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Abstract

Classification is a cornerstone of machine learning
research. Most of the existing classifiers assume
that the concepts corresponding to classes can be
precisely defined. This notion diverges from the
widely accepted understanding in cognitive sci-
ence, which posits that real-world concepts are
often inherently ambiguous. To bridge this big
gap, we propose a Human Cognition-Inspired Hi-
erarchical Fuzzy Learning Machine (HC-HFLM),
which leverages a novel hierarchical alignment
loss to integrate rich class knowledge from hu-
man knowledge system into learning process. We
further theoretically prove that minimizing this
loss can align the hierarchical structure derived
from data with those contained in class knowl-
edge, resulting in clear semantics and high inter-
pretability. Systematic experiments verify that the
proposed method can achieve significant gains in
interpretability and generalization performance.

1. Introduction

Classification stands as one of the most fundamental and
extensively studied problems in machine learning. Over
the years, a vast array of classifiers has been developed
(Delgado et al., 2014), with their methodologies broadly
categorized into two main approaches. The first approach
relies directly on the discrete 0-1 loss, as seen in classi-
fiers such as k-nearest neighbors (Cover & Hart, 1967),
decision trees (Quinlan, 1986), and naive Bayes (Domin-
gos & Pazzani, 1997), etc. The second approach employs
continuous functions as proxies for the 0-1 loss, including
the hinge loss used in support vector machine (Cortes &
Vapnik, 1995), the exponential loss adopted by AdaBoost
(Freund & Schapire, 1997; Friedman et al., 2000), and the
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cross-entropy loss widely adopted in deep neural networks
(LeCun et al., 2015), etc. Despite their differences, these
loss functions share a common underlying assumption, i.e.,
the concepts corresponding to classes can be precisely de-
fined. This assumption inherently implies that class relation
are crispy, where any two classes are either identical or
distinct, leaving no room for ambiguity.

In the classification problem, each class corresponds to
a concept. Unlike existing classifiers, human solves the
classification problem mainly based on concept cognition
(Murphy, 2004). Over the centuries, the classical theory of
concept representation prevailed, positing that all concepts
can be precisely defined. However, in 1953, the philoso-
pher Ludwig Wittgenstein challenged this proposition by
exploring the concept of “game”, questioning whether a
precise definition of such a concept truly exists (Wittgen-
stein, 1953). This seminal inquiry sparked a paradigm shift,
leading the philosophy community to widely accept that
real-world concepts are often inherently ambiguous and
resist precise definition.

Building on the above consensus, modern cognitive sci-
ence has developed several influential theories for concept
representation. Prototype theory (Rosch, 1975) models a
concept using an idealized prototype that encapsulates its
most representative features. Exemplar theory (Medin &
Schaffer, 1978) represents a concept through a set of typical
and representative instances. Knowledge theory (Murphy
& Medin, 1985) posits that concepts are deeply embedded
within human knowledge system, asserting that human cog-
nition of a concept is inseparable from the contextual and
relational structure of this system. As the most sophisticate
framework, knowledge theory not only aligns closely with
human cognitive processes but also provides a compelling
foundation for advancing machine learning models that aim
to mimic human-like cognition.

Recently, we proposed a fuzzy learning machine (FLM)
inspired by concept cognition (Cui & Liang, 2022). FLM
leverages fuzzy set theory (Zadeh, 1965) to capture the
inherent fuzziness of concepts (McCloskey & Glucksberg,
1978; Marti et al., 2023) and employs exemplar theory to
capture the typicality effects (Smith et al., 1974), achieving
good interpretability, robustness, and generalization.

However, FLM still faces limitations in understanding con-
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cepts. While it employs exemplar theory for concept rep-
resentation, an approach well-suited to purely data-driven
machine learning. Unlike knowledge theory (Murphy &
Medin, 1985), it separates concept representation from hu-
man knowledge system, limiting its ability to form a pro-
found understanding of concepts. Recent research in cogni-
tive science further highlights that many concepts are under-
stood through their relations with other concepts (Piantadosi
et al., 2024).

Meanwhile, the community has accumulated a wealth of
digitized knowledge base, including the conventional knowl-
edge graph, e.g., WordNet (Miller, 1995), ConceptNet
(Speer et al., 2017), and the fashionable pre-trained language
model, e.g., Word2Vector (Mikolov et al., 2013), GloVe
(Pennington et al., 2014), and GPT (OpenAl, 2023), etc.
These resources make it feasible to develop the knowledge-
driven method for concept cognition.

Accordingly, this paper explores relations between concepts
contained in human knowledge system and then leverages
these relations to guide the learning of concepts from data,
enhancing the model’s ability to understand and represent
concepts. The main contributions are as follows.

* We propose a unified modeling framework that rep-
resents various types of knowledge as fuzzy similar-
ity relation (FSR) on the class space, resulting in the
knowledge-infused concept representation.

* We design a novel hierarchical alignment (HA) loss in-
spired by the principles of concept cognition, enabling
the knowledge-infused concept representation to guide
the learning process.

* We introduce the FSR-based quotient space theory,
and then prove that minimizing the HA loss can align
the hierarchical structures derived from both data and
knowledge in quotient space.

» Extensive experiments verify the effectiveness of the
proposed method in improving interpretability and gen-
eralization performance.

2. Notions and Related Works
2.1. Problem Formalization

Task. Given a (X, ), f.)-classification problem, X C RY,
Y, and f. : X — ) are input space, class space and un-
known classification function, respectively. To solve the
classification problem, we need to determine the unknown
classification function f.. For the sake of discussion, the
classes in ) are numbered as 1,2, --- ,|)|.

Data. Let D = X x ) be data space. In machine learning,
experience is often given in the form of training data, de-

noted as D = {(z;,y;) |z; € X, yi = fo (x:) € Y}, C
D. The goal is to use D to get fc : X — Y as close
as possible to the unknown f.. Vk € Y, let X} =
{zi| (zi,v:) € D, y; = k} be the set of training samples
belonging to class k. Let X = {x;| (x;,v;) € D} be the
set of all training samples.

Class knowledge. let K be human knowledge system,
which contains various types of knowledge. In practice,
each class in Y corresponds to a concept, and the concept
name corresponds to a word in natural language. Therefore,
we can collect the class knowledge about ) by concept
name, denoted as K C K.

2.2. Preliminaries

Fuzzy similarity relation is the core notion of the proposed
method. Specifically,

Definition 2.1. (Bandler & Kohout, 1988) Given a set A,
the mapping F' : A x A — [0,1] is called a fuzzy binary
relation on A.

Definition 2.2. (Bandler & Kohout, 1988) Given a set A and
a fuzzy binary relation I on A. If F satisfies (1) reflexivity:
Va € A, R((a,a)) = 1, and (2) symmetry: Va,b € A,
R((a,b)) = R((b,a)), the F is called a fuzzy similarity
relation (FSR) on A.

More preliminaries, including binary relation, fuzzy binary
relation, and fuzzy quotient space are given in Appendix A.

2.3. Fuzzy Learning Machine

In FLM (Cui & Liang, 2022), we achieve concept cognition
according to exemplar theory. Specifically,

Learning. The training process of FLM is

min > Lee (f ((#1,25)50) i, 55) +7R(O), (1)
i j=1,i%]
where Lpp and R are fuzziness permissible loss and regu-
larization term, respectively. v > 0 is trade-off parameter.
f((-,+);0O) is a FSR on X with learnable parameters ©.
The fuzziness permissible (FP) loss is defined as

Yi # Yj
Yi =Y
where s;; = f((x;,2;);0©) is the predicting similarity
between z; and z;. 0 < o < 8 < 1 are hyper-parameters
to control the degree of concept fuzziness.

mazx (s;; — o, 0),
maz (8 — s45,0),

Lrp (8ij,Yi,Yj) = { , (2)

Concept representation. Let O° be the local optimal solu-
tion of formula (1). The FSR f ((-, -) ; ©°) forms the basis
of concept representation. According to exemplar theory,
the set of exemplars of class k is defined as

o x| x € Xy, p (x, k) is the top-n$*® 3)
7 largest value in {p (i, k)| ;€ Xi} [
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where p (2, k) = ﬁ D esex, £ ((x,2);0°) and ng*® is
a manually specified parameter.

Predicting. Given a test sample x € X, FLM predicts the
class label of = according to the following formula

1
§J = argmaxr —— Z (@, 2:);0%). 4

key Bkl

To sum up, FLM captures the fuzziness of concept well.
However, it ignores relations between concepts contained
in human knowledge system, limiting its ability to concept
cognition. This paper aims to alleviate the limitation.

3. Proposed Method

The overall framework of the proposed HC-HFLM is shown
in Figure 1, including method design and theory analysis.
The method design is given below, and the theory analysis
will be given in Section 4.

3.1. Method Design

We first introduce the following two definitions.

Definition 3.1. Given « € (0, 1), a set A, and a FSR S on
A . IfVa,be A, a #b,0 < S(a,b) < a, then S is called a
a-FSR on A.

[A]

Definition 3.2. Given a finite set A = {a;},_; C R.
Va;, € A, let sort(a;; A) € {1,2,---,|A|} be the rank
of a; in A by ascending order. Let b = sortvec(A) =
(bl, ba, - -+ ,b|A|)T € RI4l be the vector formed by arrang-
ing the elements in ascending order A. Obviously, the fol-
lowing propositions are true.

(1) Ya;,a; € Ai # j, a; > a; iff sort(a;; A) >
sort (a;; A).

(2)Va; € A a; = bsort(ai;A)'

B)Vi=1,2,---,|A], b; € Aand sort (b;; A) = 1.

(1) Mining Class FSR from Human Knowledge System

According to knowledge theory (Murphy & Medin, 1985),
to understand concepts profoundly we need to obtain the
knowledge-infused concept representation from human
knowledge system KC. It is well known that KC contains
various types of knowledge. In this paper, we do not limit
the type of class knowledge K C K. It can be the attribute
description vector of concept name used in literature (Lam-
pert et al., 2014). It can be the embedding vector of concept
name by pre-trained language models, such as Word2 Vector
(Mikolov et al., 2013), GloVe (Pennington et al., 2014), GPT
(OpenAl, 2023), etc. It can be the knowledge graph, such
as WordNet (Miller, 1995), ConceptNet (Speer et al., 2017),
etc. It can also be human themselves.

To ensure the universality, different types of class knowledge
K are uniformly modeled as a a-FSR on ), i.e., SK ¢

(0, 1]V where Vi, j € V,

i=j
iz 5)

SK _ 11
J | sim(i, 55 K,
where sim(i,j; K) € (0,«) is the similarity between
classes ¢ and j measured by class knowledge K. « is fuzzi-

ness parameter. Appendix B.1 gives several types of class
knowledge and the corresponding sim(i, j; K).

In practice, the quality of class knowledge K varies signifi-
cantly, so we need to further refine the class FSR. Let

SK, case 1 : K is of high quality
T = { SK)" | case 2 : K is of medium quality (6)
ngoja’K) , case 3 : K is of low quality

be the refined class FSR, where S¥ is obtained by formula
(5). case 1: S¥ needs no refinement. case 2: S¥ needs
to be calibrated by training data. Appendix B.2 gives the
procedure for computing S(PK)” case 3: S needs to be
coarsened and then be calibrated by training data. Appendix
B.3 gives the procedure for computing S££’.;K)*.

In formula (6), T is a symmetric matrix. Each row of
T is a |V|-dimensional embedding representation of one
concept, which is composed of relations between concepts.
Meanwhile, T is mined from human knowledge system.
Therefore, T can be regarded as the knowledge-infused
concept representation.

(2) Learning Sample FSR from Data

We design a novel hierarchical alignment (HA) loss, which
uses class FSR T, the knowledge-infused concept represen-
tation, to guide the learning of sample FSR from training
data, enhancing model’s ability to concept cognition.

HA loss. Let T be the a-FSR obtained by formula (6). Let

V= {t| i,5 € V},
U=Vu{0,a,p}, (N
u = sortvec(U) = (u1,U2,"' ,U\U|)Ta

where 0 < a < f < 1 are fuzziness parameters.
V(ziyi) s (25,y5) € D, i # 2y, let siy = f ((24,25);0)
be the predicting similarity between x; and ;. Based on
formula (7), the HA loss is defined as

Up,;—1 = Sigs Sij < Upy;—1
EHA(Sij) y’i? y]) = 07 Sij E (u’r‘ij717 u’l‘ij) ) (8)
Sij — Upy;,  Sij = Upg
where r;; = sort (t,,,;U). The underlying cognitive
principles are as follows.

(a) In the ideal case, samples x; and x; can perfectly repre-
sent concepts y; and y;, respectively. The similarity s;; can
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Figure 1. The overall framework of HC-HFLM

accurately depict the similarity between y; and y;. There-
fore, s;; should be equal to the similarity between concepts
measured by class knowledge, i.e., ;5 = 1y,

(b) In the real case, it is difficult that the sample perfectly
represent the corresponding concept. For example, it is al-
most impossible to find a cat in the real world that perfectly
represents the concept of “cat”. The s;; cannot represent the
similarity between concepts y; and y; perfectly. Therefore,
545 should be less than the similarity between concepts mea-
sured by class knowledge, i.e., s;; <ty = Usort(ty,y,:U)"

(c) In the real case, although the similarity s;; cannot per-
fectly represent the similarity between concepts y; and y;, it
hardly violates the rank. For example, it is difficult to find a
cat, a tiger, and a dog in the real world such that cat and dog
are more similar than cat and tiger. Therefore, s;; should
not be too different from the similarity measured by class

knowledge, i.e., s;; > u = maxr — Ww.

sort(ty;;3U) =1 7 yev, w<ty,y,

(d) Combining (a)-(c), when s;; falls into the interval

(usort(tyiyj ) =1 Ysort(ty,,, ;U)), the loss is 0. Otherwise,

the nonzero loss should be generated.

Training. Based on the HA loss, the class FSR T can guide
the learning process. Formally, we have

Z Lua (f
i =10

where f ((,

-); ©) is a FSR on X with learnable parameters

O. R is regularization term. v > 0 is trade-off parameter.
Formula (9) can be solved efficiently by stochastic gradient
descent method (Kingma & Ba, 2015).

Let ©* be the local optimal solution of formula (9), then
f((-,-);©*) forms aFSR on X. If HA loss of f ((-,-); ©*)
is 0, then f((-,-);©*) can effectively approximate the
fuzzy equivalence relation (FER). In theory, we have

Theorem 3.3 (see Appendix C.1.1 for proof). For a
(X, Y, fo)-classification problem, Given

(al) fuzziness parameters 0 < o < B < 1 (see formula (2)).
(a2) training data set D = {(x;,y;)|x; € X,y; = fe(x;) €
Vi,

(a3) a-FSR T on Y constructed from class knowledge K
(see Definition 3.1 and formula (6)).

(a4) the local optimal solution ©* of formula (9) and the
FSR f((-,);©*)on X.

Let

(b1) X = {x;| (x;,y;) € D} be the set of training sam-
ples.

(b2) S € [0,1]™*™, Vi,j = 1,2,---.,n, s; =
f((zi,xj);©") be the predicted FSR on X.

(b3) S = traclo(S) be transitive-closure of S (see Defini-
tion A.19) and also be a FER on X (see Theorem 4.1).
(b4) L1 = 37011 301 i Lua (sij, yir yj) be the corre-
sponding HA loss of S (see formula (8)).

(b5) Lo = >0, Z;;Lj#i Lrp (ij,Yi,Y;j) be the corre-
sponding fuzzy permissible loss of S (see formula (2)).

(b6) ES = Z?:l Z;L:Lhéi £FP (§ija Yis yj) be the corre-
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sponding fuzzy permissible loss of S (see formula (2)).
If L1 =0,then (1) L2 =0, (2) L3 =0.

Theorem 3.3 indicates that the HA loss is more stringent
than the FP loss and inherits the ability of PF loss in approx-
imating FER.

(3) Concept Representation and Predicting

By replacing f ((-,-);©°) in formulas (3) and (4) with
f((-,+);©*), concept representation and predicting will
be completed.

Both f((-,-);©°) learned by FLM and f((-,-);0")
learned by HC-HFLM are FSRs on X. Guided by the
knowledge-infused concept representation, the f ((-, ) ; ©*)
integrates the class knowledge K, thus the cognition of
concepts is profounder. Therefore, f ((-,-); ©*) can obtain
better concept representation and predicting result.

Appendix B.4 gives the algorithm description of the pro-
posed HC-HFLM.

4. Theory Analysis

This section demonstrates how the knowledge-infused con-
ceptual representation guides the learning process.

4.1. FSR-based Quotient Space Theory

Literature (Zhang & Zhang, 2014) introduces the FER-based
quotient space theory. In practice, it is difficult to obtain
FER directly. Hence, we leverage FSR as an alternative for
modeling data and knowledge. Consequently, we need to
develop the FSR-based quotient space theory.

Literature (Bandler & Kohout, 1988) introduces the
transitive-closure of fuzzy binary relation. This paper only
focuses on the transitive-closure of FSR, which satisfies the
following special properties.

Theorem 4.1 (see Appendix C.2.1 for proof). Given a finite
set A and a FSR S on A. The following propositions are
true. (1)Vk =0,1,..., S* isa FSRon A. (2)Vk =0, 1, ...,
52 c s (3 Sequence t(k) = S k=01,
converges to traclo(S). And traclo(S) is the transitive-
closure of S. (4) traclo(S) is a FER on A.

Based on Theorem 4.1 and the definitions of cut relation
and partition (see Definition A.17 and A.8), we have the
following theorem.

Theorem 4.2 (see Appendix C.2.2 for proof). Given a
finite set A and a FSR on A. VA € [0,1], traclo(S)N =
traclo(S™).

Based on Theorem 4.2, we can construct a quotient space
from a FSR as follows.

Definition 4.3. Given a finite set A and a FSR on A.
Q(A,8) = {A/traclo (S[’\])| A €0,1]} is called the
quotient space derived by .S.

The meaning of Definition 4.3 is as follows.

(a) Y\ € [0,1], S is the A-cut relation of S (see Definition
A.17). According to Theorem A.18, S isa SR on A (see
Definition A .4).

(b) traclo (S [/\]) is the transitive-closure of SV (see Defi-
nition A.19). According to Theorem 4.1, traclo (S™)is
an ER on A (see Definition A.5).

(c) A/traclo (S[)‘]) is the partition on A derived by
traclo (S™) (see Definition A.6, A.7, and A.8).

(d) Combining (a)-(c), Q (A4, S) is a set of partitions on A
that are derived by .S.

(e) Given a finite set A and a FER T on A. VA € [0,1],
according to Theorem A.18, T is an ER on A. Ac-
cording to Definition A.19, traclo (TW) = TN, Then
Q(AT) = {A/T[/\]| A € [0,1]} degenerate into the hier-
archical structure given in literature (Zhang & Zhang, 2014).

The main properties of Definition 4.3 are as follows.

Theorem 4.4 (see Appendix C.2.3 for proof). Given a finite
set Aand a FSRon A. Let V = {S((a,b))| a,b € A}, then
Q(A,8) = { A/traclo (SN)| X e V}.

Theorem 4.5 (see Appendix C.2.4 for proof). Given a finite
set A and a FSR on A, then Q (A, S) = Q (A, traclo(S)).

Theorem 4.5 establishes the connection between the quo-
tient space derived by FSR and FER. Due to the existence
and uniqueness of transitive-closures of FSR (Bandler &
Kohout, 1988), the theories developed based on FER in lit-
erature (Zhang & Zhang, 2014) can be easily extended to
the quotient space derived by FSR.

Theorem 4.6 (see Appendix C.2.5 for proof). Given a finite
set A, a FSR S on A, and <, < described in Definition A.10.
The following propositions are true. (1) (Q (A, S),=X)isa
partially ordered set. (2)VP,Q € Q(A,S), P # Q, Pand
Q are comparable under the sense of <.

Theorem 4.7 (see Appendix C.2.6 for proof). Given a finite
set Aanda FSR S on A. Let U = {S((a,b))|a, be A}.
The following propositions are true. (1) VP,Q € Q (A, S),
IfP # Q then [P # |Q. (2)|Q (4, S)| < |AI. () If|U] >
|Q(A,S)|, then AV C U, |V| = |Q(A,S)|, such that
Q(A,S) = {A/traclo(SM)| X € V'}. (4) If S satisfies
transitivity, i.e., S is FER on A, then |U| = |Q (4, 5)].
Theorem 4.8 (see Appendix C.2.7 for proof). Given a finite
set A and two FSRs R, S on A. If the ranking of elements
in R is consistent with that in S, i.e., Va,b,c,d € A,

{ R((a,b)) = R((c,d)) iff S((a, b)) = S((c,d))
R((a,b)) > R((c,d)) iff S((a, b)) > S((c,d))

, (10)
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then Q (A, R) = Q (A4, S).

Given the above properties, we can construct a hierarchical
structure in the quotient space derived by FSR as follows.
Definition 4.9. Given a finite set A, a FSR S on A, and the
< described in Definition A.10. According to Theorem 4.6,
VP, Q € Q(A,S),P # Q, P and Q are comparable under
the sense of <. According to Theorem 4.7, |Q (4, S) | <
| A]. Without loss of generality, let Q (A, S) = {Pi}gg“"s)l
and Vi = 1,2,--- [ |Q(A,S)| — 1, P; < P;1q. The
(Q(A,S8),<) = [P1 <Py < --- < Pig(a,g)] is called hi-
erarchical structure derived by .S.

4.2. Represent Data and Knowledge in Quotient Space

Data representation. Guided by class FSR T, formula (9)
learns a FSR f ((-,-);©*) from D. Let S € [0,1]"*",
Vi,j=1,2,---,n, s = f((zi,x;);0") be the predict-
ing FSR on training samples set X. According to Definition
4.3 and 4.9, the hierarchical structure derived by S is

(Q(X,8),<)=[Q < Q2 < < Qx5 AD
denoted as D-representation.

Knowledge representation. In formula (6), class knowledge
K is modeled as a FSR T on ). According to Definition
4.3 and 4.9, the hierarchical structure derived by T is

(Q,T),<)=[01 <0z <+ < Ojoy,m)], (12)

denoted as K -representation. It has clear semantics and high
interpretability. See Appendix B.5 for detailed analysis.

4.3. Align Data and Knowledge in Quotient Space

In Section 4.2, K-representation (Q (), T), <) and D-
representation (Q (X, S), <) are defined on ) and X, re-
spectively. Due to the gap between ) and X, it is not fea-
sible to align these two representations directly. Therefore,
we need to construct a bridge between them.

Definition 4.10. For a (X, ), f.)-classification problem,
given a set of samples ¢ C X C X and a fuzzy bi-
nary relation F on Y. Va;,z; € X, let G ((z;,2;)) =
F((fe(zi), fe(z5))). G is called fuzzy binary relation
on X that is spanned by F' and f., denoted as G =
span(F, fe, X).

For a (X,), f.)-classification problem, given the set of
training samples X and a class FSR T obtained by for-
mula (6). According to Definition 4.10, 4.3, and 4.9, the
hierarchical structure derived by span (T, f., X) is

(Q (X, span (T, fe, X)), <) =

a3
[]P1 <Py <. =< P‘Q(X,span(T,fc;X))d

denoted as (D, K)-representation.

First, we align K -representation and (D, K )-representation
by the following theorem.

Theorem 4.11 (see Appendix C.2.8 for proof). Given
the symbols defined in Theorem 3.3, let (Q (), T), <)
and (Q (X, span (T, f., X)), <) be the K -representation
given by formula (12) and the (D, K )-representation given
by formula (13), respectively. If Vy € Y, dx € X, such that
fe(z) =y, then the alignment between (Q (Y, T), <) and
(Q (X, span (T, f., X)), <) is as follows.

(1) 12 (Y, T)| = | (X, span (T, fc, X))|.

(2) Vi = 1,2,---,|Q(Y,T)|, the alignment re-
lation between O; and P; is (a) YO € Q;
{z|ze X, f(lx)eO} € P, (b) VP € P,
{fe(x)| 2z € P} €0y (c) |O;] = |P;].

Then, we align D-representation and (D, K )-representation
by the following theorem.

Theorem 4.12 (see Appendix C.2.9 for proof). Given
the symbols defined in Theorem 3.3, let (Q(X,S), <)
and (Q (X, span (T, f., X)), <) be the D-representation
given by formula (11) and the (D, K )-representation given
by formula (13), respectively. If the HA loss of S is
0, then Vi = 1,2,--- |Q (X, span (T, f.,X))|, 3j €
{1,2,---,|Q(X,8)|}, such that P; = Q;.

At last, we align D-representation and K -representation by
the following corollary.

Corollary 4.13. Given the symbols defined in Theo-
rem 3.3, let (Q(Y,T),<) and (Q(X,S), <) be the K-
presentation given by formula (12) and the D-presentation
given by formula (11), respectively. If Vy € Y, dz € X,
such that f.(x) =y, and the HA loss of S is 0, then

QM. T),=)
Align
See Theorem 4.11
Align
See Theorem 4.12

(Q(Xa span (T,f(»,X)) ) <) (14)

(Q(X,S),<).

Corollary 4.13 shows that minimizing HA loss can align
the hierarchical structures of data and class knowledge. This
means that the class knowledge contained in human knowl-
edge system is effectively integrated into the learned sam-
ple FSR f ((-,-); ©*). Thus HC-HFLM can utilize human
knowledge system to enhance its understanding of concepts.

5. Experiments

5.1. Interpretability Analysis

We show the working mechanism of the HC-HFLM on
the data set MNIST (LeCun et al., 1998). The class space
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Table 1. Class knowledge and its representation on handwritten digit classification task
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consist of 10 digit characters. For the sake of display, 10
samples are randomly selected for each class to form a
training data set. Ten volunteers are recruited to construct
a class FSR S%. Then the calibrated class FSR S(7-5)"
is obtained by formula (26). Appendix D.1 gives more
experiment details. We analyze the experimental results
from the following three aspects.

(1) Class Knowledge Representation

Table 1 shows the process of class knowledge representation.
We have the following observations.

(a) S¥ is the class FSR constructed by 10 volunteers.
(Q (¥,8%), <) is the hierarchical structure derived by
SX. Tt can be observed that each class forms an equiva-
lence class in the finest partition Q. In Oy, the similarity
between classes “6” and “9” is the biggest. They are merged
to get the second partition Q2. And so on. Finally all the
classes are merged into one equivalence class, resulting in
the coarsest partition Qg.

(b) SP is the estimated class FSR by the pre-trained
f((-,-); ©°) (see formula (25)). Comparing S and S¥, it
can be observed that the scale of S? obtained from data and
SX obtained from knowledge is quite different. In addition,
the ranking of elements is also different.

(c) (Q (y ,SP ) , <) is the hierarchical structure derived by
SP. Comparing (Q (y, SD) ,<) and (Q (y, SD) , <) , it
can be observed that the difference between S” and S*
directly determines the difference between the hierarchi-
cal structure derived by them. Therefore, the hierarchical
structure can capture the difference of FSR.

(d) SP-K)" s the optimal solution of formula (26)).
(Q (¥,8(P-H)7) | <) is the hierarchical structure derived
by S(P-K)" Comparing S¥ and S(P-5)" | the ranking of el-
ements in them are the same. Comparing (Q (¥, S%), <)
and (Q (Y,8(P:K )*) , <), these two hierarchical structures
are also the same (see Theorem 4.8).

(2) Data Representation

The left part of Figure 2 gives the hierarchical structure
(Q(X,S), <) derived by S. S € [0,1]100%100 5 the pre-
dicting FSR by f ((+,-); ©*). (Q (X, S), <) contains 100
partitions, which is equal to the training samples (see Theo-
rem 4.7). In the finest partition Q;, each sample forms an
equivalence class. In the coarsest partition Q1¢g, all sam-
ples form an equivalence class. Qg contains 10 equivalence
classes. And each equivalence class is just the set of training
samples of a class.

(3) Alignment between Data and Class Knowledge

In Figure 2, the left part and the right part are the hierarchical
structure of data and class knowledge in quotient space,
respectively, i.e., (Q (X,S), <) and (Q (V,SP5)7)  <).
The alignment between them is as follows.

(a) In the partition @1, each equivalence class corresponds
to a class. In the partition Qg1, each equivalence class
corresponds to a set of training samples belonging to a class.
The two correspond one by one, see the black dotted line.

(b) Based on the alignment between Qg; and O+, the left
and right equivalence classes are merged in the same way,
forming coarser partitions Qgo and Qs, respectively. There-
fore, Qg2 and O are aligned. Analogously, Qg3 and O3,
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Figure 2. The alignment between data and class knowledge on handwritten digit classification task

Table 2. The basic information of data sets

DATA CLASS KNOWLEDGE
TasK DATA SET  SAMPLE FEATURE CLASS CLASS DESCRIPTION VECTOR Tree(Z, ) DERIVED
FROM WORDNET
64-D
COARSE GRAINED APY 15399 2048 32 DOMAIN EXPERT 18 LAYERS, 97 NODES
CLASSIFICATION  1MAGENETIK 1331167 2048 1000 1651\,[2 18 LAYERS, 1814 NODES
AWA 1 30475 2048 50 85-D
MEDIUM GRAINED DOMAIN EXPERT
CLASSIFICATION AWAD 17322 2048 50 85-D 17 LAYERS, 111 NODES
DOMAIN EXPERT
1024-D
FINE GRAINED FLO 8189 2048 102 LLMs N/A
CLASSIFICATION CUB 11788 2048 200 312-D N/A

DOMAIN EXPERT

Qo4 and Q4 are also aligned.

(c) Based on the alignment between Qg4 and Qy, the left
equivalence classes are merged twice to get a coarser par-
tition Qgg. The right equivalence classes are merged once
to get coarser partition O, see the red dot line. Therefore,
Qg6 and O is aligned.

(d) Based on the alignment between the partitions Qg and
05, the equivalence classes on the left and right continue
to merge in the same way. Therefore, Vk = 1,2,--- .4,
Qo641 and Qs are aligned.

(e) According to (a)-(d), the substructure of the left hier-
archical structure [Qg; < -+ < Qgg < Qg < -+ < Q100]
is the common data-knowledge hierarchical structure
(Q(X,span (T, f.,X)),=<) in formula (13), Theorem
4.11, and Theorem 4.12.

In summary, this experiment demonstrates that the HC-
HFLM models the class knowledge and the traning data as
hierarchical structures in quotient space and further aligns
these two hierarchical structures.

5.2. Generalization Analysis

Data sets. This section verifies the generalization perfor-
mance of the HC-HFLM on 6 public data sets. Two types of
knowledge, i.e., class description vector (CK;) and Word-
Net (Miller, 1995) (CK>), are integrated into the HC-HFLM,
denoted as CK;-HFLM and CK,-HFLM, respectively. Ta-
ble 2 gives the basic information of data sets, where NA
denotes that the CK5 cannot be obtained for the data set.

Setting. 6 different classifiers are choose for comparison.
Among them, k-nearest neighbors (KNN), decision tree
(DT), support vector machine (SVM) and naive Bayes (NB)
are 4 classical classifiers. Cross entropy classifier (CEC)
and FLM are based on deep neural network. Appendix D.2
gives more experiment details.

Results and analysis. Table 3 records the test accuracy of
8 methods on 6 data sets, where —— denotes that the result
can not been obtained within 7 days. We have the following
observations.

(a) Compared with the classifiers KNN, DT, SVM and NB,
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Table 3. The test accuracy of different methods (%)

APY IMAGENETIK  AWAI AWA?2 FLO CUB

KNN 85.35 75.49 86.61 89.83 83.39 47.30
DT 63.13 - 63.47 70.09 42.65 21.64
SVM 84.54 . 84.26 89.06 86.56 43.89
NB 76.13 73.66 84.67 87.68 85.53 60.27
CEC 89.08 75.62 88.48 91.67 93.58 61.49
FLM 89.42 76.02 89.95 92.79 94.05 66.19
CK;-HFLM 90.23 76.16 91.10 93.59 95.06 68.78
CK;-HFLM 90.21 76.20 90.87 93.35 N/A N/A

CEC achieves better performance due to the powerful ex-
pression ability of the deep neural networks. When the
backbone network is the same, the performance of FLM
is superior to CEC. This is because FLM designs more
reasonable optimization objective according to the concept
cognition principles.

(b) Compared with FLM, CK;-HFLM and CKs-HFLM
achieve better performance, which shows that the concept
cognition of the proposed method has been improved under
the guidance of class knowledge. Especially on the fine-
grained classification data set CUB, significant performance
improvement is obtained by integrating class knowledge.

(c) On APY, AWA1, and AWA2, the performance of CK;-
HFLM integrated with class description vector is superior
to CKo-HFLM integrated with WordNet knowledge. On
these three data sets, class description vector are constructed
by domain experts. Compared with WordNet, the class
description vector is more suitable for these tasks.

(d) On ImageNet1K, the performance of CKy-HFLM in-
tegrated with WordNet knowledge is superior to the CK;-
HFLM integrated with class description vector. The class
space is subset (Russakovsky et al., 2015) of words in Word-
Net. Compared with the class description vector obtained
by the pre-trained language model, the class knowledge
contained in WordNet is more suitable for this task.

In summary, the HC-HFLM obtains significant performance
improvement benefiting from the guidance of the class
knowledge. Meanwhile, the more class knowledge meets
the requirements of the task, the greater the performance
gain is obtained.

6. Conclusion

Inspired by human cognition, we propose a hierarchi-
cal fuzzy learning machine. The method constructs the
knowledge-infused concept representation by mining class
fuzzy similarity relation from human knowledge system
and employs a novel hierarchical alignment loss to guide
the learning process. Meanwhile, we introduce the fuzzy
similarity relation-based quotient space theory. Based on

this theory, we prove that the proposed method can align
the hierarchical structures of data and knowledge, which
guarantees that the proposed method can leverage human
knowledge system to enhance concept cognition. Exper-
imental results validate the proposed method’s ability to
improve both interpretability and generalization. With its
capability to learn from human knowledge system, the pro-
posed method holds great promise for open-world learning
tasks, such as zero-shot learning and continual learning.
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A. Preliminaries
A.1. Binary Relation

To unify the expression, we adopt the form of mapping to
define binary relation and fuzzy binary relation.

Definition A.1. (Bandler & Kohout, 1988) Given a set A,
the mapping R : A x A — {0,1} is called a binary relation
on A.

Definition A.2. (Bandler & Kohout, 1988) Given a set A
and a binary relation R on A, the three properties of R are
defined as:

(1) reflexivity: Va € A, R((a,a)) =1,
(2) symmetry: Va,b € A, R((a,b)) =
(3) transitivity: Va, b, c € A, if R((a,
1, then R((a,c)) = 1.

Obviously, transitivity can be equivalently defined as
Va,b € A, R((a,b)) > mag min[R((a,c)), R((c,b))].

Definition A.3. (Bandler & Kohout, 1988) Given a set A.
Let R and S be two binary relations on A.

(1) R C SiffVa,b € A, R((a,b)) < S((a,b)),

(2) RC Siff R C S and Ja,b € A, such that R((a, b)) <
S((a,b)).

Definition A.4. (Bandler & Kohout, 1988) Given a set A
and a binary relation R on A, if R satisfies reflexivity and
symmetry, then R is called a similarity relation (SR) on A.

Definition A.5. (Bandler & Kohout, 1988) Given a set A
and a SR R on A, if R satisfies transitivity, then R is called
an equivalence relation (ER) on A.

Definition A.6. (Rosen, 2007) Given twos set A and

R((b, ),
b)) =1, R((b, ¢)) =

P={P, P, ,P,}, m>1,if Psatisfies the following
properties:

(DVP, €P, P # ¢,

@ Up,ep = A

Q) VP, P; € P,ifi # j, then PN Pj = ¢,
then P is called a partition on A. Partition is a special type
of quotient set.

Definition A.7. (Rosen, 2007) Given a set A and an ER R
on A.Va € A, [Algr = {b| b€ A, R((a,b)) = 1} is called
an equivalence class of a derived by R.

Definition A.8. Given a set A and an ER R on A. Obvi-
ously, A/R = {[a]r| a € A} is a partitionon A. And A/R
is called a partition on A derived by R.

Remark A.9. According to Definition A.6, A.7 and A.8,
given a set A, the ERs on A and the partitions on A can
form a one-to-one mapping. Based on it, in Proposition
1 of literature (Cui & Liang, 2022), we model the classifi-
cation problem as the equivalent relation problem on the
input space, which establishes the equivalence between the
classification problem and binary classification problem.

Definition A.10. Given a set A and two partitions P, QQ on
A,if VP € P, 4Q € Q, such that P C (), we call that Q is
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coarser than [P, denoted as P < Q. Equivalently, we call that
P is finer than Q, denoted as Q > P. Additionally, if P < Q
and 3P € P,3Q € Q, such that P C @, we call that Q is
coarser than P strictly, denoted as P < QQ, Equivalently, we
call that PP is finer than @Q strictly, denoted as Q > P.

Remark A.11. According to Remark A.9 and Definition
A.10, the following propositions are true.

(1) Given a set A and two ERs R, S on A, if R C S, then
A/R < A/S.

(2) Given a set A and two partitions P, Q on A. Let R and
S be the ERs corresponding to PP and Q respectively. If
P<Q,thenRC S.

Remark A.12. Given a set A. Let P be the set of partitions
on A. Obviously, the < described in Definition A.10 satis-
fies the following properties.

(1) Reflexivity: VP € P, P < P.

(2) Antisymmetry: VP, Q € P, if P < Q and Q < P, then
P=Q.

(3) Transitivity: VP,Q,R € P, if P < Q and Q < R, then
P<R.

In summary, < is a order relation on P.

Lemma A.13. Given a set finite A. Let P and Q be two
partitions on A. If P # Q and P < Q, then |P| # |Q).
Proof. Reduction to absurdity.

Assume that |[P| = |Q| = m.

Because |P| = |Q| = m, without losing generality, let P =

{Pla PZa T 7Pm}a Q - {le Q27 e an} MeanWhﬂe,
because P < Q, without losing generality, let

Vi=1,2,---,m, P, C Qi (15a)
Vi=1,2,---,m,|P| <|Qi, ie |Qi|—|P;]>0. (15b)

Because P and Q are both partition on A, according to
Definition A.6,

Al =" |P], (162)
1=1

Al =>"1Qil- (16b)
=1

Subtracting the left and right sides of formula (16a) and
(16b) respectively,

0= (@il - 1R).

=1

According to formula (17) and (15b),

7)

Vi=1,2,---,m, |Qi| —|P;| =0, ie., |Q;| = |P|. (18)
According to formula (18) and (15a),
Vi=1,2,---

, M, PZ:QZ (]9)
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According to formula (19) and (15), P = Q. It contradicts
with P # Q. Therefore, the original proposition is true. [

In this paper, we use O to represent the partition on class
space )/, use IP and Q to represent the partitions on the set of
training samples X . Based on them, weuse O € O, P € P,
and @) € Q to represent the equivalence classes in partition
O, P, and Q, respectively.

A.2. Fuzzy Binary Relation

Definition A.14. (Bandler & Kohout, 1988) Given a set A,
the mapping F' : A x A — [0,1] is called a fuzzy binary
relation on A.

Comparing Definition A.1 and A.14, the binary relation is
a special type of fuzzy binary relation.

Definition A.15. (Bandler & Kohout, 1988) Given a set A
and a fuzzy binary relation F' on A. If F’ satisfies

(1) reflexivity: Ya € A, R((a,a)) =1,

(2) symmetry: Ya,b € A, R((a,b)) = R((b,a)),

F is called a Fuzzy Similarity Relation (FSR) on A.
Definition A.16. (Bandler & Kohout, 1988) Given a set A
and a FSR S on A. If F satisfies transitivity: Va,c € A,
F((a,c)) > mag min[F((a,b)), F((b,c))], F is called a

fuzzy equivalence relation (FER) on A.

The following definition intuitively establishes the connec-
tion between binary relation and fuzzy binary relation.

Definition A.17. (Zhang & Zhang, 2014) Given a set A
and a fuzzy binary relation F' on A, VA € [0, 1], the binary
relation, Va,b € A,

1, F((a,b)) > A
0, otherwise

b

P ((a,0) = 117 (0. 8) = A = {
is called the A-cut binary relation, or A-cut relation for short.

Based on Definition A.17, the following theorem further
establishes the connection between FSR (FER) and SR (ER).

Theorem A.18. (The proof is intuitive and omitted.) Given
a set A and a fuzzy binary relation F on A, Y\ € [0, 1], let
FW be the \-cut relation of F.

(1) IfF is a FSR on A, then FN is a SR on A.

(2)If F is a FER on A, then F™ is an ER on A.

Definition A.19. (Bandler & Kohout, 1988) Given a set
A and a fuzzy binary relation F' on A. If the fuzzy binary
relation G on A satisfies

(1) transitivity,

Q) FCQa,

(3) V fuzzy binary relation H on A, F' C H, if H satisfies
transitivity, then G C H,

G is called the transitive-closure of F', denoted as G =
traclo(F). Obviously, if F' satisfies transitivity, then
traclo(F) = F.
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Literature (Bandler & Kohout, 1988) gives general defini-
tions of P-closure. The Definition A.19 is a special case
among them. Moreover, this paper only focuses on the
transitive-closure of FSR.

Definition A.20. (Bandler & Kohout, 1988) Given a set A.
Let R and S be two fuzzy binary relation on A. The product
fuzzy binary relation of R and S is definedas7’ = R® S,
Va,be A, T((a,b)) = maz min[R((a,c)), S((c,b))].

Given ®, we can define the power of fuzzy binary relation
as follows.

Definition A.21. Given a set A and a fuzzy binary relation
FonA F'=F, F?=FlQF,F} =F?®F,---,and
SO on.

Definition A.22. Given a finite set A and a fuzzy binary
relation F' on A. Without losing generality, we can sequen-
tially number the elements in A as a1, ag, - - -, aj|- Based
on it, F' can be equivalently represented by a matrix, i.e.,

Fc [071]‘A‘X‘A|7Viaj = 1527"' 7|A|7ft_] = F((al7a’]))

Definitions A.19-A.22 are also applicable to binary relation.
In this paper, we use matrices S¥, 8P S(P.K) T ¢
[0, 1]PXII to represent the FSRs on class space ), use
matrix S € [0, 1]"*™ to represent the FSR on the set of
training samples X, and use f((-,-); ©) to represent the
parameterized FSR on input space X'.

A.3. Fuzzy Quotient Space

Based on the preliminaries given in Appendix A.1 and A.2,
literature (Zhang & Zhang, 2014) systematically develops
the FER-based fuzzy quotient space theory. We list the
contents used in this paper as follows.

Theorem A.23. (Zhang & Zhang, 2014) Given a set A, the
following assertions are equivalent.

(1) Given a FER on A (see Definition A.16).

(2) Given a a normalized isosceles distance d on A, where

* normalized: Ya,b € A, d(a,b) € [0,1],

e isosceles: Ya,b,c € A, d(a,b), d(b,c), and d(a,c)
form a an isosceles triangle and and its congruent legs
are the longest side.

(3) Given a hierarchical structure on A, i.e.,

* a set of partitions on A, and

e these partitions form an ordered queue under the sense
of < described in Definition A.10.

According to Definition A.16, FER needs to satisfy transi-
tivity. In practice, it is relatively difficult to directly obtain
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fuzzy binary relation that satisfy transitivity. Therefore, we
develop the FSR-based quotient space theory (see Section
4.1). Based on it, the class knowledge and data are repre-
sented as hierarchical structures in the quotient space (see
Section 4.2). And by designing a appropriate loss, we align
these two hierarchical structures (see Section 4.3). As a
result, the understanding of class concepts contained in the
class knowledge is integrated into the model.

B. Details of Method
B.1. Knowledge Modeling

This section discusses different types of class knowledge
and the corresponding methods for calculating class FSR.

Algorithm 1 Generate Class Tree Structure from WordNet,
dDenoted as WordNet2ClassTree(- - -)

Input: (1) Knowledge base WordNet.
(2) Class space Y. Vk € ), let wy be the concept name of
class k. Yy1,y2 € ), there is no hypernym relation between
Wy, and wy, .

Output: A tree structure Tree (£, E) on ), where Z is the set
of nodes, E is the set of edges, and ) C Z is set of leaves.

1: Initialize the set of words corresponding to class space )V:

W {wyly € Y}

// (1) Mark the nodes corresponding to the words in V.

2: Initialize queue: @ < {WordNet.entity.n.01}; //
entity.n.01 is the common hypernym of other words.
while @ is not empty do

: node + Q.out();

if node.word belongs to W then
Mark node and its hypernym nodes as valid, recursively;

else
Mark node as invalid;

end if

node_set < node.hyponyms(); // The set of hyponyms

of node

for node € node_set do

12: Q.In(node);

13:  end for

14: end while

// (2) Delete the invalid nodes.
15: Initialize queue: @ < {WordNet.entity.n.01};
16: while @ is not empty do

3:
4 /I Out of the queue
5:
6:
7.
8
9:
10:

11:
// Entering the queue

17:  node + Q.out();

18:  if node is valid then

19: node_set <— node.hyponyms();

20: for node € node_set do

21: Q.In(node);

22: end for

23:  else

24: Delete the edge between node and its hypernym node;
25:  endif

26: end while
27: Return the tree with WordNet.entity.n.01 as the root;

() K = {a; | a; € R%* i € Y}, where a; is a description
vector of class ¢. It can be designed by domain experts.
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Algorithm 2 Generate Hierarchical Structure from Class
Tree Structure, denoted as ClassTree2HieStru(---)

Input: (1) Class space ).
(2) Class tree structure T'ree (£, E), where Z is the set of
nodes, E is the set of edges, and Y C Z is set of leaves.
Qutput: A set of partitions on ).
: Initialize the set of partitions H < ¢;
: Initialize the partition [P <— ¢;
: Initialize the set of nodes N <= {T'ree (Z, E) .root};
: while |P| < |)| do
P < ¢, N' < ¢;
for node € N do
P’ < P’ U{node.leaf _set};
N’ + N"Unode.child_set;
end for
P+ P, N+ N,
H < H | J{P}; // The duplicate partitions are deleted.
end while

R A A

10:
11:
12:

Algorithm 3 Generate FER from Class Hierarchical Struc-

ture, denoted as ClassHieStru2FER(- - )
Input: (1) Class space ).
(2) A hierarchical structure H on ).
(3) Fuzzy parameter 0 < o < 1.0.
(4) A strictly monotonically increasing function f
{1,2,---,|Y| =1} = (0, ).
Output: A a-FSR on ).
1: Initialize the FSR S € {0}¥1*1YI;
2: Sort the partitions in H according to “<” described in Defini-
tion A.10. Let P; < --- < IP|z be the sorted result;

3: fori=1,2,---,|Y|do

4: Sii — 1;

5 forj=i+1,i+2,---,]|Y|do

6: fork=|H|—-1,|H|—2,---,1do
7: if 3A € Py, such that i, j € A then
8: sij < [ (|Pkl), sji < f (|Pxl);
9: break; /Theorem 2.5 in (Zhang & Zhang, 2014).
10: end if

11: end for

12:  end for

13: end for

It can also be obtained from pre-trained language models.
Given K, Vi, j € ),i # j, the similarity between classes 4
and j can be calculated as follows'.

(1+

(2) K is a knowledge graph, e.g., WordNet (Miller, 1995).
Each class label corresponding to a word in WordNet. Cur-
rently, a large number of methods have been proposed to cal-
culate the semantic similarity between two words based on
WordNet (Lastra-Diaz & Garcia-Serrano, 2015; AlMousa
et al., 2021). Given the WordNet, Vi, j € V), i # j, the simi-

Tq.
aj a;

«
l[ailly > [lajl,

sim(i, 7; K) = 5

) € (0,). (20)

'In practice, we can introduce a small constant ¢ > 0 to make
the value of sim(-, -; ) fall into the interval (0, ).
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larity between classes ¢ and j can be calculated as follows?.
sim(i, j; K) = % WordNet (wi,wj) € (0,0), (21)
z

where w; and w; are the words corresponding to class 4 and
J, respectively. WordNet (w;, w;) is the semantic similarity
between w; and w;. And z is the normalization factor.

In addition, WordNet stores the hypernym relation to repre-
sent the “Is-A” relation. For example, the hypernym of ‘cat’
is ‘animal’, the corresponding to the semantic is that “cat is
a type of animal”. Based on the hypernym relation, we can
obtain the tree structure on class space by Algorithm 1.

Tree(Z, E)=WordNet2ClassTree(WordNet, )), (22)

where Z is the set of nodes, F is the set of edges. In
this paper, we assume that there is no hypernym relation
between classes in ). Obviously, ) C Z is the set of leaves.
Given a Tree(Z,E) on ), we can generate FERs on )
from T'ree(Z, E), see Algorithm 2 and 3.

(3) In many applications, there is a natural hierarchical
structure between classes (Silla & Freitas, 2011; Wang et al.,
2022). The class knowledge K can be represented as a tree
structure Tree(Z, E') on ), where Z is the set of nodes,
E is the set of edges. If there is no hypernym relation
between classes in ), then ) C Z is the set of leaves. By
Algorithm 2, we can drive a hierarchical structure on )
from Tree(Z, E), i.e.,

H = ClassTree2HieStru(Tree(Z, E)). (23)

Given the above hierarchical structure H on ), according
to Theorem A.23, we can obtain a «-FER on )/, i.e.,

S = ClassHieStru2 FER(H) (see Algorithm 3). (24)

Let SK = S, which is the required a-FER on ).

The following example demonstrates how to use the hyper-
nym relation in WordNet to construct a class FSR.

Example B.1. Given the class space Y =
{car, airplane, tiger, cat,dog} and WordNet 3.0. Fig-
ure 3 shows the process of sequentially calling Algorithm
1, 2, and 3 to obtain a FSR on ).

(1) As shown in Figure 3(a), the WordNet tree with “entity.
n.01” as the root node has a total of 96308 nodes, of which
74897 are leaf nodes, and the depth is 20.

(2) Input Y and WordNet into Algorithm 1. By deleting
nodes that are not related to ), Algorithm 1 obtains a tree
structure Tree(Z, E) on ) (see Figure 3(b)). Its depth is 15,
and there are 31 nodes and 5 leaves. Each leaf corresponds
to aclass in Y. In T'ree(Z, E), the position of classes can

2Same as 1.
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[1st layer

P, = {{car,airplane, tiger,cat,dog }}

2nd layer physical_entity.n.01 — B, = {{car,airplane, tiger.cat,dog }}
Ay =01
0 = {{car.airplane, tiger,cat,dog }}  ———
3rd layer object.n.01 = B ={{car,airplanc,tiger,cat,dog }}
4th layer whole.n.02 — B, ={{car,airplane, tiger,cat,dog }}
Sthlayer o] By s i)
]— 0, = {{ear airplane}) {igen,cat,dog}} =}
= |10 03 o1 o1 o1
° 3, =05 |eiplanc| 0.2 1.0 0. 01 o1
@ 7th layer [ container.n.01 ] [ conveyance.n.03 ] [ animal.n.01 ] — P, ={{car}.fairplanc}, {tiger.cat. dog}} —> O, = {{car}, fairplane }, {tiger,cat,dog }} ——p| e | 0 . oo o
B | Jar a1 a7 o o
% 8th layer [ wheeled_vehicle.n.01 J [ vehicle.n.01 ] [ chordate.n.01 ][ domestic_animal.n.01 J-. F, = {{car}, {airplane}, {tiger.cat }, {dog }} LoD _Li__tie %
1=
S I I
% 9th Iayer[ self-propelled_vehicle.n.01 ][ craft.n.02 ] [ vertebrate.n.01 ] [ dogn.01 ]- P, = {{car}, {airplane}, {tiger, cat }, {dog }}
I
10t layer ([ motorveictenot ] ([ awratnor ] [ mawmanor ] — B, = {{car} {airplane}, {iger,cat}, {dog }} .
T 0, = {fear}, {airplane}, figer,cat}, {dog}} =]
11th layer [ car.n.01 ] [ heavier-than-air_craftn.01 ][ placenuunol ] = B, ={{car}, {airplanc}, {tiger, cat}, {dog }}
I
12th layer [ airplane 01 ] ([ ewmivornor ] B, = {car) {airplane}, {iger,cat}, {dog}}
13th layer B, = {{car], {airplane}, figer,cat}, {dog }}
14th layer (I — B, = {{car),{airplane},{iger}, {cat}, {dog}}
" . A =10
]- O, = {{car}.fairplanc}, {tiger], {cat}, dog }} ——
L15th layer B, = {{car), {aiplane}, {tger},{cat, {dog]}
WordNet2ClassTree (---) N ClassTree2HieStru (---) HieStru2FER ()
(a) WordNet (b) Tree(Z,E) () H d)S

Figure 3. The execution processes of Algorithm 1, 2, and 3

reflect the semantic similarity between them. For example,
the path between “cat” and “tiger” is shorter than the path
between “cat” and “dog”, which indicates that the semantic
similarity between “cat” and “tiger” is bigger.

(3) Next, we input T'ree( Z, E) into Algorithm 2. We show
intermediate results of Algorithm 2 between Figure 3(b)

and Figure 3(c). There are 5 different partitions among 15
layers in T'ree(Z, E).

Py = --- =Py = {{car, airplane, tiger, cat, dog} },

P5 = Pg = {{car, airplane}, {tiger, cat, dog}},

P; = {{car}, {airplane}, {tiger, cat, dog}}

Pg = --- =Py3 = {{car}, {airplane}, {tiger, cat}, {dog}},
Py = P15 = {{car}, {airplane}, {tiger}, {cat}, {dog}}.

Obviously, the above 5 partitions form a ordered queue
under the sense of < (see Figure 3(c)).

(4) We input H into Algorithm 3. We show intermediate
results of Algorithm 3 between Figure 3(c) and Figure 3(d).
Given the hierarchical structure H and the set of thresholds
{)\i}?:l’ by executing lines 3-12 of Algorithm 3, we can
obtain a FSR S on ), as shown in Figure 3(d). Obviously,
S is also a FER on ).

B.2. Knowledge Calibration

In practice, the sources of data D and class knowledge
K are different, so the scales by which they characterize
class similarity are not entirely the same. In addition, there
may be certain differences in the class similarity reflected
by data and knowledge (Wang et al., 2020). For example,
“whales” and “sharks” have significant visual similarities.
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In the biology, “whales” and “sharks” belong to two major
categories, “mammal” and “fish”, respectively. Therefore, it
is necessary to calibrate S* obtained by formula (5) before
using it guide the learning process,

B.2.1. OPTIMIZATION MODELING

By solving the formula (1), FLM can learn FSR on input
space X from the training data D. Let ©° be the (local) op-
timal solution of formula (1). We can use f ((-,-); ©°) and
training data D to estimate the similarity between classes,

ie,SP e [0, 1]VXYVI i jey,
b 1, i=7
5i5 =\ Zapex; Zaex; [((@em)0°) o (25)
X< % | iF]
Then, we design the following optimization problem?
min_ [|S(P5) — 8P|[3,
S(D,K)
s.t. SEJD’K) ,(CJIDK Vi, j,k,l € ), sK = sﬁ
SE]DK) >S(DK Vi, gk, L€V, si > spy (26)
sng K) 1, Vie)
sz(-JD’K) —sg?K Vi,j €V, i#j
O<3(DK)<04 Vi,j eV, i #j

For formula (26), we have the following statements.
(1) The objective function measures the closeness between
variable S(P-%) and SP.

*In practice, a small constant € > 0 can be introduced to ensure
strict inequality constraints
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(2) The first two constraints ensure that the ranking of el-
ements in optimization variable S(”-%) is consistent with
that in S, which can maintain the hierarchical structure
derived by SX (see Theorem 4.8 and Definition 4.9).

(3) The last three constraints require that optimization vari-
able S(P-K) is a a-FSR on ) (see Definition 3.1).

(4) It can be transformed into a standard convex quadratic
programming problem (Boyd & Vandenberghe, 2004).

B.2.2. OPTIMIZATION SOLVING

In formula (26), the size of the optimization variable and
constraint condition are O (|Y|?) and O (|Y|*), respec-
tively. When |Y)| is large, solving it directly faces huge
time costs and space costs. Fortunately, we can transform it
into the following.

min  tTDt — 257Dt
terIVEI

st i <tipr, Vi j=1,2,---,|VE| =1, @D

0<t;<a, Vi=1,2--- |VE]|
where
VE={sf|ijed, i#j}, (28a)
Vi=1,2,--,|[VK],
(28b)

I = {(kal)|k,l€y,sort(s§l;VK) =i},

Vi=1,2,-- |[VK| 5 = A , (28¢)
s = (51’527"' v‘§|VK|)T € R‘VK|7 (28d)
D e RV VT vi j = 1,2, [V,

Y0 it

According to (28), |[VE | < %Dﬂ |2. In practice, class knowl-
edge K is usually expressed by higher-order semantic in-
formation i.e., |[VE | < %Df |2. Therefore, formula (27) can
be solved more efficiently. Importantly, by solving formula
(27), we can obtain the optimal solution of formula (26).

Theorem B.2 (see Appendix C.3.1 for proof). Let t*
be the optimal solution of formula (27). Let S(P-K)" ¢
[0, 1] i, j e,

1,
t*
sort(sg',VK) ’

The following propositions are true.
(1) SPK)" s g a-FSR on Y.
(2) S(P-K)" s the optimal solution of formula (26).

i=j
i#J

(D?K)* p—
ij =

s (29)

B.3. Knowledge Coarsening and Calibration

In practice, the SX obtained by formula (5) may contain
a large number of elements with small differences. These
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may be caused by insufficient quality of K, or by the char-
acteristics of formula (5). It is necessary to pre-processing
S appropriately before using it.

First, we introduce coarsening function feo, : VE — [0, 1]
which needs to satisfy the following conditions.
Yu,v € VK; u <, fcoa(u) < fCO&(U)a (30a)
Ju,v € VE u < v, suchthat feon(u) = feon(v). (30b)

Second, we use f.o, to coarsen S¥ as follows.

Sk € = feoa (555) . (3D)

0, 1P v, 5 e ), K

coa;j

Third, we replace S¥ in formula (26) with the coarsening
result SX . According to Theorem B.2, we can obtain

min r"Dr — 28" Dr
rGRvil 32
st <t Vij=1,2, [VE] -1 G2
0<r <o, Vi=1,2,--,|VE
where
Ve ={feon (s5)] 1,7 €V, i # 3}, (33a)

Vi=1,2,-,|VE|,

s (33b)
Li={(k,1) o, € Y501t (feon (s55) s VE,) =4},
D
) S
Vi:]"?’.””vgo{a , §Z:@, (33¢)
i

§= (8182 By )" € BRIV, (33d)
]j c vaf X\cha|7w7j =1,2,---, cha ,

LI, i=3j (33e)
dy =3 |l 1=

0, i#]

Compared with formula (32) and (27), the size of opti-
mization variables and constraints in formula (32) are both
0 (|ch§a ) According to formula (30b), (31), and (33a),
|VCIO(a| < |VK { In practice, by setting appropriate coarsen-
ing functions f..,, We can achieve |V£a| < |VK | This

can not only reduce the scale of optimization problem, but
also make more rational use of class knowledge K.

At last, let r* be the optimal solution of formula (32).
Similar to (29), we can obtain a calibrated a-FSR on ).

SO e [0,1)YIXIV i e D,
. 1 =7
(D,K)* _ ’
Scoarse ;; — * 1 1 (34)
" { Tsort(fma(sfg);Vufa)’ ¢ ;é J
(D,K)* . . .
Scon is not the optimal solution to the formula (26).

However, Sf;jojg;K) selectively preserves the more robust
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sorting information contained in S¥. In addition, let S¥
be obtained by formula (5). And let U = { S; | ,] €Y }
According to Theorem 4.4 and 4.7, if |U| > |y| then there
are at least |U| — || redundant elements in U. Therefore,
the coarsening of SX =Y is reasonable.

B.4. Algorithm Description of HC-HFLM

Algorithm 4 shows the workflow of the proposed method.

B.5. The Interpretability of Knowledge Representation

The following example demonstrates the FSR and hierarchi-
cal structure derived by class knowledge.

Example B.3. Given a class space ) = {cat, tiger, dog}.

(1) Based on the concept names corresponding to the classes,
we can collect class knowledge K related to ) from human
knowledge system ). Assuming that the class FSR con-
structed from class knowledge K is

T'((cat, cat)) = T'((tiger, tiger)) = T'((dog, dog)) =
T'((cat, tiger)) = T'((tiger, cat)) = 0.7 >
T((cat,dog)) = T((dog, cat)) = 0.6 >

T'((tiger, dog)) = T'((dog, tiger)) = 0.3.

1>

The matrix representation of 1" is

1 07 06
0.7 1 03
06 03 1

T =

(2) The view of Euclidean space. Given the class FSR matrix
T, each row of T corresponds to a description vector of a
concept. And the feature of every dimension corresponds to
a concept, which has clear semantics. Therefore, the FSR
matrix T has high interpretability.

(3) The view of quotient space. Given the class FSR T,
according to Definition 4.3 and 4.9, we can obtain the hier-
archical structure derived by 7', i.e.,

0, = {{cat}, {tiger}, {dog}} <

(QY,T),=) = | Oy = {{cat, tiger}, {dog}} <
O3 = {{cat, tiger,dog}}
For (Q (V,T), <), we have the following observations.

¢ When threshold A = 1, we obtain the finest partition
0y = Y/traclo (T[I]). In Oy, each class forms an
equivalent class.

* When threshold A = 0.7, “cat” and “tiger” are merged
to obtain an equivalent class {cat, tiger}. So we obtain
the coarser partition Q.

* When threshold A = 0.6, “cat” and “dog” are merged
to obtain an equivalent class {cat, tiger, dog}. So we
obtain the coarsest partition Q3.
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* When threshold A € [0,0.6), we obtain the coarsest
partition Q3.

From the above process, we can seen that the “>" relation
of class similarity is transformed into the “<” relation be-
tween partitions in quotient space. And the a set partitions
forms a hierarchical structure in quotient space. According
to Theorem 4.8, the same class similarity ranking can lead
to the same hierarchical structure. Therefore, the hierarchi-
cal structure can effectively capture the understanding of
concepts contained in class knowledge K.

In addition, each element in the hierarchical structure is
a partition on ), and each element in the partition is a
subset of ), both of which have clear semantics and high
interpretability.

C. Proofs
C.1. Proofs of Theorems in Section 3
C.1.1. PROOF OF THEOREM 3.3
Proof. For proposition (1).
For sake of discussion, we copy formula (7) as follows.
V= {tij| ivj € y}7U: VU{OaO‘aﬂ}a
T
Jup))” -

Because T is a «-FSR on), therefore Vi € ), t;; = 1 and
Vi,j €Y, i # 3,0 <t =tj < a, therefore 0 ¢ V,
a ¢V, B ¢ V. Based on it, according to Definition 3.2,

u = sortvec(U) = (uy,uz, -

sort(1;U) = |U|, uy) = 1, (35a)
sort(B;U) = |U| =1, wyy)—1 = B, (35b)
sort(a; U) = |U| =2, ujy|—2 = a, (35¢)
sort(0;U) = 1, up =0, (35d)
Yo eV, 2 <sort(v;U) < |U|. (35e)

According to the definition of £q, £ = 0, iff

Ela - Zz J=1,i%5,yi=y; EHA (S'LJ7 Yis y]) Oa
Lip = El =1ty Ay Lua (8137.%7 yj) 0.
Because L3, = 0, according to (8), Vi,j =

1a27"' 1, Z#Ja Yi = yj"CHA (Sij7yiayj> :O’i'e"

Sij € |:u50'r’t(tyiyi U) =10 Ysort(ty,,,30)

Because T is a FSR on ), therefore t,,,,, = 1. According
to formula (35a) and (35b),

Usort(1;U)—1 UUy|-1 63

= 1

usort(tyiyi ;U) -1

usort(tyiyi;U) Usort(1;U) s
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Algorithm 4 Human Cognition-Inspired Hierarchical Fuzzy Learning Machine, denoted as HC-HFLM

Input: Task. The (X, ), f.)-classification problem.
Data. The training data D = {(zs,y:) | s € X, ys = fe () € Y}, and the test data Dt = { ;| z; € X};‘:;’ﬂrl
Knowledge. The class knowledge K related to the concepts in class space ).
Setting. The hyper-parameters for controlling the degree of fuzziness 0 < o < f < 1. The network architecture of FLM
F((-,);0) = g((h(;©), h(-;©))). The regular term R(-). The trade-off parameter y. The number of examples required for each

concept Vk € Y, Nexe,, - The way to pre-processing K, i.e., the value of “case” in formula (6).
Output: The predicting result {(z;,9;) |x; € Die}-

// (1) Pre-training FLM (see Section 2.3)
1: Initialize the learnable parameters © randomly;
2: Using stochastic gradient descent method to solve formula (1) and obtain the local optimal solution ©°;

// (2) Mining class FSR from class knowledge K (see Section 3)
3: Initialize class FSR T « NULL;
4: Construct class FSR S¥ from class knowledge K by formula (5) and Appendix B.1;
5: if case = casel of formula (6) then
6: T+ S¥
7: else
8:  Compute S© from D and f((-,-); ©°) by formula (25);
9 if case = case2 of formula (6) then
10 Construct formula (27) from S and S” by formula (28);
11 Solve formula (27) and obtain optimal solution t*;

12: Construct S )" from t* by formula (29);

13: T + S5,

14:  else if case = case3 of formula (6) then

15: Coarsening 8™ by formula (31) and obtain SX_;

16: Construct formula (32) from SX, and S” by formula (33);
17: Solve formula (32) and obtain optimal solution r*;

18: Construct SS&KV from r* by formula (34);

19: T « S5,

20:  endif

21: end if

// (3) Learning sample FSR, guided by T (see section 3)
22: Initialize the learnable parameters © «+ ©°;
23: Using stochastic gradient descent method to solve formula (9) and obtain local optimal solution ©*;

// (4) Concept representation and prediction (see section 3)
24: Using f(-,-); ©%) to select exemplar set for each class in ) by formula (3) and obtain Fy, Vk € );
25: Vxj € Dye, using f(+,-); ©") and Ey, Vk € ) to obtain the predicted class label §; by formula (4);

Therefore s;; € [8,1]. According to formula (2), fore
Lwp (8i5,Y:,Y;) = maz [ — s;;,0] = 0. Therefore

n n
:Z Z Lrp (Sijayi’yj) =0. - -
2 Lop = Z Z Lrp (si5,Y:i,y5) = 0.
i=1 j=1j7#i,y:#y;
Because L1, = 0, according to formula (8), Vi,j =
1,2, n, i # j, yi # Yj. Lua (845,96, y5) = 0, ie.,

sij € Ugort(ty,3;:0) 10 Usort(ty,; ) The'refore, Lo = Lo, + Lo, = 0+ 0 = 0. So proposition
viver yiyir (1) is proven.

Because T is a a-FSR on ), therefore 0 < Ly, < Q.

According to Definition 3.2 and formula (35¢), we have ) -

2—1 < sort (ty,y,; U)—1 < sort (t,,,,;U) < sort (o; U), ~ Because L1 = 1, according to proposition (1) Ly = 0.

and 0 = u; < w According to Theorem 2 in literature (Cui & Liang, 2022),

L3 = 0. So proposition (2) is proven.

For proposition (2).

sort(tyiyi;U)fl < usort(tyiyi;U) <
Usort(a;U7) = Qs Therefore s;; € [0, ). According to for-
mula (2), Lrp (S, i, y;) = max [s;; — «,0] = 0. There-  In summary, proposition (1) and (2) are proven. O

18
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C.2. Proofs of Theorems in Section 4
C.2.1. PROOF OF THEOREM 4.1

(1) We give some properties of the ® operation described
in Definition A.20.

Lemma C.1. Given a set A and a fuzzy binary relation F’
on A. The following propositions are true.

(1) If F satisfies reflexivity, then F?> = F @ F satisfies
reflexivity.

(2) If F satisfies reflexivity, then F C F2 = F ® F.

(3) If F satisfies symmetry, then F?> = F @ F satisfies
symmetry.

(4) F satisfies transitivity iff F> = F @ F C F.

Proof. For proposition (1).

If F satisfies reflexivity, i.e., Va € A, F((a,a)) = 1, then
Vb € A,

F2((b,0))

= mag min[F((b, c)), F((c, )]

- { maz minl((5,0)), F((c, bm,}
min[F (b, ), F((b,b))] ’

=maz | mar, min[F((b,c)), F((c,b))], 1}

=1

i.e., F'? satisfies reflexivity. So proposition (1) is proven.
For proposition (2).

If F satisfies reflexivity, i.e., Vc € A, F((¢,¢)) = 1, then
Va,b € A,

F2((a,b))

= mag min[F((a,

c), F((c,0))]

- { maz min{F((a,6)), (e, bm,}
min[F((a,a)), F((a,b))]
mazx mm[F(( ,c))

= max cEA,c#a
min[l, F((a,

b))]

maz, min[F((a,
> F((a,0))

= max

i.e., FF C F?2. So proposition (2) is proven.
For proposition (3).

If F satisfies symmetry, i.e., Va,b € A, F((a,b))
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F((b,a)), thenVe,d € A,

F?((c,d)) = mag min[F((c,e)), F((e
= mag min[F((e,d)), F((c

= mag min[F((d, )), F((e, )]
= F?((d,0))

LRSS
NN
= =

i.e., F'? satisfies symmetry. So proposition (3) is proven.
For proposition (4).

F? C F < Va,b € A F((a,b)) > F?((a,b))
max min [F((a,c)), F((c,b))], i,e., proposition (4) is
5r€0ven.

In summary, proposition (1)-(4) are proven. O

Lemma C.2. Given a set A and two fuzzy binary relation
R,Son A IfR C S, then R* C S2.

Proof. Because R C S, according to Definition A.3,
Ya,b € A, R((a,b)) < S((a,b)). Therefore Ve,d € A,
R?((e,d)) = mag min[R((c,e)), R((e,d))]

< mag min[S((c. ), S((e, )] = $*((c,d))
ie., R2 C 52 O

(2) Based on these conclusions, we prove Theorem 4.1.

Proof. Using mathematical induction to prove proposition
(D.

When k = 0, $2" = §' = Sis a FSR on A.

Whenk = 1, 52" = $2 = §® 5. Because S is a FSR on A,
therefore S satisfies reflexivity and symmetry. According to

proposition (1) and (3) of Lemma C.1 S? satisfies reflexivity
and symmetry. Therefore S? is a FSR on A.

When k& = m > 1, assume that S2" is a FSR on A.

Whenk =m+1, S2" = 82" % 82" Because 2" is a
FSR on A, therefore S2” satisfies reflexivity and symmetry,
According to proposition (1) and (3) of Lemma C.1 g2t

satisfies reflexivity and symmetry. Therefore 52" s a
FSR on A. So proposition (1) is proven.

For proposition (2).

Vk = 0,1,2,---, S = 52" © 52", Because S is a
FSR on A, according to proposition (1), 52" is a FSR on
A. Therefore 52" satisfies reflexivity. According to propo-
sition (2) of Lemma C.1 52 C §2" @ 52" = 52" So
proposition (2) is proven.

For proposition (3).
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First, let’s prove the convergence. According to proposi-
tion(1) vt = 0,1,2,---, t(k) is a FSR on A. According
to Definition A.14, the sequence ¢(k) has an upper bound.
According to proposition (2), the sequence (k) is monotoni-
cally increasing. Therefore the sequence ¢(k) is convergent.

Second, let’s prove that the sequence ¢(k) converges to the
transitive-closure of S. Without losing generality, assume

that (k) = ¢(k 1) ie. 52 - S?k © 57,

(a) Because S2° 7 = §2", therefore 525" C ASQ . Ac-
cording to proposition (4) of Lemma C.1, 52" satisfies
transitivity. )

(b) According to proposition (2), S C § 2*,

(c) V fuzzy binary relation 7" on A, assume that S C T
and T satisfies transitivity. Because S C T, according to
Lemma C.2
SCT—S82CT*—=S8*CT—...52 c1?". (36)

Meanwhile, because 7' satisfies transitivity, according to
proposition (4) of Lemma C.1, T? C T. According to
Lemma C.2,

..TQ’%

TPCT—T'CT? — cr?. 37
Combining formula (36) and (37),
s?crcr?c...cr?cr.

(d) Combining (a)-(c), SQE satisfies the three propositions
in Definition A.19. Therefore S2" is the transitive-closure
of S. So proposition (3) is proven.

For proposition (4).

According to proposition (3), traclo(S) can be written in

the form of 52°. And then, according to proposition (1),
traclo(S) is a FSR on A. Because traclo(S) satisfies tran-
sitivity, according to Definition A.16, traclo(S) is a FER
on A. So proposition (4) is proven.

In summary, proposition (1)-(4) are proven. O

C.2.2. PROOF OF THEOREM 4.2

(1) We introduce the following lemma.

Lemma C.3. Given a finite set A and a SR matrix S on
A. Let G = (A, S) be the unweighted graph, where A is
the set nodes and S is the adjacency matrix of the graph.
Vk € 1,2,.., Va,b € A, S¥((a,b)) = 1 <= in graph G,

there is a path (a, - - - ,b) and the length of (a,--- ,b) is k.
Proof. Using mathematical induction to prove.
When £ = 1, S* Sl = S Vab € A,

S((a,b)) = 1 < in graph G, there is a edge (a,b) <
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in graph G, there is a path (a,b) and the length of path
(a,b) is 1.

When ¢ = 2, 82 = S ® 8. Vab € A,
S2((a,b) = 1 mag min[S((a,c)), S((c,b))] =
L v minS(a,0), S(e.0)] = 1] = 1 <

WV (115((a,0)) = 1] ATIS((e, b)) =

G, there are two edges (a,c) and (¢,b) <= in graph G,
there is a path (a, ¢, b) and the length of path (a, ¢, b) is 2.

When k = m > 2, assume that Va, b € A, S™((a,b)) =1
<> in graph G, there is a path {(a, - - - , b) and the length of

1]) = 1 <= in graph

path (a,--- ,b) is m.

When £k = m 4+ 1, s7ft = §m @ S,
Va,b € A, Sm+1(( b)) = 1 =
mag min[S™((a,c)), S((c,b))] = 1 —
V H[mm[s’”(( ), S((eb)] = 1 = 1 <
eA( [5™((a,c)) = 1 ALS((c,b)) = 1]) = 1 =

in graph G, there is a path (a,--- ,c) and the length of
(a,---,c)is m and in graph G, there is a edge (¢, b) <=
in graph G, there is a path {a, - - - , b) and the length of path
(a,--- ,byism + 1.

In summary, the lemma is proven. O

Remark C.4. Comparing Definition A.1 and A.14, it can
be seen that binary relation is a special type of fuzzy binary
relation. Therefor, Definition A.19, A.20, and A.21 are
applicable to binary relation. Based on it, Lemma C.1 and
C.2 are applicable to binary relation. Therefor, Theorem
4.1 is applicable to binary relation. According to Theorem
4.1, given a finite set A and a similarity relation (SR) S on
A, the the transitive-closure of .S can also be written as S 2",

(2) Based on the above lemma, we prove Theorem 4.2.

Proof. According to Remark C.4, 3k € {0,1,2,- -}, such

that traclo(S) = S2°. Because S is a FSR on A, ac-
cording to Theorem A.18, YA € [0,1], S is a SR on
A. According to Remark C.4, 31 € {0,1,2,- - }, such that

l
traclo(SN) = SN” | Let m = maz[2¥,2!]. According to

Theorem 4.1 traclo(S) = S™ and traclo(SM) = SN™
Therefore, to prove
VA € [0,1], tracol(S)M = tracol(SM),
we need to prove
YA e [0,1], ™ = s
we need to prove
VA€ [0,1], Ya,b € 4, S™((a,b)) = SN ((a,b)).
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According to Definition A.17 VA € [0,1], Va,b € A,
5™ ((a,b)) € {0,1}, SN ((a,b)) € {0,1}, Therefore,
we need to prove

YA€ [0,1], Ya,b € A,

” . (39
S ((a,b)) = 1 <= SN ((a,b)) = 1
Next, we prove the formula (38).
Given the unweighted G = (A4,SM). Va,b € A,

according to Lemma 2 of literature (Cui & Liang,
2022), 5" ((a,b)) = I[S™((a,b)) =) = 1 <
S™((a,b)) > A <= in graph G, there is a path (a, - - - ,b)
and the length of path {a, - - - , b) is m. Meanwhile, accord-
ing to Lemma C.3, in graph G there is a path (a, - - - , b) and
the length of path (a, - -- ,b) is m <= S ((a,b)) = 1.
That is to say, the formula (38) is proven. So the theorem is

proven. O
C.2.3. PROOF OF THEOREM 4.4
Proof. According to Definition A.14 Va,b € A,

S((a,b)) € [0,1]. Therefore V = {S((a,b))|a,b e A} C
[0,1]. And then, according to Definition 4.3, Q (A, S) =
{ A/traclo (SW)| X € V'} U{A/traclo (SM) |x € [0,1]
—V'}. Therefore, to prove

Q(A,S) = {A/tmclo (SW) ’ e V} :
we need to prove
{A/traclo (SW) ’ Ae0,1] - V} c
{ A/tracto (SW)( revy,
we need to prove YA € [0,1], A ¢ V, 3w € V, such that
Aftraclo (SW) = A/traclo (SM) .

According to Definition A.8, we need to prove VA €
[0,1], A ¢ V,3w € V, such that

traclo (Sm> = traclo (SM) .
According to Definition A.19, we need to prove
YA€ [0,1],A ¢ V, 3w € V, such that S = S,

According to Definition A.17, we need to prove VA €
[0,1], A ¢ V, Jw € V, such that Va,b € A,

S ((a,b)) =1(S((a,b)) > A) =1(S((a,b)) >
= Skl((a,b)).

“) 39)
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min v. Obviously, A < w
eV, v>A

YA€ [0,1,A ¢ V,Letw =
andw e V.
Next we prove formula (39) in two cases. Va, b € A,

(@ IfI(S(a,b) > A) =1,ie.,S(a,b) > A\. Because A ¢ V
and S((a,b)) € V, Therefore S(a,b) > A, Therefore
> ; = i.e. > =1.
S((a,b)) > Jopin v =w, ie, I(S(a,b) >w) =1
(b) IfI(S(a,b) > A) =0, i.e., S((a,b)) < \. Because A <
w, therefore S((a,b)) < A < w,ie., I(S(a,b) > w)=0.

Combining (a) and (b), the formula (39) is true. So the
theorem is proven. O

C.2.4. PROOF OF THEOREM 4.5
Proof. According to Definition 4.3,

Q(4,5) = { A/traclo(S™)| X € [0,1]},
Q (A, traclo(S)) = { A/traclo (traclo(S)M)| X € [0,1]}
= { A/traclo(S)M| X € [0,1]} .

Therefore, to prove Q (A, S) = Q (A, traclo(S)), we need
to prove YA € [0,1], A/traclo(SW) = A/traclo(S)P.
According toDefinition A.8, we need to prove VA €
[0,1], traclo(SM) = traclo(S), According to The-
orem 4.2, the above formula is true. So the theorem is
proven. O

C.2.5. PROOF OF THEOREM 4.6
Proof. For proposition (1).

According to Definition 4.3, Q (A, S) is a set of partitions
on A. Meanwhile, according to Remark A.12 < is a order
relation on the partitions on A. Therefore (Q (A, S), <) is
a partial ordered set. So proposition (1) is proven.

For proposition (2).

Let T tracol(S).  According to Theorem 4.5
Q(A,8)=Q(A,T)={A/TMN|X€[0,1]}. According
to Theorem 4.1, T is a FER on A. According to Theorem
A18,YA € [0,1], T isan ER on A. V0 < \; < Ao < 1,
obviously, 702 ¢ Tl According to Remark A.11
A/TP2] < A/TMI| So proposition (2) is proven.

In summary, the theorem is proven. O

C.2.6. PROOF OF THEOREM 4.7
Proof. For proposition (1).

Because P,Q € Q (A, S) and P £ Q, according to proposi-
tion (2) of Theorem 4.6, P and Q are comparable under the
sense of <. Without losing generality, assume that P < Q,
then P < Q. According to Lemma A.13, |P| # |Q|. So
proposition (1) is proven.
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For proposition (2).

According to Definition 4.3, VP € Q (A, S), Pis a partition
on A. And then, according to Definition A.6,

1=[{A} < |P| < [{{a}| a € A} = |A].  (40)
(4,9)] <
|Al. So proposition (2) is proven.
For proposition (3). Let
C={|P||Pe Q(ANS)}, (41a)
Ve € O, (c)= {u ’u ev, (S[“])‘ - c} . (41b)
V:{maxu CEC}. (41¢c)
uem(c)

First, we prove |V| = |Q (A, S)|. According to proposition
(D) |C| =1Q (A, S)|. And then, according to formula (41),

|C| = |V|. Therefore, =9 (4,5)]

Second, we prove V' C U. According to formula (41), V C
U. Because |U| > |Q (A, S)| = |V|, therefore, V C U.

At last, we prove Q (4, S) = { A/traclo (SW)| X e V}.
According to Theorem 4.4, Q(A4,S)
{A/traclo (SP‘]H A€ U}. Therefore, we need to
prove

{A/traclo (S[’\]> ’ S U} = {A/tmclo (S[)‘]> ’ A€ V} ,

we need to prove

{A/traclo (SP‘]) ’ A

U}Z_D{A/traclo (S[)‘]) ‘ A€ V} ,

(42a)

U}Q{A/traclo (S[A]> ‘ A€ V} .

(42b)

{A/traclo (SP‘]) ’ A€

Because V' C U, therefore, (42a) is true.

Next, we prove formula (42b). To prove formula (42b), we
need to prove Vu € U, Jv € V, such that

A/traclo (S[“]> = A/traclo (S[”]) .

Yu € U, Jc € C, such that |A/tracl0 (S[“])} = ¢. Accord-
ing to formula (41), 3v € V such that | A/traclo (S™)| =
¢, ie.,Yu € U, Jv € V such that fA/traclo (S[“])’ =
|A/traclo (S™1)|. According to the inverse negation of
proposition (1), A/traclo (S™) = A/traclo (SI), ie.,
formula (42b) is true.

So far, formula (42a) and formula (42b) are proven. So
proposition (3) is proven.
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For proposition (4).

According to Theorem 4.4, Q(A,S5)
{ A/traclo (SN)| X € U}, therefore |U| > |Q(A4,59)].
Therefore, to prove |U| = |Q (A, S) |, we need to prove
V)q, Ay € U,/\l < Ao,

A/traclo (SP‘I]> # A/traclo (S[Az]> :

Because S is a FER on A, according to Theorem A.18,
Vu € U, S is an ER on A. Therefore S[¥ satisfies transi-
tivity. According to Definition A.19, traclo (S™) = St,
therefore we need to prove

VAL A € U A < Ag, A/SPl £ A/6P],
According to Definition A.8, we need to prove
VAL Az € U, Ay < Ay, Sl £ gl
we need to prove VA1, Ay € U, A1 < Ao,
Ja,b € A, such that S ((a, b)) # SP2l((a,b)).

Because \; € U, therefore, Jda,b € A, such that

S((a,b)) = A1. In this case,
SPI((a, b)) = 1[S((a,0)) = Ai]
# 5P2l((a,0)) = 1[S((a, b)) >

therefore proposition (4) is proven.

In summary, propositions (1)-(4) are proven. So the theorem

is proven. O
C.2.7. PROOF OF THEOREM 4.8
Proof. Let

U={R((a,b))| a,be A},

u = sortvec(U) = (u1,U2, cee ,U\U|)T )

V ={5((a,b))| a,b e A},

v = sortvec(V) = (1)1, Vg, -+ ,vM)T )
According to formula (10),
U=V, (43a)
Va,b € A, sort(R((a,b)); U)=sort(S((a,b)); V), (43b)
Va,b,c,d € A,

. (43c)

R((a,b)) < R((c,d)) iff S((a,b)) < S((c,d)).
According to Theorem 4.4, Q(A,R) =
{ A/traclo (RN)| X e U}, Q(A,S) =
{A/traclo (SW)| X € V}.  Therefore, to prove

Q(AR) =
{A/traclo (RP‘]> ’ A€ U} = {A/traclo (SP‘]) ‘ A€ V} ,

Q (A, S), we need to prove
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we need to prove

{A/traclo (R[M) ’ A€ U} C {A/traclo (SP‘]) ‘ A€ V} )
(44a)
{A/traclo (S[/\]) ' S V} C {A/traclo (R[’\]> ’ S U} .
(44b)

First, we prove formula (44a). To prove formula (44a), we
need to prove Vu € U, Jv € V, such that

Al/traclo (R[“]) = A/traclo (S[v]) ’

according to Definition A.8, we need to prove Vu €
U, dv € V, such that

traclo (R[“]) = traclo (S[v]> ,
according toDefinition A.19, we need to prove
Vu € U, Jv € V, such that R = S,
according to Definition A.17, we need to prove Vu €
U, Jv € V, such that Va,b € A, R*((a,b)) =
St((a,b)), ie.,

I(R((a,b)) > u) = 1(S((a,b)) > v).  (45)

According to Definition 3.2 and formula (43a),
sort(w; U) € {1,2,---,|U|} = {1,2,---,|V]}
therefore, let v = wvyryy € V. VYu € U,

Because u € U, therefore, dc,d € A, such that
u = R((¢,d)). According to (43b), sort(S((c,d)); V) =
sort(R((¢,d)); U) = sort(u; U) = sort(v; V), therefore
UV = Vsort(w;U) = Usort(S((c,d));V) = S((C7 d))

Next, we prove formula (45) in two cases.

(@) I(R((a,b)) > u) = 1,ie., R((a,b)) > u= R((c,d)).
According to (10), S((a,b)) > S((¢,d)) = wv, ie.,
1(S((a,b)) > v) = 1.

() I (R((a,b)) > u) = 0,i.e., R((a,b)) <u= R((c,d)).
According to(43c), we have S((a,b)) < S((¢,d)) = v, ie.,
1(S((a,b)) > v) = 0.

Combining (a) and (b), formula (45) is true. So formula

(44a) is true. Similarly, we can prove formula (44b). So far,
formula (44) is proven. So the theorem is proven. O]

C.2.8. PROOF OF THEOREM 4.11

(1) We introduce the following lemmas.

Lemma C.5. Fora (X,), f.)-classification problem, given
a set of samples ¢ C X C X and a fuzzy binary relation
Son). Let span(S, f., X ) be the fuzzy binary relation on

X described in Definition 4.10. The following propositions
are true.

(1) If S satisfies reflexivity, then span (S, f., X) satisfies
reflexivity.

(2) If S satisfies symmetry, then span (S, f., X) satisfies

symmetry.

(3) If S satisfies transitivity, then span (S, f., X) satisfies
transitivity.

(4) VA € [0,1], span (S, fo, X)M = span (P, £, X).

(5) The span(-, -, -) can be directly applied to binary relation
and proposition (1)-(4) are also true for binary relation.

Proof. For proposition (1).

Because S satisfies reflexivity, i.e., Yy € ), S((y,vy)) = 1.
Vo € X, span (S, fe, X) ((z,2)) = S ((fe(), fe(x))) =

1, i.e., span (S, f., X) satisfies reflexivity. So proposition
(1) is proven.

For proposition (2).

€ D,

Because S satisfies symmetry, i.e., Yyi,¥o
S((y1,v2)) = ((y2,91)). Vo1, 20 € X,

span (S, fe, X) ((x1,22)) = S ((fe(21), fe(2)))
= S ((fe(a1), fe(@2)))
= Span (Sv fCa X) ((Z‘l, .’132)),

i.e., span (S, f., X) satisfies symmetry. So proposition (2)
is proven.
For proposition (3).

Because X C X, therefore Y = {f.(z)] v € X} C
Y. Because S satisfies transitivity, i.e., Vy;,ys €

V., S((y1,y3)) > mag min [S((y1,92)), S((y2,y3)))-
V.’Ehifg S X9

span (S, fe, X) (z1, 3)

= S ((fe (21) ;s fe (23)))

= mag min [S((fe (z1)92)) S ((y2, fe (23)))]
> erg}mj min [S ((fe (x1),y2)) S ((y2, fe (x3)))]
= maz min[S ((fe (21), fe (22))), 5 (e (22) , fe (x3)))],

i.e. span (S, f., X) satisfies transitivity. So proposition (3)
is proven.

For proposition (4).
VNS [0, 1], Vri, 20 € X,
span (S, fo, X) (21, 25)
=L (span (S, fo, X) (x1,22) > N)

=1(S (fe (1), fe (z2)) > A)
= SV (f. (1), fe (22)) = span (P, f, X) ,
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i.e., proposition (4) is proven.
For proposition (5).

Obviously, the above proofs of proposition (1)-(4) are also
valid under the sense of binary relation.

In summary, proposition (1)-(5) are proven. So the lemma
is proven. O

Lemma C.6. Fora (X,), f.)-classification problem, given
a set of samples ¢ C X C X and a fuzzy binary relation S
on ). Let span(S, f., X) be the fuzzy binary relation on X
described in Definition 4.10. IfVy € Y, v € X, such that
fo(@) =y, then span (S, fo, X)* = span (S?, f., X).

Proof. Because Yy € Y, 3z € X, such that f.(z) = y,
therefore, Y = { f.(z)| x € X} = V. V1,23 € X,

X)? ((w1,23))
span (S, fe, X
span (S, fe, X) ((x2, 3

n [S ((fe(z1), fe(22))), S (

v), S ((y,

span (S, fe,

) (1, 22

)

)
)
fe(w2), fe(x
fe(23)))]

)
)
( 3)))]

2@;13)} min [S ((fe(z1),

S% ((fe(@1), fe(23)))
span (52, fes X) ((z1,23)),

i.e., the lemma is proven.

O

Lemma C.7. Fora (X,)), f.)-classification problem, given
a set of samples ¢ C X C X and a FSR S on ). Let
span(S, fe, X) be the fuzzy binary relation on X described
in Definition 4.10. IfVy € Y, 3z € X, such that f.(x) =y,
then traclo (span (S, f.)) = span (traclo (S), fe, X).

Proof. Because S is a FSR on ), therefore, S satisfies
reflexivity and symmetry. According to Lemma C.5,
span (S, f., X) satisfies reflexivity and symmetry, i.e.,
span (S, f, X) is a FSR on X.

According to Theorem 4.1, traclo(S) can be written
in form of $2°, k > 0, and traclo (span (S, f., X))

can be Written in form of span (S, fC,X)Ql, I >

0. Let m = max(k,l), then traclo(S) = S?",
traclo (span (S, fo, X)) = span (S, fo, X)*
Therefore, to prove
traclo (span (S, f.)) = span (traclo (S), fe, X),
we need to prove
am m
span (. fo. X) = span ($2", ., X) . (46)
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According to Lemma C.6,

Yy € Y,3xz € X, suchthat f.(z) =1y
= span (S, fc,X)2 = span (5’2,fC,X)
= span (S, fc,X)4 = span (54, fe, X)
:> .«

= span (S, fc,X)zm_1 = span (S2m*l7fC,X)
" £ X)

i.e., formula (46) is true. So the lemma is proven.

= span (S, fc,X)2m = span (

O

Lemma C.8. Fora (X,), f.)-classification problem, given
a set of samples  C X C X andan ER Ron ). Let O =
Y/R be the partition ) derived by R. Let span(R, fc, X)
be the binary relation on X described in Definition 4.10.
According to Lemma C.5, span(R, fc,X) is an ER on
X. Let P = X/span(R, f.,X) be the partition on X
derived by span(R, f., X). If Vy € Y, 3z € X such that
fe(x) =y, then the following propositions are true.

(HDVYO € O, {z|ze X, f(x) €O} eP.
(2)VP € P, { f.(x)] x € P} € Q.
(3)10] = |P|.

Proof. For proposition (1).

VYO € O, obviously, ¢ # O C Y. Vy* € O, according to
Definition A.7 and A.8,

O=Wlr={y:ycV, Ry y)=1}. @7

Because Vy € ), 3z € X such that f.(z) = y. Without
losing generality, assume that * € X and f.(z*) = y*.
And then,

("] span(r. £, %)

={z|x € X,span (R, fe, X) ((z*,z))
={z|z € X, R((fc(x*), fe(z))) =1}
={z|z e X, R((y", fe(x))) =1}
={z|ze X, f(z) ey lr=0}.

According to Definition A.8, [2*]|span(r,1..x) € P, ie.,
proposition (1) is proven.

:1}

For proposition (2).

VP € P, obviously, ¢ # P C X, Vz* € P, according to
Definition A.7 and A.8,

P = [2"] span(R,f.,x)
= {z|x € X, span(R, fe,

Lety* = fc(x

={yly €V, R((y*,y) =1}
={yly eV, R((fe(z*),y)) =1}

={f(z)| v € X, R((fe(z*), f(x))) =1}
={f(z)| z € X, span(R, f., X)((z*,x)) = 1}
={f(@)| 2 € X,z € [+"]span(r.s.x) = P} -

)@ ) =1y

*), obviously, y* € Y, then

[v*|r
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According to Definition A.8, [y
(2) is proven.

*|r € O, i.e., proposition

For proposition (3).

Proposition (1) and proposition (2) actually establish a one-
to-one mapping between the equivalence classes in O and
the equivalence classes in PP, = |P|.

In summary, proposition (1)-(3) are proven. So the lemma
is proven. O

Lemma C.9. Fora (X,), f.)-classification problem, given
a set of samples ¢ C X C X and two FSRs R, S on
Y. If OV,R) = Q(y S)and Yk € Y, 3z € X,
such that f.(x) = k, then Q(X,span (R, f., X)) =

Q (X, span (S, fe, X)).

Proof. To prove
Q (X, span (S, fe, X)),

Q (X, span (R, f., X))

according to Theorem 4.5,
we need to prove Q (X, traclo(span (R, f.,X)))
Q (X, traclo (span (S, f., X))). Because Vk € Y,
Jz € X, such that f.(x) = k, according to Lemma C.7,
we need to prove

Q (X, span (traclo (R) , fe,
Q (X, span (traclo (S), fe,

X)) =

x. Y

Because R and S are both FSR on ). According to The-
orem 4.1, traclo(R) and traclo(S) are both FER on ).
According to Lemma C.5, span (traclo (R), f., X) and
span (traclo (S), f, X) are both FER on X. According

to Theorem A.18, V1. € [0, 1], span (traclo (R) , f., X))

and span (traclo (S), f., X) are both ER on X. Ac-
cording to Definition 4.3, to prove formula (49), we need
to prove

{X/span (traclo(R),fc,X)[)‘}‘ A€o, 1]} =
{X/span (traclo(S),fc,X)[w]‘ w € [0, 1]} .

According to Definition A.8, we need to prove

{span (traclo (R) , fe, X)P‘]’ A€o, 1]} =
{span (traclo (S), fe, X)M’ w € [0, 1]} .

According to Lemma C.5, we need to prove

{spcm (traclo (R)[/\] ,fC,X) ‘ A€o, 1]} =
{span (traclo (9! ,fc,X)‘ w € [0, 1]} .
According to Definition 4.10, we need to prove

{traclo (R) [)‘]‘ A€o, 1]}:{traclo (8! ‘ wel0, 1]} . (50)
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Next, we prove formula (50). Because Q(), R)
Q(),S), according to Theorem 4.5, Q(), traclo(R))
Q(Y,traclo(S)). Because R and S are both FSR
on ), according to Theorem 4.1, traclo(R) and
traclo(S) are both FER on )). Based on it, accord-
ing to Definition 4.3, {Y/traclo(R)N| X € [0,1]} =
{Y/traclo(S)¥!| w € [0,1]}. Because traclo(R) and
traclo(S) are both FER on )/, according to Theorem A.13,
Yu € [0,1], traclo(R)™ and traclo(S)* are both ER on
Y. According to Definition A.8,

{traclo(R)P‘]’ A€o, 1}}2{ tmclo(S)[“’]‘ w € [0, 1]} ,

i.e., formula (50) is proven. So formula (49) is proven. So
the lemma is proven. O

(2) Based on these conclusions, we prove Theorem 4.11.

Proof. Let traclo(T) be the transitive-closure of T (see
Definition A.19). Let

U = {traclo(T);;| i,j € Y},
V= {spcm (traclo(T), fe, X),;

(51a)
w7 € X}. (51b)

And then,

%traclo

{ traclo(T

14 ) fu )13 T, Tj EX}

T) o) oty | @it € X}
%%| YisYj € y}

span (traclo(

(52)

Because T is a FSR on ), according to Theorem 4.1,
traclo(T) is a FER on ). According to Theorem A.18,
Y\ € [0,1], traclo(T)Mis an ER on ). And then, accord-
ing to Definition A.19,

VA € [0,1], traclo (traclo(T)[’\]) = traclo(T)MN. (53)

Meanwhile, because traclo(T) is FER on ), accord-
ing to Lemma C.5 span (traclo(T), f.,X) s a FER
on X. According to Theorem A.18, VA € [0,1],
span (traclo(T), f., X)[)‘] is an ER on X. And then, ac-
cording to Definition A.19, VA € [0, 1],

traclo (span (traclo(T), f, X)[)‘]>

(54)
span (traclo(T), fe, X)[’\]
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Given V, Q (Y, T) can be written as follows

=Q (Y, traclo(T))

{ /traclo (traclo (T)[)‘]> ’ Ae o, 1]}
{ [traclo (T )[)‘]‘ A e|o, 1]} (55)
:{ Y/traclo (T)[)‘]‘ S U}

-

Y/traclo (T)W‘ A€ V} .

Given V, Q (X, span(T, f., X)) can be written as follows
Q (X Span( s fer X ))

=Q (X, traclo (span (T, f., X)))

=Q (X, span (traclo (T ) fer, X))

= {X/traclo (spcm (traclo (T), fe, X)[/\]) ‘ A€o, 1]}
= {X/span (traclo (T), fe, X) Mixe [0, 1]}

= {X/spcm (traclo (T, f., X)X € [0, 1]}

= {X/span (traclo (T), fe, X ) S V}

= {X/span (traclo (T), fe, X ) A€o, 1]}

_ {X/span traclo (T)N ,fc,X)‘ e V} .

(56)
For proposition (1).
In formula (55), because traclo(T) is a FER on ), accord-
ing to Theorem 4.7, |Q (Y, T)| = |V|. In formula (56),

because span (traclo(T), f., X) is a FER on X, according
(X, span(T, f., X))| = |V'|. Sopropo-

sition (1) is proven.
For proposition (2).

Without losing generality, we arrange the ele-
ments in the set V' in descending order to obtain

A1 > Ay > > Ay|. According to Defini-
tion A.17, Vi = 1,2,---,|V| = 1, traclo (T)™ ¢
Y/traclo (T)[)‘i“], span (traclo (T)[)‘i] ,me) C
span (tmclo (T)[’\"“] s fes X). And then, ac-
cording to Theorem 4.6, y/tmclo(T)[Ai] =<

Y/traclo (T, X/span (tmdo (T) ’fC’X) =

X/span (tmclo (T)[’\"“] s fes X). Based on it, according
to Definition 4.3 and 4.9,

0, = y/traclo(T)[Aﬂ =
09 = Y/traclo (T)P‘ﬂ =<

<
O

(Q<y7T)’<): , (87)

= y/traclo(T)[)“V‘]
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(Q(Xaspan(vach))v<) -
Py = X/span (traclo (T)[)‘l} e X

Py = X/span (traclo(T)™ | ., X
<
By = X/span (traclo(T)M 1 £, x)

<

< (58)

In formula (57) and (58), because T is a FSR on ), ac-
cording to Theorem 4.1, traclo(T) is a FER on ). And
then, according to Theorem A.18, Vi 1,2,--- V],
traclo (T)[)‘i] is an ER on )). Meanwhile, because Vy € ),
Jdr € X such that f.(x) = y. Based onit, Vi =
1,2,---,|V], according to Lemma C.8, O; and P; satisfy
the three conditions in proposition (2). So proposition (2) is
proven.

In summary, proposition (1) and (2) are proven. So the

theorem is proven. O
C.2.9. PROOF OF THEOREM 4.12
Proof. For sake of discussion, let T = span (T, f., X).

According to Definition 4.3 and 4.9, to prove Vi
1,2,--,]Q(X,T)], -, |9 (X,S)|}, such
that P; = Q; we need to prove VP € Q (X, T), 3Q €
Q(X,S), such that P = Q. we need to prove

Q(X,T) C Q(X.S).

(59)

Next, we prove formula (59). For sake of discussion, we
copy formula (7) as follows

V:{tij| z’,jey}, U:VU{0,0(,B},

u = sortvec(U) = (u1,uz, - ,u|U‘)T
According to Definition 4.10, let
V:{EU fuzspan( fC) ) ybijlvj 17 ,n}a

and V C V. And then, according to Theorem 4.4,
9(X,T) = {X/traclo (T[M) ‘ A€ V} .

Therefore, to prove formula (59), we need to prove VA € v,
Jw € [0, 1], such that X /traclo (TW) = X/traclo (SM).
According to Definition A.8, we need to prove VA € V,
Jw € [0,1], such that traclo (T™) = traclo (SH). Ac-
cording to Theorem 4.1, we need to prove VA € V,
Jw € [0,1], such that, TN = S According to Defi-
nition A.17, we need to prove VA € V, Jw € [0, 1], such

that Vi, j =1,2,--- ,n, I[t;; > A\ =1 [s” > w]. Accord-
ing to Definition 4.10, Vi,j = 1,2,--- ,n, t;j = ty,,.
Therefore, we need to prove VA € V', Jw 6 [ 1] such that
Vi, j=1,2--.,n

I [ty,y, > A] =1[si; > w]. (60)



Human Cognition-Inspired Hierarchical Fuzzy Learning Machine

Next, we prove formula (60). YA € V C V, according
to formula (35e), 2 < sort (A, U) < |U|. Therefore 1 <
sort (A, U)—=1 < |U|=1. Letw = Ugopi(x,v)—1, according
to formula (35d) and (352), 0 = w1 < w < A <y =
1, ie., w € [0,1). Because L; = 0, therefore, Vi,j =

1a27"' ,TL,’I; #j?‘CHA (Sij7yiayj;a7ﬁ7T) = 0’ i'e'74

Sij € (u.SOTt(tyiyi;U)—l’usort(tyiyi;U)) . (61)
Next, we prove that Vi,7 = 1,2,--- ,n, I [tyiyj > )\] =
I [sij Z (.J].

(@) If ¢ = j. Because T is a FSR on ), S is a FSR on
X, therefore, I [t,,,, > A\ =I[1> A =1=1[1> w]
H [5“ Z w].

(b) If i # j, I[ty,y, = A] = 1, ie, ty,,, > A Accord-
ing to formula (7), sort (tyiy].; U) > sort (\;U), then
sort (ty,y,;U) —1 > sort (A\;U) — 1. And then, according
to formula (61), s;; > usort(tyiyi;U)_l 2 Usort(\U)—1 =

w,ie, I[s;; >w] =1

() Ifi # 4,1 [tyiy]. > )\] = 0,1.e., ty,y; < A. According
to formula (7), sort (tyiy].;U) < sort (A;U), therefore
sort (ty,y,;U) < sort (A\;U) — 1. And then, according
to formula (61), s;; < Usort(ty,;50) < Usort(AU)—1 = Ws
i.e., I [Sij Z w] =0.

Combining (a)-(c), formula (60) is true. Therefore, formula
(59) is true. So the theorem is proven. O]

C.3. Proofs of Theorems in Appendix B

C.3.1. PROOF OF THEOREM B.2

(1) To prove the theorem B.2, we introduce the following
derivation process.
Remark C.10. Given the following convex quadratic pro-
gramming problem

min  Ji(r) =32, (ri — 5i)°
st. ri=ti,¥i=1,2--- ,m—1-. (62)
a<r; <bVi=1,2,---.m
Vi=1,2,---,m,lett = r;. Meanwhile, let § = #
And then
m 2
Jo(r) =222 (1 — si)
=Yy (rF = 2risi + 57)

i TE =230 s+ 20 8]
mt® — 2 (300 si) t+ 3000 87
mt? — 2mst + > 10 | s?
m (2 —25t) + 3" s
m(t—35)7° —ms2+ 37" 52
4According to (8), si; should fall into the close interval. In

practice, we can introduce a small constant ¢ > 0 into formula (8)
such that s;; falls in the open interval.
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Let Jo(t) = (t —3)% Ja(s) = (X0, s2) — m32, then
Ji(r) = mJa(t) + J5(s). Substituting them into the for-
mula (62), we obtain the following optimization problem

2

mrin Ji(r) =30 (s — si)
s.t. r,;:t,;+1,Vi:1,2,~~,mfl
a<t<b
— mtin mJs(t) + T3(s)
st. a<t<b
= mtin mJa(t)
st. a<t<hb.

Obviously, the last optimization problem in the above equa-
tion is a convex quadratic programming problem. Let ¢* be
the optimal solution of it. Then

r'eR™ Vi=1,2,--- ,m, r; =t",
is the optimal solution of formula (62).

(2) Based on the above derivation process, we prove Theo-
rem B.2.

Proof. For proposition (1).

According to formula (29), S(P-K)" satisfies reflexivity and
symmetry. Because t* is the optimal solution of formula
(27), therefore,

Vi=1,2,--,|[VE[,0 <t} <.

According to formula (29), Vi,j € YV,i # j, 0 <
SE].D’K) < «. Therefore, S(P-K)” is a o-FSR on Y. So-
proposition (1) is proven.

For proposition (2).

Because S and SP both satisfy reflexivity and symmetry.
Therefore, we can eliminate the third and fourth constraints
and ignore the elements of the main diagonal and lower
triangle positions of the matrix of the objective function
in the formula (26). Therefore, we obtain the following
equivalent optimization problem

2
) (D,K) D
(b 1) 2iey 2ijev i (Sz‘j _Sij)
S.t. S’E]'DVK) < S;S’K),vl,],k c y,Z < ] < k’
K _ K
Sy < S
o o (©3)
Ej’ ):Sgk-’ ) Vi ke V,i<j<k,
K _
Sij = Sik
O<s§f”K) <a,Vi,jel,i<j

In formula (63), the S(P-F) satisfies the first two constraints
iff the sorting of the triangular elements of S(”-%) is consis-
tent with the sorting of the triangular elements of S¥. Let
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VE = {sfﬂ i,j €V, i# j}. Considering the situation
where the triangular elements of SX have duplicates, let
I = {(k;,l) k,le Y k<l sort (sfl;VK) = z} Substi-
tuting VX and I; into the formula (63), we can obtain the
following equivalent optimization problem

2
DK
2121 Z(k,l)e[i (Sl(cl ) - Ssz>

Sé?"K) < SSE’K),Vz’,j =1,2,---, ‘VK

SI()?K) = S(r-?’K)7VZ = 1727... "VK”

(p,q), (r,s) € I, (p,q) # (r,s)

(D,K)
ij

, vE|

min

S(D.K)
s.t.

)

(64)

0<s <a, Vi,j €Y,i<].

> S
(p,9)EL; “Pg

Vi=1,2,---,|VE] let 5 1A . According to
Remark C.10, we can can eliminate the equality constraints
in the formula (64) and obtain the following equivalent
optimization problem.

7i6) = S ) (4 - 50)?

m|mK|

teRlY

st b <tiyr, Vi, j=1,2,-- VKl -1~ ©65)
0<t;<a,Vi=1,2--- |VE]|

Substituting § given in formula (28) and D into formula (65),
we can obtain the following optimization problem

Ji(t) =tTDt — 25" Dt + 57 Ds

By removing the unrelated s7 Ds and let J5(t) = t7Dt —
257 Dt, we can obtain the following optimization problem

min_ Jo(t) = tTDt — 2§Dt
terlVE
st i <tipr, Vi, j=1,2,---,|VE|—1 - (66)
0<t;<a,Vi=1,2,-- VK]

In formula (66), according to formula (28), D is a symmet-
ric positive definite matrix. Therefore Ja(t) is a convex
function w.r.t. t. Meanwhile, only linear inequality con-
straints are involved in the constraint conditions of formula
(66). Therefore, formula (66) is a standard convex quadratic
programming problem. Let ¢* be the optimal solution of for-
mula (66). And then, let S(P-F)" ¢ RIVIXIVI vy ey,

we have
1,
t*
sort(sg;VK)7

Obviously, S(P-5)" satisfies the all constraint conditions
of formula (26). Meanwhile, according to Remark C.10,
S(P:K)"js the optimal solution of formula (26). So proposi-
tion (2) is proven.

i=j
i 7]

(DK)" _

i,

In summary, proposition (1) and (2) are proven. So the
theorem is proven. O
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D. Details of Experiments
D.1. Details of Interpretability Analysis Experiments

(1) Task. To show the working mechanism of the proposed
method, we conduct the experiments on handwritten digit
classification task. The class space is Y = {0,1,---,9},
which is familiar 10 numbers for human beings. There-
fore, it is possible to evaluate the experimental results with
common sense.

(2) Data. We adopt handwritten digit data set MNIST (Le-
Cun et al., 1998), consisting of 60,000 training samples
and 10,000 test samples. Each sample is a 28 x28 pixel
grayscale image containing a handwritten number. For the
convenience of presentation, 10 samples were randomly
selected for each class to form the training data set.

(3) Class Knowledge. In this experiment, we recruit 10
volunteers. each volunteer is asked to construct a 10 x 10
rating matrix that is used to measure the similarity between
different digits. The score range is {0,1,2,---,10}. The
constructed rating matrix is averaged and normalized, de-
noted as S*. The human knowledge system K is the under-
standing of visual features of digital characters in the minds
of 10 volunteers, and class knowledge K is the rating matrix
constructed by 10 volunteers.

(4) Settings. Feature extraction network h : R?%*28 — R10
adopts a 5-layer convolutional neural network. FSR network
g : RY x R1% — [0, 1] adopts cosine similarity. We adopt
case 2 in formula (6) to obtain the final FSR T. The fuzzi-
ness parameters « = 0.7, 5 = 0.9. No regularization term
was used in the experiment. We adopt Adam (Kingma & Ba,
2015) to solve formula (1) and (9), where the learning rate is
set as 1073, We implement the code based on Pytorch® and
conduct all experiments on an NVIDIA A100-PCIE-40GB
GPU.

D.2. Details of Generalization Analysis Experiments

To verify the effectiveness of the proposed method, we
conduct experiments on 6 public data sets compared with 6
different classifiers.

(1) Task. APY and Image-Net1K data sets contain 32 and
1000 classes respectively, involving different classes such
as animals, furniture and vehicles. The differences among
the classes are large, which are coarse-grained classification
tasks. AWAI1 and AWA?2 data sets share the same class
space, which contains 50 species of animals, such as horses,
whales, tigers, etc. There are certain differences between the
classes. Thus, they are medium-granularity classification
tasks. FLO and CUB data sets contain 102 different species
of flowers and 200 different species of birds, respectively.

Shttps://pytorch.org/
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Table 4. The comparison methods and their settings

Method

Abbreviation

Setting

K-Nearest Neighbor

KNN

We adopt Euclidean distance. The number of nearest neighbors is selected within {1, 3,5,7,9, 11}.

Decision Tree

DT

We adopt two criterion, i.e., Entropy and Gini, to select split feature. We adopt two strategies, i.e., global search and random
split, to determine the split threshold.

Support Vector Machine

SVM

‘We adopt one-to-rest to deal with multiple classification problem. We adopt Gaussian kernel function and the parameters of
kernel function are default. The trade-off parameters are selected within {0.01, 0.1, 1,10, 100}.

Naive Bayes

NB

We adopt four different distribution assumptions to estimate the probability density, i.e., Gaussian, Multinomial, Complement
and Bernoulli.

Cross Entropy Classifier

CEC

Feature extraction network is designed as h(x; ©) = ReLU (ReLU (xW;1 + b1) W2 + b2) W3 + bgs, where © =
[W, € R2048X1024 o Q1024 yy, ¢ RIO24X512 o RSI2 Wy, ¢ R312XIYl b, € RW‘} is the set of
learnable parameters. We adopt cross entropy loss of Softmax (h(x)) and true labels to train network. We adopt Adam
(Kingma & Ba, 2015) as optimizer. The size of batch is set to 256. The number of epoch is set to 200. The initial learning rate is
set to le-3 and decays by 0.5 times every 20 epochs.

Fuzzy Learning Machine

FLM

T o6
The overall network is f ((+,-); ©) = %. where ¢ (-; ©) = Sigmoid (h (-; ©)). h is the same as
in CEC. We adopt Adam (Kingma & Ba, 2015) as optimizer. The size of batch is set to 1000. The number of epoch is set to 200.
The initial learning rate is set to le-3 and decays by 0.5 times every 50 epochs. The fuzziness parameters « = 0.2, 5 = 0.8.

Regularization term is not used in the experiment.

HC-HFLM with K

CK;-HFLM

The overall network is the same as FLM. The pretrained FLM is used as the initial point. We adopt Adam (Kingma & Ba, 2015)
as optimizer. The size of batch is set to 1000. The number of epoch is set to 50. On ImageNet1K data set, the initial learning
rate is set to 1e-9. On the remaining data sets, the initial learning rate is set to le-3. The learning rate decays by 0.5 times every
30 epochs. For class description vector, we adopt formula (20) in Appendix B.1 to calculate the FSR SE. we adopt case 3
in formula 6 to get final FSR T'. On ImageNet1K data set, S is coarsened as 50 levels. On the remaining data sets, S¥ s
coarsened as 100 levels.

HC-HFLM with K2

CK2-HFLM

Different from CK; -HFLM, Algorithm 1, 2 and 3 are called successively to get ESR S (see Appendix B.1). The number of

levels is determined by knowledge graph (see Table 2). Based on it, we adopt case2 in formula 6 to get the final FSR T'.

There are small differences between classes. Thus, they are
fine-grained classification tasks.

(2) Data. For ImageNet1K data set, we adopt common data
partition, which contains 1,281,167 training samples and
50,000 test samples. We record the test accuracy of all meth-
ods. The remaining 5 data sets are evaluated using 5-fold
cross-validation for each method, and the mean accuracy
are recorded.

As is known to all, the way of extracting features from im-
ages seriously affects the performance of image classifica-
tion. The focus of this paper is how to integrate knowledge
to improve the classification performance rather than de-
signing a better method of extracting features. In order to
eliminate the influence of the feature extraction process,
the 2048 dimensional features extracted by literature (Xian
et al., 2019) are used in the whole experiments for all data
sets. The detail information of data sets is summarised in
Table 2.

(3) Class Knowledge. In this experiment, we adopt two
types of knowledge, denoted as K; and K.

K represents the class description vector. For ImageNet1 K
data set, the class description vector is obtained by GloVe
(Pennington et al., 2014). For the remaining 5 data sets,
the class description vectors are designed by domain expert.
The detailed descriptions can be found in literature (Xian
et al., 2019). We adopt formula (20) in Appendix B.1 to
calculate class similarity relation S¥.

K, represents knowledge graph. WordNet (Miller, 1995) is
adopted in this experiment. Algorithm 1, and 2 and 3 (see
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Appendix B.1) are called successively to get the class FSR
SX . The class spaces of FLO and CUB data sets are the sets
of different followers and different birds, respectively. This
makes it difficult to match with WordNet and take advantage
of the knowledge provided by WordNet.

(4) Comparison Methods and Settings. In this experiment,
we adopt 6 different classifiers as comparison methods. K-
nearest neighbor (KNN), decision tree (DT), support vector
machine (SVM), and naive Bayes (NB) are classical and
non-deep neural network methods. Cross entropy classifier
(CEC) and FLM are methods based on deep neural network.
Because the input features are extracted by the pre-trained
deep neural network, we adopt 3 fully-connected layers as
backbone for CEC and FLM.

In the proposed HC-HFLM, two types of knowledge K and
K, are integrated into FLM, respectively, denoted as CK; -
HFLM and CK»-HFLM. For fair comparison, the network
architecture is the same as the FLM.

For each method, different parameter settings are adopted
and the best experimental results are recorded. For the
first four methods, we adopt the implementations by the
Scikit-learn library®. The remaining methods are imple-
mented based on Pytorch. We conduct all experiments on
an NVIDIA A100-PCIE-40GB GPU. More details are listed
in Table 4.

*https://scikit-learn.org/stable/index.
html
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