyword-based methodology we adopted
for SLR. To minimise issues in the classifications of present and future SKE/SKI methods, we draw
loose definitions, and carefully read papers to determine whether they match our definitions or not.
Yet, missing works for unexpected terminology choices cannot be excluded.

6 CONCLUSION

In this paper we survey the state of the art of symbolic knowledge extraction and injection under a
XAl perspective. Stemming from two original definitions, we systematically explore the literature of
both SKE and SKI, spanning a period of three decades. Our goal is to elicit the major characteristics
of SKE/SKI algorithms form the literature (G1-G2), hence deriving general taxonomies which we
hope other reserchers may exploit. Another goal of ours is to assess the current state of technologies
(G3) by indentifying software implementations of SKE/SKI techniques.

Considerable efforts were spent in keeping our review reproducible—as prescribed by the goal
question metric approach by [11]. Along this line, we design ten research questions (RQ1-RQ10),
and we engineer ad hoc queries to be performed on most relevant search engines for scientific
literature. We select 246 primary works, almost evenly distributed among SKE and SKI, other than
11 secondary works. By analysing these papers, we define and discuss two general taxonomies for
both SKE and SKI, which are general enough to categorise present (and possibly future) methods.

Roughly, surveyed methods are categorised w.r.t. what they accept as input and produce as
output (in terms of symbolic knowledge or predictors), other than how they operate and why.
We also collect data about which and how many SKE/SKI methods come with runnable software
implementations (namely, 87, i.e. 35.4%). In the supplementary materials, we also report Web
homepages for the available implementations.

Overall, the implications of our study are manifold. First, our SRL demonstrates how SKE and SKI
are hot topics of Al research, nowadays. The literature already contains hundreds of contributions
and our taxonomies provide a compact, yet general, criterion for navigating it. Hopefully, our SLR
will serve as a map for future contributions, which we expect to flourish soon and abundantly.
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Table A. Example of decision table with 3 binary input variables and 1 output feature—namely, the class label.

“Rule set #1” and “Rule set #2” are semantically equivalent, but the latter is more compact since it exploits the

don’t care symbol (-).

Variables H Rule set #1 H Rule set #2
o(ofo0jO0O|1|1]1]|1 -10]1]1
oO|0j1]|]1]|0]0|1]|1 1/0/0]|0
o|(1(0|1(0j1]O0|1]-]-1]01]1

Output |B|B|A|A|B|[C|A[AA|B|B]|C

SUPPLEMENTARY MATERIAL
Decision Tables, Trees and Rule Lists

Decision tables are concise visual representations of rules,
specifying one or more conclusions for each set of dif-
ferent conditions. They have a column for each input
and output variable, and a row for each rule. Each cell ¢;;
contains the value of the j-th variable for the i-th rule.
An example of decision table is provided in Table A.
Notably, rule lists, decision trees, and decision tables
are essentially equivalent in their theoretical expressive-
ness. Differences mostly lay in their syntax, i.e. how they
represent rules. Conversions among these forms are pos-
sible, in the general case. For instance, the decision table Fig. A. Decision tree equivalent to the deci-
from Table A can be converted into the rule tree depicted sion table reported in Table A.
in Figure A, as well as into the following rule list:

ifY=1thenAelseif Y =0A X =1A Z =1 then C else B.

Summary about SKE

Table B summarises our analysis regarding the 129 surveyed SKE methods. Notably, the table
enumerates SKE methods in chronological order (w.r.t. publication year), grouping them by five-
year periods. Furthermore, coherently w.r.t. the sections above, the table reports the translucency,
the required task and input type, and the output format and shape of each surveyed method.

»

Table B. Summary of the knowledge-extraction algorithms. Values from the columns “Translucency”, “Task”,
“Input”, “Expressiveness”, and “Shape” refer the corresponding figures form Sec. 4.1. Column “Tech.” reports
the availability/lack of some software technology implementing the algorithm. There, ‘L’ denotes the presence
of a reusable sofware library, whereas ‘E’ denotes the presence of experimental code, and ?” denotes lack of
known technologies.

# ‘ Method ‘ Year ‘ Trans. ‘ Task ‘ Input ‘ Express. ‘ Shape ‘ Tech.
1 | Breiman et al. [29] 1984 P C+R | C+D P DT L!
"~ 2 [Quinlan[163] | 196 | P [ C | D | P | DT | El
3 |Saito and Nakano| 1988 | P [ C [ D | P | L [ ?
[175]

!https://scikit-learn.org/stable/modules/tree.html
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Table B. Summary of the knowledge-extraction algorithms (Continued).
# \ Method \ Year \ Trans. \ Task \ Input \ Express. \ Shape \ Tech.
Clark and Niblett | 1989 P C | C+D p L E?
(47]
5 | Masuoka et al. [141] | 1990 | D (ANN) C C F L ?
"6 |Hayashi[90] | 1990 [D(ANN) | C [ B | F | L [ ?
"7 | Towell and Shavlik | 1991 [ D(ANN) | C | D | MN | L [ ?
[206]

8 [ Berenji[19] 1991 [D(ANN) [ C [ Cc | F | L [ ?

"~ 9 | Brunk and Pazzani | 1991 [ P [ c || P | L | ?
(31]

10 | Murphy and Pazzani | 1991 | P | C | D] MN | DT | ?
[146]

11 | Horikawaetal. [97] | 1992 [ D(ANN) [ C | ¢ | F | L [ 2?2

12 [ Trespetal [210]  [1992a [ D(ANN) | R | ¢ | P | L [ 2?2

13 | Towell and Shavlik | 1993 [ DANN) | ¢ | D | P | L [ ?2
[207]

14 | Thrun [203] 1993 [ D(ANN) | C | C | P+MN | L [ 2?2

15 | Cohen[48] 1993 [P | c e P | L | ?

16 | Quinlan [164] [ 1993 [ P [ c oD P | DT | 1P

"7 [Ful77] 1994 [DANN) [ C | D | p | L | ?2

18 | Halgamuge ~ and | 1994 [ D(ANN) [ ¢ | ¢ | F | L [ 2?2
Glesner [89]

19 | Mitra [144] 1994 [ D(ANN) [ C [c+sD | F | L [ 2?2

20 | Craven and Shavlik | 1994 [ P |~ C | B | P+MN | L | 2?2
(50]

" 21 | Firnkranz and Wid-| 1994 [ P [ c | | p | v | E
mer [80]

22 [ Sestito and Dillon | 1994 [ P [ cl c | ¢ | v | 2
[183]

23 | Andrews and Geva | 1995 | D (ANN) C C+D P L ?

(3]

© 24 | Matthews and Jagiel-| 1995 [ D(ANN) [ ¢ [ B | F | L [ 2?2
ska [142]

25 [ Cohen[49] 1995 [ P | c || P | L |1

26 |Popetal [161] [ 1994 [ P | c | B | p | L | ?

27 | SetionoandLiu[190] | 1996 [ D(ANN) [ ¢ [ B | P | L [ ?

28 | Tickleetal. [204] | 1996 | P | c | B | p | L | ?

29 [ Yuan and Zhuang | 1996 [ P [ c | o | F | L | ?
[235]

https://github.com/alessiamondolo/cn2-rule-based- classifier
Shttps://en.wikipedia.org/wiki/C4.5_algorithm#Implementations
4https://github.com/buoto/irep-rule-induction
Shttps://github.com/imoscovitz/wittgenstein
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Table B. Summary of the knowledge-extraction algorithms (Continued).

# \ Method \ Year \ Trans. \ Task \ Input \ Express. \ Shape \ Tech.
30 | Craven and Shavlik | 1996 P C B P+MN DT E°
[51]
31 [HongandLee[96] | 1996 [ P | c |l c | "F | v | 7~
" 32 | SetionoandLiu [191] | 1997 [D(ANN3)| C [ ¢c+D | O | L [ ?
"33 [ Setiono{185] | 1997 [ DANN) | C [ D | P | L | ?
" 34 [Nauck and Kruse | 1997 [ DANN) [ ¢ | D | F | L [ ?
[147]
" 35 | Saito and Nakano | 1997 | D(ANN) [ R | ¢ | P | L | ?
[176]
" 36 | Benitezetal. [18] | 1997 | D(ANN) [ C+R [ C | F | L [ 2 =
37 | Ishibuchietal. [103] | 1997 | P | c | ¢c | F | v | 2
"38 [Taha and Ghosh| 1999 [ D(ANN) | C [ ¢ | P | L [ 2
[200]
"39 [Taha and Ghosh | 1999 [ D(ANN) [ C | ¢ | P | L [ ?
[200]
" 40 | Krishnanetal [114] [1999b | D(ANN) [ ¢ | B | P | L | ?
" 41 [ Nauck and Kruse | 1999 [ D(ANN) | R [ D | F | L | E
[148]
" 42 | Taha and Ghosh | 1999 [ P | c | B | P | L | 2?2
[200]
" 43 | Krishnanetal. [113] [ 1999a| P | c | ¢ | p | br | ?
" 44 | Schmitzetal. [181] | 1999 | P | C+R [ C+D | P | DT | L¥
45 |Hongand Chen[94] | 1999 [ P | c | c | F | v | 2
46 | Setiono [186] 2000 | D(ANN) | C B MN L ?
" 47 | Tsukimoto [213] | 2000 | D(ANN) [ C [ ¢c+D | P | L | ?
" 48 | KimandLee [109] | 2000 |[D(ANN4)| C [¢c+D | P ~ | DT | 2?2
49 | Setiono and Leow | 2000 | D(ANN) [ R | C+D |P+MN+O| DT | ?
[188]
" 50 | Zhouetal [240] | 2000 | P | c |esDb| P | L | 2?2
51 | Hongand Chen [95] | 2000 [ P | c | ¢c |1 F | v | 2
" 52 | Sato and Tsukimoto | 2001 [ D(ANN3)[ R [ Cc+D | P | DT | E*
[179]
53 | Parpinellietal. [156] | 2001 [ P | c |cD| P | L |1~
" 54 [ Castilloetal. [32] | 2001 | P |C+R[C+D| F | L | 2?2
" 55 | Saito and Nakano | 2002 | D(ANN) | R [ ¢c+D | P | L [ 2 =
[177]
56 | Setiono etal. [189] | 2002 [D(ANN3)[ R [ Cc+D | P | L [ ?
"57 | Liuetal. [123] | 2002 | P | c |ecsDb| P | L | 2?2

Shttps://github.com/abarthakur/trepan_python
Thttp://fuzzy.cs.ovgu.de/nefprox/
8https://github.com/fantamat/ruleex
https://github.com/zju-vipa/awesome-neural-trees
Ohttps://github.com/febo/myra
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3
4 Table B. Summary of the knowledge-extraction algorithms (Continued).
5
6 # \ Method \ Year \ Trans. \ Task \ Input \ Express. \ Shape \ Tech.
A (2002 [P [ C G P DT [7
8 59 | Markowska- 2003 P c 7T F L ?
?O Kaczmar and Trelak

[136]
1y .60 [ Znouetal (241~ "[a00s [ P [TCT[Cd | TTRI T T[T
g 61 | Setiono and Thong | 2004 | D (ANN3)] "R~ [ CiD p

[192]
8§ Y N I W I e N B A
16 63 | Markowska- 2004 P C C+D P L
17 Kaczmar and
18 oo | Chumiea[135] |\ Ll L S
lo i | Rabunaletal [165] | 2004 [~ BT ]TCT[ 1T TRTIT [T
% .65 [Chenfa) 7" BT I A < R N B S B R
2186 [Lweal(iza] " 7[a004 [ C TP [TCT[ T P T L [ EN
22 67 | Browne et al. [30] 2004 P C C+D P+MN DT
3 S8 [Zhamgeal[zs] [ 2005 [ DOVM) | C | C |__ P _| L | 7_
24 69 | Barakat and | 2008 | D(SVM) | C+R C P DT
25 . _[|Diederich[13] | 1 Ll ____] S R
2% .70 [Fangetal (79] "7 d00s [ DAG €[ TCT]TTPII T[T
27 70| Chavesetal39] ~ 2005 [ DGSVM) | €[]I S T [T
28 72 | Torres and Rocco | 2005 P C C+D P+MN DT
S 1 R R I S B I R
30 73 | Brchellsand G.[69] | 2006 | P _ | _ CoLeDj P L 1 7.
31|74 [Heetalls] __[aoe [T BCT]T€ [ ]TTPITTDT [ 77
3275 | Huysmansetal (101] | 2006 | P __ | ROJ € ] P ] L | L®
33 76 [Baderetal 5] | 2007 | DUANN) | CT[TBT]TTRT T T L T2
3477 [ Schetinin etal. (i80] | 2007 | D(OTE) | R_|TCC]TTPIC1TDT [ 77
35 78 [Chenetal (i3] | 2007 | D(SVM) | CO[TC]TTRT T[T
36 79 | Barakat and Bradley | 2007 | D (SVM) C C+D P ?
37 [12]
38 80 | Saad and Wunsch II | 2007 P C C+D 0 L E8
39 [171]
PO e ) O - = A A
41 82 [Nénesetal [152) [ 2008 [ DISVM) | €T € ]T P60 T [ T77
42 83 | Setionoetal [187] | 2008 | P _ | _ C L&D POo | L | 7 .
484 [ Odajimaetal [154) [ 2008 |~ P "] C [ D |7 TP 1L [T77
4 755 | Ronigetal (2] | 2008 |~ P R[G5 ]T P C|TDT[177
4 %6 [ Bader[s] - Ca009 [ DTANN) [ TCT[ BT 1TTPIC T [T
46 87 | Martens et al. [139] 2009 | D (SVM) C C any any ?
47 88 | Lehmann et al. [115] | 2010 P C B P L ?
48 Tttt T T T TT T T T ot oToTTTTTTET T T T T T T T o
49
50 Uhttps://rdrr.io/github/adriansidor/antminer/src/R/antminer3.R
51 2https://github.com/psykei/psyke-python
52
53 ACM Comput. Surv., Vol. 1, No. 1, Article . Publication date: August 2023.
54
55
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Table B. Summary of the knowledge-extraction algorithms (Continued).

# \ Method \ Year \ Trans. \ Task \ Input \ Express. \ Shape \ Tech.

89 | Augasta and Kathir-| 2012 P C C+D P L ?

valavakumar [4]
" 90 | Sethietal [184] | 2012 [ P | c |ced| P | TA | 2?2

91 | Zilke et al. [243] 2016 | D (ANN) R C+D P DT E?

" 92 [ChanandChan[34] | 2017 [ DANN) [ R | ¢ | P | L [ ?

" 93 | Biswasetal. [21] | 2017 [D@ANN) [ ¢ | ¢ | P | L [ ?

" 94 | Yedjour and Benyet-| 2018 | P | c | B | p | v | 2?2
tou [232]

95 | Chan and Chan [35] | 2020 | D (ANN) R C P L ?
96 | Wangetal. [217] [ 2020 [ DOOTE) | ¢ | ¢ | P | L | ?2
" 97 | Chenetal. [42] | 2020 | DANN) [ C | 1 | P | L [ EP
98 | Mahdavifar ~ and | 2020 [ DANN) | C | B | P | L [ ?

Ghorbani [130]
" 99 [ Vasilevetal [214] | 2020 | D(ANN) [ C | ¢ | P | L [ ?
100 | Odense and d’Avila | 2020 [ D(ANN) [ ¢ [ 1 | MN | L [ 2?2 =
Garcez [155]

101 [ Jiaetal. [106] | 2020 [ D(ANN) | C | 1 | P | DT | ?2
"102 [Lietal. [116] =~ [ 2020 | DANN) [ C | ¢ | F | L [ ?
103 | Hayashi and Takano | 2020 [ D(ANN) | C [ c«D | P | L [ ?2

[91]
" 104 | Chakraborty et al.| 2020 | D(ANN) [ C [ ¢c+D | P | L [ ?
(33]

105 | Sabbatini et al. [174] | 2021 | P [ R | ¢ | p | L | E?®
7106 | YuandLiu [234] | 2021 [D@ANN) | C | ¢ | P | L | ?
7107 | Yanetal [228] | 2021 [ D(ANN) [ C | ¢ | P | DT | ?
" 108 | Dattachaudhurietal. | 2021 [ D(ANN) | C | ¢ | P | L [ ?2

[57]

109 [ Dongetal [66] | 2021 [ P [ c |ced] P | L | 2?2
110 | Shamsetal. [193] | 2021 [ D(ANN) [ ¢ | ¢ | P | L [ LM*
111 | Yedjour [231] [ 2021 [ P | c |l c 1|1 p | v | 2?2
112 | Marshakov [138] | 2021 [D@ANN) [ ¢ | ¢ | F | L [ ?
113 | Yangetal. [230] | 2021 [D(GNN) | C | G | KG | T | EB
114 | Bastosetal. [17] | 2021 [D(GNN) [ C | T | KG | T [ E®

115 | Hortaetal [98] | 2021 [ D(ANN) | C | I | KG | T [ 2 =
116 | Bologna[22] | 2021 [ D(OTE) | ¢ | ¢ | P? | L [ ?
117 | Espinosa Zarlenga | 2021 [ D(ANN) | C | ¢ | P | L | E®

et al. [68]
118 | Sabbatini and Cale-| 2022 | P | R [ ¢ | P | L [ E®
gari [172]

Bhttps://github.com/SeekingDream/FSE20_DENAS

4https://github.com/mateoespinosa/remix
Bhitps://github.com/BUPT-GAMMA/CPF
16https://github.com/ansonb/RECON
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Table B. Summary of the knowledge-extraction algorithms (Continued).
# \ Method \ Year \ Trans. \ Task \ Input \ Express. \ Shape \ Tech.
119 | Johansson et al. [108] | 2022 P R C P L ?
120 | Barbieroetal [15] | 2022 [ D(ANN) [ C [ 1 | P | L [ L7 °
121 | Ferreiraetal [74] | 2022 [ D(ANN) | C [ 1 | P | L [ 2
122 [ Diacetal. [62] | 2022 [D(ANN4)| C | C | p | L [ ?
123 [ Barbadoetal. [14] [ 2022 [ D(SVM) [ C [ c+D | P | L | LB~
124 [ deCamposSouzaand | 2022 [D(ANN3)| C [ C | P | L [ ?
Lughofer [60]
125 | Salimi-Badr ~ and | 2022 [ D(ANN) [ R [ C | P | L [ ?
Ebadzadeh [178]
126 | Iffanetal. [102] | 2022 [ D(CNN) | C [ 1 | P | L [ 2
127 | Sabbatini and Cale-| 2023 [ P |[C+R| C | P | DT | E® ~
gari [173]
128 [ Obregon and Jung | 2023 | D(DTE) | C [ Cc+D | P | L [ EP ~
[153]
129 | Ciravegnaetal. [46] | 2023 [ D(ANN) [ C [ B | P | L [ 1®

Summary about SKI

Table C summarises our analysis regarding the 117 surveyed SKI methods. Notably, the table
enumerates SKI methods in chronological order (w.r.t. publication year), grouping them by five-year
periods. Furthermore, coherently w.r.t. the sections above, the table reports the strategy followed by
each SKI method, as well as type of knowledge it can inject, the type of neural network it supports,
and overall purpose it supports injection for.

Table C. Summary of knowledge-injection algorithms. Values from the columns “Strategy”, “Input”, “Predic-
tor”, and “Purpose” refer the corresponding figures form Sec. 4.2. Column “Tech.” reports the availability/lack of
some software technology implementing the algorithm. There, ‘L’ denotes the presence of a reusable sofware
library, whereas ‘E’ denotes the presence of experimental code, and ?* denotes lack of known technologies.

# \ Method \ Year \ Strategy \ Input \ Predictor \ Purpose \ Tech.

1 | Ballard [11] 1986 S FOL BM M ?

2 | Towell et al. [208] 1990 S P FF E L2
"3 [ Pinkus [160] ] 1991 | S | FOL | BM | M [ 7
"4 [ Trespetal [211] ] 1992b | L+S | P |  FF |~ E+M | 72
"5 | GilesandOmlin[83] | 1993 | S | E | RNN | E+M | ?

6 | Tan [201] 1997 S P FF E ?
"7 | dAvila Garcez and Za-| 1999 | S | P | FF | M [ L®2

verucha [59]
8 | Basilio et al. [16] 2001 L+S FOL FF M ?

Thttps://github.com/pietrobarbiero/pytorch_explain
8https://github.com/AlbertoBarbado/rule_extraction_xai
https://github.com/jobregon1212/rulecosi
Lhttps://github.com/pietrobarbiero/logic_explained_networks
2 https://github.com/psykei/psyki-python
Zhttps://sourceforge.net/projects/cil2p/
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Table C. Summary of knowledge-injection algorithms (continued).

# \ Method

Page 48 of 65

| Year | Strategy | Input | Predictor | Purpose | Tech.

d’Avila Garcez and Gabbay | 2004 S FOL FF M ?
(58]
10 | Baderetal. [6] 2005 | S | FOL |  FF [ M7
11 | Chang et al. [37] 2007 E E MN E ?

" 12 [ Baderetal [7] 2008 | L | E | FF [ E | ?
" 13 [ Mintzetal [143] 2009 | E | KG |  FE | Mo
14 | Nickel et al. [151] 2011 E KG FF M L=
15 | Bordesetal [26] 2011 | E | KG | FE | M| ER
" 16 | Kimmigetal. {110] | 2012 | S | FOL | MN [ M 1P
17 | Bordesetal [23] 2012 | E | KG | FF | M2
18 | Pinkasetal [159] 2013 | S | FOL | BM | M [ 2
19 | Bordesetal [25] 2013 | E+L | KG | FF | M~ [ ERTC
20 [Socheretal [195] 2013 | E+S | KG |  FE | M [ BT
21 | Francaetal [76] 2014 | S | P | RNN | M| EB
22 [ Wangetal [218] 2014 | E+L | KG | FE | M [ E®
23 | Garcia-Duranetal [81] | 2014 | E+L | KG | FF | M- T[T
24 [Bianetal [20] 2014 | E+«L | E | FE | 1
"~ 25 | Changetal. [36] 20014 | E | KG | FF [ M2
26 | Bordesetal [24] 2014 | E | KG | FF | M [ E®
27 |Dongetal. [67] 20014 | E | KG | FF [ M7
28 [Fanetal [71] 2014 | E+L | KG | FF | M [ 7

29 | Wang et al. [216] 2015 E KG FF M ?
030 | Weietal [220] 2015 | E | KG | MN [ M [ BV
31 | Rocktischeletal. [169] | 2015 | E+L | KG | FF [ M| E®
32 [Linetal [122] 2015 | E+L | KG | FF [ M [ E®
"33 | Yangetal [229] 2015 | E+L | KG | FF [ M7
34 [Cheetal [40] 2015 | L | KG | FE | E [ ?
35 [Jietal [104] 2015 | E+L | KG | FF [ M7
36 | Fengetal [73] 2016 | E+L | KG | FF | M2
37 [ Xiaoetal [223] 2015 | E+L | KG | FF | M [ 2
38 [Heetal [93] 2015 | E+L | KG | FF | Mo
39 [ Tranand Garcez [209] | 20166 | S | P | DBN | E | ?
© 40 [Huetal [99] 2016a| S | P | CNN | E [ ?

Bhttps://github.com/mnick/rescal. py
Z4https://github.com/glorotxa/SME
Bhttps://github.com/lings/psl

https://github.com/Lapis-Hong/TransE-Knowledge- Graph-Embedding
Thttps://github.com/dddoss/tensorflow-socher-ntn

ZBhttps://github.com/vakker/CILP
Phttps://github.com/thunlp/KB2E

30https://github.com/usherwang02/SemanticMatchingEnergy-Theano

3 https://github.com/ZhuoyuWei/fpMLN
32https://github.com/uclnlp/low-rank-logic

3https://github.com/thunlp/KB2E
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Table C. Summary of knowledge-injection algorithms (continued).
# \ Method \ Year \ Strategy \ Input \ Predictor \ Purpose \ Tech.
41 | Guo et al. [88] 2016 E+L KG FF M ?
" 42 | Nickeletal [150] | 2016 | E+L | KG | FF | M E®
" 43 | Trouillonetal [212] | 2016 | E+L | KG | FF | M [ E®
" 44 | Demeesteretal. [61] | 2016 | L | KG | FF | Mo
45 [Huetal [100] ] 206b| S | P | FF | I
46 | Mrksicetal [145] | 2016 | L | KG | F [ E | E*
47 [Liwetal [126] ] 206 | E | KG | FF | M [ 7
48 [Jietal [105] | 2016 | E+L | KG | FF | M7
49 [Xiaoetal [225] ] 2016b | E+L | KG | FF | M [ 7
50 | Xiaoetal [224] | 2016a | E+L | KG | FF [ M7
51 | Kipfand Welling [111] | 2017 | E+L | KG | GNN | Mo LY
" 52 | Rocktaschel and Riedel [168] | 2017 | L+S | D | FF [ M [ E®
53 [Lwetal (i3] o7 | T BL RG] MO
" 54 | Stewartand Ermon {198] | 2017 | L | E | CNN | E [ ?
55 | Allamanisetal. 2] | 2017 | L | P | RNN [ E [ E®
56 | Diligentietal [63] | 2017a| L | FOL | KM | M [ E®
57 | Diligentietal. [64] | 20076 L | P | CNN | M7
58 | Marinoetal [134] | 2017 | E | KG | GNN | E | ?
59 | Changetal. [38] | 2017 | E | E | FF [ E | E®
60 | Choietal [45] | 2017 | E | KG | FF | E | EB®
61 |Fangetal [72] | 2017 | L | KG | CNN [ E [ ?
62 | Xuetal [227] ] 208 | L | P [ CNN | E | E®
" 63 | Evans and Grefenstette [70] | 2018 | L+S | D | FF | M| EB
" 64 | Sourek etal [196] | 208 | S | D | FF | M [ E®
65 | Velickovicetal. [215] | 2018 | E+L | KG | GNN [ M| EY
66 | Maand Zhang [127] | 208 | L | KG | AE | E | ?
67 | Zhouetal [239] | 208 | E | KG | GNN [ E | E®
68 | Liangetal [120] | 2018 | S | KG | FF | E | E¥®

34https://github.com/mnick/holographic-embeddings
$https://github.com/thunlp/openke
36https://github.com/nmrksic/counter-fitting
37https://github.com/tkipf/pygen
3Bhttps://github.com/uclnlp/ntp
$https://github.com/quark0/ANALOGY
“Ohttps://github.com/mast-group/eqnet
“https://sites.google.com/site/semanticbasedregularization/home/software
“2https://github.com/mbchang/dynamics
“https://github.com/mp2893/gram
“https://github.com/UCLA-StarAl/Semantic-Loss/
“Shttps://github.com/crunchiness/lernd
4Shttps://github.com/GustikS/GNNwLRNNs
4Thttps://github.com/PetarV-/GAT
“https://github.com/tuxchow/ccm
“https://github.com/julianschoep/SGRLayer
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Table C. Summary of knowledge-injection algorithms (continued).
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# \ Method \ Year \ Strategy \ Input \ Predictor \ Purpose \ Tech.

69 | Glavas and Vulic [85] 2018 E+L KG FF E B>
" 70 [ Marraetal [137] | 2019 L | P | F | N
" 71 | Goodwin and Demner-| 2019 | L | KG | FF | E [ ?

Fushman [86]

" 72 [Sunetal [199] | 2019 | E+L | KG | FF | M2
" 73 | Zhangetal. [238] | 2019 | L | KG | TR | E | 2?2
" 74 | Petersetal [158] | 2019 | E+L | KG | TR | E | L¥
" 75 | Daniele and Serafini [54] | 2019 | S | FOL | DFF | E | L¥
" 76 | Fischeretal [75] | 2019 L | D | DFF | E | E®*
" 77 | Dongetal [65] | 2019 | S+L | H | T FF ]~ M [ EY

78 | Badreddine et al. [9] 2020 S FOL FF E+M L3¢
" 79 | Zhangetal [237] | 2020 | E+L | KG | FF | M~ [ BT
80 |Jiangetal [107] | 2020 | S+L | FOL | RNN | E [ ?
" 81 | Renand Leskovec [166] ~ | 2020 | S+L | KG | DFF | M~ [ E®
" 82 [Guoetal. [87] ] 2020 | L+E | KG | FF | M [ EY
83 | Riegeletal [167] | 2020 | S+L | FOL | FF | M~ [ LY
"84 | YuandLiu [234] | 2021 S | P | DAE | E | ?
"85 | Manhaeveetal. [131] | 2021 | S | H | FF | E+M | L8
" 86 | Dashetal [56] | 2021 E | P | GNN [ E | E®
" 87 | Giunchiglia and Lukasiewicz | 2021 | S+L | P | CNN | E | E®

(84]

88 | Bosselutetal [27] | 2021 S | KG | TR | M [ 7
" 89 | Pengetal [157] | 201 E | E | TR | E | 2?2
T 90 | Westetal [222] | 2022 | LE | KG | TR | E | 2?2
" 91 [ Marinoetal. [133] | 2021 | S+L | KG | TR | E | 1%
" 92 | Xieetal [226] | 2021 | S+L | M | RNN | E | 2?2
" 93 [ Chengetal [44] | 2021 | L+E | H |  FF | M [ 7
" 94 |Lietal [118] | 2023a| S+L | D | GNN | M [
" 95 [ dAmato etal. [53] | 2021 | L+E | KG | FF | M [ E®

SOhttps://github.com/codogogo/explirefit
Shttps://github.com/GiuseppeMarra/lyrics
2https://github.com/allenai/kb
Shttps://github.com/DanieleAlessandro/KENN
4https://github.com/eth-sri/d12
SShttps://github.com/google/neural-logic-machines
Shttps://github.com/logictensornetworks/logictensornetworks
S7https://github.com/MIRALab-USTC/KGE-HAKE
38https://github.com/snap-stanford/KGReasoning
Shttps://github.com/StudyGroup-lab/SLRE
Ohttps://github.com/IBM/LNN
®Thttps://github.com/ML-KULeuven/deepproblog
92https://github.com/tirtharajdash/VEGNN
3https://github.com/EGiunchiglia/C-HMCNN/
4https://github.com/facebookresearch/mmf
8Shttps://github.com/Keehl-Mihael/TransROWL-HRS
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3
4 Table C. Summary of knowledge-injection algorithms (continued).
5
6 # \ Method \ Year \ Strategy \ Input \ Predictor \ Purpose \ Tech.
7 96 | Dash et al. [55] 2022 S P GNN E E6S
8 " 97 | Rodriguezetal. [170] | 2022 | L | KG | CNN [ E | E¥
? " 98 |Yuetal [233] | 2022 | S+L | FOL | CNN | E [ ?
10 " 99 [Weietal [219] | 2022 | S+L | P | GNN [ M [ E®
1, 100 ] Smimovaetal (194] © 777 Tob2z | " T LT TP T EE TR [ E
13 .101]Magninietal [128] ___ | 2022a| S _| D | FF__ ] _ E__[ EM
12 102 [ Spilloetal (197] ~_ ___ | 2022 | _E | FOL | DEF [ _ E__[E°_.
j5 . 103]Tangetal [202] ___ | 2022 | L+E_| FOL | RNN [ M__[ EP
16 _104 | Zhuetal [242] | 2022 ) L | FOL | GNN | _ M__| EP
17 105 | Lietal [117] | 2022 ) I+E | KG | GNN | M__ L7
18 106 | Senetal [182] _ {1 _ J_ | 2022 \ S+L | D | _FF__ | __ M__L_?_.
1o 107 | Magninietal [129) ] 2022y |~ “S+L” "D |7 TDRF TR [ ENT
20 108 | Werner etal. [221] | 2023 | S| FOL | GNN | _ E__LE° .
21 109 Gianninietal. [s2] ~~ 77 S L N S o
22 110 | Cunnington et al. [52] 2023 S+L D FF E E™
23 111 | Pourvali et al. [162] | 2023 | S+L | FOL | TR | E | ?
24 112 | Ahmedetal [1] | 2023 | L | P | FF [ E | EP
25 113 | Marconato etal. [132] | 2023 | L | H | DFF | M+E | E?*
26 114 [ Lietal [119] | 2023b | S+L | KG | TR | E | E7
27 115 [ Linetal [121] | 2023 | S+L | H | TR | E [ ?
28 116 | Baietal. [10] | 2023 | L | M | GNN | M7
29 117 [ Nguyen et al. [149] | 2023 | L+E | FOL | FF | M [ E®
30
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