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1
SET-CENTRIC SEMANTIC EMBEDDING

BACKGROUND

The present invention relates generally to semantic
embedding, and more particularly, but not by way of limi-
tation, relates to a semantic embedding model that can
transforms a knowledge graph 1nto a set of n-dimensional

spheres that represent semantics embedded 1n the knowledge
graph.

SUMMARY

In an exemplary embodiment, the present invention can
provide a computer-implemented method, including trans-
forming a knowledge graph into a set of n-dimensional
spheres to capture and represent semantics embedded 1n the
knowledge graph and learning a model by assigning a
position to n-dimensional points in the n-dimensional
spheres such that the model reflects assigned n-dimensional
points.

One or more other exemplary embodiments include a
computer program product and a system. The above sum-
mary will be described 1n more detail below with reference
to the drawings. The 1nvention 1s capable of embodiments in
addition to those described and of being practiced and
carried out in various ways. It 1s thus to be understood that
the invention 1s not limited in 1ts application to the details of
construction and to the arrangements of the components set
forth 1n the following description or illustrated in the draw-
ings. Also, it 1s to be understood that the phraseology and
terminology employed herein, as well as the abstract, are for
the purpose of description and should not be regarded as
limiting.

As such, those skilled in the art will appreciate that the
present invention may readily be utilized as a basis for the
designing of other structures, methods and systems for
carrying out the several purposes of the present invention. It
1s 1mportant, therefore, that the claims appended hereto be
regarded as 1ncluding such equivalent constructions insofar
as they do not depart from the spirit and scope of the present
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the mvention will be better understood from
the following detailed description of the exemplary embodi-
ments of the mvention with reference to the drawings, in
which:

FIG. 1 exemplarnily shows a high-level flow chart for a
semantic embedding method 100 according to an embodi-
ment of the present mnvention;

FIG. 2 depicts an example of a system according to an
embodiment of the present invention.

FIG. 3 depicts a cloud computing environment according
to an embodiment of the present invention.

FIG. 4 depicts abstraction model layers according to an
embodiment of the present invention.

DETAILED DESCRIPTION

The invention will now be described with reference to
FIGS. 1-4, 1n which like reference numerals refer to like
parts throughout. It 1s emphasized that, according to com-
mon practice, the various features of the drawing are not
necessarily to scale. On the contrary, the dimensions of the
various features can be arbitrarily expanded or reduced for
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2

clanity. Exemplary embodiments are provided below {for
illustration purposes and do not limait the claims.

Referring now to FIG. 1, in step 101, entities/nodes are
modelled as points 1n n-dimensional space and classes/types/
ranges/domains are modelled as sets of points 1n step 102
(1.e., as sphere 1mn n-dimensional space). In step 103, rela-
tions/properties are modelled as sets of pairs of points (1.¢.,
as a sphere 1n 2n-dimensional space) and, in step 104,
classes are modelled as sets of points, where each class 1s
geometrically represented as an n-dimensional sphere such
that 1t (approximately) spans all the n-dimensional points
corresponding to instances (entities/nodes) of the class. Any
instance that falls outside the class sphere carries a negative
cost (1.e., a penalty).

In step 105, subclasses are modelled as sets of points
where each subclass 1s geometrically represented as an
n-dimensional sphere such that it 1s (approximately) sub-
sumed by all the n-dimensional spheres corresponding to its
parent classes. Any subclass sphere that falls outside of its
sphere of its parent class carries a negative cost (1.e., a
penalty).

In step 106, types are modelled as sets of points, where
cach type 1s geometrically represented as an n-dimensional
sphere such that 1t (approximately) spans all the n-dimen-
sional points corresponding to 1nstances (1.e., entities/nodes)
of the types. Any instance that falls outside the type sphere
carries a negative cost (1.e., a penalty).

In step 107, subtypes are modelled as sets of points, where
cach subtype 1s geometrically represented as an n-dimen-
sional sphere such that 1t 1s (approximately) subsumed by all
the n-dimensional spheres corresponding to its parent types.
Any subtype sphere that falls outside of its sphere of its
parent type carries a negative cost (1.e., a penalty).

In step 108, domains are modelled as sets of points, where
cach domain 1s geometrically represented as an n-dimen-
sional sphere such that it (approximately) spans all the
n-dimensional points corresponding to instances (1.e., enti-
ties/nodes) of the domains. Any instance that falls outside
the domain sphere carries a negative cost (1.e., a penalty).

In step 109, subdomains are modelled as sets of points,
where each subdomain 1s geometrically represented as an
n-dimensional sphere such that it 1s (approximately) sub-
sumed by all the n-dimensional spheres corresponding to its
parent domain. Any subdomain sphere that falls outside of
its sphere of its parent domain carries a negative cost (1.e.,

a penalty).
In step 110, a range are modelled as sets of points, where

cach range 1s geometrically represented as an n-dimensional
sphere such that 1t (approximately) spans all the n-dimen-
sional points corresponding to 1nstances (1.€., entities/nodes)
of the ranges. Any instance that falls outside the range
sphere carries a negative cost (1.e., a penalty).

In step 111, subranges are modelled as sets of points,
where each subrange 1s geometrically represented as an
n-dimensional sphere such that it 1s (approximately) sub-
sumed by all the n-dimensional spheres corresponding to its
parent ranges. Any subrange sphere that falls outside of its
sphere of its parent range carries a negative cost (1.., a
penalty).

In step 112, properties are modelled as sets of pairs of
points, where each property 1s geometrically represented as
a 2n-dimensional sphere such that 1t (approximately) spans
all the 2n-dimensional points corresponding to instances
(1.e., each edge connects two entities/nodes) of the proper-
ties. Any instance that falls outside the properties sphere
carries a negative cost (1.e., a penalty).
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In step 113, sub-properties are modelled as sets of pair of
points, where each sub-property 1s geometrically repre-
sented as a 2n-dimensional sphere such that it 1s (approxi-
mately) subsumed by all the 2n-dimensional spheres corre-
sponding to 1ts parent properties. Any sub-property sphere
that falls outside of 1ts sphere of 1ts parent property carries
a negative cost (1.e., a penalty).

In step 114, a model (1.e., an embedded model) 1s learned
by assigning a position to all n-dimensional and 2n-dimen-
sional points and to all spheres such that 1t minimizes the
negative costs of the n-dimensional points being outside of
the corresponding n-dimensional spheres (1.e., minimizing,
the penalty as defined above).

It 1s noted that steps 101-113 can preliminarily develop a
knowledge base from a graph of finite sets of triples and an
ontology where an n-dimensional graph embedding of the
knowledge base 1s a trio of functions in which the trio of
functions are learned from the graph embedding 1n step 114.

For example, the knowledge base 1s developed in steps
101-113 by considering countably finite sets E of entities, C
of classes, and P of relations, such that E, C, and P are
pairwise disjoint (letting ECP=EUCUP).

It 1s noted that the special relations type, subClassOf,
domain, range, subPropertyOf € are given special meaning
(as described later). Also, a triple 1s a tuple (s, p, 0)EECPx
PxECP.

A graph D 1s a finite set of triples such that for every (s,
p, 0)ED, 1t 1s the case that:

p&1subClassOf, domain, range, subPropertyOf},

if p=type, then s€F and o&C,

il p=type, then s, oEE.

For an ontology T to be a finite set of triples such that for
every (s, p, o)1, 1t 1s the case that:

p&qsubClassOf, domain, range, subPropertyOf}

if p=subClassOf then s, o&C,

if p=domain then s&P and o&C,

if p=range then s&P and ocC,

if p=subPropertyOf then s, oEP.

Further, a knowledge base K 1s defined as a pair K=(D,,
T,), where D, 1s a graph and T, 1s an ontology. It 1s noted that
the above 1tems are intended to specity a simplified version
of the international standard RDF model,

Thus, given a knowledge base K=(D,, T,), and given an
integer nEN (the first hyperparameter of the model), an
n-dimensional graph embedding of K 1s a trio of functions
(F. £ov Ip) to develop the knowledge base K where:

1. f,.is a function f,.: E=>R" which assigns to each entity

el

. . —>
an n-dimensional column vector f.(e)=e=

(€nyps - - -
2. f.is a function f :C—R "xR" which assigns to each
class c&C a tuple J“C(e)Z(E},pE),, where ¢=(¢

[l]j * .« o+
—> —>

7 > T . .
S ,11) and Op—(O_p[l]: s O ) are n-d1megsmnal
column vectors which we call the subject centroid of p

: E}[ﬂ])T called the embedding of e,

and the object centroid of p, respectively, and p & R is
called the radius of p.

The “learning” of step 114 considers that the knowledge
base 1s given from the preliminaries of steps 101-113. That
1s, given the knowledge base K=(D,, T,), an embedding
model (f,, I, F») of K is obtained in step 114. Variables are
defined for each of the components of the vectors and radii
defined previously, and a cost function 1s used to find the
most desirable assignment of these variables. That 1s, 1t 1s
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4

assumed that elements E={¢’, et C={c, ..., c", and
P={p’, . . . p”} are enumerated where u=IEl, v=ICl, and
w=|P|. It 1s defined that:

For each €'E€FE define the variables e,’ y s e’

For each ¢/&C define the variables ¢/, . . ., ¢, and the

variable p 7,
For each p“ER define the Varlables S, lk,, C Sp Hk,, the

variables o 51;“',, S * and the Varlable P,

It 1s noted that there are 1111+(Il+1)V+(211+1)W (u+v+2w)
n+(v+w) variables in total. Obtaining an assignment of the
variables induces a concrete graph embedding of (., .,
Ip)

The cost expression £ as a function of the previously
defined variables 1s represented as:

-----

-----

And, the 2n-dimensional vector 1s defined as:

- o — — — — — r
S o= (5[1], cer 5 Sn]s O[1]s -+- » G[n])

The n-dimensional vectors and 2n-dimensional vector are
used to define a distance between the embeddings of two

LN 7

relations. Give, p€P, in R ”, p}z s}@ﬁ}p. Also, given two

relations p, q€P, the distance d(p, q ), is used noting that the

distance is defined in R "
Thus, the precise from of is L defined as:

L :L r_j.;pe_l_ -£ SHEFCEJS.SG# L domain™T
rcxng€+suE?Prap€r{yGfl_ LJ’J
where;:
Lipe = Z rect[rect(d(@, ©) — p.) — rect(d(@, ¢’) — pe) — y]
(a,tvpe,c)eT
Lp = Z Z rect[rect(d(s @0, p) — p,) —
(5,p,0)D (S’ ,p,ﬂf )ED(-S:P:D)
rect(d(s’ @0, P) —p,) — 7]
It 1s noted that each component 1s specified similar to the

above.

And, where rect(x)=max(0,x) and D, ,, 1s the set of
triples corrupted from (s, p, 0). The cost function £ can be
minimized with a stochastic gradient descent method.

The precise form of the cost function £ is based on

classes being modelled as n-spheres in R . For a class cEC,

in the embedding value j:C:(E},pc), c represents the center
of the n-sphere, and p_. represents 1ts radius. Type assertions,
e.g., a triple (a, type, ¢) for some vector(a)cE, are given a
cost equal to the distance from vector(a) to the surface of the
n-sphere corresponding to ¢, but are not given any cost if the
embedding a 1s within ¢’s n-sphere. In this way, classes also
represent sets of entities.

Properties are modelled as 2n-spheres 1n ]RH * For a

0 p,) the

2n-dimensional vector s pGB 0, represents the center of the

property p P, in the embedding value f.(p)= ( S s
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2n-sphere and p, represents its radius. For a triple (s, p.

0)&D,., for example, the vector E;GEE;E R"*” in produced
and the distance 1s calculated between this point and the
surface of the 2n-sphere corresponding to p as the cost. In
this way, properties also represent sets of pairs of enfities.

In another embodiment, the cost function can include an
alternative formulation. The term can be expressed in term

L _ of a distance in R *” and defined as:

L= ) [d3&3,P)-p,l,

(s.p,0)el

When using the standard .2 distance function, the £ ,
term can be reformulated. For this, 1t 1s noted that for a given
(s, p, 0)ED, that:

— . 2 — — = s 2 — — — —
dis@o, p) =dsdo,s,Do,) =d(Suy, --- Spy> Opps --- Ol

— — — — 2
(Sp[1]> -+ Splnl» Op[1]> --- Op[n]))

=[Sy = Spup) " + oo+ GSpyy = Spp))” +©Opy = Sppp)” + o0 +
—» 2
(Opa) = Oppry) ]

— d(ga Ep)z + d(ﬁa Hp)z

As such, the alternative cost term can be defined for facts
as:

Ly= Y [dGed, p) -f2l,

(s, p.0)eD

= Z [d(f, Ep)z + d(ﬁa E’}pjz _ﬁ§]+

(s,p,0)eD

Thus, 1n the invention, a new embedding model 1s devel-
oped using a geometrical set-centric approach to capture
both an ABox and a TBox representational model. Thereby,
with the mvention, a semantic-rich knowledge graph can be
transformed 1nto a set of overlapping, disjoint, and/or sub-
sumed n-dimensional spheres that capture and represent
semantics embedded 1n a knowledge graph.

FI1G. 2 depicts an exemplary computer system 12 accord-
ing to one or more embodiments of the present invention. By
way ol overview, system 12 can includes a processing unit
16 that 1s operably coupled to memory 28. Memory 28 can
include computer readable/executable program instructions
(aka software) stored 1n storage system 34. In some embodi-
ments, the software 1s configured to perform the steps of
FIG. 1 when executed by processing unit 16.

As will described/illustrated 1n more detail below with
reference to the examples depicted 1n FIG. 3 and FIG. 4, one
or more embodiments of the present mmvention may be
implemented 1n a cloud environment.

Referring now specifically to FIG. 2, a computer system/
server 12 1s shown 1n the form of a general-purpose com-
puting circuit. The components of computer system/server
12 may include, but are not limited to, one or more proces-
sors or processing units 16, a system memory 28, and a bus
18 that couples various system components including sys-
tem memory 28 to processor 16.

Bus 18 represents one or more of any of several types of
bus structures, including a memory bus or memory control-
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6

ler, a peripheral bus, an accelerated graphics port, and a
processor or local bus using any of a variety of bus archi-
tectures. By way of example, and not limitation, such
architectures include Industry Standard Architecture (ISA)
bus, Micro Channel Architecture (IMCA) bus, Enhanced ISA
(EISA) bus, Video Electronics Standards Association
(VESA) local bus, and Peripheral Component Interconnects
(PCI) bus.

Computer system/server 12 typically includes a variety of
computer system readable media. Such media may be any
available media that 1s accessible by computer system/server
12, and 1t includes both volatile and non-volatile media,
removable and non-removable media.

System memory 28 can include computer system readable
media 1n the form of volatile memory, such as random
access memory (RAM) 30 and/or cache memory 32. Com-
puter system/server 12 may further include other removable/
non-removable, volatile/non-volatile computer system stor-
age media. By way of example only, storage system 34 can
be provided for reading from and writing to a non-remov-
able, non-volatile magnetic media (not shown and typically
called a “hard drive”). Although not shown, a magnetic disk
drive for reading from and writing to a removable, non-
volatile magnetic disk (e.g., a “tloppy disk™), and an optical
disk drnive for reading from or writing to a removable,
non-volatile optical disk such as a CD-ROM, DVD-ROM or
other optical media can be provided. In such instances, each
can be connected to bus 18 by one or more data media
interfaces. As will be further described below, memory 28
may include a computer program product storing one or
program modules 42 comprising computer readable mnstruc-
tions configured to carry out one or more features of the
present 1nvention.

Program/utility 40, having a set (at least one) of program
modules 42, may be stored in memory 28 by way of
example, and not limitation, as well as an operating system,
one or more application programs, other program modules,
and program data. Each of the operating system, one or more
application programs, other program modules, and program
data or some combination thereof, may be adapted for
implementation i a networking environment. In some
embodiments, program modules 42 are adapted to generally
carry out one or more functions and/or methodologies of the
present 1vention.

Computer system/server 12 may also communicate with
one or more external devices 14 such as a keyboard, a
pointing circuit, other peripherals, such as display 24, etc.,
and one or more components that facilitate interaction with
computer system/server 12. Such communication can occur
via Input/Output (I/O) interface 22, and/or any circuits (e.g.,
network card, modem, etc.) that enable computer system/
server 12 to communicate with one or more other computing
circuits. For example, computer system/server 12 can com-
municate with one or more networks such as a local area
network (LAN), a general wide area network (WAN), and/or
a public network (e.g., the Internet) via network adapter 20.
As depicted, network adapter 20 communicates with the
other components of computer system/server 12 via bus 18.
It should be understood that although not shown, other
hardware and/or software components could be used in
conjunction with computer system/server 12. Examples,
include, but are not limited to: microcode, circuit drivers,
redundant processing units, external disk drive arrays, RAID

systems, tape drives, and data archival storage systems, eftc.

Exemplary Aspects, Using a Cloud Computing
Environment

Although this detailed description includes an exemplary
embodiment of the present invention in a cloud computing
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environment, 1t 1s to be understood that implementation of
the teachings recited herein are not limited to such a cloud
computing environment. Rather, embodiments of the present
invention are capable of being implemented 1n conjunction
with any other type of computing environment now known
or later developed.

Cloud computing 1s a model of service delivery for
enabling convenient, on-demand network access to a shared
pool of configurable computing resources (e.g. networks,
network bandwidth, servers, processing, memory, storage,
applications, virtual machines, and services) that can be
rapidly provisioned and released with minimal management
cllort or interaction with a provider of the service. This cloud
model may include at least five characteristics, at least three
service models, and at least four deployment models.

Characteristics are as follows:

On-demand self-service: a cloud consumer can unilater-
ally provision computing capabilities, such as server time
and network storage, as needed automatically without
requiring human interaction with the service’s provider.

Broad network access: capabilities are available over a
network and accessed through standard mechanisms that
promote use by heterogeneous thin or thick client platforms
(e.g., mobile phones, laptops, and PDAs).

Resource pooling: the provider’s computing resources are
pooled to serve multiple consumers using a multi-tenant
model, with different physical and virtual resources dynami-
cally assigned and reassigned according to demand. There 1s
a sense of location independence in that the consumer
generally has no control or knowledge over the exact
location of the provided resources but may be able to specity
location at a higher level of abstraction (e.g., country, state,
or datacenter).

Rapid elasticity: capabilities can be rapidly and elastically
provisioned, in some cases automatically, to quickly scale
out and rapidly released to quickly scale in. To the consumer,
the capabilities available for provisioning oiten appear to be
unlimited and can be purchased 1n any quantity at any time.

Measured service: cloud systems automatically control
and optimize resource use by leveraging a metering capa-
bility at some level of abstraction appropriate to the type of
service (e.g., storage, processing, bandwidth, and active user
accounts). Resource usage can be monitored, controlled, and
reported providing transparency for both the provider and
consumer of the utilized service.

Service Models are as follows:

Software as a Service (SaaS): the capability provided to
the consumer 1s to use the provider’s applications running on
a cloud infrastructure. The applications are accessible from
various client circuits through a thin client interface such as
a web browser (e.g., web-based e-mail). The consumer does
not manage or control the underlying cloud infrastructure
including network, servers, operating systems, storage, or
even idividual application capabilities, with the possible
exception of limited user-specific application configuration
settings.

Platform as a Service (PaaS): the capability provided to
the consumer 1s to deploy onto the cloud infrastructure
consumer-created or acquired applications created using
programming languages and tools supported by the provider.
The consumer does not manage or control the underlying
cloud mfrastructure including networks, servers, operating
systems, or storage, but has control over the deployed
applications and possibly application hosting environment
configurations.

Infrastructure as a Service (IaaS): the capability provided
to the consumer 1s to provision processing, storage, net-
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works, and other fundamental computing resources where
the consumer 1s able to deploy and run arbitrary software,
which can include operating systems and applications. The
consumer does not manage or control the underlying cloud
inirastructure but has control over operating systems, stor-
age, deployed applications, and possibly limited control of
select networking components (e.g., host firewalls).

Deployment Models are as follows:

Private cloud: the cloud infrastructure 1s operated solely
for an organization. It may be managed by the organization
or a third party and may exist on-premises or ofl-premises.

Community cloud: the cloud infrastructure 1s shared by
several organizations and supports a specific community that
has shared concerns (e.g., mission, security requirements,
policy, and compliance considerations). It may be managed
by the organizations or a third party and may exist on-
premises or oll-premises.

Public cloud: the cloud mfrastructure 1s made available to
the general public or a large industry group and 1s owned by
an organization selling cloud services.

Hybrd cloud: the cloud infrastructure 1s a composition of
two or more clouds (private, community, or public) that
remain unique entities but are bound together by standard-
1zed or proprietary technology that enables data and appli-
cation portability (e.g., cloud bursting for load-balancing
between clouds).

A cloud computing environment 1s service oriented with
a focus on statelessness, low coupling, modulanty, and
semantic interoperability. At the heart of cloud computing 1s
an infrastructure comprising a network of interconnected
nodes.

Referring again to FIG. 2 and FIG. 3, the figures depict an
example cloud computing environment 30. As shown, cloud
computing environment 30 comprises one or more cloud
computing nodes 10 with which local computing circuits
used by cloud consumers, such as, for example, personal
digital assistant (PDA) or cellular telephone 34 A, desktop
computer 34B, laptop computer 54C, and/or automobile
computer system 54N may communicate. Nodes 10 may
communicate with one another. They may be grouped (not
shown) physically or virtually, in one or more networks,
such as Private, Community, Public, or Hybrid clouds as
described hereinabove, or a combination thereof. This
allows cloud computing environment 50 to oifer infrastruc-
ture, platforms and/or software as services for which a cloud
consumer does not need to maintain resources on a local
computing circuit. It 1s understood that the types of com-
puting circuits 54A-N shown in FIG. 3 are mtended to be
illustrative only and that computing nodes 10 and cloud
computing environment 30 can communicate with any type
of computerized circuit over any type of network and/or
network addressable connection (e.g., using a web browser).

Referring now to FIG. 4, an exemplary set of functional
abstraction layers provided by cloud computing environ-
ment 50 (FIG. 4) 1s shown. It should be understood in
advance that the components, layers, and functions shown 1n
FIG. 4 are intended to be 1llustrative only and embodiments
of the invention are not limited thereto. As depicted, the
following layers and corresponding functions are provided:

Hardware and software layer 60 includes hardware and
soltware components. Examples of hardware components
include mainframes 61; RISC (Reduced Instruction Set
Computer) architecture based servers 62; servers 63; blade
servers 64; storage circuits 63; and networks and networking
components 66. In some embodiments, soltware compo-
nents 1clude network application server software 67 and
database software 68.
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Virtualization layer 70 provides an abstraction layer from
which the following examples of virtual entities may be
provided: wvirtual servers 71; virtual storage 72; virtual
networks 73, including virtual private networks; virtual
applications and operating systems 74; and virtual clients

75.

In one example, management layer 80 may provide the
functions described below. Resource provisioning 81 pro-
vides dynamic procurement of computing resources and
other resources that are utilized to perform tasks within the
cloud computing environment. Metering and Pricing 82
provide cost tracking as resources are utilized within the
cloud computing environment, and billing or invoicing for
consumption ol these resources. In one example, these
resources may comprise application software licenses. Secu-
rity provides identity verification for cloud consumers and
tasks, as well as protection for data and other resources. User
portal 83 provides access to the cloud computing environ-
ment for consumers and system administrators. Service level
management 84 provides cloud computing resource alloca-
tion and management such that required service levels are
met. Service Level Agreement (SLA) planning and fulfill-
ment 85 provide pre-arrangement for, and procurement of,
cloud computing resources for which a future requirement 1s
anticipated 1n accordance with an SLA.

Workloads layer 90 provides examples of functionality
tor which the cloud computing environment may be utilized.
Examples of workloads and functions which may be pro-
vided from this layer include: mapping and navigation 91;
soltware development and lifecycle management 92; virtual
classroom education delivery 93; data analytics processing
94; transaction processing 95; and a semantic embedding
method 100 (FIG. 1), 1n accordance with the present inven-
tion.

The present invention may be a system, a method, and/or
a computer program product at any possible technical detail
level of mtegration. The computer program product may
include a computer readable storage medium (or media)
having computer readable program instructions thereon for
causing a processor to carry out aspects of the present
invention.

The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
instruction execution device. The computer readable storage
medium may be, for example, but 1s not limited to, an
clectronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium includes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
1s not to be construed as being transitory signals per se, such
as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.
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Computer readable program 1nstructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network interface i each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
instructions for storage i a computer readable storage
medium within the respective computing/processing device.

Computer readable program instructions for carrying out
operations of the present invention may be assembler
istructions, instruction-set-architecture (ISA) instructions,
machine 1nstructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, con-
figuration data for integrated circuitry, or either source code
or object code written 1 any combination of one or more
programming languages, including an object oriented pro-
gramming language such as Smalltalk, C++, or the like, and
procedural programming languages, such as the “C” pro-
gramming language or similar programming languages. The
computer readable program instructions may execute
entirely on the user’s computer, partly on the user’s com-
puter, as a stand-alone software package, partly on the user’s
computer and partly on a remote computer or entirely on the
remote computer or server. In the latter scenario, the remote
computer may be connected to the user’s computer through
any type of network, including a local area network (LAN)
or a wide area network (WAN), or the connection may be
made to an external computer (for example, through the
Internet using an Internet Service Provider). In some
embodiments, electronic circuitry including, for example,
programmable logic circuitry, field-programmable gate
arrays (FPGA), or programmable logic arrays (PLA) may
execute the computer readable program instructions by
utilizing state information of the computer readable program
instructions to personalize the electronic circuitry, in order to
perform aspects of the present invention.

Aspects of the present invention are described herein with
reference to flowchart 1llustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the mvention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks 1n the
flowchart 1llustrations and/or block diagrams, can be 1mple-
mented by computer readable program instructions.

These computer readable program instructions may be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function 1n a particular manner, such that
the computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified 1n the flowchart and/or block diagram block or

blocks.
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The computer readable program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other device to cause a series ol operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer 1mple-
mented process, such that the mstructions which execute on
the computer, other programmable apparatus, or other
device implement the functions/acts specified 1n the flow-
chart and/or block diagram block or blocks.

The flowchart and block diagrams in the Figures illustrate
the architecture, functionality, and operation of possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or
portion of i1nstructions, which comprises one or more
executable instructions for implementing the specified logi-
cal function(s). In some alternative implementations, the
functions noted in the blocks may occur out of the order
noted 1n the Figures. For example, two blocks shown in
succession may, 1n fact, be executed substantially concur-
rently, or the blocks may sometimes be executed in the
reverse order, depending upon the functionality involved. It
will also be noted that each block of the block diagrams
and/or flowchart illustration, and combinations of blocks in
the block diagrams and/or flowchart illustration, can be
implemented by special purpose hardware-based systems
that perform the specified functions or acts or carry out
combinations of special purpose hardware and computer
instructions.

The descriptions of the various embodiments of the
present 1nvention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill 1n the
art without departing from the scope and spinit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found in the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
disclosed herein.

Further, Applicant’s intent 1s to encompass the equiva-
lents of all claim elements, and no amendment to any claim
of the present application should be construed as a dis-
claimer of any interest in or right to an equivalent of any
clement or feature of the amended claim.

What 1s claimed 1s:

1. A computer-implemented method, comprising:

in a preliminary phase, transforming a knowledge graph

into a set of n-dimensional spheres and 2n-dimensional
spheres to represent semantics embedded 1n the knowl-
edge graph;

assigning a position to the n-dimensional points in the

n-dimensional spheres and to the 2n-dimensional
points 1n the 2n-dimensional spheres to a model, such
that the model retlects assigned n-dimensional points;
and

in the preliminary phase, modelling entities and nodes as

points 1 n-dimensional space,

wherein said modelling further comprises, 1n the prelimi-

nary phase, modelling classes, types, ranges, and
domains as sets of points forming the n-dimensional
spheres,

wherein said modelling further comprises, in the prelimi-

nary phase, modelling relations and properties as sets
of pairs of points forming the 2n-dimensional spheres,
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wherein said modelling further comprises modelling, 1n
the preliminary phase, the classes as the sets of points,
and geometrically representing a class as an n-dimen-
stonal sphere such that the n-dimensional sphere spans
all n-dimensional points corresponding to instances of
the classes, and any instance that falls outside a class
sphere carries a negative cost, and

wherein, said modelling further comprises modelling 1n

the preliminary phase, subclasses as sets of points
where a subclass 1s geometrically represented as an
n-dimensional sphere such that the subclass 1s sub-
sumed by all of the n-dimensional spheres correspond-
ing to parent classes of the subclasses, and any n-di-
mensional sphere representing the subclass that falls
outside of the n-dimensional sphere of a corresponding,
parent class carries a negative cost,

turther comprising leveraging the knowledge graph a

prediction task,

turther comprising utilizing a cost function that associates

a negative cost with each occurrence of a position of the
2n-dimensional spheres being overlapping with or dis-
joint from the n-dimensional spheres,
wherein the model 1s developed using a geometrical
set-centric approach to capture both an ABox and a
TBox representational model,

wherein, with the ABox and the TBox representational
model, the knowledge graph 1s transformed 1nto a set of
disjoint n-dimensional spheres that capture and repre-
sent semantics embedded 1n the knowledge graph, and

wherein the model 1s learned by assigning a position to all
the n-dimensional points and the 2n-dimensional points
and to all spheres such that the position minimizes the
negative costs of the n-dimensional points being out-
side of the corresponding n-dimensional spheres.

2. The computer-implemented method of claim 1, said
modelling further comprising modelling, 1n the preliminary
phase, when the types as sets of points, wherein a type 1s
geometrically represented as an n-dimensional sphere such
that the n-dimensional sphere spans the n-dimensional
points corresponding to instances ol the types, and any
instance that falls outside the n-dimensional sphere repre-
senting the types carries a negative cost.

3. The computer-implemented method of claim 2,
wherein, said modelling further comprising modelling, in
the preliminary phase, subtypes sets of points wherein a
subtype 1s geometrically represented as an n-dimensional
sphere such that the n-dimensional sphere 1s subsumed by all
the n-dimensional spheres corresponding to parent types,
and any n-dimensional sphere representing the subtype that
falls outside of the n-dimensional sphere of 1ts parent type
carries a negative cost.

4. The computer-implemented method of claim 1, said
modelling further comprising modelling, 1n the preliminary
phase, when the domains as sets of points, wherein a domain
1s geometrically represented as an n-dimensional sphere
such that the n-dimensional sphere spans the n-dimensional
points corresponding to instances of the domains, and any
instance that falls outside the n-dimensional sphere repre-
senting the domain carries a negative cost.

5. The computer-implemented method of claim 4, said
modelling further comprising modelling, 1n the preliminary
phase, subdomains as sets of points, wherein a subdomain 1s
geometrically represented as an n-dimensional sphere such
that the n-dimensional sphere 1s subsumed by the n-dimen-
sional spheres corresponding to 1ts parent domain, and any
subdomain sphere that falls outside of 1ts sphere of 1ts parent
domain carries a negative cost.
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6. The computer-implemented method of claim 1, said

modelling further comprising modelling, 1n the
phase, ranges as sets of points, wherein a range

preliminary
1S geometri-

cally represented as an n-dimensional sphere such that the
n-dimensional sphere spans the n-dimensional points corre-
sponding to instances of the ranges, and any instance that
talls outside the n-dimensional sphere representing the

ranges carries a negative cost,

said modelling further comprising modelling, 1n the pre-
liminary phase, subranges as sets of points, where each
subrange 1s geometrically represented as an n-dimen-
stonal sphere such that the n-dimensional sphere 1s
subsumed by all the n-dimensional spheres correspond-
ing to its parent ranges, and any n-dimensional sphere
representing the subranges that falls outside of the
spheres of its parent range carries a negative cost,

saild modelling further comprising, modelling, in the
preliminary phase, properties as sets of pairs of points,
cach property 1s geometrically represented as a 2n-di-
mensional sphere such that the 2n-dimensional sphere
spans all of the 2n-dimensional points corresponding to
cach edge that connects two entities and/or nodes of the
properties, and any edge that connects two entities
and/or nodes of the properties that falls outside the
2n-dimensional sphere representing the properties car-
ries a negative cost, and

said modelling further comprising modelling, 1n the pre-
liminary phase, sub-properties as sets of pair of points,
wherein a sub-property 1s geometrically represented as
a 2n-dimensional sphere such that the 2n-dimensional
sphere 1s subsumed by the 2n-dimensional spheres
corresponding to its parent properties, and any 2n-di-
mensional sphere representing the sub-properties that
falls outside of its parent property carries a negative
COst.

7. The computer-implemented method of claim 1, embod-

ied 1n a cloud-computing environment.

8. A computer program product for semantic
comprising a computer readable storage mec
program 1nstructions embodied therewith, t

embedding,
ium having
e program

instructions executable by a computer to cause t
to perform:

ne computer

in a preliminary phase, transforming a knowledge graph
into a set of n-dimensional spheres and 2n-dimensional
spheres to represent semantics embedded 1n the knowl-
edge graph;

assigning a position to the n-dimensional points 1n the
n-dimensional spheres and to the 2n-dimensional
points 1n the 2n-dimensional spheres to a model, such
that the model reflects assigned n-dimensional points;
and

in the preliminary phase, modelling entities and nodes as
points 1n n-dimensional space,

wherein said modelling turther comprises, 1n the prelimi-
nary phase, modelling classes, types, ranges, and
domains as sets of points forming the n-dimensional
spheres,

wherein said modelling turther comprises, 1n the prelimi-
nary phase, modelling relations and properties as sets
of pairs of points forming the 2n-dimensional spheres,

wherein said modelling further comprises modelling, 1n
the preliminary phase, the classes as the sets of points,
and geometrically representing a class as an n-dimen-
stonal sphere such that the n-dimensional sphere spans
all n-dimensional points corresponding to instances of
the classes, and any instance that falls outside a class
sphere carries a negative cost, and
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wherein, said modelling further comprises modelling 1n
the preliminary phase, subclasses as sets of points
where a subclass 1s geometrically represented as an
n-dimensional sphere such that the subclass 1s sub-
sumed by all of the n-dimensional spheres correspond-
ing to parent classes of the subclasses, and any n-di-
mensional sphere representing the subclass that falls
outside of the n-dimensional sphere of a corresponding
parent class carries a negative cost,
turther comprising leveraging the knowledge graph a
prediction task,
turther comprising utilizing a cost function that associates
a negative cost with each occurrence of a position of the
2n-dimensional spheres being overlapping with or dis-
joint from the n-dimensional spheres,
wherein the model 1s developed using a geometrical
set-centric approach to capture both an ABox and a
TBox representational model,
wherein, with the ABox and the TBox representational
model, the knowledge graph 1s transformed 1nto a set of
disjoint n-dimensional spheres that capture and repre-
sent semantics embedded 1n the knowledge graph, and
wherein the model 1s learned by assigning a position to all
the n-dimensional points and the 2n-dimensional points
and to all spheres such that the position minimizes the
negative costs of the n-dimensional points being out-
side of the corresponding n-dimensional spheres.
9. A semantic embedding system, comprising;:
a processor; and
a memory operably coupled to the processor, the memory
storing instructions to cause the processor to perform:
in a preliminary phase, transforming a knowledge
graph 1nto a set of n-dimensional spheres and 2n-di-
mensional spheres to represent semantics embedded
in the knowledge graph;
assigning a position to the n-dimensional points 1n the
n-dimensional spheres and to the 2n-dimensional
points 1n the 2n-dimensional spheres to a model,
such that the model retlects assigned n-dimensional
points; and
in the preliminary phase, modelling entities and nodes
as points 1n n-dimensional space,
wherein said modelling further comprises, in the prelimi-
nary phase, modelling classes, types, ranges, and
domains as sets ol points forming the n-dimensional
spheres,
wherein said modelling further comprises, 1n the prelimi-
nary phase, modelling relations and properties as sets
of pairs of points forming the 2n-dimensional spheres,
wherein said modelling further comprises modelling, 1n
the preliminary phase, the classes as the sets of points,
and geometrically representing a class as an n-dimen-
stonal sphere such that the n-dimensional sphere spans
all n-dimensional points corresponding to instances of
the classes, and any instance that falls outside a class
sphere carries a negative cost, and
wherein, said modelling further comprises modelling 1n
the preliminary phase, subclasses as sets of points
where a subclass 1s geometrically represented as an
n-dimensional sphere such that the subclass 1s sub-
sumed by all of the n-dimensional spheres correspond-
ing to parent classes of the subclasses, and any n-di-
mensional sphere representing the subclass that falls
outside of the n-dimensional sphere of a corresponding
parent class carries a negative cost,
turther comprising leveraging the knowledge graph a
prediction task,
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further comprising utilizing a cost function that associates
a negative cost with each occurrence of a position of the
2n-dimensional spheres being overlapping with or dis-
joint from the n-dimensional spheres,

wherein the model 1s developed using a geometrical
set-centric approach to capture both an ABox and a
TBox representational model,

wherein, with the ABox and the TBox representational

model, the knowledge graph 1s transformed 1nto a set of

disjoint n-dimensional spheres that capture and repre-
sent semantics embedded 1n the knowledge graph, and

wherein the model 1s learned by assigning a position to all
the n-dimensional points and the 2n-dimensional points
and to all spheres such that the position minimizes the
negative costs of the n-dimensional points being out-
side of the corresponding n-dimensional spheres.

10. The system of claim 9, embodied 1n a cloud-comput-
ing environment.

11. The computer program product of claim 8, said
modelling further comprising modelling, in the preliminary
phase, when the types as sets of points, wherein a type 1s
geometrically represented as an n-dimensional sphere such
that the n-dimensional sphere spans the n-dimensional
points corresponding to instances ol the types, and any
instance that falls outside the n-dimensional sphere repre-
senting the types carries a negative cost.
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12. The computer program product of claim 11, wherein,
said modelling further comprising modelling, in the prelimi-
nary phase, subtypes sets ol points wherein a subtype 1s
geometrically represented as an n-dimensional sphere such
that the n-dimensional sphere 1s subsumed by all the n-di-
mensional spheres corresponding to parent types, and any
n-dimensional sphere representing the subtype that falls
outside of the n-dimensional sphere of its parent type carries
a negative cost.

13. The computer program product of claam 8, said
modelling further comprising modelling, 1n the preliminary
phase, when the domains as sets of points, wherein a domain
1s geometrically represented as an n-dimensional sphere
such that the n-dimensional sphere spans the n-dimensional
points corresponding to instances of the domains, and any
instance that falls outside the n-dimensional sphere repre-
senting the domain carries a negative cost.

14. The computer program product of claim 13, said
modelling further comprising modelling, 1n the preliminary
phase, subdomains as sets of points, wherein a subdomain 1s
geometrically represented as an n-dimensional sphere such
that the n-dimensional sphere 1s subsumed by the n-dimen-
sional spheres corresponding to 1ts parent domain, and any
subdomain sphere that falls outside of 1ts sphere of 1ts parent
domain carries a negative cost.
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