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Locally Ontology Relaxed Stability Analysis in
Various Ontology Learning Settings

Shu Gong, Xinxin Huang, Caihua Qiu, and Wei Gao, Member, IAENG,

Abstract—Ontology is an effective tool for processing concept
semantics, and in the ontology learning algorithm, all the
semantic information of each vertex is expressed by a multi-
dimensional vector. The essence of ontology learning algorithm
is to obtain ontology function in terms of ontology data samples,
so as to map each concept in ontology to a real number.
Stability is the foundation of the ontology learning algorithm
and the guarantee of its generalization ability. This article
relaxes the original uniformly stable hypothesis and proposes
the concept of locally ontology relaxed stability. And under the
setting of reproducing kernel Hilbert space, the upper bound of
stability is verified. Under the framework of random ontology
algorithm, the original concept is redefined. The error bounds in
general, the reproducing kernel Hilbert space and the stochastic
ontology learning algorithm frameworks are obtained in terms
of their respective stability definitions.

Index Terms—ontology, similarity computing, stability, gen-
eralization bound.

I. INTRODUCTION

S a semantic tool, ontology expresses the interrelation-

ships between concepts in light of graph structures. It
uses vertices to represent concepts, and the edges between
vertices to represent the relationship between concepts. In the
field of data representation, the information corresponding to
a certain concept is denoted by a vector, so that the ontology
function can be described as a dimensionality reduction
operator that maps a high-dimensional space vector to a low-
dimensional space. The so-called ontology learning is used
to obtain the optimal ontology function in view of learning
ontology sample points. Due to its powerful representation
ability, ontology has a wide range of applications in various
engineering fields (several related literatures can be referred
to Stratogiannis et al. [1], Epstein et al. [2], Gheisari et al.
[3], Selvalakshmi et al. [4], Mavracic et al. [5], Goncalves
et al. [6], Maitra et al. [7], Zhu et al. [8] and [9], and Lan
et al. [10] and [11]).
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In recent years, ontology algorithm and applications have
raised great attention among scientists and engineers. Son
and Lee [12] separated 3D geometry into several parts
by means of PointNet and constructed local ontology in
light of summarizing the features of each part. Patel et al.
[13] provided ontology to represent semantic information
about the impact of Covid-19 on the banking sector of
India. Xue and Chen [14] established the semantic links
between heterogenous biomedical concepts called biomedical
ontology matching. Lakzaei and Shamsfard [15] suggested a
new trick to automatically obtain an OWL ontology using
a relational database. Ratnaike et al. [16] collated 26348
human phenotype ontology terms to build the MitoPhen
database. Rahman and Hussain [17] introduced a light-weight
dynamic ontology in view of the most important concepts
and clustering approach. Perea-Romero et al. [18] improved
clinical and molecular SRDs diagnosis in terms of structuring
phenotypic ontology and next-generation sequencing (NGS)-
based pipelines. Bao et al. [19] determined the ontology-
based modeling trick for assembly resource and process.
Chen et al. [20] developed an ontology-based Bayesian
network framework to express causal relationships between
design parameters or process parameters and structure prop-
erties or mechanical properties. Belabbes et al. [21] consid-
ered the problem of dealing with inconsistency in lightweight
ontologies.

The ontology learning algorithms which combine ontology
and machine learning techniques have attracted attention
from both theoretical analysis and engineering applications,
especially the stability analysis of ontology learning tricks.
Wu et al. [22] raised disequilibrium multi dividing ontology
learning algorithm. Gao et al. [23] determined generalization
bounds and uniform bounds for multi-dividing ontology al-
gorithms with convex ontology loss function. Gao et al. [24]
suggested partial multi-dividing ontology learning approach.
Gao et al. [25] introduced ontology geometry distance com-
putation in terms of deep learning trick. Gao et al. [26] raised
a new ontology learning algorithm using discrete dynamics
sparse calculation method.

In the process of ontology learning, we usually divide the
ontology dataset into training set and test set. The training
set is the ontology sample set, which is used to obtain
the optimal ontology function, and the test set is used to
test the quality of the ontology function. In order to make
the learned ontology function generalized, that is, to show
excellent performance on the test set, the ontology learning
algorithm must be required to have a certain stability. That
is, changing a small number of ontology samples will lead
to significant changes in the final learned ontology function.

Ontology algorithm stability is usually expressed in two
ways: loss stability and error stability. However, this setting
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often requires some preconditions, such as each ontology
sample point is equally important and treated without dis-
crimination. And the weakness of this ontology stability
framework is that it can only give global stability and cannot
reflect the local stability of a certain part of the vertices.
Based on the weakness of the original ontology theoretical
framework, the main contribution of this work is to study the
ontology stability in relaxed setting. New classes of ontology
stability are defined and the corresponding generalization
bounds are deduced.

The rest of the paper is organized as follows: the notations,
terminologies and new definitions are explained in the next
section, and then the main results and proofs are manifested
in the third section. Finally, we give the conclusion and future
work.

II. SETTING

Let S = {z1,29, - ,2,} be the ontology training set,
where z; is independent and identically distributed which is
drawn from a distribution D on the ontology space Z. In
supervised ontology learning setting, Z =V x Y, where V
and Y are input space and label space respectively; while
in unsupervised ontology learning setting, Z = V. For an
ontology function class F, a learning algorithm A : Z" — F
gets an ontology function .As — F by means of ontology
training set S. For a given ontology training set .S with n
ontology vertices, let S? = {z1,- - - ,zi_l,z;,zi+1,--~ yZn}
be the new ontology training set by replacing the i-th
element from S where 1 < i < n, and S\ =
{z1,-*+ ,Zi—1,, Zit1, "+, Zj—1,, Zj4+1," -+, Zn} be the new
ontology training set by deleting the i-th and j-th elements
from S where 1 < i < j < n. For any ontology input z,
we consider an ontology loss function I( f, z) with notation
f=As.

Let 3,(,,-) be functions with n > 3 that each maps any
z1,%9,%23 € Z to a positive score. Now, we introduce PO
ontology relaxed stability and LTO ontology relaxed stability
as follows, where PO stands for “replace one” and LTO
stands for “leave two out”.

Definition 1: (Locally PO Ontology Relaxed Stability)
An ontology algorithm .4 has locally PO ontology relaxed
stability 3, (-, -, ) with respect to the ontology loss function
l if, for any n, the inequality

l(Asg, z) — U(Asgi, 2)| < Bulzi, 21, 2)
establishes for any S € Z", 1 <i <n and z;,z € 4.
Definition 2: (Locally LTO Ontology Relaxed Stability)
An ontology algorithm A has locally LTO ontology relaxed

stability 3, (-, -, ) with respect to the ontology loss function
l if, for any n, the inequality

|Z(ASVZ) - Z(AS\LJ‘?Z” S ﬂn(Z“ZJ,Z)

establishes for any S € Z", 1 <i<j<nand z € Z.
Compare Definition 2 with uniform LTO ontology stability
introduced by Wu et al. [27] which is stated as

U(As, 2) = U(Ag\i, 2)| < BT

holds for any S € Z", 1 < i < j < n and
z € Z. The relationship between them is that 370 =
SUp, ., - Bn(2i, 2j, 2), and it also holds for the relationship

between standard PO uniform ontology stability and locally
PO ontology relaxed stability introduced in Definition 1.

Consider that the ontology function f which is parame-
terized by 6 (i.e., f = fg) and in this case the ontology
loss I(f, z) can be re-written as (6, z). The aim of ontology
learning algorithm A is to output f5 such that

~ 1 ) n
0= —argmingee Zl(ﬂ,zz).

i=1

By setting 6\"/ = Largmingeg >y ; .z, [0, 1), we have
the following approximation:

Bn(ziy2,2) = |I(B,2) — 0\
1 ~ i
~ E|V€ 1(972) Vo Hé‘ 1(97Zi)|,

where H; = 1370, 721(0, z;) is the Hessian matrix.
In what follows, we always keep the following hypoth-
esis: for the function f3,(-,-,-), for any z1,z29,23 € Z,
Bn(21,22,23) = B(“Tizfzs) for several function S3(-,-,-)
which has nothing to do with n. Furthermore, (-, -, 2) is
the function of its first and second parameters which are L-
Lipchitz continuous for arbitrary z € Z and the ontology loss
function, and there is positive Mg such that §(-,-,-) < Ma.

In fact, the assumption 3, (21, 22, 23) = 6(21772;22‘) equals
to the assumption that sup,, nf8,(z1, 22, 2z3) < +oo for any
21,292,235 € Z. The boundedness hypothesis of 5(-,,-)
establishes if 3 is a continuous function combined with the

finiteness of Z. In what follows, we denote
- 1 ¢
2(As) = Eenpl(As,2) = — 3 1(As, ),
i=1
where E,..pl(Ag, z) heavily relies on Ag.

III. MAIN RESULTS AND PROOFS

In this section, we present our main theoretical analysis
and specific proofs. The content of this section is organized
as follows: first, we give some preparatory lemmas and
conclusions to prepare for the proof of the main theorem;
then, in the second subsection, we yield the main conclusions
and proofs; in the following two parts, we discuss the
local ontology relaxed stability and the generalized bound
analysis of the ontology mathematical framework under the
conditions of reproducing kernel Hilbert space and the spe-
cific ontology execution algorithm using stochastic gradient
descent.

A. Useful lemmas
Set

1 n
= — l i)s
R n;(Ag,z)
i 1 ¢
R :g;z(ASi,zj),

P
R\ — - ;Z(As\i‘j,zk)-

In order to prove our main results in the next subsection, we
need the following lemmas.
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Lemma 3: Assume that an ontology algorithm A with
locally PO ontology relaxed stability §,,(-, -, ) with respect
to the ontology loss function [. For arbitrary ¢ > 0, let

M =2(Mg +supE_ Zlﬁ(z“z;,z) + 2M))
z€z TV

and

M =2(supE_
z€Z

! B(z“z z) + 1+ 2M;).

There exists a positive constant C’ determined by the Lip-
chitz constant L and the dimension d of z, suppose ¢ is small
enough and n is large enough to satisfy

2 lognC’ e 4eM?
— > - 4M — 1
32M§ n - 2M2( M2 + 5)7 ( )
we have
1 n
P zn y 2 - ) <1
(E,opll(As, 2 . E: (As,z) +¢

2supZEZIEz- z/ﬂ(’zl?ZZ)Z) 71,52
+ i ) < 2e” 22,
n
Lemma 4: Assume that an ontology algorithm A with
locally LTO ontology relaxed stability 3, (-, -, -) with respect

to the ontology loss function . For arbitrary ¢ > 0, let

M =2(Mg +supE., .. B(z;, zj, 2) + 2M))
z2€Z

and ~
M =2(supE., ., B(z;, 25, 2) + ¢ + 2M;).
z€Z
There exists a positive constant C’ determined by the Lip-
chitz constant L and the dimension d of z, suppose ¢ is small
enough and n is large enough to satisfy

12 lognc’ e 4deM?
_ - 4M —
32M7 n 2M2( e 7
we have
1 n

P . , l y <4
(Eonpll(As, 2 >}_n;<As2>+5
+2Supzez B 28z, %, z)) < 26_%.

n

Here, we only prove the LTO part, and the proof of Lemma
3 can be processed in the similar way.
Proof of Lemma 4. Note that

\i,7 < ﬁ Zl,Z],Zk Ml
|R— R\ | Z + =,
k;éz k#j
n
= U(As, ),
i=1
oSV ) = D U Agviss ).
ki, k#j
Let F,, be the o-field obtained from zq,--- , z,,, and set
sm = E[o(5)|Fm] — E[o(S)[Fm—2],

5 Ziy 2y Rk
®_,; = {S|sup] E M
FOET kti kA
_Ezerﬁ(Ziwzjaz)‘ < [’}'

Let
Sm = Elo(S)s_, ;| Fm] = Elo(S)Is_, ;| Fm—2],
Sm = Elo(S)]ae, |Fn] — Elo(S)ae, | Fm-2].
Then, we get

Elexp{AY o}l < SElexp(2A) i} @)
k=1 k=1

“Elexp{22 3 2},
k=1

For estimating the second part of the right hand of the
above inequality, we set

Iy = wfEfe(S)lee, |21, 251, 2 = 1]
—Elo(S)Ioc, |21, 25-1],

Ai = SupE[Q(S)I‘:IZ"iiJ|Z17“' y Rk—15 Rk :fL']
—Elo(S)ae |21, s zp—1]-

Clearly, we infer
I} <t <AL

Furthermore,
A2 —
= SupE[Q(S)I‘bii,j‘Zlv"' y Rk—1,5 Rk :Jf]
*ing[Q(S)LbC 12 e, 2 = 1
S SupE[Q(S)ICPL ‘2:17 y Rk—15 Rk :x]
x,Y
7]E[Q(S)I¢‘i1j ‘Zla 3 Rk—1,Rk & y]
= SupE[Q(S)I‘bii,j‘Zlv"' y Zk—1y 2k :x]
z,y
E[Q(S\’Lj)lq;‘b ; y Rk—1, Rk = LU]
+E[Q(S\l’j)f¢; Slene ke, e = al
E[Q(S\Z’j)ﬂbc Sz e = Y]
+E[Q(S\ )I‘:bc ‘Zla”' y Zk—1y 2k :y]
_E[Q(S)I@C ‘Zh s Rk—1y Rk :y]

In terms of |ﬂ(a K )| < Mﬁ and l(7
E[(o(S) = o(S\" ) s

) < M, we get

s Zh—1, 2k = T

+E[(o(S) — Q(S\Z’J))I@ Szt e, 2k =]
< 2(Mp+ M)P(® —i,j‘zlv C L Zpo1)
In light of
E[o(5\") e , | ) Zh—1, 2k = ]
= E[o(S\)pe  Zk1, 2k = Y,
we acquire

A7 —T7 <2(Mg + M)P(®°, j|z1,- -+, zk—1).
To simplify the notation, set
M = Z(Mg + M),

T}c = IED( 77,J|217' o 72]4;71).
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Hence,

Elexp{2A Z i}l
k=1

n—2

= Elexp{22 ) {}Elexp{2A¢}}|F-2]]
k=1

5 1
< Efexp{2) ) _ i exp{5 M7,

Assume
sup; ; P
have

that for certain constant (, such that
< (n, then for any £k = 1,--- n, we

G

Cc

.3

P(YT, >c¢) <

Therefore,

n—2
Elexp{2A Z i} exp{ )\2M2T2 1

n— 2

exp{2)\Z§k}exp{ NMY2 ) Iy, 5]
k=1
n—2

FEfexp{22 Y ) exp{ g M) I, <]
k=1
n—2

E[exp{2A Z sty exp{= )\QMQ}ITn>C]

IN

n—2

exp{%Z%}exp{ NM?} Iy, <.
k=1

On the other hand, note that

Efexp{2A6?_, }r, 2c| o)
< exp{2AM}E,, ,[Ir,>c]-

Hence, for given positive A, and arbitrary k € {1,---
we get

,n},

n—2
Elexp{2A > i}t >c]
< exp{2M(kk:—11))\}IF’(Tn > c)
< exp{2M(k — 1)/\}%
Note that
E[exp{2A ”z:z 2} exp{ )\2M2T2 1
n72
< Elexp{2)\) <} exp{y SOV Yo}, >l
k n1 )
Elexp{2A Z 7} exp{ )\2M2 T2 Iy, <]
k=1
and
Iy, <c

= Ir,<c(Ir,>c+ I, <c)
IT"<CIT712(: + ITn<cITn<c(ITnzc + ITn<c)

It implies that

E[expmiqﬁ}]

< exp{ )\2M2 2}+nC

exp{ AM max{1, \M}}.
If o > QMB , then

~ Bi 2, 2)

U PC . C {S| sup
] 7,9 { |zi,z]'€Z|kz::1 n
L
_Ezw'Dﬁ(Z’h Zja Z)‘ Z 5}
and hence

n

sSB{RS,;} < P{{S] sw 3 Al i 7)

zi,2j€Z =1 n
L
—E.pB(zi, 25, 2)| = 5}}
Using L-Lipschitz assumption, select € = ¢+ and denote

II by the e-net of Z. Then, the following inequality holds
with large possibility:

ﬂ Z 255 2k
sup sup |Z s )*Ezw'Dﬂ(Zivzja )| 2

ZL,ZJEH z2i,2j€Z

@\h

For any {Zi1>Zj1,Zi27Zj2} with [z, — 2| < g and [z, —

zj,| < 55, we get
" Bz, 2,5 2k)
2o
| sup |Z%_EZ~DB(Z%ZJ'72)|
2iqy 121 €Z =1
n
B(Zin s Ziss 2k
— | sup |ZM_E2~D5(%7%;Z)|
Zig:2ja €2 1
L
< -
- 3
Thus,

n

P{{S| sup |Z M

2i,2;€Z k=1 n

L
_EZNDﬁ(Ziv Zj, Z)‘ Z 5}}

3o 2
321\/1/3

eéd 1og(%)
where C'is a positive constant, d is the dimension of ontology
data and L is Lipschitz constant.
It concludes that

71L2

j} < Cn _ 06_32M§

sup P{®
k

for some positive constants C'. In fact, we further have

n—2

exp{2)\Z§k} <exp{ )\2M2 2
=1

+ nCC' “"ZMZ exp{= /\Mmax{l AM}}.

Next, let’s focus on E[exp{2A 327_7 ¢1}] part. Set
infE[o(S)1e_,
_E[‘Q(S)I‘b—i,j

I, = |21, Zh—1, 2 = ]

azk71]7
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A, = swE(S)e_, |21, 2k-1, 2% = 2]
x
7E[Q(S)I¢_iﬁj |Zl7 ct s Rk—1]-
Clearly, we infer
I} < <Aj.
As deduced in the first part, we get
Ay =T}
< supE[g(S)IqLi'j 21yttt 5 Rk—15 Rk :(E]
x,y
7E[Q(S\i’j)‘[¢'_i1j 21yt Rk—1, Rk = x]
+E[Q(S\i’j)f<1>,l,j 21,00, 2p—1, 2k = T
_E[Q(S\Lj)l‘bfi,j Bl 5 Rk—1,Rk = y]
+E[o(SV ) s, |21, s 2k, 2k = Y]
_E[Q(S)I‘Pfi,j Byt 5 Rk—1,Rk = y]

In view of |3(-,-,-)| < Mg and I(-,-) < M, we obtain
(

E[(o(S) = oS\ N o, |21, -
+E[(0(S) — o(S\ ) s, |21, -
< 2 sup E.B(%,%2,2)+ 20+ 2M.

s Zh—1, 2k = T

y Rk—1y Rk = y]

2i,2,€27
In light of
E[Q(S\iyj)l(b—idwzl? S 2k, 2k = T
= E[Q(S\i’j)h—@,ﬁzla‘“ VZh—1, 2k = Y,
we get

A —T% <2 sup E.B(z,zj,2) + 2+ 2M,.
2i,2j€Z

Let M = 2sup,, .. ez E:B(2i, 25, 2) + 20+ 2M). We have

n—2

Elexp{2X ,; Gl < exp{%n)@]\]ﬂ.

In light of (2), we infer
n
Elexp{A > c}]
k=1
1 L (2.2 1 Loy o2
2exp{2n)\ M=} + 2{exp{2)\ M*=c*}

—&—ncTcn exp{2nAM max{1, \M}}}.

IA

If we select
2sup,, . ¢z BBz, 2, 2) + 20+ 2M,

‘= 2Mj + 20+ 2M, ’
then we have ¢ < 1. Set
CG,
Yo = nCén exp{2nAM max{1, \M }.

c

Then, for any positive A\, we yield

exp{ 2N M2} + 7y,
exp{\ne} ’

P(o(S) — E[o(S)] > ne) <

For small positive ¢ and large n, take A = -, and we want

A JVER
Vn < exp{%)\2M2}, ie.,
nCén
c

exp{n—;\(MQ)\ —4M max{MM, 1})}.

TIVLZ
qugging in¢, =Ce **™3 and \ = <3 set C' = % which
satisfies

2
- 4e M? ne
C'ne **M5 < exp{(e — ——— —4AM)——).
<ewi(e~ 0 a2

It can be expressed by

2 /
L lognC S

4e M? e

32112 w2 Tn Jonre
which leads to

P(e(S) —E[e(5)] = ne)
exp{5A°M?} + 7,

- exp{Ane}
< 2ean?,
Let
I(As, 2) = E.npll(As, 2)] — [(As, 2),
5(8) = 13 s, =)
0 = n . Sy <i)s
onid _ LN
o(S)\ = EZZ(AS\M,%)-
k=1
We obtain
]E[(é(s) - @(S\Z’j))‘['@i“] |Zlv 3 Rk—1,Rk — .’E]
+E[(3(S) — a(SV ) ae , |21, 251,25 = 9]
< 2(Mg+2 sup E..pB(z, %, %)
zi,2j€Z
+2Ml)]P)(q)c_i7j|Zl, s ,Zk_l)
and
E[(a(S) — @(S\i’j))fchi,j 21y 21, 2k = )
+E[(a(S) — @(S\i’j))ﬂb,,-,j 21y Zh—1s 2k = Y]
< 2(t+2 sup E..pfB(zi,2j,2)

Zi7Zj€Z

F2M)P(D_; |21, 2k—1)-

By selecting

M = 2(M5 + 2 sup Ezm’Dﬂ(Ziyzj7z) + 2Ml)
zi,zJEZ
and

M = 20+2 sup E..pfB(zi,25,2)+2M),

Zi7Zj€Z

we finally get

n

> U(As, z)]

=1
2sup,, . ez E.npB(2i 25, 2)

n

ES [EZND [Z(ASa Z)} -

S|

Then the desired conclusion follows. O
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B. Main conclusion

Theorem 5: Let A be an ontology algorithm with locally
PO ontology relaxed stability 3,(,-,:) with respect to the
ontology loss function (. There is a positive constant M; such
that 0 < [ < M;. Suppose that n is a large number. For any
given ¢ and § € (0,1), the following inequality holds with
probability at least 1 — §:

E(As)
2sup,, ,,ez EznpB(21, 22, 2)

n

2log 2
+2(2supE,opB(21,22,2) + ¢ + ZMI)\/?,
z€Z

Theorem 6: Let A be an ontology algorithm with locally
LTO ontology relaxed stability 3, (-, -, ) with respect to the
ontology loss function (. There is a positive constant M; such
that 0 <[ < M;. Suppose that n is a large number. For any
given ¢ and § € (0,1), the following inequality holds with
probability at least 1 — §:

E(As)

2sup,, ,,ez EznopfB(21, 22, 2)

IN

n

21og 2
+2(2sup E.pfB(21, 22, 2) + ¢ + QMZ)\/?'
z€Z

Here, we only provide the detailed proof of Theorem 6, and
the proof of Theorem 5 can be done by means of the same
tricks. ,

Proof of Theorem 6. Let § = 2¢ 202, and then we infer

~ 21log 2 o
e = M4/ =—>%. Put it into (1) and we deduce

2 log nC’

32M§ n

2 / 2
1~ 210g3(_M 2log 5
2M?2 n n

v

Note that

and

Hence, we yield

2M

2 lognC’ - 2M? lf)g(%)
- nM? M n

2log %
32M3 n '

Therefore, the final conclusion is obtained by means of
Lemma 4. O

C. Connect to reproducing kernel Hilbert space (RKHS)

In this subsection, we assume that the ontology loss
function associates with an ontology cost function ¢ such that
I(f,z) = c(f(x),y) for ontology samples in the supervised
ontology learning setting. An ontology loss function [ is o-
admissible with respect to Y if the associated ontology cost
function c is convex with respect to its first argument and for

any y1,¥y2,y3 € ), we have

le(y1,y3) — c(y2,y3)| < ollyr — v2lly,

where || - ||y is a certain norm defined on ).

A reproducing kernel Hilbert space (in short, RKHS) H is
a Hilbert space of continuous linear functions, in which for
arbitrary h € H and x € X, we have

h(z) =< h,K(x,-) >,

where K is the kernel in H. Specially, we have for arbitrary
heHand x € X,

()] < [Pl v K (2, 2),

where /K (x,x) is always denoted by x(x) and || - ||k
is the norm induced by kernel K in RKHS. Remind that
K should be positive semi-defined kernel and x(xz) > 0.
The main result in this subsection is stated as follows which
associates locally ontology relaxed stability with reproducing
kernel Hilbert space.

Theorem 7: Let H be a reproducing kernel Hilbert space
with kernel K, and for arbitrary x € X have K (z,7) < k? <
0o. The ontology loss function [ is o-admissible with respect
to H and the ontology learning algorithm is formulated by

1y
Ag = AGMINy, 9, — Zl(h, z) + MRl %,
i=1

where A\ > 0 is a balance parameter. Then,
(i) As has locally PO ontology relaxed stability S, (z, z;, 2)
such that
o%k(x;)k()
nA

LTO ontology relaxed stability

Bn(z’h Zi7 Z) S

(i) As has locally
Bn(zi, zj, z) such that

o?(k(w:) + K(x)))k(x)
2n\ '

Brief Proof of Theorem 7. Let’s briefly prove the (ii) part
of theorem, and for (i) part, the discussion is similar. Let

ﬁn(Zi, Zj, Z) S

R(h) = [(h, zi) + AllAll,

1

l n
ni:
> U, z) + AR %,

ki k]

R\ (h) =

S|

f = argming, ¢y R(h),
and
AT = argminheHR\i’j(h).
By setting Af = f\"J — f, we get

o(|Af(zi)| + [Af(z;)])
ni

2 Af|l <
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By means of

[f (@)l < \[fllx v/ K iy i) < || fllrerlei)

[f @) < I llwey/ K (g, 25) < N1 fl[xerlay),

we deduce

and

olrs(w:) + ()
sl < QEEI AT

Since ontology loss [ is o-admissibility, we infer

1S 2) =1, 2) S olf (2) = £ ()]
olAf(z)] < ol|Afllkr(x)

o?(k(xi) + K(z;))K(x)

- 2n\ '

we prove the desired theorem. O

Hence,

D. Connect to stochastic gradient descent

In stochastic gradient descent ontology learning setting, S-
GD ontology learning algorithm is composed of certain steps
of stochastic gradient updates 0;11 = 0; — ay Vo (04, 2it),
where the learning rate oy is allowed to change over time,
it € {1,--- ,n} is selected uniformly at random at time ¢. Let
T be the total steps in SGD ontology iteration process. For
a randomized ontology algorithm A such as SGD ontology
algorithm, we introduce the locally ontology relaxed stability
as follows.

Definition 8: (locally PO ontology relaxed stability in ran-
domized ontology algorithm setting) An ontology random-
ized algorithm A is §,(:,-,-)-locally PO ontology relaxed
stability if for any ontology training set S € Z™ and z; €z,
we have

|EA[Z('AS7 Z)] - IEA[Z(ASHZ)“ < Bn(zhzzl‘vz)’

where the expectation is over the randomness embedded in
the ontology algorithm A.

Definition 9: (locally LTO ontology relaxed stability in
randomized ontology algorithm setting) An ontology ran-
domized algorithm A is 3,(,,-)-locally LTO ontology
relaxed stability if for any ontology training set S € Z",
1 <7< j <n, we have

[Eall(As, 2)] = Eall(Ag\is; 2)]| < Bnlzi, 25 2),

where the expectation is stated as the last definition.

For SGD based ontology algorithm A4, outputs functions
As, Agi and Ag\:.; are parameterized by O, 91 and 5\1 J
respectively, and the main conclusions in this subsectlon
study whether there is a function j,,(-, -, -) satisfying

E[l(0r, 2)] — E[l(0%, 2)]| < Bul2i, 21, 2)

or

E[l(07, 2)] — E[l(037, 2)]| < Bulzi, 21, 2),

where the expectation is taken with respect to randomness
coming from uniformly selecting the index in every itera-
tion. Specifically, the main results consider convex ontology
setting and non-convex ontology setting respectively.
Theorem 10: (Convex Ontology Optimization) Suppose
that the ontology loss function I(-,2) is ¥-smooth, L(z)-
Lipschitz (here L(z) is finite for any z € Z: |l(61,2) —

(92, )| < L( )||91 — 92”2 holds for any 91,92 € 0), and
convex for any z € Z. Moreover, L = sup,., L(z) < oo
and o < % for t <T'. Then, we have

(L+L

E[l(Br, 2)] — E[l(0%, 2)]| <

T
e
and
[E[l(Br, 2)] -
L+ L) + L)L ()5,

Theorem 11: (Non-convex Ontology Optimization) Sup-
pose that the ontology loss function I(-,z) satisfies 0 <
I(-,z) < T (without loss of generality, we assume that
T = 1), ¥-smooth, L(z)-Lipschitz with finite L(z) for any
z € Z,and L = sup,.; L(2) < oo. Suppose that a; < ¢
is a non-increasing sequence for ¢ < 7' and c is a positive
constant. Set

wﬁ(n7 Tv Ziy Z;a Z) =
Yo (n, T, zi, 25, 2) = (c(L(z) + L(z) + 2L)L(z)T“9c)ﬁ+l

(2e(L(=) + L) L(2)T*) 7o,

and

Hn =
n —
Then, we have

[E[l(87, 2)] — E[l(0r, 2)]| < pato(n, T, 21, 2, 2)

and

E[l(Br, 2)] — BB, 2)]| < pntho(n, T, 25, 25, 2).

The proof of Theorem 10 and Theorem 11 follows from
standard statistical learning theory approaches, and we skip
the specific proofs here.

IV. CONCLUSION

In this work, we mainly study the special class of ontology
stability which can be regraded as the relaxed version of
uniform ontology stability. We provide the formal definition
in PO and LTO setting, and the upper error bounds of on-
tology learning algorithm are derived in terms of locally PO
ontology relaxed stability and locally LTO ontology relaxed
stability, respectively. Then, we further discuss the setting
when the ontology function space is associated with the
reproduction of kernel Hilbert space, and it is determined that
locally ontology relaxed stability exists if the ontology loss
function is o-admissible. Finally, we introduce the locally PO
ontology relaxed stability and locally LTO ontology relaxed
stability in randomized ontology learning algorithm, and the
generalization bound is deduced when the key iterative part
of the algorithm is based on stochastic gradient descent.

The following topics can be used as the content of con-
tinued research:

e Although the formal locally ontology relaxed stability is
defined in PO and LTO setting is applied to reproducing
kernel Hilbert space and randomized ontology learning set-
ting, the specific expressed and statistical error bound in
many other ontology learning settings are still open. The
locally ontology relaxed stability in other ontology learning
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framework should be discussed in the future.

e The existence of stability under the framework of regener-
ative nuclear Hilbert space is proved in our contribution, but
the theoretical condition of this result is that the loss function
of the ontology satisfies certain conditions. What needs to
be studied later is whether the mathematical conditions in
these assumptions can be achieved in the actual ontology
algorithm design and applications. In other words, there are
gaps between theory and practical applications, and it is
necessary to study how to bridge these gaps so that the
theoretical results obtained in this paper can be truly applied
to the field of ontology engineering.

e The multi-dividing ontology learning algorithm has been
verified to be well used in the ontology graph learning of
tree structure. The optimal ontology function is obtained
by means of compared learning tricks. The definition and
corresponding properties of locally ontology relaxed stability
in multi-dividing ontology learning setting are awaiting for
further studies.
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