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Abstract: Multi-cloud Marketplace facilitates to create a
diverse ecosystem for cloud software and cloud resource
services provided by many stakeholders. To leverage the
advantage of multi-cloud environment, cloud application could
be a composition of software components which are able to
be distributed across various cloud providers. So the cloud
application is therefore a complex system. Consequently, an
important key problem remained in research is to define
multi-cloud application in a particular form and to construct
his description. In this paper, we particularly focus on de-
veloping a description method that can be taken to tackle
the lack of description for multi-cloud application by design-
ing description templates for CAM which was developed in
[11[2][3], called CAM-D. A completed application description
can be synthesized from individual component descriptions.
Our experimentation is expressed through the transformation
of CAM-D template to TOSCA specification illustrated by case
study. In addition, we also develop an flattening algorithm to
assist in mapping to TOSCA.

Keywords: Cloud Computing, Multi-cloud, Multi-cloud Mar-
ketplace, Multi-cloud Marketplace Application, Composable Ap-
plication Model (CAM), Software as a Service, Description
Method.

I. INTRODUCTION

At present, Cloud marketplace is an effective method for
cloud providers to delivery Software as Service (SaaS) in a
convenient way to consumers. Nevertheless, almost existing
cloud marketplaces are owned by vendors themselves, and
SaaS development is tightly coupled to Application Pro-
gramming Interfaces (APIs) and tools of individual cloud
providers. To overcome vendor lock-in problem, our ideal
is about a new Multi-cloud marketplace model, called
O-Marketplace [4], his ecosystem is depicted in Figure
2 including four actors: Cloud Consumers, Cloud App
Vendors/Developers, Cloud Providers and O-Marketplace
Administrator. SaaS supplied by O-Marketplace should be

51

tailored to meet the characteristics of multi-cloud by sepa-
rating cloud application into two parts, i.e. cloud software
and cloud platform (runtime system), and cloud software
could designed beyond a certain cloud provider. Ideally,
cloud software is decomposed into components which are
independently developed by various developers and can be
deployed across different clouds. The overall idea of Multi-
cloud application is illustrated in Figure 1 and shaped in
our previous studies [1][2], called Composable Application
Model (CAM).

Software
component K

~
So
- — — = Software
-~ component
- 1
l host on

Figure 1. Multi-Cloud Application

In another aspect, multi-cloud marketplace has required
manageability of cloud application. As such, there is an
urgent need to have a written-related multi-cloud appli-
cation description that predate, or have been developed.
Unfortunately, there are very few existing related works
to resolve this issue. There are three main approaches
to describe multi-cloud application. The first one is a
much-mentioned approach which is to use Domain Specific
Language (DSL) to describe cloud application presented
by K. Sledziewski et al. [5], E. Brandtzaeg et al. [6], G.
Baryannis [7], G. Sousa [8], and N. Ferry [9]. The second
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Figure 2. O-Marketplace Ecosystem

approach is to use open source solutions such as Heat [10]
and Juju [11] for describing and modeling composite cloud
applications and supporting deploying them on particular
cloud providers. The last approach is to adopt TOSCA spec-
ification to distribute a cloud application across multiple
clouds introduced by G. Tricomi [12], J. Carrasco [13], K.
Alexander and [14], and K. Saatkamp [15].

In general, two first approaches could be done on a single
cloud, and despite two notable efforts refined TOSCA [16]
to enable a customized distribution of the components
of an application to different cloud providers introduced
in [13][15] which mentioned in the last, these proposals
have limitation as follows: (i) there is no proposal to
independently describe components within a multi-cloud
application; (ii) the lack of solutions that are capable of
combining individual component descriptions to form a
complete description of a multi-cloud application. (iii) the
multi-cloud application specification validation mechanism
has not been built in yet based on proposed specification/de-
scription methods.

To tackle these limitations, our key approach is to develop
a description method which is able to cover multi-cloud
application in a uniform. This supports the distribution of
software components on heterogeneous multi-cloud plat-
forms. In this paper, we define a specification method for
multi-cloud application which is modeled by CAM intro-
duced in previous papers [4][1][2][3]. Our work towards
the following contributions:
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« Defining the description templates for CAM.

» Presenting a novel approach for creating the multi-
cloud application description: the completed descrip-
tion of multi-cloud application is synthesized from the
individual component descriptions.

« For experimentation, we propose an algorithm for flat-
tening the description to TOSCA-based specification.

The rest of the paper is organized as follows: the core
of our work in this paper is presented in Section II, we
focus on making up description templates for CAM. In
Section III, the illustration of transformation from CAM-D
description template to TOSCA specification is shown. The
advantages of CAM-D is highlighted in Section V. Finally,
we conclude and summarize the contributions of the paper
in Section VI.
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Figure 3. Composable Application Model [2].



II. CAM-BASED DESCRIPTION TEMPLATES

With the motivation to standardize the multi-cloud appli-
cation description in a uniform, we propose a description
method that is not only capable of expressing its behaviours
and properties in standardized description patterns, but
also meet the multi-cloud characteristics in general and O-
Marketplace proposed in [4] in particular. To achieve this
goal, our work focuses on developing description templates
for entire CAM and its components, which were defined
in our recent paper [2] including: Simple Cloud Software
Component, Cloud Software Stack, Cloud Software Com-
position, Cloud Platform Component, and CAM depicted in
Figure 3. The description of CAM application can be built
from individual descriptions based on the matching rules
proposed in [2]. In addition, an interesting point is that
CAM is defined as a nested structure, so the description
method has to express this special feature.

1. CAM-based Application

Before going further into details of the CAM description
templates, several conventions have been made as follows:

o All templates are written in a YAML-like format.

o We assume that all the defined templates are available
so that they can be referred via their ids.

o Since CAM components are designed in a nested
manner, we use dot-notation for accessing to an inner
element and/or property of a component. For example,
c.capabilities[cid] .p stands for the property
p of the capability cid of the component c.

application <app id>
software <software component template>
arguments:

- <arg>

<value>
platforms
- <platform>
template>
arguments:
- <a]’_‘g>

<platform service

<value>

dependencies:
— <dependency>:
type: HOST-ON
from: <software>.<requirement>
to: <platform>.<capability>
end

Figure 4. CAM-based Application Template

A CAM-based multi-cloud application can be described
by an application script using the application template
depicted in the Figure 4. Each application should specify
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a CAM-based cloud software component as well as a
cloud platforms on which we prefer to host the applica-
tion. The cloud software component and the platform are
characterized by sets of parameters which serve as user
preferences. The application script should also indicate the
correspondences between the software requirements and the
platforms in the section dependencies.

2. Platform Service Template

Platform services (Cloud Platform Component depicted
in Figure 5) are provided by cloud providers. In order to
integrate their services into our CAM-based system, cloud
providers should publish their services in form of Platform
Services Template as shown in the Figure 6.

Platform Component Caps

Figure 5. Cloud Platform Component [2].

platform <platform id>

capabilities:

- <capability> <port signature>
parameters:

- <param> <type>

parameter mappings:
- <capability>.<property> as <param>
default <value>

methods

- <method> <method type>
parameters:
- <arg> <type>
end

Figure 6. CAM-based Platform Service Template

Each cloud platform service defines a set of capabilities
to provide to the cloud software. These capabilities should
match with the requirements of the software for the success-
ful deployment of the application. In order to perform the
matching algorithm, each capability and/or requirement is
associated to a port signature (illustrated in Figure 7) which
describes the properties and the operations provided by the
capability and/or needed for the requirement. Please note
that the a port signature is not only specifies the dependency
between a cloud software requirement and the platform
capability, but also is used to describe the dependency
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among software components in a composition. We distin-
guish different kinds of dependency on a port signature by
port type which is either HOST-ON or CONNECT-TO.

signature <port signature id>

type: <port type>
properties:

— <property> <type>
methods

- <method> <method type>

parameters:
- <arg> <type>
end

Figure 7. Port Signature

3. General Structure of a Cloud Software Component
Template

CAM-based cloud softwares and components are defined
in a uniform way using the Cloud Software Component
template (Figure 8).

Each component may have its own inner structure which
consists of a set of sub-components and the dependencies
(described in the Section Dependencies of the template)
among them. A CAM runtime should check the well-form
of a component by matching requirements to capacities
according to the specified dependencies. In a special case,
when the component is a Simple Software Component, this
inner structure is skipped.

The outer view of a CAM-based component consists of
a set of capabilities (described in the Section Capabil-
ities of the template) specifying what the component
provides, and a set of requirements (described in the Section
Requirements of the template) specifying what are
needed for managing and running the component.

Properties of these capabilities are mapped into a set
of parameters in the section parameter mapping so
that programmers will know how to characterize the com-
ponents when they are in use. In some special cases,
the component itself has extra parameters defined in the
section parameters. This is worth to mention that the
properties of sub-components requirements can be taken
from the properties of their corresponding capabilities from
platforms and/or other sub-components.

A component also provides a set of operations indicated
by methods in the methods section. The component script
should describes the set of arguments to a method as well
as its execution code, normally written in a special scripting
language.
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component <component id>
type: <component type>
# Inner structure of the component
sub-components:

— <component> <software component
template>
dependencies:
— <dependency>:
type: <port type>
from: <component>.<requirement>
to: <component>.<capability>

# outer interface
capabilities:
— <capability> map-to
<component>.<capability>
— <capability> <port signature>
requirements:
- <requirement> map-to
<component>.<requirement>

- <requirement> <port signature>
parameters:
- <param> <type>

parameter mappings:
- <capability>.<property> as <param>
default <value>

methods

- <method> <method type>
parameters:
- <arg> <type>

code: <script>

end

Figure 8. General Structure of a Cloud Software Component Template

4. Simple Software Component Template

Simple Cloud Software Component (SSC) is the atomic
entity or the basic element of CAM. A SSC packs its
code and data together with the necessary requirements
and capabilities for deployment and operation. The model
of SSC is depicted in Figure 9. SSC can only reside in a
single cloud platform.

As mentioned before, a SSC doesn’t have its own inner
structure. Instead, programmers should define component’s
capabilities and requirements by specifying corresponding
port signatures. All of the code and data to manage and run
the component can be defined in the methods section.

A Simple Software Component can therefore be defined
using the template shown in Figure 10.



pcaps

scaps sreqs
3PS Base Component | STeas g
preqs[0] preqs[d-1]

Figure 9. Simple Cloud Software Component [2].

component <component id> =
type: SimpleComponent
capabilities:
- <capability> <port signature>
requirements:

- <requirement> <port signature>

parameters:
parameter mappings:
methods:

end

Figure 10. Simple Software Component Template

5. Cloud Software Stack Template

Cloud Software Stack (SS) represents a series of software
components established on each others deployed on a single
cloud platform. For simplicity, we define a SS with two
elements: a top component and a base component. In the
nested manner, we restrict top component to be a simple
component while base component can be either a simple
component or another stack.

Composing elements of SS depicted in Figure 11 and
we define the the description template for SS as showed in
Figure 12.

A description template of SS is well-formed if it satisfies
the following validation conditions:

o Top component and base component should be well-
formed;

» Type of the top component should be “SimpleCompo-
nent";

o Type of the base component should matches either
“SimpleComponent" or “SoftwareStack";

o The dependencies between the top component and
the base component defined in the section depen-—
dencies should be guaranteed, i.e. signatures of the
top component requirements should match with the
signatures of the base component capabilities;

Vol. 2020, No. 2, December

chaps

Simple Component
(top)

sreqs scaps
= q: P

run on top of ———a

Stack
(base)

pregs l

Figure 11. Cloud Software Stack [2].

component <component id> =
type: SoftwareStack
# inner structure
sub—-components:
- top: <Component template>
- base: <component template>
dependencies:
— <dependency>:
type: HOSTON
from: top.requirements[<requirement>]
to: base.capabilities[<capability>]
# outer interface
capabilities:
requirements:
parameters:
parameter mappings:
methods:
end

Figure 12. Software Stack Component Template

6. Cloud Software Composition Template

Cloud Software Composition (SC) represents a dis-
tributed multi-cloud software composition including cloud
components which are able to deploy on various cloud
platforms. Each component may connect to others via
software protocols. In our CAM model, we defined such
software protocols as port signatures of type “CONNECT-
TO".

For simplicity, we define a SC with 2 components:
left and right. Composing elements of SC is depicted in
Figure 13, and description template of Cloud Software
Composition is shown in Figure 14.

The description template of a SC is well-formed if it
satisfies the following validation conditions:

« All of its sub-components (i.e. left and right) are well-
formed.
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o The dependencies between the left component and
the right component defined in the section depen-—
dencies should be guaranteed, i.e. signatures of the
left component requirements should match with the
signatures of the right component capabilities;

Please note that we can extend the template for software
composition consisting more than two sub-components.
In this case, a dependency between sub-components is
a mapping from requirement of a sub-component to a
capability of its counter part. This extended template will
be used for describing flattening composition representing
in the next section.

scaps

connect to
o >

sreqs
"=

Simple Comp it
(first)

m%ml

Figure 13. Cloud Software Composition [2].

Simple Component
(second)

preqs[d-1]
N

component <component id>
type: SoftwareComposition
# inner structure
sub—-components:

- left: <Component template>
— right: <component template>
dependencies:
— <dependency>:
type: CONNECT-TO
from: left.requirements|[<requirement>]
to: right.capabilities[<capability>]

# outer interface
capabilities:
requirements:
parameters:
parameter mappings:
methods:

end

Figure 14. Software Component Composition Template

III. TRANSFORMING FROM CAM-D 10 TOSCA
SPECIFICATION

In order to prove the feasibility of our approach, it
is necessary to have a runtime system which is able to
parse our CAM-D application script and deploy the ap-
plication on specified cloud platforms. While this is still
on our on-going research, in this paper, we employ an
alternative method: translating CAM-D application script
to well-known TOSCA cloud application model and then
using existing TOSCA-based runtime for deploying the
application.
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In general, our CAM-D application description template
is very similar to TOSCA topology template. In terms
of topology, the concept of Node in TOSCA template
is equivalent to our CAM-D software component, and
the concept of Relationship in TOSCA is equivalent to
our CAM-D dependency. Different from TOSCA, CAM-D
represents a cloud application in a nested manner for which
software components can be independently developed and
composed by different developers.

To transform a CAM-D application script to TOSCA
topology template, we apply a two-step process:

1) Flattening the given CAM-D application script into a
flattening composition;

2) Transforming the flattening composition into TOSCA
topology template

In the following sub-sections, we will give a short
representation about TOSCA as well as our two steps of
the transformation algorithm.

1. Topology and Orchestration Specification for Cloud
Application

Topology and Orchestration Specification for Cloud Ap-
plications (TOSCA) [16] is an open standard built by OA-
SIS that defines the inter-operable description of cloud ap-
plication hosted on the cloud. TOSCA will enable the inter-
operable description of application and infrastructure cloud
services, the relationships between parts of the service, and
the operational behavior of these services independent of
the supplier creating the service, and any particular cloud
provider (Figure 15).

Service Template

7/~ Topology Template Node Types N\
----). . 4 Node Type 5
e for| £ o
LT g
Relationshi g ]
Template & 3

|

|

| Node
| Template
|

|

|

Plans

Group
Template

Figure 15. TOSCA Service Template overview [16].

TOSCA will enable portable deployment to any compli-
ant cloud and enhance the portability multi-cloud provider
applications. So TOSCA is also very efficient in software
provisioning, deployment and management of cloud appli-
cation. It has been supported by many partners like IBM,
Reb Hat, Cisco, Citrix, EMC, etc. Thus, we utilize this



standard as a target of the transformation to demonstrate
the feasibility of our proposed description method.

2. Flattening Algorithm

The first step of the transformation algorithm from CAM-
D application script to TOSCA topology template is to
flatten the nested composition of the CAM-D software com-
ponent into a flat composition where all sub-components of
the flat composition should be of type SimpleComponent.
The transformation should keep all external view of the
component, i.e. all requirements, capabilities, parameters,
and methods. The things should be change are internal
structure of the composition as well as the mapping of outer
requirements, capabilities, parameters to its corresponding
inner elements.

This would be done easily by using a recursive algorithm
shown as below:

00. Flattening Algorithm (CAM-D script);
01. Tnput:
02. - A nested software component

03. Output:

04. - A flattening software component

05. -A from ilities / i / of input sub—ct
06. to the correspondences of the output simple sub—components.

07. Begin

If c.type = "SimpleComponent”
Then

M = {e->c.e, for each capability /requirement/parameter e of c}
11. Return (c,M)
Else If c.type = "SoftwareStack”
Then
Begin

(new—top, top—mappings) = Flatten(c.top)

(new—base, base-mapping) = Flatten(c.base)

mappings = AddPrefix("top", top—mapping) J
AddPrefix("base”, base—mappings)

= new—top.sub ¥ base.sub-
ies = new—top.d dencies |J base.dependenci
21. UpdateDependenci d denci ings)

i - UpdateRequi - requi ) |

capabilities = UpdateCapabilities (c. ilities , ma )
parameter—mappings = UpdateParameters(c.parameter—mappings. ings)
methods = U ods(c.method ings)
26. ines = MakeManpi i
Return (FlatCe itions (sub:

ponents

sub—

N methods),
new—mappings)
End
Else If c.type = "SoftwareComposition"
Then
Begin
(new-left, left -mappings) = Flatten (c. left )
(new-right, right—mapping) = Flatten(c. right )
mappings = AddPrefix("left", left —mapping) [J
AddPrefix(" right ", right —mappings)
sub—components = new—left.sub—components | new-right.sub—components
ies = new—left. ies | new-right
UpdateD denci dencies, ings)

jes (c. bilities P
parameter—mappings = UpdateParameters(c.p i ings)
methods = Upd ds(c.method ings)

q =Up
capabilities = UpdateC:

Return (FlatCompositions (sub p P
requirements , capabilities , c.parameters, parameter—mappings, methods),
new—mappings)

51. End;
In this algorithm, the function AddPrefix (s,
mappings) add a component access prefix s to all

origins of mappings to avoid ambiguity. The functions
UpdateDependencies, UpdateRequirements,
UpdateCapabilities,
UpdateMethods are just used for updating all references
the requirements/capabilities/parameters  of
components of the input component by the corresponding

elements of the SimpleComponent sub-components in

UpdateParameters,

to sub-
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the target component. The function MakeMappings
just accumulates all modified mappings of requirements,
capabilities, and parameters. Due to the limitation of the
paper, we omit the presentation of these functions.

Correctness: The flattening algorithm is correct in the
following principles:

« All sub-components of a resulting flat component are
components of type SimpleComponent;

« Dependencies between the top and the base sub-
components of any SofwareStack inside the structure
of input component should be reflected in the depen-
dencies of resulting flat component.

o Dependencies between the left and the right sub-
components of any SofwareComposition inside the
structure of input component should be reflected in
the dependencies of resulting flat component.

« All mappings (requirement mappings, capability map-
pings, parameter mappings) of the input component
should be changed in the output flat component so
that they maps their original external names to spe-
cific names of requirements/capabilities/parameters of
corresponding SimpleComponents.

The correctness of the algorithm can be easily proved by
reduction on the hierarchical structure of the input nested
component.

Complexity: The flattening algorithm is proceeded re-
cursively on the hierarchical structure of the input nested
component. Thus the complexity of the algorithm is linear
to the number of the sub-components inside that structure,
i.e. O(n) for n is the number of sub-components.

3. Mapping to TOSCA

As a result of the above flattening algorithm, a CAM-D
application will be transformed into a flat model in which
all sub-components are of type SimpleComponent.

The second step of the transformation algorithm is
to translate this flat application model together with its
undelying platforms into TOSCA topology template. The
translations is rather simple. Each sub-components and/or
platforms will be transformed into a TOSCA node. Each
dependency among components and between a component
and a platform will be translated into a TOSCA relationship.
We do not give further details of this translation algorithm.
Instead, result from an experimentation which will be given
in the next section will demonstrate our mapping method.

IV. EXPERIMENTATION WITH CASE STUDY

In this section, we demonstrate the feasibility of CAM-
D by translating flattening description template of CAM-D
into TOSCA specification template with a case study.
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1. Case Study

( Wordpress Application R
: Wordpress App Software (Composition) :
| Wordpress Server (Stack) | | Wordpress DB (Stack)

[ Wordpress PHP | :
: ! Application \ ! Wordpress !
T Host on \\ | Data '
1 : NG 1
: \i : ;
: ‘\\\Connect to Host on :
: Host on Host on :
: Cloud Platform A Cloud Platform B
: Cloud Platforms
Figure 16. Wordpress Application modeled by CAM
application Wordpress—Application =
software: Wordpress—-Software
arguments:
platforms
pl : VM-Platform
arguments:
provider: "dsg@openstack"
instanceType : "000001920"
baseImage
"aB82e054f-4f01-49f9-bcdc
-77a98045739c"
p2 : VM-Platform
arguments:
provider: "dsg@flexiant"
instanceType : "000001920"
baseImage
"a82e054f-4£f01-49f9-bcdc
-77a98045739c"
dependencies:
dl:

type: HOST-ON

from: software.requirements[R1]
to: pl.capabilities[vm]

d2:

type: HOST-ON

from: software.requirements[R2]
to: p2.capabilities([vm]

end

Figure 17. Wordpress Application Description Template

For validate our idea, we deploy a WordPress application
on two Clouds: OpenStack and Flexiant. We use CAM to

model Wordpress application which is depicted in Figure
16. There are five software components of cloud soft-
ware: Wordpress PHP Application, PHP Container, Apache,
Wordpress DB, MySQL covered in two stack, and two
Platform components are cloud infrastructures: OpenStack
and Flexiant. These software components modeled in three
software stack and one software composition. The CAM-D
template of Wordpress Application showed in Figure 17.

According CAM-D, the description template of Word-
press Application is created based on individual descrip-
tion templates which represent for the type of CAM-
based components according to the degree of CAM. The
overview of individual description templates of Word-
press Application is shown in Figure 18. The full
code of Wordpress Application Templates is available at
https://github.com/longlovehl/Descriptions/.

fititddddWordpress Applicationgdfdsdsds
t##Signaturegid
#Platform signature
[H signature VHM-S5IE =
end
fipache signature
[ signature ApacheSerwver-5IZ
end
#PHPContainer signature
[ signature PHPContainer-SIE
end
#My50L-BDBMS signature
signature MySQL-CONNECTICHN-SIC
end
[ signature MySQOL-DEPLOYMENT-SIC =
end
ffDescription Templateffs
£¢Platform Templategd
Hplatform VM-Platform =
end
#Software Component Template
[F component ApacheServer =
end
[H component PHPContainer =
end
[ component Apache-FHE =
end
component Wordpress-PHP:
end
tiWordpress—server
[ component Wordpress—Serwver =
end
tWordpress-IB———————
F component MySQL-RDEMS =
end
[ component Wordpress—-Data =
end
tiWordpress—-DB
[ component Wordpress—-DB =
end
tfWordpress—Software
[H component Wordpress—-Software =
end

Figure 18. Wordpress Application Description Templates



2. Transforming CAM-D Template to TOSCA
Specification

To transform CAM-D Template to TOSCA specifica-
tion, we first use proposed flattening algorithm to flatten
the Wordpress Application into a graph representation.
Then, we map flattening description template of WordPress
Application into TOSCA-based specification. All nodes
of the graph are mapped to Node Template of TOSCA,
implementation details of the Node Template are omitted
from the specification for brevity. Edges of the graph are
mapped to Relationship Template. According to the original
of the edges, i.e., from a stack or from a composition, the
type of corresponding Relationship template will be given
as HOSTON or CONNECTTO. The result is showed in
Figure 19.

<?xml version="1.0"

<ns2:Definitions id

xmlns:ns sis-open.org/toscans/2011/12"

ate id="WordpressTopology">
<ns2:TopologyTemplate>
ionshipTemplate id="WordpressPHP_HostOn_PHPContainer"
type="k N ">

<ns2:SourceElement ref="PHPCon

<ns2:TargetElement ref="Wordpr
</ns2:RelationshipTemplate>

<ns2:Rel hipTemplate id="WordpressPHP_ConnecTTo_MySQLRDBMS"
type CTTO">
<ns2:SourceElement r

<ns2:NodeTemplate id="ApacheVM" type="os" maxInstances="3" minInstances="1">
<ns2:Properties>
<MappingProperties>
<MappingProperty type
<property name=
<property name=
<property name=
<property name= o}
</MappingProperty>
</MappingProperties>

r">dsg@openstack</property>
nceType">000001920</property>
£-4f01-49f9-bc4c-77a98045739c</property>

<ns2:NodeTemplate id="My maxInstances="2" minInstances="1">

" type="os"
<ns2:Properties>
<MappingProperties>
<MappingProperty type="os">
<property name="p r">dsg@flexiant</property>
<property name="i /pe">000001920</property>
">a82e054f-4£01-49f9-bc4c-77a98045739%c</property>

<property name=
</MappingProperty>
</MappingProperties>

</ns2:NodeTemplate>
<ns2:NodeTemplate id
minInstances="1">

ftware" maxInstances="1"

" type="s

<ns2:Requirements>
<ns2:Requirement id="MySQLVM"
</ns2:Requirements>
<ns2:Capabilities>
<ns2:Capability id="WordpressPHP"
</ns2:Capabilities>

type="HOSTON"/>
type="CONNECTTO"/>

</ns2:NodeTemplate>
</ns2:TopologyTemplate>
</ns2:ServiceTemplate>
<ns2:ArtifactTemplate id="Artifact_93f8753b-17ab-43c5-8fll-e3ec98fe3224"
type="sh">
<ns2:Properties />
<ns2:ArtifactReferences>
<ns2:ArtifactReference
/files/wordpress/install_WordpressPHP.sh"
</ns2:ArtifactTemplate>

</ns2:Definitions>

Figure 19. TOSCA-based Description of WordPress Application
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V. THE ADVANTAGES OF CAM-D

To evaluate the advantages of CAM-D in particular and
CAM [2][3] in general, we make a comparison between
CAM-D and TOSCA in Table I because TOSCA has been
the well-known standard. However, TOSCA specification
has not totally developed for multi-cloud application spec-
ification.

TABLE 1
THE COMPARISON BETWEEN CAM-D AND TOSCA SPECIFICATION
FEATURES CAM-D TOSCA

Specification
Topology Nested structure | Flat structure
Cloud _s?ftware YES NO
portability
Com.pon‘ent-base(! c!oud YES NO
application description
Synt.h.esu.ed from component YES NO
specifications
Multl-cloufl service YES NO
matchmaking

The above comparison showed significant differences
of CAM-D compared with TOSCA Specification. CAM-D
especially supports Cloud software portability, Component-
based cloud application description, Synthesized of compo-
nent specifications, and Multi-cloud service matchmaking.
These features have proved the feasibility of our proposal
with distinct advantages for cloud application development
as follows:

« A cloud application may be constructed as a distributed
system of which elements are compute servers run-
ning specific software and located at specific cloud
providers.

« Developers are free to evolve their cloud software with-
out any technology restriction from cloud providers.
They also can develop and sell their small pieces
instead of complete software solutions.

o Enhancing the ability to reuse the cloud software
component, developers can build up an application by
just incorporating existing components of others into
their own software solution. This save cost and time
in cloud application development.

In addition, an interesting feature of CAM-D that is quite
similar to a program written in a programming language.
The application template is the main program, component
templates are procedures and arguments of a procedure
can refer to parameters of others. This is very convenient
for developer to independently develop cloud software. He
could package the software component as a “Black Box"
and just express properties to the outer ports of such
component. This is the special feature that CAM-D brings.
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VI. CONCLUSION

In this study, we build a description method (CAM-D)
that supports to describe multi-component cloud software.
To implement this idea, firstly, we define CAM-based
description templates for multi-component cloud software
modeled in a nested structure. Secondly, we develop flat-
tening algorithm to cover nested description to flattening
description. Thirdly, As an illustration, we experimen-
tally transform the description templates of CAM-D into
TOSCA-based specification templates and demonstrate this
process in a particular example — the Wordpress Applica-
tion. Finally, the advantages of CAM-D is expressed. To
sum up, the key of our work is to create a uniform for multi-
cloud applications. The proposed concepts and templates
can totally be applied to multi-cloud marketplace.
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Abstract: Many domains of human life are more and more the IoT network can hold between 50 and 100 trillion
impacted by applications of the Internet of Things (IeT).  connected objects, and it can track the movement of each
The embedded devices produce masses of data day after day object. Every person living in metropolitan areas can be
requiring a strong network infrastructure. The inclusion of surrounded and monitored by 1000 to 5000 IoT objects

i tocols like MQTT is important t fi o )
messaging protocols like MQTT is important o ensure as few Currently, by 2020, our world has 4 billion connected peo-

errors as possible in sending millions of IoT messages. This . .. o
protocol is a great component of the IoT universe due to its ple, over 25 million applications, over 25 billion embedded

lightweight design and low power consumption. Distributed ~ and intelligent systems, and 50 trillion Gigabytes of data
MQTT systems are typically needed in actual application generated. This market produces 4 trillion dollars in revenue
environments because centralized MQTT methods cannot for service providers [2].

accommodate a massive volume of data. Although being

scalable decentralized MQTT systems, they are not suited to In order to support the communication of billions of
traffic workload variability. IoT service providers may incar [0l devices and to rotate the produced masses of data,
expense because the computing resources are overestimated. IoT service providers need to deploy and maintain robust
This points to the need for a new approach to adapt workload  and scalable network infrastructures. When IoT applications

fluctuation. Through proposing a modular MQTT framework,  gc3le beyond the scale of household applications to larger
this article provides such an elasticity approach. In order to

guarantee elasticity of MQTT server cluster while maintaining can erow verv quickly with unpredictable deerees. That is
intact IoT implementation, the MQTT framework used off- & Y4 y P & ’

the-shelf components. The elasticity feature of our framework why IT infrastructures are being developed that not only
is verified by various experiments. have strong fault tolerance but also need to be scalable.

Most modern IoT infrastructures today deploy an essential
component known as the Message Queuing Telemetry
Transport (MQTT) server. These brokers use the MQTT
protocol, a Machine to Machine (M2M) open protocol that
I. INTRODUCTION has been around since 1999. It is an open industry standard
issued by OASIS and ISO (ISO/IEC 20922) [3]. Thanks
to advantages such as compact size, bandwidth savings,

systems such as cities or nations, the number of IoT devices

Keywords: Elasticity, MOTT broker, Cloud computing, Internet
of Things.

The Internet of Things (IoT) has had a significant in-
fluence on many aspects of life at various scales, ranging
from households to enterprises to large organizations or in-
dustries. Millions of connected computers, with or without
human interference, are behind IoT applications, attempting

low battery power consumption, and space/time separation,
MQTT brokers are increasingly undeniably dominating the
field of IoT.

to communicate and transfer data over the Internet. It is Although MQTT broker solutions recently applied both
predicted that, by 2050, there will be about 170 billion  centralized and distributed approaches to manage millions
objects or things connected to the Internet [1]. Additionally, of incoming connection from end devices in a short amount
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Figure 1.

of time, there are only several solutions which have func-
tions of adapting to fluctuations in workload generated by
10T devices. This variation in load can occur when the num-
ber of 1oT devices fluctuates unpredictably during certain
times. In reality, citywide 10T applications often deal with
dispersed and sporadic terminal equipment, resulting in a
shift in the number of devices involved in the application.
For example, smart cars are more likely to link to vehicle
networks connected during peak hours than during off-peak
hours, resulting in the generation of more IoT data during
specific times. This necessitates the development of new
MQTT-based systems that not only understand how to scale
to meet demand but also keep up with changes in workload
created by the terminal. In other words, it is a strategy for
making MQTT’s brokers more flexible.

Elasticity is a fundamental property of Cloud Computing
as defined by NIST [4]. Because of scalability, cloud
resources are not overused or under-utilized. This does not
only save money for the Cloud service provider, but also
positively enhances customer experience with the service
provided. It is a fact that many IoT applications have already
been deployed or are in the process of being deployed on the
Cloud. It is worth noting that 10T resources such as MQTT
brokers deployed on the Cloud may also benefit from this
elasticity characteristic of the Cloud.

In this article, we suggest an architectural framework for
making MQTT brokers elastic. To achieve this aim, here is
what to do:

o We propose a new architecture framework that can
flexibly enable elasticity to distributed MQTT brokers
while maintaining all the original features of the
MQTT protocol.

T 41
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Typical structure of an IoT application using MQTT brokers

« We specifically implement the proposed architectural
framework using the open-source MQTT brokerage
service (EMQX) and private cloud platform (Open-
Stack).

o We perform experiments to validate the proposed ar-
chitecture framework using the version deployed with
the aforementioned open-source applications.

The rest of the paper is laid out as follows. Section 3
describes in detail the overall architecture of the proposed
MQTT architectural framework after highlighting related
studies in Section 2. Section 4 discusses implementing the
architecture framework using suitable open-source tools.
Section 5 presents the validation as well as the results.
Finally, in Section 6, we make our conclusions.

II. RELATED WORK
1. MQTT

MQTT is a message-oriented middleware (MOM) soft-
ware following the publish/subscribe model [5]. To ensure
secure transmission in environments with many limitations,
IoT applications clearly need an efficient and powerful
solution such as the MQTT broker model. Some of the most
commonly used MQTT broker solutions today are EMQX,
HiveMQ, VerneMQ, Moquette, Mosquitto, etc.

In recent decades, many IOT applications have used
MQTT brokers such as [6], [7], [8], [9], [10], [11]. The
typical structure of an IoT application using MQTT brokers
deployed with remote centralized data centers (as in a
Cloud environment) is depicted in Figure 1. The application
aims to gather data from a variety of lol' devices and
sensors, then process and store these data, and finally sends
notifications and reports to end-users (using laptops, mobile
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devices, tablets, etc.). In certain situations, collected data
may be released directly to the topics subscribed to by the
end-user without any data analysis. Control commands, like
every other form of MQTT message, can be published to
the command topic in the brokers. These messages will be
stored in cloud archives and transmitted to IoT devices or
sensors using some programming mechanisms. In the case
of time-sensitive applications, command messages can also
be sent directly to IoT devices without having to be sent
to the Cloud. We discovered that the IoT devices, end-user
interfaces, and data analysis systems are all different types
of MQTT clients that produce and ingest remotely measured
data.

2. Distributed MQTT broker

Many IoT applications typically implement a centralized
MQTT broker capable of keeping all subscribed topics.
However, in this model, it is easy for the server to become
an obstacle to the entire system. To prevent this, a variety
of distributed solutions have been suggested, which can
be divided into two categories: a bridged broker and a
clustered broker. The two brokers could be bridged in the
first model to serve more messages from the client while
remaining separate from each other’s locations. Published
messages are forwarded from a broker to a broker bridged
with its specific access policies. A complete mesh network
needs to be formed between the brokers (each one must
have connections to all the other machines) so that any
MQTT client can connect to any brokers that they want.
Therefore, using the bridging model to gain the elastic
function is too complex. It is only suitable for simple
networks which have a few MQTT brokers. The MQTT
brokers that support bridging include EMQX, HiveMQ,
VerneMQ, Moquette, Mosquitto, JoramMQ, etc. [12]. In
the study of Collina et al. [13], Schmitt et al. [14], and
Zambrano et al. [15], some implementations of this model
have been reported.

MQTT brokers in a cluster model utilize subtopics in a
hierarchical structure. One of the brokers (Bg) keeps the
original topics and the child topics that have registrations
related to them. The other servers (B;, Bj, etc.) only
keep relevant subtopics that originated from By. Topic
branches operate in a server that corresponds to MQTT
registrations for these brokers. As a result, the costs between
servers based on the cluster model are significantly reduced
compared to the bridging model. Thanks to the brokers’
transfer knowledge about the topic and the routing table,
any MQTT client may establish or continue their session
by connecting or reconnecting to any broker. Only a few
MQTT brokers, such as RabbitMQ, VerneMQ, EMQX and
HiveMQ [16], currently support the full capabilities of the
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cluster model. The work of Jutadhamakorn et al. [17],
Thean et al. [18], and Detti et al. [19] are some of the
studies that follow this trend.

3. Elastic MQTT broker

One of the fundamental properties of Cloud Comput-
ing is elasticity. Cloud resources can be provisioned or
released when demanded thanks to this unique feature.
Today, loT applications are often deployed on the Cloud
to utilize the advantage of this environment such as on-
demand measurement services, wide-area network capabil-
ity as well as radically supported resource elasticity. Many
solutions, including DOCKERANALYZER [20], Proliot
[21], BDAaaS [22] and ACD [23] have attempted to provide
scalability for components of IoT applications. However,
only a few elasticity solutions for MQTT brokers have been
proposed, including Broker [24], E-SilboPS [25]. Many
MQTT-specific customizations have been simplified or
ignored because Brokel only defines a multilevel elasticity
model for brokers through the publish/subscribe model
(including MQTT) in general. E-SilboPS is a scalable
content-based subscription/publishing system specifically
designed to support sensing and contextual communication
in IoT-based services. Therefore, it also ignores many of
the customized Quality of Service (QoS) parameters of the
MQTT protocol and only provides content-based elasticity.
One of the prerequisites for a comprehensive elastic MQTT
is that the solution must use one of the distributed models
mentioned in sub-section II.2.

III. ARCHITECTURE OF ELASTIC MQTT
FRAMEWORK

This section presents the proposed elastic MQTT archi-
tectural framework. The system is designed with a flexible
architecture containing a representative set of modules.
When a version of the framework is deployed on the
Cloud, each representation module is specialized into a
specific open-source software component that is already
available. Framework’s modules can therefore be flexibly
replaced to gain new features, for higher efficiency, or
lower software licensing costs. The architecture framework
also supports the MQTT clustered broker model to reduce
communication costs among the cluster servers. Figure 2
shows the framework’s overall architecture, which includes
the following modules:

« MQTT Broker Cluster: A group of MQTT brokers
implements a distributed publish/subscribe model with
the customized QoS parameters. The cluster contains
several systems that provide an execution environment
called a node. The nodes connect to each other using
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Figure 3. Schematic diagram of data flow during publishing - subscribing messages using load balancer

TCP/IP and communicate by transmitting the message.
Each node holds sections related to itself in the topic
system and the current subscriptions. This mechanism
enables the published messages to be routed over the
entire cluster from the first node that receives the
message to the last node that sends it to the subscriber.
Nodes can join the cluster manually or automatically.
With automatic manner, automatic mechanisms for
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cluster identification and joining such as IP multicast,
dynamic DNS or ETCD [26] need to be supported.
Nodes can be deployed on either public or private
clouds. Public Cloud providers, such as AWS, Azure,
or private cloud platforms, such as OpenStack, Cloud-
Stack, could all be viable options.

Load Balancer: A Load Balancer (LB) is usually
deployed in front of an MQTT cluster to distribute the
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Figure 5. An implementation of the elastic MQTT architectural framework

connections and messages from the devices into the
MQTT cluster. LB also enhances the availability of
clusters, balances load between nodes in the cluster,
and provides dynamic scalability. The links between
LB and the nodes in the cluster are simple TCP
connections. By doing this, a single MQTT cluster
can serve millions of clients. Thanks to LB, the
MQTT client only needs to know one connection point
instead of maintaining a long list of MQTT brokers.
A schematic diagram of the data flow during publish-
ing - subscribing messages using a load balancer is
illustrated in Figure 3.

Orchestrator: This module parses descriptions of
system components in their domain-specific high-level
language (i.e., Domain-Specific Language - DSL) and
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then deploys, manages, and monitors the full life cycle
of all components involved. Those components include
resources such as virtual machines, containers, images,
security groups, alerts, extension policies, etc. DSL
grammar can be derived from XML, JSON, or YAML
with the primary motivation to keep things simple and
user-friendly. Within the architecture framework, the
Orchestrator deploys and manages the MQTT brokers
as well as resources of elastic decision-making block
such as Metering, Metric Storage, and Alarming.
Telemetry: This module includes three sub-modules:
Metering, Metric Storage, and Alarming.

Metering: The goal of this module is to collect, stan-
dardize, and transform data generated by coordinated
components effectively. These data will be used to gen-



erate multidimensional views and help resolve different
telemetry cases. Among them, data of specific metrics
(i.e., measurements) are collected and analyzed for the
purpose of decision-making on elasticity. Alarming
and Metric Storage are two modules that directly
exploit these measures.

Alarming: Tts goal is to provide the ability to trig-
ger response actions based on predefined rules relied
on sample data or events collected by the Metering
module. It consists of two main sub-modules: “Alarm
evaluator” and “Alarm notifier”. The first module
evaluates the measurements of a given metric stored in
the Metric Storage module to find out whether they are
over or below a predetermined threshold or not. The
second module activates the notifications and sends
them to the Orchestrator to order the corresponding
elastic actions such as increasing/ decreasing the num-
ber of MQTT brokers.

Metric storage: A database that mainly stores ag-
gregate measures of cluster nodes such as system
performance metrics. A measurement is a list of the
form (timestamp, value) for a given managed resource.
Resources can be anything from the temperature of
the nodes to the CPU usage of a virtual machine.
Besides, the database also stores events, which are lists
of things happening in the Cloud infrastructure such
as a request to an API received, a virtual machine
started, a photo uploaded, or anything else. Stored
measurements are retrieved for monitoring, billing, or
alerting purposes, in which saved events are useful for
testing, performance analysis, debugging, etc.

o Cloud infrastructure: It manages, provides, and dy-
namically releases virtual resources for scalability. For
“unlimited” resources, all private, public, or hybrid
clouds may be required to deploy.

o Messaging server: It is essential to carry out com-
munication between the modules of the architecture
framework by exchanging messages. It creates chan-
nels to be connected using popular communication
protocols like CoAP, AMQP or even MQTT.

All the modules of the framework are detachable. That
means the boot order of the components is not entirely
crucial. Even so, some modules working independently
usually do not make much sense, so there are still pre-
requisites for the start-up of other modules beforehand.
Likewise, the components and resources are described and
managed by the Orchestrator, which can be instantiated
at any point in time. The Orchestrator must be able to
resolve dependencies between the components and there-
fore come up with a deployment plan that contains the
correct order of installation. From the system description
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to the deployment plan, the Orchestrator needs to use
a series of resolvers such as Learning Automata based
allocators, Constrained Programming-based solvers, and
Heuristics and Meta solvers. When an event or combi-
nation of events and conditions occurs during execution,
the Orchestrator generates the corresponding scaling plan
and makes the necessary modifications to transform the
existing implementation model to the proposed deployment
model describing in the elastic plan. Modifications include
actions that comply with ECA (Event-Condition-Action)
laws such as horizontal or vertical scaling of a resource
when measurements of the resource violate the thresholds
beforehand. Figure 4 illustrates a simplified coordination
diagram between the components mentioned in the MQTT
architectural framework during the resource elastic event.

IV. THE IMPLEMENTATION

In this section, we present a specific deployment of the
architectural framework proposed in the previous section. It
mainly supports cloud-based IoT applications that require
scaling as an essential feature. These applications include,
but are not limited to, applications for big data analysis or
applications that are sensitive to latency. With the principle
of developing software for the open science community
[27], we prioritize the combination of open source solutions
that are most suitable for our architectural framework
where they are being used universally. Figure 5 depicts a
deployment of the architectural framework whose details
are described as following.

o« MQTT broker cluster using EMQX: EMQX is based
on the distributed Erlang / OTP programming platform
and the Mnesia database [28]. It provides broker nodes
that run in parallel and are highly fault-tolerant and
distributed. It is one of the few open-source MQTT
solutions that support the clustered model. Further-
more, EMQX is the only solution that supports all
three levels of MQTT QoS, as well as both MQTT
protocols for conventional networks and MQTT-SN for
sensor networks. EMQX supports node autodetection
and cluster auto-joining with various strategies such
as IP multicast, ETCD, dynamic DNS and K8s [29].
In that way, when a broker node comes in or out
corresponding to the scaling action, the cluster will
automatically recognize the changes and update its
configuration to reflect the number of new nodes.

o Load Balancer: Several commercial LB solutions
that are supported by EMQX such as AWS, Aliyun,
or QingCloud. On open-source software, HAProxy
[30] can act as an LB for the EMQX cluster and
allocate TCP connections. Many dynamic scheduling
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algorithms can be assigned on HAProxy such as round
robin, least connections, or random.

o Cloud infrastructure: To serve the open science com-
munity, OpenStack [31], an open-source private Cloud,
is chosen to provide and release virtual resources. With
a supported worldwide community of users and well-
maintained mighty services, OpenStack fits our goals
well. Some of the specific OpenStack services used for
our deployment are Nova, Keystone, Glance, Horizon,
Swift, and Neutron. Because OpenStack cloud is se-
lected, the following modules are officially supported
by OpenStack services.

o Orchestrator: The official orchestrator supported by
OpenStack is Heat service [32]. The infrastructure for
a cloud application is depicted in the legibly Heat
template file and edited by humans. Infrastructure
resources that can be described include servers, stor-
age, users, security groups, floating IP, etc. Heat also
provides an automatic elasticity service that integrates
with the Telemetry sub-modules, so the scaling server
group can be included as a resource in the template
file. This is a perfect fit for achieving elasticity goals.
Sample files can also describe dependencies between
resources (for example, this floating IP is assigned
to this virtual machine). This helps Heat generate all
managed components in the correct order to fully
launch the application. Heat manages the entire life
cycle of an application and knows how to make the
necessary dynamic changes. Finally, it also handles the
deletion of all deployed resources when the application
completes.

o Telemetry: OpenStack has several officially supported
services for the Telemetry. These include the Ceilome-
ter service for Metering, Aodh for Alarming, and
Gnocchi for Metric Storage.

Metering: The Ceilometer service [33] provides the
following functions: (1) Exploration of measurement
data of the OpenStack service, (2) Collecting events
and measuring data by tracking notifications sent from
the service, (3) Exporting data collected to various
defined targets including data warehouse and queue
containing record.

Alarming: When the measurement data or the col-
lected event breaks a given rule, the Aodh service
will trigger an alert [34]. The service consists of
the following components: (1) An API that provides
access to the warning information stored in the metric
storage. (2) A alarm evaluator that determines when
warnings are triggered due to measurements over a
threshold for a period of time. (3) A alarm notifier
that allows setting warnings based on an evaluation
over a threshold for a collection of patterns.
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The Metric Storage: Gnocchi is an open-source
time series database [35]. It attempts to solve stor-
ing problems and index time series measurements of
OpenStack resources on a large scale. Gnocchi deploys
an unique approach to time series storage: instead of
storing raw data points, it aggregates (average, mini-
mum, etc.) them before storing them. Since Gnocchi
calculates all measurements as aggregate ones when
collecting, importing, and processing data, data re-
trieval is done quickly by re-reading calculated results
from before.

o Messaging server: In the OpenStack cloud, internal
communication between OpenStack services can be
performed by RabbitMQ [36]. RabbitMQ is an open
source message-oriented middleware that supports
popular communication protocols such as STOMP,
AMQP and MQTT.

V. EVALUATION

To evaluate and validate the functions of the proposed
framework, we performed the implementation described
in Section 4 in the data center of VNU University of
Engineering and Technology (VNU-UET). We also give
some discussions on the results of the experiments.

1. Installing experiment system

The experimental system consists of two main parts: a
deployment of our proposed architecture framework and a
load generator to simulate multiple MQTT clients and load
their work. We create test plans with different scenarios
using the available functionality of the load generator. The
publishers are facsimiled to create MQTT messages and
send them to the LB (HAProxy). In LB turn, it distributes
these messages to a cluster of EMQX brokers according to a
predefined scheduling algorithm. The simulated subscribers
also perform MQTT subscriptions to specific topics in the
cluster by connecting to LB. LB also distributes connection
requests from subscribers to one of the cluster members.
Messages routed from the source to the correct destination
are conducted internally in the cluster as mentioned in
Section 3. Table I shows the configuration values of the
main parameters for HAProxy version 1.8.8 used in the
experiment.

We used Apache JMeter [37] version 5.3 as a load
generator in our tests. It is an open-source tool to measure
the effects of simulation load and evaluate performance.
It supports the experiment of various types of protocols
like REST, HTTP, HTTPS, JMS, FTP, SOAP, etc. Other
protocols can be added to JMeter using plugins. To support
the experiments, we developed an MQTT plugin for JMeter



that implements some features of the MQTT 5.0 version
[38]. To perform the stress tests, we used a distributed
experiment model with a primary JMeter server and a
couple of passive JMeter servers. This ensures that there
were no side effects on the performance of the MQTT
clients simulated.

Our OpenStack private cloud is installed in our data cen-
ter for research of VNU-UET. EMQX brokers and JMeter
load generators are installed in cloud-powered virtual ma-
chines. Each EMQX broker instance has 2 vCPU and 2 GB
memory. Each JMeter virtual machine has 8 vCPU and 8
GB memory. We use OpenStack Train, which was released
in 2019. Our OpenStack Cloud is built on 3 physical servers
using an Intel processor. Each physical server has 80 CPU
with 2.4 GHz, 256 GB memory and 1.5 TB storage. CentOS
7 is installed on all physical machines as the host operating
system. On top of that, KVM is used as a base virtualization
solution. For better resource isolation, we install OpenStack
controller services (e.g. Nova, Neutron, Keystone, etc.) on
the dedicated virtual host instead of running them directly
on physical servers. Only the hypervisor service (also
known as OpenStack Nova Compute) manages the running
of virtual machines, which will be installed directly on
the physical servers. In this way, the system services of
the OpenStack cloud itself are completely separate from
the virtual server instances created by the cloud users. In
short, the stress tests performed in our experiments run
on OpenStack virtual servers, which will not impact cloud
performance and vice versa.

2. Experimental scenarios

We conducted experiments with two common scenar-
ios often found in IoT applications using MQTT: Multi-
publisher and Multi- subscriber. Each scenario assesses the
effectiveness of the elasticity performance with two models:
MQTT centralized broker and MQTT clustered broker.

Distributed

loT Smart Plugs
MQTT Publishers

Smart-Home Center
MQTT Subscribers

SmartHousel/#

Figure 6. Scenario Multi-publishers on MQTT brokers cluster
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TABLE 1
MAIN PARAMETERS FOR HAPROXY ARE USED IN THE EXPERIMENTS

Parameters Value Meaning

Create process "listening” with
the responsibility to wait and
process MQTT packets.

listen mqtt

The "listen" process will wait
on port 1883 from every net-
work.

bind *:1883

The "listen" process operates

mode in TCP mode.

tcp

The maximum number of con-

50000 nections per "listen" accepted.

maxconn

The name of the rear broker

default_backend
cluster.

emqx_back

TCP
the

Turn  on
keepalive
client-side.

sending

option clitcpka packets on

TCP
the

Turn  on
keepalive
server-side.

sending

option srvtcpka packets on

backend emq_back Create a rear broker cluster.

Scheduling mode in turns with

balance
round.

roundrobin

Set the time to wait for addi-
tional check after the connec-
tion has been established.

timeout check 5000

Identifies the "i" node that par-

server . .
ticipates in the cluster.

emqx_node[i]

Distributed JMeter Load Injectors

loT Smart Plugs
MQTT Subscribers

Final Users
MQTT Publishers

SmartHousel/Household2/ SmartHousel/Household1/ SmartHouse1/Household2

SmartHouse1/Household1/
SmartPlugl/Command SmartPlugl/Command SmartPlugl/Command

SmartPlugl/Command

HAProxy Load Balancer

Figure 7. Multi-Subscriber clustered brokers scenario

a) Multi-publisher scenario

This scenario simulates a large number of IoT devices,
such as smart plugs, publishing telemetry data to a central
smart home system. The plugs are the publishers and the
central smart home system is the subscriber. The threads
are structured like a tree with three levels. The top-level
represents smart houses in a district. The middle level is
the households in a smart house. The wireless access point
in every household allows smart plugs to connect to the
Internet and publish data to a central smart home system.

The last level of the tree is smart plugs that send energy
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TABLE 1I
THE CONFIGURATION PARAMETERS OF THE EMQX BROKER CLUSTER

Parameters Value Meaning
Automatically discovers and
cluster.discovery mcast creates clusters based on UDP
multicast.
cluster.mcast.addr 239.192.0.1 EMQX multicast address.
cluster.mcast.ports | 4369, 4370 | EMQX multicast ports.

Indicates which discovery ser-
0.0.0.0 vice the local IP address
should link to.

cluster.mcast.iface

Indicates the Time-To-Live

cluster.mcast.ttl 255 value of multicast.

Indicates if multicast packets
have been sent to local loop-
back address.

cluster.mcast.loop on

Indicates the time to wait be-
fore removing inactive nodes
from the cluster.

cluster.autoclean Sm

measurements of devices to Wireless access points. A lower
topic level added below is the measure level that represents
telemetry parameters such as power consumption (kWh).
The experiment defines 40 partitions of topics including:

« 1 root topic for smart house “SmartHouse”
« 3 topics “Household” for each smart house
o 30 topics “SmartPlug” for each household
o 10 topics “Parameter” for each smart plug

Thus, a partition of the topic represents 90 smart plugs
and each plug publishes 10 telemetry parameters. We
have 3600 smart plugs totals in the whole scenario. The
experiment for this scenario is depicted in Figure 6.

b) Multi-subscriber scenario

This scenario also simulates a large number of smart
plugs controlled by a central smart home system. These
smart plugs are subscribers and the central smart home
system is the publisher. “SmartPlug” provides bidirectional
communication. The end users and the smart house center
can send commands to the plugs. Besides, the smart plugs
can also respond to these commands, an indicator of
an ON/OFF update, for example. The topics are divided
into a couple of levels like Multi-publisher scenario. We
also define topic partitions presenting 3600 smart plugs
providing a control interface, each partition includes:

« 1 root topic for smart house “SmartHouse”
« 3 topics “Household” for each smart house
« 30 topics “SmartPlug” for each household
o 1 topic “Command” for each smart plug

The experiment for Multi-subscriber is depicted in Figure
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Figure 8. Without Elasticity: Average %CPU Usage of the Multi-Publisher
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Figure 10. Average %CPU Usage of the Multi-Publisher Scenario with
the Clustered Brokers with Elasticity

3. The results

MQTT workloads are created by editing JMeter scripts.
The workload starts with a short warm-up and then in-
creases significantly as MQTT clients quickly join the
simulation. The EMQX broker is already configured follow-
ing suggestions from EMQX documentation. We chose 1P
multicast methods for automatic node-discovery and auto-



join cluster mechanisms. Table II shows the configuration
parameters of the EMQX broker cluster. The scheduling
algorithm for HAProxy is installed as roundrobin (delivered
sequentially in turn).

Ceilometer, Aodh, and Gnocchi were configured to mea-
sure and store measurements of average %CPU utilization
and the number of virtual CPUs (vCPU). Upper and lower
thresholds for average %CPU utilization are set to 80% and
25% respectively. It means that if average %CPU utilization
breaks the thresholds and the events caught by Ceilometer
and Aodh, a notification is sent to Heat for conducting a
corresponding elasticity action such as scaling in or out.
Actually, Heat has to ask other OpenStack services such as
Nova, Keystone or Glance to get the elasticity actions done
synchronously. Elasticity plan configured in Heat ensures
the number of VMs always in range of 1 to 3.

We used two JMeter client machines for distributed tests.
In each client machine, a maximum of 5 JVM processes are
allowed to initiate. According to the test scenarios, each
process is responsible for running 3600 MQTT clients.
Therefore, the maximum 36000 MQTT clients can be
started and run in two client machines. To increase saturated
probability of the brokers, QoS level of publishing and
subscribing MQTT messages is fixed to 2 and “clean
session” flag set to FALSE in all experiments.

a) Multi-Publisher scenario

In the case of using a centralized MQTT broker, there
is only one subscriber per topic partition. This subscriber
listens to all the topics of the partition by subscribing
to “SmartHouse/#” with wildcard mask “#” denoting all
subtopics of the root topic “SmartHouse”. One publisher
is created for every topic “SmartPlug” sending messages
to the topics ‘“Parameter” below the topic “SmartPlug”.
In total, 3600 publishers send messages to 36000 topics
“Parameter” at a steady rate which is one message/sec-
ond. In the clustered case, the multi-publisher scenario is
tested with a cluster of two brokers By and B; (B; will
be added dynamically when needed). Publishers (90 each
partition) and subscribers (one each partition) are equally
load-balanced across the two brokers.

Figure 8 shows the average %CPU utilization in both
centralized and clustered cases without elasticity. We see
that the MQTT system with one broker (2vCPU) is easy
to be saturated. Adding one more broker (4vCPU totally)
to form the cluster can help resolving the problem. On
the other hand, to compare service quality improvement of
centralized cases with inelastic clustering using 2 brokers,
we performed the experiment 20 times with the average
time to complete a scenario which is 6 minutes in the
centralized case and 4 minutes 30 seconds in the inelastic
clustering case, respectively (down 25%). In both cases, the
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packet publication rate is halved to avoid brokers saturation
which is very likely in centralized cases. In the centralized
case, we see in Figure 9 that the average %CPU utilization
of the broker reaches saturation after a couple of minutes
(at the 1st minute). At this point, the dropped message rate
starts to increase. With elasticity, operating cost reduces
since we do not have to always maintain multiple brokers
(clustered brokers). In Figure 10, we see an elasticity effort
to mitigate the pressure performed by our system. One
virtual machine of MQTT broker B; is created to share
the workload. This broker automatically joins the cluster
created beforehand by Bg using the multicast method.
The change in the topology is announced to HAProxy for
reloading its configuration. The reloading process needs to
be used instead of restarting one in order to lower the server
downtime as much as possible. After reloading, HAProxy
recognizes the new server and distributes messages to all
load-balancing members. At the end, the average %CPU
utilization of the broker reduces under the lower threshold
after a period of time. Thus, we see another elasticity action
(scaling in) at this time of the simulation when MQTT
clients are finished or terminated. At this point when the
workload goes under 25%, the number of VMs is decreased
to one for minimizing operating cost.

Multi-Subscribers - Without Elasticity
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Figure 11. Without Elasticity: Average %CPU Usage of the Multi-
Subscriber Scenario

b) Multi-Subscriber scenario

In the case of centralized brokers, there is only one
publisher per topic partition. This publisher sends messages
to all topics of the partition at a steady speed. A publisher
is created for each "SmartPlug" topic. Each publisher
receives a message from the "Command" topic under the
“SmartPlug” topic. On all the partitions, 3600 publisher
received messages from 3600 "Command" topics at a steady
speed. In the case of the cluster brokers, the multi-publisher
scenario is tested with a group of two MQTT brokers By
and B (B; dynamically added as needed). The subscribers
(90 per partition) and the publisher (each partition has only
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Figure 12. Average %CPU Usage of Multi-Subscriber Scenario with the
Centralized Broker
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Figure 13. Average %CPU Usage of the Multi-Subscriber Scenario with
the Clustered Brokers with Elasticity

one publisher) are load balanced and distributed evenly to
the two brokers By and Bj.

Figure 11 shows the average %CPU usage in both
centralized and cluster cases which do not have elasticity.
We saw the same behavior as that of the multi-publisher
scenario. Adding one more broker to the cluster is not really
helpful, but two brokers (6 vCPU) might solve the problem.
On the other hand, for the comparison of service quality
improvement between centralized and inelastic clustering
cases using 3 brokers, we performed the experiment 20
times with the average execution time to complete the
scenario which is 6 minutes 30 seconds in the case of
centralization and 5 minutes 50 seconds in the case of
inelastic clustering, respectively (down 10%). In both cases,
the message publication rate is halved to avoid brokers
saturation which is very easy to occur in centralized case.

In the centralized case, we also see clearly in Figure 12
that the broker’s average %CPU usage will saturate after
a few minutes (at the second minute). At this point, the
proportion of unsolicited discarded messages also begins
to increase.
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With elasticity, we also see the same behavior shown
in Figure 13, which is the same for many publishers.
The scaling action with two brokers is triggered later than
the multi-publisher scenario. These two brokers are added
sequentially by Heat service. A one-minute gap is set
between broker additions to avoid rapid fluctuations of
resources. Average CPU usage stayed above the threshold
for a longer time than the multi-publishers scenario. The
reason is that the combination of the QoS 2 level and the
“clean session” flag set to FALSE will keep the messages
at the brokers for a longer time, so the more the publishers
run in parallel, the busier the brokers are.

VI. CONCLUSION

We have presented a flexible architectural framework
that can support scaling functionality for distributed MQTT
brokerage services in IoI applications. Our architectural
framework provides service elasticity by using open source
software that is currently commonly used in the cloud
computing environment. Our elasticity MQTT brokerage
service has been successfully deployed using EMQX as
the MQTT brokers and OpenStack as a private cloud
environment. Experiments are conducted by generating the
IoT traffic for the service at different load levels to observe
changes in the number of broker instances. Our experimen-
tal results show that the proposed MQTT brokerage service
adapts well to the end-user load changes while maintaining
low operating costs.
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Abstract: The goal of extracting linguistic data summaries is
to produce summary sentences expressed in natural language
which represent knowledge hidden in numerical dataset. At
the most general level, human users can get a very large
number of linguistic summaries. In this paper, we propose
a model of genetic algorithm combined with greedy strategy
to extract an optimal set of linguistic summaries based on
the evaluation measures of goodness and diversity of the
set of linguistic summaries. The experimental results on
creep dataset have demonstrated the outperformance of the
proposed model of genetic algorithm combined with greedy
strategy in comparison with the existing genetic algorithm
models in extracting linguistic summaries from data.

Keywords: Linguistic data summary, hedge algebras, linguistic
frame of cognition, genetic algorithm, greedy strategy.

I. INTRODUCTION

Technology is more and more developed, and data is
obtained easily, and their quantity is also increasing rapidly.
Therefore, data mining methods are constantly being de-
veloped to help people exploit information and knowledge
hidden in giant data warehouses. Among those methods,
linguistic data summarization is considered a research
branch of data mining that has many useful practical appli-
cations [1]. The outputs of linguistic data summarization are
summary sentences expressed in natural language in a given
sentence structure, denoted by LS (Linguistic Summary).
Each LS represents knowledge about the real-world objects
stored in a given dataset. The form of knowledge repre-
sented in sentences in natural language is easy to understand
for every human user. We study the structures of the LS used
in most studies on linguistic data summarization, which are
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the sentences with linguistic quantifier proposed by Yager
[2]: “Q y are S” or “Q F y are S” [2-14]. For example,
“Very few (Q) sales of printers (y) is with high commission
(8)” [10], “Most (Q) hospitals (y) with very high average
hospital stay (F) have very low computer (S)” [8].

Human users read the linguistic summaries to understand
information and knowledge in the dataset through the
semantics of the words ’very few’, ‘most’, ‘high’, ‘very low’,
‘very high’ in those linguistic summaries. The linguistic
quantifier Q represents a proportion satisfying the conclu-
sion S with respect to all objects in the dataset in the first
sentence sample, or it represents the objects in the group
satisfying filter criterion F in the second sentence sample.

In the fuzzy set theory approach to extract the linguistic
summary from the numerical dataset, the summaries with
linguistic quantifier are considered fuzzy propositions ex-
pressing knowledge about the objects stored in the dataset.
Therefore, the quality of each summary sentence is evalu-
ated at least by a validity measure or a truth value mea-
sure. The validity measure formula uses the membership
functions of the fuzzy sets representing the semantics of
linguistic terms in a sentence like 'very few’, ‘most’, ‘high’,
‘very low’, ‘very high’ in the above examples. When given
a dataset, the results of a linguistic data summarization
algorithm are the linguistic summaries with the validity
measure greater than a given threshold.

Table I shows a classification of the generality degrees
in increasing the order of linguistic data summarization of
Kacpryzk and Zadrozny [4]. In which, $57“ctre jg the
structure of the summarizer S as "SALARY = x" (x is a lin-
guistic term), SY4/“€ is a linguistic term in the summarizer



S. The degree 5 is the most general degree, when all three
components Q, F, S are completely undefined in terms
of attributes as well as linguistic terms, then the linguistic
data summarization is equivalent to extracting fuzzy rules.
Degree 5 poses the big challenge of high computational
volume and the large number of linguistic summaries mined
from data. However, human users can discover interesting
relationships and knowledge hidden in the dataset. The
studies in [8, 15-19] applied genetic algorithm to find
an optimal set of linguistic summaries. Therefore, human
users need to define the constraints and a quality evaluation
function for the set of linguistic summaries based on the
user’s needs. The genetic algorithm will search for an
optimal set of linguistic summaries from a set of very large
number of linguistic summaries.

TABLE 1
CLASSIFICATION OF LINGUISTIC SUMMARY DEGREE

Degree | Given Search | Note

1 S o Simple summarization by
fuzzy query

2 SF o Conditional summarization
by fuzzy query

3 Q §structure svalue [ Simple summarization to-
wards determining value

4 Q §structure gl gvalue [ Copditional summarization
towards determining value

5 Nothing S F QO | General fuzzy rules

In the studies on extracting the optimal set of linguistic
summaries from the databases by genetic algorithm models
[17, 19], in addition to the basic genetic operators (se-
lection, crossover and mutation), the author applied two
specific operators. The first one is Propositions Improver
operator to improve the quality of the linguistic summaries,
and the second one is Cleaning operator to substitute all
propositions in the chromosomes having T = 0 with others
randomly generated propositions. These two operators were
applied into the model of genetic algorithm Hybird-GA
to obtain better results than the basic genetic algorithm.
However, the experimental results show that there are still
limitations of those two operators as follows:

e The Propositions Improver operator is applied to
substitute an existing linguistic summary with the one
selected by a local search based on the best first strategy
towards better validity. In the experimental results, there
are still 3 out of 30 linguistic summaries with the value
of T < 0.8, which reduces the evaluation of the goodness
of the set of linguistic summaries. This result may be due
to the linguistic quantifier set having only five linguistic
terms ‘none’, ‘few’, ‘half’, ‘much’, ‘most’. The fuzzy sets
representing the semantics of those five linguistic terms
form a strong partition on the universe of discourse, so it
is possible to generate a linguistic summary with validity
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value in the vicinity of 0.5.

o In the experimental results, there is still one out of 30
linguistic summaries with the value of 7 = 0. That is, the
Cleaning operator has not removed all linguistic summaries
having T = 0. The linguistic summaries have the value of
T = 0 because there is not any record in the dataset that
satisfies the filter criterion F.

To overcome the aforementioned limitations, we propose
a genetic algorithm model that combines the greedy strategy
in randomly generating linguistic summaries. The ideas are
given as follows:

o We can extend the set of quantifier terms by adding
more specificity terms according to the Linguistic Frame of
Cognition (LFoC) design method based on the methodology
of the hedge algebras as examined in [20]. Since the
fuzzy set structure which represents the semantics of the
quantifier words [20] is multi-granularity, the higher the
specificity level of the quantifier word is set, the higher
the chance it is to obtain the linguistic summaries with
validity’s values closer to 1.

e We only randomly generate the filter criterion F, which
is the structure of the summarizer S. We then use the greedy
strategy to determine the linguistic term in S and Q such
that the validity’s value of T and the semantic order of
Q are as great as possible. This strategy is applied towards
generating favorite linguistic summaries, i.e., increasing the
quality measure of the linguistic summaries.

o The linguistic summaries with the value of 7 = 0 are the
ones without any record in the dataset that satisfies the filter
criterion F. Therefore, in order not show such linguistic
summaries, we propose using the support measure supp(F)
to evaluate the cardinality of records satisfying filter crite-
rion F. A new linguistic summary is only generated when
supp(F) is greater than a given threshold.

To demonstrate the effectiveness of the above mentioned
proposals, we perform experiments on the dataset of creep
and compare the results in the study [19].

The rest of the paper is organized as follows: Section II
presents the related issues such as the linguistic summary
with linguistic quantifier, the application of genetic algo-
rithm to extract the optimal set of linguistic summaries,
and the problem of constructing the fuzzy sets represent-
ing semantics of linguistic terms; Section III presents a
new proposal of a genetic algorithm model that combines
greedy strategy to generate an optimal set of linguistic
summaries; Section IV shows the experimental results of
one creep dataset and comparative analysis to demonstrate
the effectiveness of the new proposals; Some conclusions
are presented in section V.



II. SOME FUNDAMENTAL KNOWLEDGE
1. Linguistic summaries with quantifier word

Yager [2] proposes using fuzzy propositions in the struc-
ture with linguistic quantifiers expressed in natural lan-
guage to represent summary information extracted from the
dataset. In this section, we briefly present some concepts
and notations of the problem of linguistic data summariza-
tion.

Let Y = {y1,y2, ..., ya} be the set of objects (records)
in the dataset such as the set of customers of a bank; A =
{A1, Ay, ..., A, } is the set of attributes needed to consider
objects in the set Y such as AGE, SALARY, MARITAL,
etc. We denote A;(y;) as attribute value A; of the object
v;. The dataset is given by the set D = {{A;(y1), A2(y1),

v Ay ) o {AL ), A2(Vn)s - Am(Yn)}} which
is the input of the problem of linguistic data summarization.
The output is the linguistic summaries with the linguistic
quantifiers having the general structure as follows:

Qyare S (1)

QFyareS 2)

where:

e The summarizer S is an evaluation expressed by a
linguistic word in the word domain corresponding to an
attribute. For example, AGE = ‘young’, SALARY = ‘very
high’, etc.

e Linguistic quantifier Q is a linguistic word representing
the proportion of records that satisfies the summarizer S in
the entire dataset D like in sentence form (1) or in the object
group that satisfies the filter criterion F like the summary
sentence of the form (2). For example, ‘very few’, ‘a half’,
‘most’, etc.

e Validity value T is a value in the normalized interval
[0, 1] evaluating the validity of the linguistic summaries.
The value of T is considered the truth value of the fuzzy
proposition with linguistic quantifier.

e Filter criterion F is optional to define a subgroup of
objects in the set of objects Y considered in the linguistic
summaries. For example, a fuzzy filter criterion in the form
of AGE = ‘young’, i.e., only considers the objects in the age
group ‘young’.

In a general form, the filter criterion F and the summa-
rizer S are the association of multiple linguistic predicates
connected by the connector words AND/OR. Each linguistic
predicate is identified by a pair of attribute — linguistic
term, such as “AGE = ’young”, “SALARY =" high™,
etc. The linguistic summaries in the form of (1), (2) are
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considered fuzzy propositions with linguistic quantifier.
To calculate the truth value of these propositions, it is
necessary to design the fuzzy sets representing semantics
of the linguistic terms in those propositions. Assume that
the semantics of the linguistic terms in the components
0, F, S are represented by the fuzzy sets with respective
membership functions pgp, pr and ps. The truth value T
is calculated by the formula of Zadeh [21] for the fuzzy
proposition with the linguistic quantifier as follows:

1 n
T(QyareS) = po |~ ) us (yi)l 3)
i=1

5 (ur (1) s (00)
= “

T(Q Fyare$) = jig 0
;1 ur (yi)

The truth value T is the basic measure used to evaluate
the quality of the linguistic summaries. Therefore, only
the linguistic summaries with the truth value of T greater
than a given threshold § are extracted, for example, 6 =
0.85 [17] or 6 = 0.8 [18]. These are considered linguistic
summaries representing information and knowledge hidden
in the dataset. In addition, some other evaluation measures
are proposed in [4, 22] such as imprecision, covering, focus,
and appropriateness. The formulas for calculating these
evaluation measures are also based on the membership
functions of the fuzzy sets that represent the semantics of
linguistic terms appeared in the linguistic summaries.

2. The genetic algorithm extracts the optimal set of
linguistic summaries from a given dataset

In several studies of extracting the sets of linguistic
summaries from relational databases, we are interested in
the research of Donis-Diaz et al. in [17, 19], where the
optimal set of linguistic summaries is selected based on
goodness and diversity. The authors coded each linguistic
summary into a gene, and each individual is a set of
linguistic summaries. In addition to basic genetic operators,
the Propositions improver operator is added to create an
enhanced genetic models [17].

The Propositions improver operator uses the neighbor-
hood search technique to replace an existing linguistic
summary by a better one. In [19], the Cleaning operator
is used to replace the linguistic summaries with the truth
value of T = 0 by the other randomly generated ones. Two
operators - Cleaning and Improver - are added to the genetic
algorithm to make a more efficient hybrid genetic model
than the basic genetic algorithms.



Donis-Diaz et al. [17] evaluate the goodness of a good
linguistic summary by the value of goodness Gn calculated
by formula (5), where T1,7,,73,74 are the truth, impre-
cision, covering and appropriateness, respectively. Doniz-
Diaz et al. in [19] evaluate the goodness of a linguistic
summary according to formula (6). In both studies, the
goodness of a set of linguistic summaries Gd are calculated
by the average of the goodness of the linguistic summaries
in the set by formula (7), where [ is the number of linguistic
summaries in the set.

Gn=04xTS +0.1xT,+025xT3+025xTy  (5)
Gn =T x St(Q) (6)
1
-, Gn;
Gd = —Z’—‘l ’ )

where T5" = T} x St(Q) shows the concept of Linguistic
Strength, and St(Q) is the weight of the linguistic quantifier
Q pre-specified based on the priority evaluation of the
linguistic quantifiers. Specifically, the parameters used in
[17, 19] are St (Most) = 1, St (Much) = 0.75, St (Half) =
0.20, St (Some) = 0.15, St (Few) = 0.05. Thus, the larger
proportion the linguistic quantifier represents, the greater
the weight.

The diversity of a set of linguistic summaries is calcu-
lated by formula (8) in both papers [17, 19], where C is
the number of clusters, and [ is the number of linguistic
summaries in the set.

De =

C
T (®)

C is the number of clusters when clustering linguistic
summaries based on the similarity function L as follows:

m

Yes if Y H(plg,p2x) <2
k=0

No

L(pl,p2) = ©))

in other case

The two linguistic summaries p1 and p2 extracted from
the database comprise m attributes represented by a nu-
meric vector consisting of (m + 1) elements. The elements
plo and p2, are indexes of the linguistic quantifier Q in
Dom(Q), the elements p1;, p2; are indexes of the linguistic
terms in Dom(A;) of the vector representing the linguistic
summaries pl, p2 (Dom(A;) - the linguistic domain of the
attribute A;). If the attribute A; is not present in a linguistic
summary, the i’" element in the vector representing the
linguistic summary takes the value 0. When the result of
the function L(p1, p2)is ‘yes’, two linguistic summaries p 1

78

and p2 are similar. The function H(plg, p2;) is calculated
by formula (10) to compare the k’” element in two vectors.
The k' element is different (the value of function H(ply,
p2;) = 1) when: (1) plgy =0and p2; #0; plpy #0
and p2; = O (the attribute Ay is present in one linguistic
summary, not in the remaining one); (2) the attribute Ay
is present in both linguistic summaries, but the index of
the two terms are different. Two indices of the terms in
the same Dom(Ay) are considered distinct when they are
in two positions in ascending semantic order greater than
20% of the number of words in Dom(Ay). For example, if
Dom(Ay) = {’very low’, ‘low’, ‘little low’, ‘medium’, ‘little
high’, ‘high’, ‘very high’}, the term ‘low’ at position 2 and
the term ‘medium’ at position 4 have their distance |2 - 4|
> 20%*7 = 1.4. Therefore, two terms ‘low’ and ‘medium’
are considered distinct.

if |ple — p2i| >

round(0.2 * size(Dom(Ay))or
if ply =0and p2; #0 or
if plx #0and p2; =0

H(plg, p2k) =

0 in other case
(10)
From that, the fitness function Fit of an individual, which
corresponds to a set of linguistic summaries, is the weighted
sum of two measures: Gd (the goodness of a set of linguistic
summaries) and De (diversity) according to the formula as
follows:

Fit =mgGd +mgDe (11)

where: mg, mg are the weights of two measures Gd and De
satisfying the condition mg + mg4 =1. The authors in [19]
select mg = 0.7, mg = 0.3, i.e., the goodness of the set
of linguistic summaries is weighted more than 2 times the
diversity of the entire linguistic summaries.

3. Fuzzy set based semantics representation of terms
ensures the interpretability of the content of the
linguistic summaries

a) The interpretability of the content of the linguistic
summaries

In the studies on linguistic data summarization based
on fuzzy set theory, the word domain of each attribute is
usually limited to 7 + 2 words, the fuzzy sets representing
their semantics are often in the form of strong and uniformly
distributed partitions. Figure 1 is an example of the fuzzy
set design for the attributes of the patient database in the pa-
per of Almeida et al. [9]. Figure 1(a) includes five fuzzy sets
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Figure 1. Examples of fuzzy set representation that form strong partitions
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representing the semantics of five terms ‘very low’, ‘low’,
‘medium’, ‘high’ and ‘very high’ of the attribute “Heard
rate”. Figure 1(b) includes five fuzzy sets representing the
semantics of five quantifier words ‘very few’, ‘few’, ‘half’,
‘most’ and ‘almost all’. The linguistic summary extraction
algorithm handles directly the membership functions of the
fuzzy sets, so they play a decisive role in the output of the
algorithm.

Assume that when considering a linguistic summary,
denoted by LS, extracted from database D, the information
content assigned to LS from the output of the linguistic
summary extraction algorithm M interacting on the fuzzy
sets representing the semantics of linguistic terms in the
LS is Contps p(fs_REP(LS)). The human user interprets the
linguistic summary LS as a sentence in natural language and
receives the information as Contp(LS). Determining the
conditions to ensure Contys p(fs_REP(LS)) = Contp(LS) is
considered the problem of examining the interpretability of
content of the linguistic summary. However, in the existing
studies, the linguistic terms are only considered as linguistic
labels assigned to the fuzzy sets designed based on the
intuition of the designer of the algorithm M and the number
of them is limited by 7 + 2. Thus, when there is no formal
formalism to ensure the linkage between the semantics of
the linguistic terms and the designed fuzzy sets, it will not
ensure that the human user can correctly interpret the con-
tent of the linguistic summaries received from the linguistic
summary extraction algorithm. To overcome this limitation,
in the study [20], the authors have proposed a method of
designing fuzzy set structure to ensure the correct semantic
representation of terms based on the formalism of hedge
algebras theory. In which, the semantics represented by the
fuzzy set is designed from qualitative semantics, preserving
inherent semantic relationships of the terms in the entire
term domain Dom(A) of each attribute A. The summary of
the method in [20] is as follows:

e Step 1: Determine the syntactic structure, the qualita-
tive semantics of the set of terms Dom(A) of each attribute
A by a hedge algebras structure. A subset of those terms
forms a Linguistic Frame of Cognition (LFoC) ¥4 for each
attribute A.

e Step 2: Based on the inherent semantics of terms
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in Dom(A), the multi-semantic structure based on the
semantic order and the generality - specificity relationships
in Dom(A) and ¥, is discovered. Simultaneously, F4 is
scalable in the system development process in practice.

e Step 3: Propose a procedure to design the trapezoidal
fuzzy sets from the independent fuzzy parameter set of the
hedge algebras structure in Step 1. The trapezoidal fuzzy
sets form a structure preserving the multi-semantic structure
discovered in Step 2. Simultaneously, the trapezoidal fuzzy
set structure of 4 is also scalable.

b) Multi-semantic structure and the scability of linguistic
frame of cognition of each attribute

Based on the viewpoint of hedge algebras, each term
domain of the attribute A, denoted by Dom(A), is an
algebraic structure based on the semantic order relationship
(notation <) between words. The elements in Dom(A)
are induced from two primary terms (considered generator
elements) ¢~ < ¢, e.g, when considering the attribute AGE,
‘young’ and ¢* = ‘old’. The linguistic hedges such as
‘very’, ‘little’, etc. are used to generate new terms with the
semantic order determined based on the semantic change
tendency to when the hedges act on the primary terms. We
have ‘very young’ < ‘young’ < ‘little young’, but ‘little old’
< ‘old’ < ‘very old’. Denote the set of hedges by H. In
general, each term in Dom(A) has the string representation
of the form wc*, where w is a sequence of hedges (i.e., w
€ H*). The length of wc* is |w| + 1, for example, the length
of ‘very very young’ is 3. In Dom(A), there are 3 constant
elements corresponding to the smallest, the neutral and the
largest in semantic order. Denote the constant elements are
0, W.I respectively; where 0 < W < 1. Since the semantics
of the terms need to be determined in the context of the
entire Dom(A), the authors in [23] introduce the definition
of Linguistic Frame of Cognition (LFoC) of an attribute A
as follows:

Definition 1: An LFoC of attribute A, denoted by 74,
is a set of terms that satisfy the following conditions [23]:

i) {0, ¢, W,c" 1} C Fa

(i) x e Fa = (YW € H, h'x € F )

(i) xeFavax=hx"(heH)=x"€Fa

From the definition of ¥4, each LFoC of an attribute
A has the form ¥4, = X( ), where X(, is the set of all
words with a length smaller than . Then, « determines the
specificity of LFoC. For simplicity, we denote 4 . as 7
when A is clearly specified.

c =

Based on inherent semantics of the linguistic terms, in
Dom(A) = X and F, there are the whole semantic order
relation < and the generality — specificity partial relation
G between the terms.
in conjunction with X and ¥, form the multi-semantic

Two of those semantic relations



structure S< g = (X, <,G) and F< g = (. <, G), respec-
tively. Furthermore, when it is necessary to extend LFoC by
adding more terms with higher speficity level, we increase
the level of x in LFoC. The semantic order relation and
the generality - specificity relation of the existing terms
have not been changed. That is, their semantics are not
changed when LFoC grows. This scalability is in line with
the requirements set out in practice when human users
use the set of linguistic terms of attributes in real world
perception.

c) Construct the computational semantics to ensure the
interpretability and scalability of the linguistic frame of
cognition of each attribute

Trapezoidal fuzzy sets are used to represent semantics of
linguistic terms in most studies of linguistic data summa-
rization. In the enlarged hedge algebras [24], the interval
quantifying mapping value is f: Dom(A) — P[0,1] (P[0,1]
— which are all subsets of [0, 1]) which allow us to define
an interval semantics core of the terms.

The interval semantics core of term x is used as the small
base of the trapezoid representing the semantics of x. In
[20], the authors propose a procedure for constructing trape-
zoidal fuzzy sets of terms in ¥4 , from the independent
semantic parameter set of an enlarged hedge algebra. The
trapezoidal fuzzy sets form a multi-granularity structure
as illustrated in Figure 2 for a LFoC 4 3, consisting of
3 levels, the terms are induced from the hedge algebras
structure with the hedge set H = {L (‘little’), V(‘very’)}.

The trapezoid set T(F,) is designed to form a multi-
granularity structure that preserves the multi-semantic
structure of F< g = (%, <,G) and is scalable as LFoC 7.
Hence, they are considered isomorphic images of ¥,. These
conclusions have been stated into theorems and proved in
[20]. We summarize them as follows:

e Preserving two semantic structural relations: two in-
herent semantic-based relations of terms are the semantic
order relation < and the generality - specificity G. These
relations are preserved when mapping from the set of words
in ¥, to the set of trapezoid T(¥,). We denote Tr(x) as a
trapezoid corresponding to the term x. If x, y € ¥, and
x <y, then Tr(x) < Tr(y) because the small base of Tr(x)
is at the left of the small base of 7r(y) and at least one of
the two end-points of the large base of 7r(x) is smaller than
the corresponding one of Tr(y). If x = hy (h € H) (x has
the specificity greater than y), then the large base of Tr(x)
lies in the inner large base of 7r(y). This is easily seen in
the illustration in Figure 2.

e Scalability: When LFoC is extended, it means in-
creasing the specificity «, that is, adding all words that
have the specificity level « + 1 to the LFoC that has

80

the current specificity level «. The practical requirement
requires that the newly added words do not change the
semantics of words already present in the LFoC. With the
multi-granularity structure shown in Figure 2, the design
of fuzzy sets of words with the specificity level « + 1 will
not change the fuzzy sets based semantics of words at the
specificity level x + 1. This is not possible if the fuzzy sets
that are based on semantics of LFoC form strong partitions
as shown in Figure 1.

Based on the formalism of the hedge algebras theory, we
will use the fuzzy sets designed as the proposed method as
in paper [20] for the proposed linguistic summary extraction
algorithm in Section III and the experiments in Section IV
to ensure the interpretability of the content of the linguistic
summaries. This is an advantage of the fuzzy set design
to ensure the interpretability of the linguistic summary
content in this paper, which is not considered in the studies
on extracting the optimal set of linguistic summaries by
applying the variant of genetic algorithms.

III. GENETIC ALGORITHM COMBINED WITH
GREEDY STRATEGY FOR EXTRACTING THE
OPTIMAL SET OF LINGUISTIC SUMMARIES

In this study, we propose a genetic algorithm model
combined with the greedy strategy to find an optimal set of
linguistic summaries extracted from a relational database.
The criteria for selecting the optimal set of linguistic
summaries in studies [17, 19] are the combination of the
goodness and the diversity of the linguistic summary set.
This greedy idea is demonstrated in the Random-Greedy-
LS procedure to extract an optimal linguistic summary as
described in Subsection II1.2 below. This procedure is used
in genetic algorithm to model genetic algorithm Greedy-
GA to extract an optimal set of linguistic summaries as
presented in Subsection II1.3.

1. Determine the LFoC and the fuzzy sets based
semantics of linguistic terms

We use the method of determining the set of linguistic
terms for each attribute and designing the trapezoidal
fuzzy sets based semantics described in Subsection 1.3 to
ensure the interpretability of the information content of the
linguistic summaries. Firstly, it is necessary to define the
syntactic and qualitative semantics of terms in the LFoC
Fa.x of attribute A. Information needed include:

« Two generator terms ¢~and c*, three term constants 0,
W, 1.

o The linguistic hedges in H and the relative sign table
between hedges.
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Figure 2. Multi-granularity representing trapezoidal fuzzy sets of terms of an LFoC with 3 levels.

« The speficity level of F4 4, i.e., the value of « (the
maximum length of terms in %)

Secondly, to design all trapezoidal fuzzy sets representing
the semantics of words in ¥ ., it is necessary to provide
a set of independent semantic parameter values of the
enlarged hedge algebra for attribute A that includes:

» Four fuzzines measure values of three term constants
and a generator term ¢t such that they satisfy the
constraint: fm(0) + fin(c™) + fm(W) + fim(c*) + fim(1)
=1

o Fuzziness parameter Values of the hedges in H sat-
isfying the constraint Z (h) + pu (hg) = 1, where h

is the artificial hedge h() Wthh is used to induce the
semantics core of the terms.

The set of hedges used in this paper includes a negative
hedge ‘lirtle’ and a positive hedge ‘very’. In case the
specificity level k = 2, LFoC has 9 words, i.e., X(2) = {0,
Ve, ¢, Le™, W, Let, ¢, Ve*, 1}. In case the specificity
level ¥ = 3, LFoC has 17 words, i.e., XU{VVc™, LVc~,

Lc™, VLc™, VLct, LLc*, LVc*, VVety.

The set of linguistic quantifiers Q plays an important
role in extracting linguistic summaries. When the body of
the linguistic summary has been specified, that is, the filter
criterion F and the summarizer S have been specified, the
validity value of the linguistic summary depends on the
selection of the linguistic quantifier Q. Since the fuzzy sets
are structured in the form of multi-granularity as shown
in Figure 2, the set of linguistic quantifier Q consisting of
more terms at a greater level of specificity will increase the
chance of selecting the linguistic quantifier which allows us
to obtain the linguistic summary with higher validity value
T.

2. Generate the optimal linguistic summaries based on
greedy strategy

Consider the example of an extended linguistic summary
in (2): “Q y that (AGE = ‘young’ AND SCORE_TEST
‘very high’) are “SALARY = x”. In this example, we
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determine a group of objects satisfying the filter criterion
F (AGE = ‘young’ AND SCORE_TEST = ‘very high’), the
structure of the summarizer S is "SALARY = x", where x
is a term in LFoC Fgarary. For each x € Fsarary, we
determine a linguistic summary body, then calculate the
value of r(x), which is the proportion of objects satisfying
the summarizer "SALARY = x" in the group of objects
satisfying the filter condition in the following formula:

(/Jyoung(ol) A Hyery._ hlgh(o ) A px(o;))

||M=

r(x) = (12)

™M=

(:uyuun(g (0i) A Mvery_highOi )

i

where, 0; € D = {01,02,...,0,} is the i record in the
database. From now on, the notation o is used instead of
y to avoid confusion with the notation y of the linguistic
terms.

Then, choose the term Q(x) such that the validity value
T(x) = po(r(x)) reaches the maximum value. That is,
choose the linguistic quantifier that best represents the
proportion r(x). When there are many linguistic quantifiers
producing the same greatest 7'(x) value, choose the term
with the greatest semantic order.

When r(x) is bigger, Q(x) is chosen with greater se-
mantic order, that is, if r(x;) < r(x;) then Q(x;) < Q(x2).
From the formula for evaluating the goodness of a linguistic
summary, [19] Gn = T.St(Q), where St(Q) is the priority
weight of the terms Q satisfying the condition Q; < Q»,
then St(Q) < SHQ;). Therefore, if x* € Fsapary then
r(x*) reaches the maximum value, which means there is
the largest number of objects in the group satisfying the
filter criterion F that SALARY is at x*, then Q* eDom(Q)
is chosen so that the linguistic summary “Q*y that (AGE =
‘young’ AND SCORE_TEST = ‘very high’) are SALARY
= x*” has the highest priority St(Q*) of Q*.

Referring to the fuzzy association rule, the value of r(x)
is the confident measure of the fuzzy association rule of
the form “IF (AGE = ‘young’ AND SCORE_TEST = ‘very



high’) THEN SALARY = x”. Therefore, the idea of select-
ing x* as in the above example gives a linguistic summary
where the summarizer shows the most common property of
the attribute SALARY of the object group determined by
the filter criterion (AGE = ‘young’ AND SCORE_TEST
= ‘very high’). When the filter criterion F is completely
determined (including the attribute and the corresponding
linguistic value), the structure S is determined (the attribute
is determined, the term is undefined), we only give out a
linguistic summary with the linguistic summarizer x* that
satisfies the following conditions:

(C1): r(x*) reaches maximum value;
(C2): the validity value T is maximal;
(C3): linguistic quantifier Q* has maximum order.

Such greedy strategy will make the goodness Gn of each
linguistic summary increase, which simultaneously makes
the goodness Gn of the whole set of linguistic summaries
increase. Moreover, when each group of subjects satisfies
the filter criterion F, giving out only one conclusion will
also increase the diversity of the set of linguistic summary
as evaluated by formula (8). Thus, the quality of the set
of linguistic summaries evaluated by formula (11) will also
increase.

In the process of extracting the optimal set of linguistic
summaries by genetic algorithm, the study [19] used Clean-
ing operator to replace the linguistic summaries with the
validity of T = 0 by the other random linguistic summaries.
The linguistic summaries with T = 0 correspond to the
ones whose filter criterion F includes many AND clauses
of linguistic predicates, so there is not any record in the
database satisfying the filter criterion F.

The experimental results in [19] show that after an
average of 10 runs of the Hybird-GA genetic model using
Cleaning and Improver operators, there is still a linguistic
summary with 7 = 0 in the optimal set of linguistic
sentences which has 30 sentences in total. In order to
not show such linguistic summaries, we propose using the

support measure supp(F) = Y, ur (y;) /n (n is the number

of records in the databasel)_lto evaluate the cardinality
of the object group satisfying the filter criterion F. We
only generate the linguistic summary with the criterion F
when the measure support supp(F) is greater than a given
threshold . Thus, the optimal set of linguistic summaries
will include summarizers about groups of objects whose
cardinality is greater than a threshold S or has the diversity
greater than a given threshold.

We use the linguistic summary pattern shown in [20] as
follows:

“Qos are o(Ey),” and “Qos that are o(F,) is o(Ey)” (13)
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where 0(E;) = “0(Ay)) is/has xg; AND ...AND o(Agn)
is/has xg,,” is the summarizer corresponding to § in (1)
and (2); o(F,) = “0(Aq41) isthas x41 AND ... AND o(Ag4n)
is/has x4p,” is the filter criterion in the linguistic summary
corresponding to F in (2); A;; is an attribute and x;; is a
linguistic term in LFoC Fy;;.

From the above analysis, general greedy strategy is
applied to select a linguistic summary that is implemented
according to the following idea:

- Step I: Randomly generate the filter criterion o(Fy)
(include corresponding attribute and linguistic term). Cal-
culate the support measure of o(F,) by the formula

n

supp(o(Fy)) = ¥ pr, (yi) /n (n is the number of records

in the databasei._llf supp(o(Fy)) > 8, o(Fy) is accepted,
go to Step 2. Otherwise, randomly generate another filter
criterion o(Fy).

- Step 2: Randomly select the attributes in o(Eg) with
the given amount, scan the term combinations in LFoC of

the attributes o(Ey) to find term combination where the

ZZ(Fq) /\ﬂo(Es)

expression r = reaches the maximum value.

Zow

- Step 3: Select a (lirz:guistic quantifier Q* in LFoC ¥Fp
such that the value T = ugp-(r) reaches maximum value.
If there are many terms Q" that make 7 maximized, select
term Q* with the greatest semantic order.

Step 1 selects the filter criterion o(Fy,) satisfying the
threshold supp(o(F,)) > B, and step 2 selects the term in
the summarizer o(Ej) that is the most popular for the object
group satisfying o(F,) according to the defined structure.
Step 3 selects the term Q to have the greatest 7 and the
greatest SH(Q) (corresponding to the greatest semantic order
of Q). It results in the obtained linguistic summary towards
larger goodness measure of Gn in the linguistic summaries
with the same o(F,) and the same structure o(Ej).

The procedure for generating linguistic summaries using
greedy strategy is described as Algorithm 1.

3. Genetic algorithm combined with greedy strategy
for extracting the optimal set of linguistic summaries
a) The object coding in genetic algorithm

Each gene represents a linguistic summary including the
following components:

- The filter criterion o(F,): includes pairs of (ql;, vq;),
where gl; is the index of the attribute in the attribute list
of the database, and vg; is the index of the term in LFoC
of the attribute at the index gl;

- The summarizer o(Ej): is similar to the filter criterion
F, which includes the pairs of (sm;, vs;).

- The linguistic quantifier is the index g; of linguistic
quantifier in LFoC %o.



Algorithm 1: Procedure Random-Greedy-LS.

1 Inputs: Database D, LFoC ¥4 va T(F4), where A is an
attribute of D, the summary pattern “Qos that are o(Fy)
is 0(Es)”, threshold .
2 Outputs: A linguistic summary LS satisfying
supp(o(Fgq)) = B, the maximum value
_ Lo(rg) NHo(Es)

5 , the maximum value 7, Q with the
o(Fq) . . L .
greatest semantic order in the linguistic summaries

having the same o(Fy) and o(Ejy).

3 begin

4 do

5 0(Fg) < Random_List((A41, X41), - -, (Agh>
th));

6 while supp(Fy) > f3;

7 Random_List(Agq, ..., Asm);

8 (X515« v Xsm) & (X515 -- o5 Xsm) € Fag X - XFay,
L. ZZ(F )Aﬂo(Es)
AND maximize r = —=Zr—
Zo(rq) .
9 Q < 0 € Fo AND maximize pg(r) AND maximize
SHQ)
10 return “Qos that are o(Fy) is o(Es)™;
11 end

- The truth value T of linguistic summary.

Each individual (chromosome) represents a set of lin-
guistic summaries consisting of many different genes. Each
generation consists of many different individuals.

TABLE II
AN ILLUSTRATION OF THE STRUCTURE OF A GENE REPRESENTS A
LINGUISTIC SUMMARY.

qi (ql1, (gla, (smy, | (smp, | ... | T
vq1) vg2) vs1) vs2)

b) The fitness function

The fitness function Fit of each individual that represents
a set of linguistic summaries is a weighted aggregate
measure of two measure: the goodness of the linguistic
summary Gd in formula (7), and the diversity of the set of
linguistic summaries De in formula (8). The value of fitness
function Fir is a value in the interval [0, 1] calculated by
formula (11). The best individual in the last generation is
selected as the solution to the problem when that individual
has the greatest value of Fit.

The weight of linguistic quantifier St(Q) in the linguistic
summary as in studies [17, 19] is applied to the linguistic
quantifiers with the specificity level 1 in the set {0, few, a
half, many, 1}. The linguistic quantifiers with the specificity
level 2 and level 3 are assigned the weighted value such that:
if two linguistic quantifiers Q and Q’ satisfy the condition

0 < Q’, then St(Q) < SH(Q’).
c) The genetic operators

The basic genetic operators are used as follows:

Algorithm 2: The scheme of genetic algorithm
combined with greedy strategy.

1 for i =1 to size_generation(P) do

| Add(P, Random-Greedy-LS);
end
evaluate(P);
while termination criterion not satisfied do
createEmpty(P’);
add(P’, selectElitistChromosomes(P));
while P’ is not full do do
Parent «— select(P);
Children « crossover(Parent);
add(P’, Children);
evaluate(Children);
end;

(-I-CREES B Y N T

- e
W N =D

end

while mutate criterion satisfied do

individual < chooseRandom(P’);
Replace_Genes(individual, Random-Greedy-LS);
end;

—
3 53% X

-
o«

end
P« P’;
end;

o=
S ©°

»
—=

end

N~
]

- Selection operator: with each evolution, a proportion of
the best individuals (the fitness value Fit is greatest) in the
current generation are selected for the next generation.

- The crossover operator: one point crossover operator
is applied to two randomly selected individuals to generate
two offspring. The crossover operator swaps genes between
two individuals, i.e. swaps two linguistic summaries be-
tween two sets of linguistic summaries. Crossover operator
changes the diversity measure of the sets of linguistic
summaries, not the goodness of each linguistic summary,
but the goodness of the set of linguistic summaries.

- The mutation operator: a small proportion (usually
around 0.05) alters some of the genes in a randomly selected
individual with a newly randomly generated gene, i.e., re-
placing some linguistic summaries in the set of summaries.
The mutation operator changes both the goodness Gd and
the diversity De of the set of linguistic summaries.

The genetic algorithm scheme combined greedy Greedy-
GA strategy is shown in Algorithm 2. In which, the
procedure Random-Greedy-LS (as shown in Algorithm 1)
is used to generate a linguistic summary using the greedy
strategy as presented in Section IIL.2.

In the genetic algorithm model Greedy-GA proposed
in this paper, at the initial generation step, all linguistic
summaries (the genes of individuals) are generated by the
procedure using the greedy strategy Random-Greedy-LS.
In the process of applying the genetic operators to the
evolutionary cycles, the selection and crossover operators
do not change the linguistic summaries. They just swap the
linguistic summaries between the different sets of linguistic



summaries. The mutation operator replaces some linguistic
summaries with new ones which are also generated by the
procedure Random-Greedy-LS. Thus, all linguistic sum-
maries in the entire executing process of algorithm Greedy-
GA are generated by the procedure Random-Greedy-LS. As
analyzed in Section III.2, these linguistic summaries tend
to increase the fitness function values of the individuals.
That is, the results of the proposed algorithm Greedy-GA
will give a set of better linguistic summaries according to
the adaptability evaluated by the fitness function Fit as in
formula (11).

IV. EXPERIMENT

In the experiment, we implement the proposed genetic
algorithm that combines greedy strategy model Greedy-GA
as presented in section III. To demonstrate the advantages of
the new proposal in Greedy-GA, the database creep is used.
The summary patterns and the genetic algorithm parameters
are the same as in the model hybrid-GA in study [19] to
compare and evaluate the results of extracting the optimal
set of linguistic summaries.

1. Database and sentence patterns

The database used in the experiment is creep of steel
annealing as in the study of Donis-Diaz [19]. The database
includes 2066 records and 30 attributes. In which, the
attribute CREEP represents the strength of steel. There
are 19 attributes of chemicals in steel and 6 attributes of
temperature. The linguistic summaries are extracted in the
form of sentences as in [19], as follows:

- The filter criterion F' is a combination of pairs of (att,
val), each pair (att, val) representing a linguistic predicate,
where att is an attribute in 19 attributes of chemicals or 6
attributes of temperature. The authors in [19] have shown
that when the filter criterion F has more than 6 pairs
(att, val), there is almost no record that satisfies the filter
criterion F. Therefore, in this experiment, F will be a
combination of no more than 6 pairs of (att, val).

- The summarizer S is in the form of ‘CREEP= x’, where
x is a term in LFoC Fcregp.-

2. Linguistic of cognition of the attributes and the
linguistic quantifiers 0

We use a simple hedge algebra structure which includes
two generator terms, 3 term constants, a negative hedge
‘little’, and a positive hedge ‘very’. The linguistic frame
of cognition of the attributes is %43, which consists of
3 specificity levels and 17 linguistic terms. Fuzzy sets
representing semantics of terms are represented by the
multi-granularity structure shown in Figure 2.
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The attribute CREEP has a value domain of [13, 550],
and the studies in [5, 19] have shown that values between
330 and 550 are considered ideal. The authors used 9
trapezoidal fuzzy sets to represent semantics of 9 terms
in Dom(CREEP), in which the fuzzy set representing the
term ’ideal’ (the term has the greatest semantic order in
Dom(CREEP)) has a small base in the interval from 330 to
550, the remaining 8 fuzzy sets are distributed uniformly in
the interval from 13 to 330. Thus, we select the following
set of parameters for the attribute CREEP as follows: fin(0)
=0.0195; fin(low) = 0.2832; fim(medium) = 0.0273; fm(high)
= 0.2793; fin(I1) = 0.3906; u(L) = 0.4; u(hg) = 0.25; w(V)
= 0.35. Then, the trapezoid represents semantics of the
term I (the word with the greatest semantic order in LFoC
Fcreep) has a small base coinciding with the small base
of the trapezoid representing semantics of the term ’ideal’
in [5, 19]. The trapezoids representing the semantics of the
term 0, low, medium, high, form a uniform partitions in the
interval from 13 to 330 of the reference domain.

The trapezoidal fuzzy sets represent the semantics of
terms of the attributes of time, temperature, and chemicals
in [19] that form the strong partitions on their reference
domains. Therefore, we choose a balanced fuzziness pa-
rameter value set for those attributes as follows: fin(0) =
0.03; fin(low) = 0.42; fm(W) = 0.1; fim(high) = 0.42; fm(I)
= 0.03; u(L) = 0.4; p(ho) = 0.25; w(V) = 0.35.

The set of fuzziness parameter value of the set of
linguistic quantifier Q is determined as follows: fm(0) =
0.03; fm(few) = 0.42; fm(a half) = 0.1; fm(many) = 0.42;
fm(I) = 0.03; (L) = 0.4; u(ho) = 0.25; u(V) = 0.35.

In this experiment, we use the linguistic frame of cogni-
tion with the specificity of 3. That is, there are 17 terms in
LFoC for each attribute in the database creep and the LFoC
of the linguistic quantifier Q. The number of terms of 17
is more than twice the number of terms of the attributes in
studies [5, 19].

3. The parameters of genetic algorithm

The parameters of genetic algorithms are selected as in
study [19]. Specifically, the number of linguistic summaries
in each summary set is 30, corresponding to the 30 genes
in each individual. The number of individuals in each
generation is 20, and the number of iterations is 100. The
selection rate is 0.15, and the mutation rate is 0.1. The
fitness function Fir evaluates each individual in equation
(11) with parameter values mg = 0.7, mg = 0.3.

4. Experimental results

Figure 3 shows the change of the best value of the
fitness function Fir of the best individual in each generation
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Figure 3. Fitness function value Fit of the best individual in the population in over 100 iterations.
TABLE III
COMPARISON OF THE PERFORMANCE RESULTS OF THE GREEDY-GA MODEL IN THIS STUDY WITH THE HYBRID-GA MODEL IN [19].
Model GA Fitness function | The average of | The number of sum- | The number of sum- | The number of sum-
value Fit truth values T maries with Q > a half | maries with T > 0.8 maries with 7 = 0
Hybrid-GA .[19] 0.6659 0.9139 17.8 27.0 1.0
Greedy-GA 0.7905 0.9951 18.8 30 0

over each loop. From there, it shows that this value has
increased gradually and will converge to a value at the last
iterations. It proves that the results reflect the evolution
through iterations.

Table III shows the comparison between the results of
the algorithm Greedy-GA proposed in this paper and those
of the algorithm Hybird-GA in the paper of Donis-Diaz et
al. [19] on the evaluation function value Fit, the average
of the validity values T of the linguistic summaries, the
number of linguistic summaries with linguistic quantifier
with semantic order greater than ’a half’, the number of
linguistic summaries with the truth value 7 > 0.8, and the
number of linguistic summaries with truth value 7 = 0
(corresponding to the case that there is not any records
satisfying condition in F). The model Hybrid GA has been
evaluated to be better than the basic model GA (Classical-
GA) and the basic model GA combined with the Cleaning
operator (Classcial + Cleaning-GA) to remove summaries
with the truth value T = 0. Table III shows that the
model Greedy-GA in this study has some advantages in
comparison with the model Hybrid-GA:

e The optimal set of linguistic summaries has the greater
fitness function value Fit. It proves that Greedy-GA gives
a better optimal solution.

e There are more summaries which have linguistic quan-
tifiers with semantic order greater than ‘a half’. This is the
result of using the greedy strategy for selecting linguistic
quantifiers with semantic order as large as possible in
linguistic summaries with the same filter criterion F'.

e The number of linguistic summaries with truth value
T > 0.8 in our experiment reaches the maximum of 30,
higher than the result of 27 summaries in [19]. This is
because we use the linguistic quantifier term set with 17

85

terms, and the trapezoids representing the semantics of the
linguistic quantifiers form the fuzzy partitions in the form
of multi-granularity structure. This proves the advantage of
the trapezoidal semantic representation designed based on
the hedge algebras theory in [20] and the meaning of the
scalability of LFoC in practical applications. Specifically,
increasing the number of linguistic quantifiers by using
more terms with a larger level of specificity will increase
the ability to represent by quantifier term for any proportion
in the interval of [0, 1]. The experimental results show that
when LFoC of Q consists of 3 levels, it has the ability to
select quantifier term for linguistic summaries with truth
values greater than 0.8.

e There is no linguistic summary with the truth value
T = 0. As analyzed at the end of Section III, all linguistic
summaries in the execution process of genetic algorithm are
generated by the procedure Random-Greedy-LS. Because
we have used the condition supp(F) > 0.1 for the support
measure in the procedure Random-Greedy-LS, there will be
no summary with 7 = 0 in the execution of the algorithm
Greedy-GA.

V. CONCLUSIONS

The extraction of knowledge represented in words in
natural language from numerical datasets is a current
trend. In this paper, we proposed a genetic algorithm
model combined with the greedy strategy Greedy-GA to
extract the optimal set of linguistic summaries based on
the evaluation of the goodness and diversity of the set of
linguistic summaries. The use of greedy strategy led to
the generation of linguistic summaries with high goodness
level and the increase of diversity in the set of linguistic
summaries. Therefore, the Greedy-GA has better efficiency



when applied to extracting the optimal set of linguistic
summaries compared to some existing genetic models.
One difference from the existing genetic models to extract
the optimal set of linguistic summaries is that we utilize
hedge algebras methodology for designing the fuzzy sets
based on semantics of linguistic terms. This ensures the
interpretability of the content of the linguistic summaries,
and that the set of terms consists of many high specificity
terms also increase the quality of the set of linguistic
summaries. The experimental results of dataset creep have
proved the effectiveness of fuzzy set design method based
on hedge algebras methodology and the model of genetic
algorithm combined with greedy strategy in comparison
with their counterparts.
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Abstract: 3D hand pose estimation from egocentric vision is
an important study in the construction of assistance systems
and modeling of robot hand in robotics. In this paper, we
propose a complete method for estimating 3D hand pose
from the complex scene data obtained from the egocentric
sensor. In which we propose a simple yet highly efficient
pre-processing step for hand segmentation. In the estimation
process, we used the Hand Point Net (HPN), V2V-PoseNet
(V2V), Point-to-Point Regression PointNet (PtoP) for fine-
tuning to estimate the 3D hand pose from the collected data
obtained from the egocentric sensor, such as CVRA, FPHA
(First-Person Hand Action) datasets. HPN, V2V, PtoP are the
deep networks/Convolutional Neural Networks (CNNs) for
estimating 3D hand pose that uses the point cloud data of
the hand. We evaluate the estimation results using the pre-
processing step and do not use the pre-processing step to see
the effectiveness of the proposed method. In particular, we
evaluated the entire FPHA dataset with five different sampling
configurations. The results show that 3D distance error is
increased many times compared to estimates on the hand
datasets are not obstructed (the hand data obtained from
surveillance cameras, are viewed from top view, front view,
sides view) such as MSRA, NYU, ICVL datasets. The results
are quantified, analyzed, shown on the point cloud data of
CVAR dataset and projected on the color image of FPHA
dataset.

Index Terms: 3D Hand Pose Estimation, Point Cloud Data,
3D Convolutional Neural Networks, Egocentric Vision Dataset.

I. INTRODUCTION

Building robotic arms to perform complex actions like
human hands is challenging research. Due to the joints on
the human hand, there is a great Degree Of Freedom (DOF),
as illustrated in Figure 2(b). In which the re-modeling of
human hand actions is an approach [2]. From there build the
action of fingers on robot arms like that, as simulating the
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Figure 1: Illustrating the distinction between surveillance cameras and
egocentric cameras.
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Figure 2: Illustration of some types of grasping the object and the
number of Degrees Of Freedom (DOF) of the hand [1].

human hand grasping objects in everyday life [3] (Figure
2(a)). To do this, hand poses in the 3D space / the real
world need to be estimated.

The camera mounting is called "Egocentric Camera” and
the dataset obtained from this camera is called “Egocentric
Dataset”. Figure 1 shows the distinction between surveil-



Figure 3: Illustration of the RGB images captured from the mounted
camera on the chest’s person/ egocentric camera of FPHA dataset.

lance cameras and First-Person/Egocentric cameras. At the
same time they are also defined in [4], [5]. The human
hand in a real environment from an egocentric vision is
missing due to the obscure data of the fingers, usually only
obtained data of the palm as Figure 3. The human hand
must first be detected, segmented, and fully estimated for
joints in the 3D space. However, this issue is faced with
many difficulties due to the data of the human hand is lost,
obscured, and noises when collected from the egocentric
vision.

Over the past four years, with the success of Convolu-
tional Neural Networks (CNN5s) in various computer vision,
there have been about 60 valuable studies on estimating 3D
hand pose using this method and the statistics of studies
are shown in the first table of research by Le et al. [6].
The majority of studies on 3D hand pose estimation were
evaluated on three outstanding datasets: MSRA [7], NYU
[8], ICVL [9]. These datasets have the hand data that is
sufficient (not obscured), thus the estimating results of
the hand pose are low error, the results are shown in
[6]. Recently, several CNNs have been proposed for 3D
hand pose estimation for egocentric datasets on the RGB
and based on the 3D joints annotation, their estimated
results have low errors, as HOPE-Net [10]. The average
error estimated HOPE-Net’s hand pose on the FPHA [11]
dataset was 8.61lmm. This dataset have not been evaluated
and compared with 3D CNNs appeared earlier as HPN
[12], V2V [13], PtoP [14]. HPN, V2V, PtoP are the deep
networks that the estimated results are high accuracy (the
average of 3D joint error is 10.5 mm, 7.49mm, 7.71mm
on the NYU dataset) on the datasets that captured the
surveillance camera at the front view or top view. These
CNNs estimate the joints of the hand based on point cloud
data, it is the same as the real world. Currently, this data is
collected from various types of depth sensors such as MS
Kinect, Real scene, Creative Interactive Gesture.

The main contributions in our paper are as follows:

e An extension from the previous work [15] on 3D
hand pose estimation are proposed. In this study, we
deploy an end-to-end frame-work forfor 3D hand
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pose estimation from complex scene data that are
obtained from the egocentric sensor. The proposed
frame-work is a combination of the pre-processing
step for the separating hand region in the complex
scenes and a 3D CNN estimating a hand pose from
the point cloud data.

o To adapt challenges when estimating hand poses
from missing, obscured data, especially estimating the
joints of the hands in the three dimension space,we
performed the fine-tuning HPN, V2V, PtoP on the
egocentric datasets such as CVAR [16], FPHA [11].
These CNNs achieve good estimation results because
the training features are extracted from the point cloud
data (3D data) of hand. In [15] we only evaluated
performnaces of hand-pose estimation with the CVAR
[16]. In this study, we expand the evaluations to the
FPHA dataset. It is a large dataset with more complex-
ity. Particularly, we evaluated multiple configuration
schemes for training and testing samples.

o The evaluations are performed and shown on 3-D point
cloud data. This type of data are more precisely and
closed tothe real world expressions. In relevant works
(e.g., in Doosti’s study [10]), the estimation results
are presented in color images. These presentations
do not present intuitively poses and limit observing
hand/joins in occlusion cases.

The paper is organized as follows: Section I introduces
3D hand pose estimation methods and the application.
Section II discusses the related work by the methods,
results, sensors, and the egocentric datasets. Section III
presents 3D hand pose estimation by 3D CNNs. Section
IV presents, discusses the experimental results of 3D hand
pose estimation. Section V discusses the conclusion and
future work of this paper.

II. RELATED WORKS

The studies of estimating, restoring the full 3D hand
skeleton, and pose involve many applications, the studies
are heavily listed in the survey of Rui et al. [17]. This is a
very comprehensive listing of 3D hand pose estimation and
related studies: hand detection, hand tracking, hand parsing,
fingertip detection, hand contour estimation, hand segmen-
tation, gesture recognition. The challenges of estimating
hand pose are also presented in the study of Rui et al.
[17]: low resolution, self-similarity, occlusion, incomplete
data, annotation difficulties, hand segmentation, real-time
performance. 3D hand pose estimation is usually based on
depth data obtained from depth sensors. The first table of
research by Li et al. [17] lists 19 popular depth sensors that
can collect depth data produced between 2010 and 2018 and
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Figure 4: Overview of 3D hand pose estimation approach using 3D CNN-based from the point cloud data.

depth technology, measurement range, the maximum speed
of depth data collection are also presented.

The depth sensors are divided into groups.In particle, the
weight, the range limitation, and frame rate of the sensors
have been improved. The weight, range limitation, and
frame rate of MS Kinect vl (2010) are about 907 grams,
0.5-4.5m, 30fps, respectively; The Intel real scene D435
(2018) are about 150 grams, 0.11-10 m, 90fps, respectively
[17]. From this, the quality of the data collected is better.

For the hand pose estimation, Rui et al. [17] has pre-
sented three methods to solve 3D hand pose estimation:
model-based method, appearance-based method, hybrid
method. In which Erol et al. [18] also introduced two main
methods (model-based method, appearance-based method)
to solve this problem in the 2D space. The model-based
method compares the hypothetical hand poses and the data
obtained from the cameras. The comparison is evaluated
based on objective function measures the discrepancy be-
tween the actual observations and the observations that are
expected from the generative hand model. The appearance-
based method based on learning the characteristics from
the observations to a discrete set of the annotated hand
poses. The model of training the annotated hand poses is the
ability of the discriminative classifier or regression model
to describe invariant characteristics of hand pose as a map
of the joints of the fingers.

Estimating 3D hand pose has been interested in research
with a large community in recent years, especially the
method using CNNs. Doosti et al. [19] has been presented,
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there are two methods for estimating 3D hand pose: depth-
based method and RGB-based method. In the depth-based
method divided into two branches is to estimate the joints
on the depth map of the image depth as researchers of
Oberweger et al. [20], Zhang et al. [21], Wan et al. [22];
converting the depth image data to the point cloud data
and estimate on it as researchers of Liuhao et al [23], Wan
et al. [24], Ge et al. [25]. The RGB-based method trains
the position of the annotated joints on the color image,
then predicts the positions of the joints on the 2D heat-
map. Finally, the regression of the 3D position of the joints
is based on a synthesized of joints data or projected to
3D space through the depth image and point cloud data,
respectively. Recently, the study of Doosti et al. [10] has
very good results of 3D hand pose estimation on FPHA
dataset (the average error is 6.81mm). This study used the
ResNet10 to predict the initial 2D coordinates of the joints,
after that using the graph convolution to estimate the better
2D pose. And then the predicted joints are passed to Graph
U-Net [26] to find the 3D hand joints.

To evaluate the hand pose estimation methods, Rui et
al. [17] proposed an evaluation experiment as shown in
4" figure of research by Li et al. [17]. In particular, the
benchmark datasets for evaluating 3D hand pose estimation
were also presented: NYU [8], ICVL [27], and MSRA [28].

Another good survey of hand pose estimation is the study
of Barsoum [29]. In this study, the author also conducted
surveys on three methods to perform hand pose estimation
from the depth image: appearance-based method is shown
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UCI-EGO-Syn [37] dataset.

in 3" figure, model-based method is shown in 4" figure,
the hybrid method is shown in 4" figure of research
by Barsoum et al. [29]. Hand segmentation steps are in-
cluded in the three models because its outcome determines
the accuracy of all these steps. This step can be solved
by several methods as follows: Color or IR skin based;
Temperature-based; Marker-based; Depth-based; Machine
learning-based. In particular, Barsoum et al. [29] presented
two studies that use deep learning to estimate hand pose in
2014 [8] and 2015 [30].

By egocentric dataset, already has a number of datasets
published, these are listed as follows: UCI-EGO dataset
[31], Graz16 dataset [16], Dexter+Object dataset [32], Big-
Hand2.2M dataset [33], HO-3D Dataset [34]. The results of
studies on estimating 3D hand pose before 2019 have great
joints error, as illustrated in Figure 5. Recently, Doosti et
al. [10] proposed and evaluated Hope-Net on FPHA [35]
and HO-3D [34] datasets, the average 3D estimated joints
error is very small (6.81mm).

II1. 3D HAND POSE ESTIMATION FROM EGOCENTRIC
VISION DATASETS

Different from previous studies by using CNNs for 3D
hand pose estimation, they are evaluated on MSRA, NYU,
ICVL datasets. These datasets are detected and segmented
the human hands, as illustrated in Figur 6. In this paper, we
have fine-tuning the HPN, V2V, PtoP to estimate 3D hand
pose on the CVAR [16], FPHA [11] datasets. Before re-
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train the estimation model for 3D hand pose estimation on
the CVAR dataset, as illustrated in Figure 4. We propose a
simple pre-processing step to segment the hand data in the
complex scenes. At the same time, we also re-trained and
evaluated 3D hand pose estimation on the FPHA dataset
that based on the 3D annotation of hand joints.

1. Hand segmentation from egocentric vision data

Previous studies on 3D CNNs estimated the hand pose
on the hand data which have been segmented with data of
the complex scenes. Ge et al. [14] used a single hourglass
network [38] to detect 2D hand joint locations on the 2D
heat-map of RGB image and use the corresponding depth
information for hand segmentation. Ge et al. [12] used the
random decision forest (RDF) [9] to segment the data of
hand on the depth image. The presented methods of hand
segmentation with the complex scene are complex, time
consuming for feature extraction, hand model training.

]y ¥ ¥ M=

ICVL dataset

MSRA dataset NYU dataset

Figure 6: Illustration of the detected and segmented human hands on the
MSRA, NYU, ICVL datasets.

Based on the contextual, as illustrated in Figure 3. The
data of hand and the complex scene are collected from
the egocentric vision sensor. Before performing 3D hand
pose estimation from the point cloud data, we propose a
pre-processing step to segment the hand from the complex
scene data, as shown in Figure 4. The depth image contains
the depth value of the hand data is the closest (the hand is
closest to the sensor). From there we use a threshold d;j, s
which is the maximum depth value of the hand to segment
the data of the hand and other data in the complex scene.
The data segmentation algorithm on depth image obtained
from egocentric vision is presented in Algorithm 1.

2. 3D hand pose estimation by Point Cloud-based

Different from previous CNN 3D hand pose estimation
methods that take 2D images [22] or 3D volumes [25] as
the input, the HPN, V2V, PtoP processes directly on the
point cloud data generated from the depth images. The point
cloud data of the segmented hand is represented by the Kd-
tree [39] structure when used the HPN, V2V, PtoP on the
MSRA, NYU, ICVL datasets.

a) HPN for 3D hand pose estimation

From this structure, it is possible to exploit the feature
of the normal vector of points on the point cloud data. Due
to a large number of points on the point cloud data and
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Algorithm 1: The data segmentation algorithm on
the depth image obtained from egocentric vision,
based on the threshold.
Data: Depth image I,
Result: Depth image I},
1 w = width(ly);
2 h = height(1y);
3 I, = zeros(w, h);
4 for i=1 to w
for 57=1 to h

wm

6 Dvalue - Id('&,]),

7 If(-Dvalue >0 && Dvalue < dthres)
8 In(1,7) = Dyatue;

9 else

10 I,(i,5) = 0;

1 endif

12 endfor

13 endfor

the 3D space, to reduce the volume of calculations and
to make the network is robust, HPN has implemented the
data standardization and rotation with the 3D point cloud
in an Oriented Bounding Box (OBB) and data reduction in
three levels, as illustrated in Figure 4(top branch): Level 1
data is standardized to 1024 points; Level 2 includes 512
points; Level 3 consists of 128 points. This is a simple
pre-processing step, but it is highly effective for calculating
time.

OBB is a tightly fitting bounding box of the input point
cloud. The orientation of OBB is determined by performing
the Principal Component Analysis (PCA) on the input point
cloud. The X, y, z axes of the OBB coordinate system are
determined by the eigenvectors of input points’ covariance
matrix, which correspond to eigenvalues from largest to
smallest, respectively. The input point cloud p°™ is first
transformed into OBB space, then these points are shifted
to have zero mean and scaled to a unit size as follows Eq.

(D).

ort

obb _ ( obb)T‘pOTi7pnOT — (pobb _ ﬁ()bb)/[/obb

P (1

where R is the rotation matrix of the OBB in camera
and p°® are 3D coordinates of
point p in camera coordinate system and OBB coordinate
system, respectively; p°? is the centroid of point cloud
{p?*yN |5 Loy, is the maximum edge length of OBB;
p"°" is the normalized 3D coordinate of point p in the
normalized OBB coordinate system.

HPN is based on the PointNet [40], [41], it exploits the
hierarchical PointNet for 3D hand pose estimation. The

coordinate system; p°"?
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input of HPN is a set of normalized points PO, as presented
in Eq. (2).

PO = {po;}iL, = {pp*",n L, ()

where p; is the 3D coordinate of the normalized point and
n;°" is the corresponding 3D normal vector of p;; IV is the
number of points of the standardized hand point cloud data
then fed into a hierarchical PointNet [40].

The first two levels of group input points, as shown in
Figure 4 (top branch), are N; = 512 and Ny = 128 local
regions, respectively and extract Cy = 128 and Cy = 256
dimensional features for each local region, respectively.
Each local region contains k = 64 points. The last level
extracts a 1024-dim global feature vector which is mapped
to an F-dim output vector by three fully-connected layers.
The PointNet is designed to output an F-dim (F' < 3 x M)
representation of the estimated 3D hand pose.

In the training process, HPN given the training samples

with the normalized point cloud and the corresponding
nor T 1

9T ), It min-

imizes the following objective function, as shown in Eq.

Q).

ground truth 3D joint locations (po’°"

T
6" = argminy _ [lor = (poi", O)|* + A0]* )
t=1

where 6 is the network parameters; - represents the hand
pose regression PointNet; X is the regularization strength;
. By performing PCA on
the ground truth 3D joint locations in the training dataset,
the network can obtain o, = ET.(gr°" — u), where E is
the principal component, and u is the empirical mean.

oy is an F-dim projection of grip°”

In the testing process, the estimated 3D joint locations
are reconstructed from the HPN outputs, as shown in Eq.

.

~ NOoT
r

= E~(po™",0%) +u @)

b) PtoP for 3D hand pose estimation

Just like the two methods presented, the input to estimate
PtoP’s 3D hand pose is also the point cloud data. To predict
the hand poses that use the regression approach they are
often require learn a highly non-linear mapping. However,
if learning on all points in the point set is unnecessary
and may make the per-point votes noisy, especially the
training time is high. The main contributions of PtoP are
to generate point-wise estimations of hand joint locations
from the point cloud, which is able to better utilize the local
evidence. The point-wise estimations can be defined as the
offsets from points to hand joint locations. The process
of estimating the offset of the hand joints is illustrated



in 2t" figure of research by Ge et al. [14]. PtoP uses the
hierarchical PointNet [40] for learning heat-maps and unit
vector fields on 3D point cloud. They are defined in Eq.
(5) and Eq. (6), respectively.

L—|¢; —pill/r  pi €}
H(pi,d7) = and ||¢f —pil| <, ®)
0 otherwise;
(05 —pi) /o —pill  pi € 6}
Ulpi,d;) = and ||¢5 —pil| <, (6)

0 otherwise;

where H is the heat-map of the neighboring points with
the ground truth hand joint location; U is unit vector
field/normal vector of the neighboring points with the
ground truth hand joint location; ¢7(j = 1,...,J) is is a
set of K-Nearest Neighboring points (KNN) of the ground
truth hand joint location; p;(i = 1,..., V) is a set of points
that want to estimate the offset; r is the maximum radius
of ball for nearest neighbor search.

To get standard data as input to CNN, this method also
performs the data normalization process to unify the view
direction and size of the data. PtoP creates an Oriented
Bounding Box (OBB) from the 3D point cloud and trans-
form the 3D points into the OBB coordinate system, as
shown in Figure 4. Standardized point cloud data is between
-0.5 and 0.5 and includes 1024 points. The network archi-
tecture of PtoP uses a single hierarchical PointNet [40].
Base on the stacked hourglass networks method, PtoP uses
two-stacked hierarchical PointNet modules end-to-end to
boost the performance of the network with the same hyper-
parameters. The architecture of the two stacks is shown in
4" figure of research by Ge et al. [14]. To supervise the
training process of the two-stacked hierarchical PointNet,
PtoP uses the loss function which is defined in 4" equation
of research by Ge et al. [14].

c) V2V for 3D hand pose estimation

As shown in Figure 4 (bottom branch), the input of
V2V method is 3D voxelized data. Thus, it reprojects each
pixel of the depth map to the 3D space. After reprojecting
all depth pixels, the 3D space is discretized based on
the pre-defined voxel size. V2V-PoseNet is based on the
hourglass model [38] and is designed to be divided into four
volumetric blocks. The first volumetric basic block includes
a volumetric convolution, volumetric batch normalization,
and the activation function. This block is located in the
first and last parts of the network. The second volumetric
residual block extended from the 2D residual block in [42].
The third volumetric downsampling block that is identical
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to a volumetric max pooling layer. The last block is the vol-
umetric upsampling block, which consists of a volumetric
deconvolution layer, volumetric batch normalization layer,
and the activation function.

Each phase of V2V-PoseNet method presented in Figure
4. Each phase consists of four blocks: Volumetric resid-
ual block, Volumetric downsampling block, Branch split,
Voxel-wise addition. Therein, the volumetric downsampling
block reduces the spatial size of the feature map while the
volumetric residual bock increases the number of channels
in the encoder phase. Otherwise, the volumetric upsampling
block enlarges the spatial size of the feature map. When
upsampling, the network decreases the number of channels
to compress the extracted features. To predict each keypoint
of the hand in 3D space through two stages: encoder,
decoder. They are connected together by the voxel-wise. To
supervise the per-voxel likelihood in the estimating process,
V2V generates 3D heat-map, wherein the mean of Gaussian
peak is positioned at the ground truth joint location in Eq.

7.
(N
where D is the ground truth 3D heatmap of n'"
keypoint, (%, jn, k») is the ground truth voxel coordinate of
nt" and ¢ = 1.7 is the standard deviation of the Gaussian

peak [13]. V2V also uses the mean square error as a loss
function L in Eq. 8.

(i - in)z + (] B Jn)2 + (k B kn>2
202

D (i j k) = e:cp(—

N
L= "> "|ID;(i,5.k) = Duli, 5, k) (®)

n=114,j,k

where D} and D,, are the ground truth and estimated
heatmaps for n*" keypoint, respectively, and N denotes the
number of keypoints.

IV. EXPERIMENTAL RESULTS
1. Datasets

In this paper, we conduct fine-tuning and evaluation on
two egocentric vision datasets as following.

CVAR dataset [16] has more than 2000 depth frames
of several egocentric sequences of six subjects. It captured
from Creative Senz 3D, with intrinsics fz = 224.5, fy =
230.5, uz = 160, uy = 120 and contains several sequences
of a single person. 3D annotations are made with 21 joint
points, as illustrated in Figure 9. The size of the image is
320 x 240 pixels. The authors proposed a semi-automated
the application that makes it easy to annotate sequences
of articulated poses in the 3D space. This application asks
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a human annotator to provide an estimate of the 2D re-
projection of the visible joints in frames they are called
reference frames. It proposes a method to automatically
select these reference frames to minimize the annotation
effort, based on the appearances of the frames over the
whole sequence. It then uses this information to auto-
matically infer the 3D locations of the joints for all the
frames, by exploiting appearance, temporal and distances
constraints. Figure 7 (top row) presents the depth images,
the corresponding segmented human hands (bottom row),
respectively.

- - - o
! - ! o

CVAR dataset

Figure 7: Illustration of CVAR [16] dataset.

FPHA dataset (First-Person Hand Action Dataset) [35]
includes 100K frames, involving 26 different objects in
several hand configurations. This dataset is collected from
6 people (6 subjects), 45 daily hand action categories, each
action is collected from 3 to 9 times (instances), for a
total of 1175 action sequences. It is captured from the
Intel RealSense SR300, the size of color data is 1920x1080
pixels with .jpeg format and the size of depth data is
640x480 pixels with .png format, as illustrated in Figure 8.
It also provided 3D hand joints annotation by the MOCAP
system with 21 joints, as illustrated in Figure 9.

Mo-cap system

Figure 8: Illustration of FPHA [35] dataset. The MOCAP system used to
make 3D hand joints annotation.

In this paper, to see the effect of the pre-processing step
before performing 3D hand pose estimation. We evaluated
the hand pose estimation on the segmented and cropped
hand/no segmented hand data in the complex scenes of
the CVAR dataset. On the FPHA dataset, the hand holds
the object so the hand and object data are stuck together.
Therefore, we perform fine-tuning and estimation on the
cropped hand data based on the annotation data of the hand.
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This data is the same as the non-segmented hand data on
the CVAR dataset.

2. CNNs parameters and evaluation measurement

We perform experiments on PC with Core i5 processor -
RAM 8G, 4GB GPU. Pre-processing steps were performed
on Matlab, fine-tuning, and development process in Python
language on Ubuntu 18.04.

Hand PointNet parameters:

For training PointNets, we use Adam [43] optimizer with
initial learning rate 0.001, batch size 8, and regularization
strength 0.0005. The learning rate is divided by 10 after
50 epochs. The training process is stopped after 60 epochs.
The number of PCA components is 42, the size of KNN
search is 64. The square of radius for ball query in level 1,
level 2 is 0.015, 0.04, respectively. This set of parameters
is the same as in the experiment of [12]. Implementation
details of HPN are shown in the link !.

V2V-PoseNet parameters:

This deep network is developed in the PyTorch frame-
work. The zero-mean Gaussian distribution with o = 0.001
is initialized to all weights. The learning rate is set 0.00025
and batch size is set 4. The size of the input to the proposed
system is 88 x 88 x 88. This deep network also uses the
optimizer method of Adam [43]. To standardize data for
training, V2V rotates [-40, 40] degrees in XY space, scale
[0.8, 1.2] in 3D space, and translate with the size of voxels
[-8, 8] in 3D space. We trained the model for 15 epochs.
Implementation details of V2V are shown in the link 2.

Point-to-Point Regression PointNet parameters:

The deep neural network models are implemented within
the PyTorch framework. This deep network also uses the
optimizer method of Adam [43], the learning rate 0.001,
batch size 8, momentum 0.5 and weight decay 0.0005. The
learning rate is divided by 10 after 30 epochs. The training
process is stopped after 60 epochs. Implementation details
of PtoP are shown in the link .

Evaluation measure:

Like the evaluations of the previous 3D hand pose
estimation method, we used the average 3D distance error
(as shown in Eq. 9) to evaluate the results of the 3D hand
pose estimation on the datasets.

Num 21
— ° 1
Errg = m ngl ﬁ ;Dls<pgape) )

Thttps://github.com/3huo/Hand- Pointnet.
2https://github.com/dragonbook/V2V-PoseNet-pytorch.
3https://github.com/ataatal07/Point-to- Point-Regression- Hand-Pose.
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https://github.com/ataata107/Point-to-Point-Regression-Hand-Pose

where DIS(pg, pe) is the distance between a ground truth
joint py and an estimated joint p.; Num, is the number of
testing frames. In this paper, we evaluated the 21 joints of
hand pose, illustrated in Figure 9.

15)

@ (18),
5 @ (13) o 5 W02
"® ©® 1)@ -
(12) an 13) {9
@ n® 0@ (10) & g)
(11) (16) (21)
(21) .v le , s ”
@ ®
20/ @ 12». © 1o {, (20) ) A
14
119)' 19/®
® 6 ®
(18)
o (1) .(1)
CVAR FPHA

Figure 9: Illustrating the hand joints of CVAR and FPHA dataset.

In this paper, we use the rate at approximately 1:4 for
testing and training samples with the CVAR dataset. This
ratio is based on the setup given in [16]. This means that on
the CVAR dataset using 1733 samples for training and 433
samples for testing. For each trial, the training and testing
samples are selected randomly.

On the FPHA dataset, we used five configurations for
training and testing. The first configuration used ”Subject2”,
”Subjectd”, ”Subject5”, ”Subject6” with 72260 samples for
training and “Subject3” with 15770 samples for testing
(the ratio is at approximately 1: 4 for testing and training
model).

The second configuration (Configu_312) used the 3¢
sequence in each subject “Subjectl”, ”Subject2”, “’Sub-
ject3”, ”Subject4”, “Subject5”, “Subject6”) for testing
(23704 samples), the 1st sequence in each subject for vali-
dation (27097 samples) and remaining for training (54658
samples) (the ratio is at approximately 1:3 for testing and
training model). The selection of samples was based on
HOPE-Net [10] evaluations on the FPHA dataset.

The third configuration (Coon figu_123) used the 1°¢ se-
quence in each subject ("Subjectl”, ”Subject2”, ’Subject3”,
”Subject4”, ”Subject5”, ”Subject6”) for testing (27097 sam-
ples), the 2"% sequence in each subject for validation
(25475 samples) and remaining for training (52887 sam-
ples) (the ratio is at approximately 1: 2.5 for testing and
training model).

The fourth configuration (Configu_213) used the 2"¢
sequence in each subject ("Subjectl”, ”Subject2”, ’Sub-
ject3”, ”Subjectd”, “Subject5”, “Subject6”) for testing
(25475 samples), the 1%¢ sequence in each subject for val-
idation (27097 samples) and remaining for training (52887
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samples) (the ratio is at approximately 1: 2.5 for testing
and training model).

The fifth configuration (Con figu_321) used the 3" se-
quence in each subject ("Subjectl”, ”Subject2”, ’Subject3”,
”Subjectd”, ”Subject5”, ’Subject6”) for testing (23704 sam-
ples), the 2"? sequence in each subject for validation
(25475 samples) and remaining for training (56280 sam-
ples) (the ratio is at approximately 1: 2.5 for testing and
training model).

In this paper, we have evaluated with many different
sampling configurations training and testing 3D hand pose
estimation models. From the second configuration to the
fifth configuration (this experiment is based on the multi-
fold not just n-fold cross-validation), we only evaluate the
cropped hand method.

3. Results and Discussions

Like the evaluation of 3D hand pose estimation results
shown in the 2"¢ table of research by Yoo et al. [44],
we also use the 3D distance error (mm) to evaluate the
estimation results on CVAR and FPHA datasets with the
five configurations. The average 3D distance error and the
average processing time on the first configuration are shown
in Table I, II, respectively.

The processing time of 3D hand pose estimation is shown
in Table II. This time includes the hand segmentation time
or the cropping hand time on the depth image. The distri-
bution of the average 3D distance error when evaluating on
CVAR dataset is presented in Figure 10.
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Figure 10: The distribution of average 3D distance error for 3D hand pose
estimation on the CVAR [16] dataset when using the hand segmentation
and not use the hand segmentation. The left is the error distribution
of estimating 3D hand pose from the point cloud data using the hand
segmentation. The right is the error distribution of estimating 3D hand
pose from the point cloud data which not use the hand segmentation. The
top line is based on HPN method; The mid line is based on V2V method;
The bottom line is based on PtoP method.
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TABLE I: The average 3D distance error (mm) of HPN [12], V2V [13], PtoP [14] on the CVAR, FPHA (the first configuration) datasets for 3D hand

pose estimation when using the hand segmentation and the cropped hand.

Measurement/
Dataset Mothod HPN [12] V2V [13] PtoP [14]

Hand

CVAR Aye}*age of segmentation 77.53 100.58 45.27

3D joints error Cronped

(mm) pp 450.87 184.88 617.99
hand

FPHA C;""Ped 144.16 241.23 121.74
and

TABLE II: The average processing time (mm) of HPN [12], V2V [13],
PtoP [14] to estimate a 3D hand pose on the CVAR dataset when using
the hand segmentation and the cropped hand.

Measurement/
HPN [12] V2V [13] PtoP [14]
Method
Processing ¢ Hand 12.44 504.22 197.81
time (ms)/ e%mentagon
hand ‘l'l‘;l:ll(’ie 17.26 638.25 198.52

Figure 11: 3D hand pose estimation results on the CVAR [16] dataset;
Top line is the depth images; The bottom line is 3D hand pose estimation
results. The blue point cloud is the normalized point cloud of the hand.
The red hand skeleton is 3D ground truth of 3D hand pose. The black
hand skeleton is the estimated 3D hand pose.

Based on the results in Table I and Figure 10 when
using the hand segmentation, the estimated error of joints
in the 3D space on the CVAR dataset is more than 9
times higher than the errors on the MSRA dataset, more
than 7 times the error on the NYU dataset, 11 times the
error on the ICVL dataset, respectively. This problem starts
from the complexity of the CVAR dataset, the data of the
hand is obscured, is missing because the view direction
of the sensor only sees the palm, the data of the fingers
is obscured, as shown in Figure 11. Another problem is
that the depth value of the hand data on the CVAR dataset
is larger than the MSRA, NYU, ICVL. For example, the
minimum hand depth value of 10 frames on CVAR is about
510mm while the minimum hand depth value of 10 frames
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Figure 12: Illustration of estimation result on the hand data that
cropped/did not segmented in the complex scene. (a) is the depth image
data of the hand cut based on the ground truth data; (b) is point cloud
data that has not been sample reduced; (c) is the point cloud data that is
sampled and normalized, the ground truth skeleton/joints data; (d) is 3D
hand pose estimation results based on standardized data based on HPN
(black skeleton). The data areas marked with red circles are data of other
objects in the complex scene.
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Figure 13: Illustration of 3D hand pose estimation result on the hand
data when using hand segmentation and the cropped hand/not use hand
segmentation in the complex scene that base on the V2V method. The
blue points are the point cloud data of the hand without sample reduction
and data normalization. The red skeleton is 3D ground truth of hand pose,
the black skeleton is 3D hand pose estimation.

on MSRA is about 350mm. This means that the hand on the
CVAR dataset is far more sensor than the MSRA dataset.

Figure 11 illustrates the result of estimating 3D hand
pose on the obscured data by these fingers in the CVAR
dataset. Although on the segmented hand there is little data
noise, as illustrated in Figure 11. However, this data is few
and not far from the hand data, so the estimation range of
the hand pose is not much larger, so the estimation results
when using the hand data segmentation is better more than
in the case of not using the hand data segmentation.

When the hand data is not segmented in a complex scene
the error is greatly increased (from 77.53 to 450.87 on the
CVAR dataset), as shown in Table I and illustrated in Figure
12. This result is greatly increased because the estimated
space for 3D hand joints on the non-segmefnted data is
very large and there is a high dimension in the 3D space.
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Figure 14: The distribution of average 3D distance error for 3D hand pose
estimation on the FPHA [35] dataset when not use the hand segmentation.
The top line is based on HPN method; The mid line is based on V2V
method; The bottom line is based on PtoP method.

Result of HPN

Color image

Figure 15: The estimated results on color image projected from 3D hand
pose data by HPN, V2V, PtoP on the FPHA [35] dataset. 3D ground truth
hand data with fingers magenta, blue, green, yellow, red. The estimated
3D pose of the hand is black.

The estimated 3D hand joints error and error distribution
on the FPHA dataset with the first configuration are shown
in Table I and Figure 14, respectively. The estimated 3D
hand joints error is from 144.16 to 241.23mm.

The second configuration to fifth configuration results
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on the testing sets is shown in Table III. Although the
estimated error was much lower than the results in the first
configuration. However, their results are many times higher
than the estimated results using HOPE-Net (6.81mm). The
estimated results improved due to the posture learning of 6
people performing the activities. In the first configuration,
only five people can learn the activities. Each person has a
different hand size, while performing the same activity, each
person’s style is different. Especially, the training is done on
3D joints data, so it contains many challenges. The results
of the FPHA dataset were evaluated on five configurations,
in HOPE-Net only evaluated on a configuration similar to
Configu_312, but only evaluated on about 1000 samples.
In this paper, we evaluate the entire dataset.

TABLE III: The average 3D distance error (mm) of HPN [12], V2V
[13], PtoP [14] on the FPHA dataset with Con figu_312, Con figu_123,
Configu_213, Configu_321 for 3D hand pose estimation when using
the cropped hand.

Dataset Measurement HPN Vv2v PtoP
Configu_312 Average of 135.54 11534 154.33
Configu_123 3D joints error 140.26 123.85 160.48
Configu_213 (mm) 139.42 112,78 188.72
Configu_321 147.86  129.46 179.82

Figure 16 presented the average 3D distance error (mm)
on each epoch of HPN that is based on the second configu-
ration to the fifth configuration. Figure 15 shows the results
of 3D hand pose estimation of HPN, V2V, PtoP projected
from 3D data to color image.
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Figure 16: The average 3D distance error (mm) on each epoch of HPN
that based on the second configuration to fifth configuration.

All three CNNs (HPN, V2V, PtoP) that we use for
training and estimating 3D hand pose are in feature-based
methods. Estimation results always depend entirely on the
characteristics learned from the datasets. Therefore, the
estimation results depend on the features learned from the
two datasets (CVAR, FPHA). The fact that FPHA is a
dataset which is contructed with many activities in daily
life. These activities are perfomed in a natural way. The
features arecalculated and extracted based on the point
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cloud data (3D data) of the hand data as illustrated in Figure
4. Ultilizing the trained models, one can easily deploy
transfer learning for a new hand pose dataset. For instance,
another method such as HOPE-Net utilizing trained model
from FPHA to detect the key points on an RGB image
and then deploy the Adaptive Graph U-Net technique to
estimate the detected key pointsinto 3D space. Because it
always take time and label costs to prepare ground-truth
of 3-D hand pose datasets. In the liteturatue works, there
is not so many available datasets which support 3-D hand
pose’s ground-truth. We will continue consider other 3-D
egocentric vision datasets whose ground-truth measurement
are available.

V. CONCLUSION

Estimating the 3D hand pose from image data obtained
from egocentric vision is an issue that contains many
challenges. Most recent studies of 3D hand pose estimation
using CNNs were evaluated on simple datasets such as
MSRA, NYU, ICVL. These datasets have the data of
hands that are complete. However, in practice developing
the human assistance systems, such as assistance sys-
tems that grasping objects in complex environments, the
sensors are often mounted on the person. So the hand
data is often obscured by the objects or only the palm
area is visible. To see the challenges in these data for
fully estimating/restoring hands pose in the 3D space. We
proposed a complete pipeline for estimating 3D hand pose
from the complex scene data obtained of the egocentric
sensor and performed an experiment using the common
CNNs (HPN, V2V, PtoP) to estimate hand pose on the
datasets obtained from an egocentric vision sensor (CVAR,
FPHA datasets). The result found that the 3D hand pose
estimation error is increased many times compared to the
estimate on the full hand data datasets when using the hand
segment and cropped hand/not using the hand segment.
We evaluated the 3D hand pose estimation results across
various configurations and all frames of the FPHA dataset.
In particular, the results show that when using 3D CNNs
to estimate the hand pose on the point cloud data, there
is a large mean error (greater than 100mm). The results
are displayed on the CVAR dataset, illustrated in the point
cloud data and projected onto the color image on the FPHA
dataset.
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