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Abstract

The main objective of this task is to design and develop a system that allows to store, query and manage all
requireddata related to thbumanrobot exchangeprocess This information includethe objectattributes

required for theobject recognitiongrasp and delivgposturesor severalexchange situations, depending on

the scenario and ipecificconfiguration.

This system willactasa bridge betweenthe perception andhe control systemsThe first one will provide
information related to the exchange environment, such as object identification and its current gsese. Th
data will serve as input fahe knowledgebaseystem, whicloffers a sebf predefined queries to the control
systemin order to provide it with the requirethtafor executionof a fluent object exchange.

In order to achieve these goals, a Semadtitological approach has been selected in the wake of the
syst emods lityrandexteagibidity canipiemented with a set of utilitiedeveloped adhoc for easing
the query and management actions.
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Executive summary

This document describes the data model developed to store, manage and provide information about the
objects inclded in the scenarios defined within the CogLaboration projéet. document describes the
designed data architecture in a bottomapproach, beginning with a brief introductiontloé innovative

aspects of the proposed solution, whishbasedon the sematic-ontological approachil9] that has not

usually been chosen for structured data represent&worthis reason, we have considered the opportunity

of gaing further in this field while making the most of the advantages of these systems, such as flexible
concept modelling, grammar expressiyigxtensibility, ease of relationship management between concepts
and subsequent inference capabilities.

After introducing the basic concepts of semantic applications in the task, the knowledgebase modelling
approach is presented.

Initially, we started with the development of an ontolagyceived with the aim of classifying the objects in

an organizedvay,whilelooki ng f or the expect emclatedmaddes @Gneesthef r o m
object ontology was definethis has been exploitedd developthe model of entitiesepresenting anbject
handling model , buil't 0 M&] and kzaping thes rksyriétisns igposed py the a x o
robotic hand capabilitiei;s use within the projed23].

Once therequireddatamodelfor the knowledgebase&asoutlined we split the information to be stored in
two main groups:

e Object features in this section the whole set of descriptive features amedelled and its
acquisition is fullyautomated Mainly, the vision subsystem is fed with the extracted particular
features for each objeit the earlier stages of object recognitigh part from these perceptive
properties,severalpropertiesrelated to the specifiobject are described, gu as restrictions to be
appliedduringthe handlingand other specifiattributes

e Exchange processas core of the developed knowledgebase, we have designau@echenteca
complete model for representing the whole set of entities, properties anonstlgds involved in
the description of the object handling proceBlis model has beebasedon the specifications
provided within the WP4 architecture, aligning our developments with the expected results from the
cognitive controller in an iterative press that allowed us to extend and improve our work on the
knowledgebase.

Once the objectsd properties and exchange attri bt
we have developed service interfacéor providing these stored data to thagnitive controller, which will

be taking advantage of tietoredinformation.Due to the strong dependencies between the knowledgebase
and other projectds component s, such as the cogni
in close colldoration with partners in charge of developing the cognitive controller with the aim to define

the requirement®f these services, stating which information was expected and how our knowledgebase
should provide it.

Again, in an iterative and collaboratiygocess, we havtestedand fine-tuned these services in several
phases, within some integration meetings that servetb ugst and validate the contributions of the
knowledgebase to the project.

As a result of one of these collaborations, we haentified the possibility of extending the initial
composition of the object handling model, proposing to include the deliverglmade conceptualizatidar
covering the object handover actiogpresentatiorby means of its inclusion within the concepbdel,

i ncreasing t he kandexténdindtsechpatilitebhis decisidrrepessented significant
improvemenfor the whole project and particularly for this tablkecause it provides us with an extra point on
completeness within the olgjieve of fluent object exchange.

Finally, extra utilities were developed from the issues identified during this task, sughtasts for
automating the object 6s digtaskspeaificgnplensentations, tike thewheb n p «
applicaton developed for exchange properties population provided from the studies and trials performed by
our partners.

FP7-287888 Page3 of 59



CogLaboration

Deliverable D3.40

Document Information

IST Project FP7-287888 Acronym CogLaboration
Number
Full Title Successful Real World Humaobot Collaboration: Frorthe Cognition of

HumanHumanCollaboration to the Cognitioof Fluent HumarRobot
Collaboration

Project URL

http://www.coglaboration.eu/

Document URL

EU Project Officer JuhaHeikkila

Deliverable Number D3.40 | Title | Knowledgebase for Object Featu&®erage
and Management

Work Package Number WP3 | Title

Date of Delivery Contractual | M30 Actual | M31

Status Version 1.0 final y

Nature

prototype I reportydemonstrator otherl

Dissemination level

publicyrestricted |

Authors (Partner) Treelogic
. David Cabarieros -mai id. ic.
Responsible Author Name vid C E-mail | david.cabaeros@treelogic.com
Partner Treelogic Phone

Abstract
(for dissemination)

The main objective of this task is to design and develop a system that all
store, query and manage all required data related to the hotmatnexchangg
process. This information includes from object attributes involved in o
recognition to graspg and delivering features for particular excha
situations, depending on the scenario and its specific configuration.

This system will act as a bridge between perception and control system
first one will provide information related to the excgarenvironment, such &
object identification and its current pose. This data will serve as input fg
knowledgebase system, which offers a set of predefined queries to the

system in order to provide it with the required data for executing dtiena
involved in a fluent object exchange.

In order to achieve these goals, a Semdntitological approach has be
selected i n t he wake of t he sy
complemented with a set of utilities developeehad for easig the query ang
management actions.

Keywords Knowledgebase, Semamn@ntological Systems, Description Logic, Modellin
SPARQL, Queries, ROS, Interface

Version Log

Issue Date Rev. No. Author Change

15/11/2012 0.1 Javier Collado Initial version

15/04/2013 0.2 Javier Collado MS3 status

14/11/2Qa3 0.3 Victor Fernandez Revision

Carbajales

03/12/2013 0.4 David Cabafieros Included current developments on
knowledge representation and
management

08/05/2014 0.5 David Cabafieros Knowledge representatiagrvision
and completion
KB design revisited according to th

FP7-287888 Paged of 59



Deliverable D3.40

CogLaboration

current developmentnd extensions
on exchange modelling

08/05/2014 0.6 Ana Belén Rodriguez Added description for the last
developments on the management
interface

09/05/2014 0.7 David Cabafieros Executive summary and conclusior
revision

12/05/2014 0.71 Victor Fernandez Revision and minor corrections

Carbajales, David
Cabafieros

28/05/2014 0.72 David Cabarieros Management interface description
update

30/05/2014 0.8 Marco Controzzi Revision and comments

30/05/2014 0.81 Federico Montagnani Revision

30/05/2014 1.00 David Cabafieros Final corrections and improvement

FP7-287888 Page5 of 59



CogLaboration Deliverable D3.40

Table of Contents

EXECULIVE SUMIMAIY. .. eeiiiiieiii ittt ieeett ettt e e e e e e e et eness ettt e e e e e a4 e e b bbb sttt enas e et e e e e e e e e a bbb bb e e e e e enmreeaeeas 3
DOCUMENT INFOIMALIONL.......eiiiii e e ettt e et ettt ebetmnneeeeeeeeaeeaaeaaaeaaaeeeeannnses 4
JLIE= o (S0 ) ] =T £ PSP PP 6
IS o o U =PRSS 8
] 0 =0 13RS 9
Y 0] o] 1Y/ = 1T LSRR SSRRPSR 10
D= 11 011110 PSPPI 11
A [ 01 o o (U Tod 1o o R OO PPPRPPRRPP 12
2 KNOWIedge rePreSENtALION..........uuriiiiiiiee ettt e e e e e s rmmee e e e e e e e e e s s smn e e e e eas 13
P20 R I T=<Tor 0] 1) o 1 1o o [P 14
2.2  Resource Description FrameEWOIK ...........uuuiiuuiiiiiimee e ieeceeee e eeee e 15
P2 T o 4 LS T 1= o o - 17
2.4 Web ONtOlOgY LANQUAGE........coiiiiiiitieiit e eeee e e e e ettt e e emmt e e e e s s s e e e e e e e s ammme e e e e e e annnes 17
P2 TS 1 Y o PP EP PR 18
2.5.1  QUERY FOIMIS..iiiiiiiiiiiiiiiiiiii ettt ettt e s eeet e et e e e e e s e s bbb a e e e e e s semtaaeeeeeeennnnrreeees 18
2.5.2  INSERT ACHON....cci ittt ettt e e e e e e e e rmmne s s s e e e e e e e e e e a s mnee s nnsaraeaeaaeeens 18
2.5.3  DELETE ACHON. ... utttttiiiiiee et e ieeitieee ittt e e e e e e s sttt anens s s e e e e e e e e e e s snnsssbsannnssbseeeeeeeeeesnnnnn 18
2.5.4  UPDATE ACHOMN ... .uuttiiiiiiiie e iiiiiieee ittt e e e e e e s s st aneesssss e e e e aaesaasansnsesananssssseeeeeeeeessnnnn 19

I =T o T ] (0T =T PP P PP PPPPPPPSRTPPN: 20
3.1 OPENINK VIMTUOSO. ....eiiiieiiiiiiiii et eeeee ettt s et eeee et e e e e e e e e st e et s eeen et e e e e e e e e s nnnnrneeees 20
T2 (0 (=Y o [ T 20
TR T = (@ 1 YU 20
3.4 Flask MiCIOFrameEWOIK .........cooee i e e e e e enens s s e e e e e e e e e s 20
4 Design of the KNOWIEAQEDASE. .........uuuiieiie et 21
0 R @ | o] [=Tox A= 10 o F= T To =3 PR 21

v S © o] [=Tox i r= V(o] 0 [0 1 1) APPSR PPPPPPPPPPRPPPP 21
N N @ o= Yo €] = 1S oA =T T 21
4.2.2  ODJECE SNAPE.......coiiiiieeeeee e ———————— e e e 22

R B © o] [=Tox i 4 [0 ] PP U PP PUPPP 23
4.3.1 Object proprieties related to its perceptional Properties............cccvvvviieeeseeeeeeneiiiiiieneee. 23
4.3.2 Object proprieties related to the exchange proCess..........oevvvevvveeeeieiiiiee e, 24

N N €1 = 1] oI r= D (o] 010 ] 1 1Y ST PPN 26
4.5  EXChANQE MIUEL.....ooi ittt e e e e s e e e e a e e e an 27
451 Grasp cONCEPIUAIZALION. .......c.vveeiieiiiiiiiieeee e eeee e 27
4.5.2 Delivery conCeptualiZation.............ooooiiii i aeenaas 31

5 Interface with the state machine for data CONSUMPLION.........ociiiiiiiiiicmniii e 35
5.1 SYSIEIM OVEIVIEW....cciiiiiiiiieeieeeee e eeeee e e e e e e e s e e e e e e e e e e e e e e e e e e e e e aaeessae s s s es e eer s s e e e e e eeeeaeeeaaaaaaaans 35
A I 1 1] 0T =T =T A (o TR 37
5.2.1  LIST OBJECTS SEIVICE. .. it i ieiiiiittiee i e ee ettt e ettt e e e e e e e et mmme et e e e e e e e eerbban s smranaaes 37
5.2.2 LIST_OBJECT_GRASPS SEIVICE.....ccuutttiiiiiiee e esimee e ssiite et e e e e e s smeas s e e e e e e e as 37
5.2.3 LIST_OBJECT _DELIVERIES SEIVICE........ceiiiiiiitiiiiiiiieeeeieeee e e e e e esiieeee e s seemeeeeaeeeaeaanns 38

TG T = (ol o= T o 1= (=1 F= 10T o BT = Vo o 39
531 QUERY_GRASP SEIVICE......uuiiiiiiiiiieii ettt rmene s e e e e e e e s mens e 39
5.32 QUERY_DELIVERY SEIVICE....ccttiiiiiiiiiiiiiiiiieeeeeeaaeeeeessssiiteeeeeesseemeeeaeeeaasannnssneeeeeeeeaann 40
5.3.3 QUERY_GRASP_ORIENTATION_BASED SEIVICE......cuutttiieeeiiiaiimmnisiiiireeeeeeaaeaaaannns 41
5.3.4 QUERY_OBJECT_SYMMETRY SEIVICE........ccevviieiiiiiiiiiiieeeieiiee e eieeeeeeeeee e seeeennnennnnnn 42
5.3.5 QUERY_OBJECT_CONSTRAINT SEIVICE.....uuuuiiiiiiieiiiiessimmreeeeeeeeeeeeeeeeeeeesaesinnessneeeeesd 42
5.3.6  EXCHANGE_FEEDBACK SEIVICE.........cccuiiiiiiiiiee i eeeiiiieeee e e e e smmme e nnnnneeeen . A3
5.4  Perceptiofrelated SEIVICES. ......ccouviiiiiiiiiiiii ettt eeeer e e e e e e e snnnnnee e e e s seemneeeeee e e O
541 QUERY_OBJECT _CLASS SEIVICE...uuuuuuiuuuuuuninuniiimmmtersteettttteetseeesseesssmessanasaaassasasaaaees 43
542 QUERY_OBJECT_MODEL SEIVICE.....ccuuuiiiieeeeiiiiiiimmmiiiiiieeneeeeeeessssnnnsimnmssssnseeeeeeeees e A4
543 QUERY_VIEWS SEIVICE......cuuiiiiiiiiiee e e e sieee s eseiteete e e e e e e e s s srmmne s s snsaaseeeaaaeeaeesenmnnsaannns 44
5.4.4 QUERY_OBJECT DATA _FROM _VIEW SEIVICE.......c.coeveeereeeeereieemeeeesesseeiesessasseenann: 44

6 Interface for knowledgebase data management........ ... S 46

FP7-287888 Page6 of 59



Deliverable D3.40 CogLaboration

0 R @ ] o =T ox g 13 1] o T 46
6.2  Creation @ a NEW ODJECL...........veeiee e e ———————— a7
6.2.1 Creation Of 8 NEW GrasP Strat@OY ... .. . ueiieeeiiiiimrmraiiirreeee e e e e e e s ssee e eeeeeeeaeaaaa 48
6.2.2 Creation of a NEW DeliVEry Strat@gy..........coouurrriiiiiieemieee et 49
6.2.3  Definition of Transport CONSIIAINLS........ccciiiiiiiiiiei i rrer e e e e e e eaaeeas 50

LSRG T @ ] o] 1= Tox i (] = 113 51
6.3.1  Grasp StrateQIES VIEM.........uuuuriiieeeeiiiiimmeaaaiiirre e e eee e e e e s s mens s sbnes e e e e e e e e e e s s e e e snnneeeees 53
6.3.2  DElIVEIY Strat@gIES VIEW......uieieieiiesiiee i i e s e ee e ee ettt eeeeeeeeee s s s e ees e s e e s e e eeaaeaaaeeaaaeeeeanenrenerene 54
6.3.3  MOtION CONSITAINTS VIBW......eeeiiiieeeiiiiiiiiiieeesistieeeeeeee e s s s sibbbsenenssssseeeeeeeeeaasnnsnsesenanssseeeees 55

6.4 Object related data EAItION............coiiiiiiiiiiieee e 55
6.5 Delete eXiStiNG ODJECL.........uuiiiiiiiiee et eeee e e e e e e e e e e e e e 56

A o] o T 11 1] o] o SRRSO PP 57
] (=] = o7 PP 58

FP7-287888 Page7 of 59



CogLaboration Deliverable D3.40

List of Figures

Figure 1. Main types of knowledge representation madels...............oo e 13
Figure 2. Layers in téel-2@ma.n.t.i.c..We.b..st.ack. J4Dj ur i
Figure 3. Function composition for TBox and ABox within the knowledge bhase..................c.ooeeeen 15
Figure 4. RDF tripl@XampPle..........ooo i st et ae e e s e e s s e e e e e e neeeaeeeas 15
Figure 5. RDF triple example with compound object descriptian..............eevviiieemeeeeieniiieeee e 16
Figure 6. Sets of RDF serialization FOrMALS. ............coiiiiiiimmmii e 16
Figure 7. Grasp Area hierarchy (reduced ObJECL.SEL).......ccooiiii i 22
Figure 8. Object Primitve Shapes hierarchy (reduced object.Set).........oovvvivivieeeiieiiiii e, 22
Figure 9. Object Model and partial VIEWS............ooiiiiiiiiii e eeemes 23
Figure 10. Object proprities related to the PerCeplian..............uuviviiicce e e eee e eeee s 24
Figure 11. Object exchangerelated Properti€s.........ccooeeiiii e 25
Figure 12. Cutkosky's grasp taxonomy and the established grouping of the related grasp modes of the
=L (1o = I = U T 26
Figure 13. Tofevel ObjectExchange relationship model...............cco e 27
Figure 14. Grasp model conceptualiZatiQn..............oovveviiieeeiiiiiiee e eees 28
Figure 15. Grasp strategy selection based on perceived object orientation...............cceeevveeeeeeennnnnns 29
Figure 16. Grasp postures used for each ODJECL............vevviiiiice e 30
Figure 17. Grasp instance representing a grasp strategy for a.torch.........ccocovviveecin, 31
Figure 18. Delivery model conCeptualiZation..............cuviiiii oottt rmmee e 32
Figure 19. Static hand poses to be recognized a) Palm Up, b) Palm Down, c) Stop, d) Front,.e). Sigie.
Figure 20 . Delivery instance representing a delivery strategy for atarch..........ccccoovvveeeiiieiiiennenn, 34
Figure 21. Knowledgebase system architecture and interfaces with related subsystems............... 36
Figure 22. Object listing operation at the knowledgebase management interface.................cceeeve. 46
Figure 23. Object INStANCE CrEALIAN........uuuiiiiiiiiiiitimme e e e e e e e e e ee e e eeeer s s e e s e e e eeeeeeees a7
Figure 24 . New object category definition..............ooii e eeeas 47
Figure 25. Exchange strategy and properties management through the interface...............ccco....... 48
Figure 26. Addinga new grasp strategy for an ODJECL...........uuuuiiiiiec e 49
Figure 27. Adding a new delivery strategy for an ObJeCL..........ccooiiiiiiii e 50
Figure 28. Transport restriction definition for ApjErt'S INSTANCE.........ccoiiiiiiiiiiiiiieee e 50
Figure 29. Notfication about validation errors during data iNPUL.............ooooiiiimmmiiiiiiiee e 51
Figure 30. Notification of SUCCESSTUIl EXECULIAN. .......uuuuiiiiiiiime e 51
Figure 31. ODJECT AETAIIS VIEW.........uuiiiiiiiiee i icee ettt e et e e e e e e e e eeeeeeeas 52
Figure 32. Set of grasping strategies defined for an OLJECT.............oooiiimeeriiiiii e 53
Figure 33. Set of delivery strategies defined for an object...........ccoooviiieeeiiiiiiiii e, 54
Figure 34. Linked grasp strategy detail VIBW...............oooiiiiiieeei s 54
Figure 35. Motion constraints defined for an ORJECL............oiiiiiiieeee e 55
Figure 36. Object data ItION VIBW.........uuuuuiiiiiiiiiiimme e e eeeee e e eee e e ee e eeee s e s e e smmmr e e e eeeeeeees 55
Figure 37. Removing an object from the knowledgehase...........ccccocvviiiccciiiiiiiiiiiiieeeeeeeee e, 56
Figure 38. RemoVving @ SPECIfIC GrasP StralEOY.......ccuurrrrieiiieeereee e e e e ettt e e e e e e e e e e 56

FP7-287888 Page8 of 59



Deliverable D3.40

CogLaboration

List of Tables

Table 1. Main RDFS elements

Table 2. Description of the object perception properties

Table 3. Description of the object exchange properties

Table 4. Hand poses and approach direction

Table 5. LIST_OBJECTS service interface

Table 6. LIST_OBJECT_GRASPS service interface

Table 7. LIST_OBJECT_DELIVERIES service interface

Table 8. QUERY_GRASP service interface

Table 9. QUERY_DELIVERY service interface

Table 10. QUERY_GRASP_ORIENTATION_BASED service interface
Table 11. QUERY_OBJECT_SYMMETRY service interface

Table 12. QUERY_OBJECT_CONSTRAINT service interface
Table 13. EXCHANGE_FEEDBACK service interface

Table 14. QUERY_OBJECT_CLASS service interface

Table 15. QUERY_OBJECT_MODEL service interface

Table 16. QUERY_VIEWS service interface

Table 17. QUERY_OBJECT_DATA FROM_VIEW service interface

17
24
25
33
37
37
39
39
40
41
42
43
43
44
44
44
45

FP7-287888

Page9 of 59



CogLaboration Deliverable D3.40

Abbreviations

DL : Description Logic

HTML : HyperTextMarkup Language

N3: Notation3

ORDBMS: ObjectRelational Database Management System
OWL: Web Ontology Language

PCD: Pointcloud

PDF: Portable Document Format

RDBMS: Relational Database Management System
RDF: Resource Description Framework

RDFS: Resourceédescription Framework Schema

ROS: Robot Operating System

SPARQL: SPARQL Protocol and RDF Query Language
SPQO: SubjectPredicateObject

Turtle : Terse RDF Triple Language

URI: Uniform Resource Identifier

W3C: World Wide Web Consortium

WSGI: Web Server Gateway Interface

XML : eXtensible Markup Language

FP7-287888 Pagel0of 59



Deliverable D3.40 CogLaboration

Definitions

ABox: Assertional component representing a fact associatdd avilerminological vocabulary within a
knowledge base.

Auto-RDF: Utility set of scripts developed to be used as middleware between vision data and the
knowledgebase triple store.

Axial Symmetry: Symmetry of an object in relation to one or more of its axis.
Axiom (Logic): Statement taken to be true within the system of logic they define.

Conceptual Graph Logical formalism based on semantic networks, including classes, relations, individuals
and quantifiers.

Flask: Web-oriented micreframework for Python basl on Werkzeug and Jinja2. Provided under BSD
License.

Jinja2: Templating language for Python with secure sandboxed execution environment.

Pointcloud: A set of data points in a coordinate system (usually ttlireensional) representing the external
surfaceof an object.

Python: Multi-paradigm, genergdurpose and highevel programming language.
ROS Node Executable file within a ROS package.

ROS Service Method for allowing ROS Nodes to communicate by sending requests and receiving
responses.

TBox: Termindogical component representing a conceptualization associated with a set of facts, namely
ABox.

Triple : Set of three URIs used to name the relationship between things as well as the two ends of the link.
Werkzeug: Python library containing a set of utiéis for WSGI applications.
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1 Introduction

The aim of this task is to design and develop a knowledgebase about the domain elements involved in the
task of fluent exchange of a set of objects between a human and a robot. Our approach requilgstfan in
study of the proposed scenarios, inputs from perception module and the required outputs expected by the
control architecture.

For this purpose, the initial specification of the problem has been divided into two main branches, according
to the knowledge modellgneeds:

¢ Theobject modelcontairs data about the objectiefinedin the proposed scenari@s output of the
task 2.10 Thi s knowl edge compr i s eame, @D jmedelt wely at tr
geometrical propertieand related exchange strategies.

e The exchangemodelis based orthe actions required for the &xange process as a whole. This
process can be described as a set of attributes which describesargexsinategy. Each strategy is
composed bgpecific grasp and handovwaethods that can lmmbned in several ways, providing
different behaviouraloptionsfor the object manipulation phase therobotic systentontrol layer
based on the perceived situation.

This datarepresentatiomodel has been designed taking into acceeatabilityissies, in order to provide

not only a complete knowledge base, but also an extensible and adaptable dztatjesets and their
exchange proces¥hanksto the adopted hierarchical classificatimithe knowledgebase modelt 6 s f ea s i
to upgradethe existing set ofmodel entities, such asbjects, grasps and deliveriescording to new
challenges in the robotics field.

The main purpose of this knowledgebase imtmlel andransferthe acquired knowledge on humhnman
exchange experiments to thebotic systemto achievea fluent exchange betwedhe human and robotic
agents

FP7-287888 Pagel?2 of 59
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2 Knowledge representation

Specificdomain kowledgeis defined as the information aboutparticular field that may be used as
approach to solve problems defined in that dan@]. Ontological representations are intended to model a
formal representation of the knowledge of any specific domain by means of concepts and relations between
them as basic building block®1]. Thesesystemsare described by eomputational model, composed by a

set ofentitiescorresponding to real wolitems such as agents, objects or events connected by a relationship
defined by domabkspecific rules. The final purpose of this representation is to retuederstanding
detached from experienceepresented as statements about the dowmadlstoredinto a @mputational

model. In this way, applications may use this madgderform reasoningnd get answers to questions on

the domain entitieand the way they are related

SemantieOntological model representation previously introduced requires an appro&cmfane classical
relational databasén this case, we are talking about the concepyraph databaseGraph databases are
baswd on concepts of graph theory, composeithiefe basic elements:

¢ Nodes symbolizingspecific entities of the domain model.
o Properties representing featurdisat belongo entities.

e Edges connecting nodes. This connieatrepresents the relationshiptween two entities.

>—
I —_—% e o
|—24 C i~
Relational DB Hierarchical DB Graph DB
Tables Related By Parent Nodes Have More Arbitrary Object Relations
Primary Key Intrinsic Imporance No Intrinsic Imporntance

Figure 1. Main types ofknowledge representatiormodels

The main advantage dhis representation is the flexibility that provides when linking related entities,
attributes and properties, which allow to make the most of the data, while reduces the inherent complexity of
the traditional databases.

For representing data within thip@oach while extending its usefulness, Semantic Vi@gh intended to
provide a common framework for sharing and reusing data across application, enterpigeenanuhity
boundariesdefines astandardizedet oftechnologies, arranged in a hierarchical architecture where each
layer makes use of the layers below.
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\
Logical layer OWL )
................ > Semantics
Schema layer RDF Schema
______________ e
Metadata layer RDF ' <

> Syntax

Figure 2. Layers in the Semantic Web stack D etral.-i2006)

2.1 Description Logic

As an approach of improving the expressiveness of the traditional propositional logic, Description Logic
(DL) languages were introduced as a knowledge representation mgthaaisplied mainly in the fields of
artificial intelligence and biomedical informatics. Focusing onfitst one, the DL, as essential part of the
Semantic Web, provides a logical formalism for ontology design, useful frrseqtation and reasoning on

the concepts of domaitentred terminological knowledge.

The axiom is the fundamental modelling concept of a DL. Each axiom is defined by a logical statement
composed by a set of concepts, individuals and their relatmsAterminologicalaxiom definition has the
following form:

C=D|CED

whereC andD are conceptsA finite set of terminological axiomis known as TBo¥/" and is defined using
the following descriptionsNote thal = Cstands forl odels C4 wherelis an interpretation function
andCis a concept

IEC EDif and onlyifC! € D!
T if and only if 1 £ & forevery ® €T

An assertionalaxiom representing concepts positively statésl, composed by a set of statements
representing basic knowledge about individuals classified within the TBox hierarchy. As with TBox, an

ABox A is composedby a set of assertional axioms, according to these definitions:
IEa:Cifandonlyifa’ec!
I E(a,b):Rif and only if (a’,b') € R!
I EAIif and only if] &£ @ for every @ € A
wherea andb are individuals and is a particular role.

Given these formal definitions, &nowledgéaseXKis an ordered pair of TBox and ABoxrgfined as
follows:

K=T,A)
IEX ifandonly ifl =T and I =A

The following diagram reflects the roles assumed by both TBox and ABox when constituting a
knowledgebase
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‘-L._‘___-_-___._.___._...-'
Define concepts
Declare axioms
Perform inference

Classify
Subsume (hierarchy)
Infer properies
Check equivalence,

Knowledge
Base

"\________________’./"

QueryRetrieve
Instance linkage check
KB consistency
verification
Concept realization
Equivalence relations

“‘-_____________________...-"'

Assert attributes
Assert memberships
Assertlinkages
Check consistence
Check satisfiahility

implications and Disambiguation
satisfiability

Figure 3. Function composition for TBox and ABox within the knowledge base

2.2 Resource Description Framework

Also known as RDF, the Resource Description FrameWrivas designeds amethod taosplit knowledge
into small piecesof data complemented with a set of rules defining the semantics of these individual
fragments of isolated information.

The purpose of the RDF specification was the creation of a generic way of representing human knowledge,
allowing to state any fact in a highsgructured form, in order tmake itmachinereadable. For this reason,

triples were introduced as the way forcldeing subjecpredicateobject statements, which allows

describe and relate entities with values through properties, in the same way as humans represent their
knowledge.

Figure 4 shows a simple representation of this data model. In this case, a resource called
hand_torch_view _0001s associated withthe object representing the valudé23456fby means of the

propertyhasEntropy
Subject > Predicate > Ohject

hand_tarch
“view_0001 > hasEntropy > 01234561

Figure 4. RDF triple example

In thisexample the objectepresentas | i t er al val ue. However, itds pos
more descriptive information about in order to represent this information, the object could be another
resource with aet of properties regarding it, as showirigure5s.
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Subject > Predicate > [ Ohject l

CogLaboration

drill > hasOhjectView > [ drill _view_0001 l

hasEntropy

Adrill _view_0001
ped

ialization

0.0, 0.0, 0.0, 0.0],
[0.0, 0.0, 0.0, 0.0,
[0.0, 0.0, 0.0, 0.0,
[0.0, 0.0, 0.0, 0.0]]

0.123456f

Figure 5. RDF triple example with compound object description

The W3C defined RDF/ML as the normative syntax for writing RDFhis format is more intended for
machinereading than for humareading, so the following formats were defined in order to ease the reading

of RDF documents for humans:

¢ Notation3 or N3 is a compact alternative ®DF/XML syntax, focused on human readability. It also
extends RDF/XML to allow more expressiveness by means of inclusion of RDF rules.

e Turtle is a particular syntax defined as a subset of the N3 language. As opposed to RDF/XML,

Turtle does not depend oM. Al t hough it isnét recognized a
for writing and parsing RDF data
e N-Triples is as a subseff the Turtleformat |1t s6 goal i s to serialize

to simplify its transmission.

M-Triples

Figure 6. Sets of RDF serialization formats
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2.3 RDF Schema

RDF Schema (RDFS) providessat of basic elements for the description of RDF vocabuli8jeRDF

Schema defines a group of generic classes and properties that can be used to describe new resources ol
particular domainsFor this purpose, the RDF Schema describes properties relating to the classes of the
resource to which will be applied.

Thefollowing table contains a listing of the main RDFS classes and properties.

Table 1. Main RDFS elements

Classes

Name Description

rdfs:Resource Represents all concepts described by RDF.

rdfs:Class Class of resources that are REIBsses.

rdfs:Literal Class of literal values. These values may be plain or typed.

rdfs:Datatype Class of datatypes. A rdfs:Datatype instance is a subclass of rdfs:Literal.

rdf:XMLLiteral Class of XMLLiteral values. A XMLLiteral is an instance of rdiatatype and

a subclass of rdfs:Literal

rdf:Property

Class of RDF properties. Each rdf:Property is an instance of rdf:Class

Properties
Name Description
rdfs:domain States that any resource that has a given property is an instance of one
classes.
rdfs:range States that the values of a property are instances of one or more classes.

rdf:type

States that a resource is an instance of a class.

rdfs:subClassOf

States that all the instances of a given class are instances of another.

rdfs:subPropertyOf

States that all resources related by one property are also related by anoth

rdfs:label

Provides a resource name in a humaadable format.

rdfs:comment

Provides a description for a resource in a huneadable format.

2.4 Web Ontology Language

Data model representation previously introduced

databasecomposed by a collection of tables hosting data items and organized according to the relational
model [10]. In order to achieve this data model the Web Ontology Language, also known as OWL, was
selected[17]. OWL allows the use of hierarchical classes and relations among them, these relations are
called properties within the language.

Using OWL the development could be divided into small pieces which will make easier the task. On one
hand, the model ideveloped using OWL, describing the classes and the properties regarding those classes,
on the other hand the data is stored using that model but in an independent file or graph. This approach will
allow the creation of different sets of data for differests or scenarios.

OWL could be represented using different notations, i.e. RDF/XML, OWL/XML, Turtle,a48 so on
Some of these notations are more hwimendly than otherdut, for representinthe modelthis feature is
not very relevant, becauseet development would be done using tools like Prof&8g on the other hand
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when talking about the data populating the knowledge base notations like Turtlettaretddet do
modifications with a simple text editor.

2.5 SPARQL

An SPARQL endpoint is a conformant SPARQL protocol service which enables users, either humans or
machines, to query a knowledge base using SPARQL language and receiving the results inrestdie
formats. Usually both the query and the presentatienrade using a software component that presents the
results in a humareadable format, e.g. web page or PDF file. The query is enunciated using SPARQL
language, which is a standardised language to querygriphs.

251 QUERY Forms

There are four different quetypes, depending on the purpose of the query.

e SELECT i Extracts raw dateas a list of URIs satisfying the pattematching requirements
specified in the WHERE section of the query.

e CONSTRUCT i Extracts data from the endpoint and transforms it into \RID. The result of this
query is a complete RDF graph composedi)bg sequence of each solutidi), substituting the
variables in the graph templaadiii) joining the triples into a single RDF grapkingset union.

e ASK 1 Useful for binary queries, lnerethe output may be a true/false value instead query
pattern solution.

e DESCRIBE i Returns a RDF graph containing data about stored resources. This ddtened as
is physically stored, not applying inference rudeslependencies between triplso the query client
does not previously knowledge about the structure of the RDF stored in the data source.

SPARQL 1.1 provides, in addition to query language, constructions and protocols for manipulating RDF
data. The SPARQL 1.1 Update language ussgngax derived from SPARQL Query Language, providing
operations to create, updated remove triples from RDF graphs as atofinec undividableyequests.

252 INSERT Action

This statement adds some tripteghe specified grapfhese iples aregiven agparticularstatementin the
body of the command.

INSERT DATA

{
GRAPH <http://coglaboration.eu/knowledgebase/model>

{

<http://coglaboration.eu/subject><http://coglaboration.eu/predicate><http
:/lcoglaboration.eu/object>

}
}

253 DELETE Action

Data deletion is managed in the same way as presented for insert operations. In this case, the triple set
specified in the body of the statement has to be matched with some existing triples in the graph to be
updated.

DELETE DATA

{
GRAPH <http://coglaborati on.eu/knowledgebase/model>

{
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<http://coglaboration.eu/subject><http://coglaboration.eu/predicate><http
://lcoglaboration.eu/object>

}
}

254 UPDATE Action

SPARQL UPDATE operations acmmposed by DELETE/INSERT command pairs, being strictly necessary

to remwe the triples to be updated and adding then to the graph. The W3C Recommendation issued on
March, 2013 has not been implemented by the majority of triple store systems, so rthi®ope executed

in this way.

# UPDATE outline syntax : general form:

[W ITH <uri> ]

DELETE { modify_template [ modify_template ]* }
INSERT { modify_template [ modify_template ]* }
WHERE GroupGraphPattern

CogLaboration uses a dedica®EARQL endpointo store and providéhe data aboutbjects propertieand
their handling and exchang&ormation. This data is accessedpg®rception and cognitiveontrollerlayers
as described in the following sections.
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3 Technologies

3.1 Openlink Virtuoso

Developed by Openlink Softwar®penlink Virtuoso is the open souredition of the commercial product
named Virtuoso Universal ServgR0]. Virtuoso combines different types of functionalities, such as
traditional RCIBMS, ORDBMS, web application and file server, RDF/XML tridéore and SPARQL
conformant endpoint.

For CogLaboratin project concerns, Virtuoso will mainly serve as RDF trigptge and SPARQL endpoint,
using its web server capabilities fqueryandupdate stored RDF graphs.

3.2 Protégé

Developed by the Stanford University in collaboration with the University of Marehd3totégé is an
opensource ontology editor and knowledge acquisition and management sistaggé is written in Java
and uses Swingbased GUlallowing extensibility within plugirdevelopment based on its framework.

According to its website, Protégés used by over 200,000 users and
ontological engineering tool, chosen as core tool by biomedical institutions in the US, such as The National
Institute of General Medical Sciences or the National Center for Bioméditalogy.

3.3 ROS

In order to request the data the perception module and the cognitive layer require an interface to query the
SPARQL endpoint. This module provides an interface integrated in ROS and written in Python which
publish several services. These s&s will receive the request from the other modules and execute the
gueries and transformations needed to return the data using the formats required by the perception module or
the cognitive layer.

3.4 Flask Micro-Framework
Flask is a micrdramework for thePython programming language. It is based on Werkzeug and Jinja2 and
provides the following features:

e Built-in development and debugging server

e Jinja2 templating

e RESTIful request dispatching

e Python WebServer Gateway InterfaggVSGIl) compliance

e Integratedunit testing support

Jinja2 is a |ibrary for Python based on concepts
documents from text, variables and tags. Werkzeug is a simple collection of utilities focused on WSGI
applications.

Flask hasbeen selected for the development of #web application tility provided for knowledgebase
population.
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4 Design of theKnowledgebase

When designing the data model for the knowledgebase, it has been taken into account the nature of the
entities to classifyOn one hand, there are some dagarding the selected objects for each scenario. On the
other hand, is necessary to store data about the object exchange process executed between the robotic and th
human agent.

As stated earlier, we have implemented dhé&logy taking into account some extensibility and reusability
issues. This approach is taken with the purpose of having a fixed model of concepts, defining the class
structure. On the other side, the scenagecific entities and relationships are stbias instances of the

mo d e | concepts. I n t his way usesofttiissknowledgesapplyingeit ta o e »
forthcoming scenarioand new purposes.

4.1 Object affordances

We have also explored the concept of object affordanithin the ask of modelling the ontologys stated

in [25], classical approaches are based on visual properties of the ingtanzaegorizing them. The taken
approach igelated to the concept of affordances is based on the idea of categorizing objects lesed on
aretheyused According to Gi bs ¢gl8]paffordanbes oan pe seeh asahe fsumrofl a n c
properties of a situation, including agents, environment and objects, especially those that describe how they
can be used to do something.

For this reason, we have classifiedthé j ect 6 s c¢c| as s e s a@a @ling itd acgountthe t h e
common way in which humans grasp them, looking for a more comprehe¢asoreomy thatallow us to
establish a clear model of relationship between objects and their actions on the exchange process.

Although this classificatiolis intended to symbolizthe organization of domaimp e ci fi ¢ el ement
necessary to complement it with more specific information, descratingutesof these affordances that

will contributeto abetter situation understandinghile providing a more accuratesponse to the control
system, so that we have worked on the knowledgeimaskse collaboration withhe responsible of the

control system (WP4)yorking with their specifications and expectations in mibg,means ofiniterative
processapproach, performing continuous integration and validation during the whole development phase.

4.2 Object taxonomy

Due to thenature of CogLaboratioproject therdés a need of classify the objects involved in the project. The
selection ofobjects is defined in deliverable D2.10nce the selection is madhe next step is to develop a

model forarrangingtheseobjectsac cor di ng t o the projectédés specific
growth.

Instead of using a traditionatlatioral database systemifie decision of modethe taxonomyof objects
using semantic web technologipsovides the project the ability of modify and expand the model without
makingany modifications to the previous developmefitse taxonomy was developed ngiOWL and the
data is storé as triples using RDF.

The hierarchy of objes starts with a generic clasalled Object, and then each leveln®re specific,
reaching the deepest level that represents the object tafkind of classification should help with the
task of group objects and the relation with their exchange properties.

The ontology characterization is developed on b#sas will be described in the followings paragraphs.
42.1 Object Grasp Area
Stands for lie regionof the objectwhereit will be held at the moment of grasping Rue to the variety of

objects included in each scenario, this property has been seleceslaablediscriminatorfor arranging
them, while adds semantics to the model.
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4.2.2 Object Shape

A finite set of primitive shapebave beerused to evaluate object recognition methods basettieopoint
clouds extracted from solid object models. According to this classification, each objectsheltrenearest
geometricclass
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4.3 Object model

The designedata model allows us to represent the set of relevant propeglated tothe objectshandled

by the robot For this task, data requirements of the perception and cognitive controller subsysteens

been taken into accouint order to generate a proges catalogu¢hat contains all data involvetirecty or
indirectly in the queries to be executed during the situation understanding process and the object handling
phase.

43.1 Object proprieties related toits perceptional properties

An object representatioris composedof multiple views which are essential for the identification and
classification of the lgect by the perception modul&@he data acquired by the Kinect senbais been
processedo find the possible location of the objectlie recognizedpaforming the object classification
over a set of partial views of the models. As first step, a whole 3D model of thelwgbetn capturednd
processed using both automated and manual met@oat® the model acquisition has been performed, the
following phase consists on executing the model training process, idmiieen madever a set of partial
views extracted from the complete object mo&hce descriptorased forthe classification are dependent
on the specific viewpoint we decided togenerate aich set of views ofeach objectfrom different
perspectives

Figure 9. Object Model and partial views.

When generating partial views from each object, a tessellated sgheitefrom an icosahedron by
subsequently splitting its faces upon gettingodyhedronwith triangular surfacess used. The number of
vertices composing theolyhedronis given by the tessellation level parameter, set to 2 in our
implementation. This level of tessatilon generates 161 partial views for each obja&ing about 30MB of
disk space for storing these views for a single object. This amount of data méasible to store these
views in a serialized forrnmside the knowledgebase, because the transmiasi deserialization time is not
acceptable by the perception subsystem fortigad operation. Thus, the knowledgebase will store the path
into the file system where the object model and partial yewmt cloudsare storedThis process will be
automagd using the developed utility calléditoRDF. This service will perform a scan within the folders
containing these models and views adding the paths for each of them to the knowledgebase. This utility is
described in detail in the Sectiét? of this document.

A serialized form of the matrix that evewand thes t he
coordinates of the camera forthewip oi nt has to be storedvdluemméhe her
range [0, 1] is also stored for representing the percentage of the whole model shown from the current
viewpoint.

Using this description frorthe work performed within the task T3.1 of theject, we are able tdentify
the set of propertiethat have tde considerefbr the objecttontextualization by thperception subsystem.
The following diagram shows the objgmtrceptiorrelated features tbe managed by the knowledgebase
and a bref description of each field is provided.
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Internal ID Transformation Matrix
HI 3D View Path
3D Partial View 0
3D Partial View 1 1
Common 1
Mame
L 3D Partial View 160 ]
Figure 10. Object proprities related to the perception
Table 2. Description of theobject perception properties
ltem Description Example
Object An entityrepresenting the object | A rubber mallet intended fayeneric industrialise
itself
Internal ID An unique identifier used for rubber_mallet

internal representation of the
object

Common hame

Most common name used when
referring to the object

Rubber Mallet

3D whole model path

Relative path into the filsystem
where the object model pointcloy
is stored

Hammer/rubber_mallet/rubber_mallet.pcd

3D partial view [0160]

Upperlevel property containing
the entropy, transformation matri
and 3D view path suproperties

rubber_mallet_view_0000

Entropy

Percentage of model shown in th
view

0.195751

Transformation matrix

Serializedtransformatiormatrix
containing the transformation
bet ween the obj
coordinates of the camera

[[-0.315575;0.809041;0.495847, 0.522458],
[0.843634, 0.0;0.536919, 0.355458], [0.434389,
0.587752, 0.682535, 0.315012], [0.0, 0.0, 0.0, 1.0]}

3D view path [0160]

Relative path into the file system
where the partial object view poif
cloud is stored

Hammer/rubler_mallet/rubber_mallet_view_0000.p

4.3.2

Object proprieties related to theexchangeprocess

Besides the object visual properties representat.i
describing the way in which each object has to be handled dberitandovetWe have modelled the whole

set of properties required within thendwledgebase, according to the requirements provided during the
development of the cognitive contialyer, regardinggrasp and delivery characterization properiiesrder

to afford valuable information to this layer and achieving a fluent exchangesproce

Each object is associated to a set of gasgiuresand delivery strategies, defining different ways to handle

it by therobot Features of these entities are described in the following sections. Moreover, in order to ensure
a proper manipulation press for all objects, we have introduced the conceptdation Constraintand
Symmetry Axis

Motion Constrainistand for the restrictions to be applied to certain obghating the handlingFor example,
when a mug has some | iqui d i nspgladegin orderttadasoidsplingits s ar vy
contents. For this reason, when having some motion constraints for the object to be handled, we are allowed
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to establish its pferred orientation andhe tolerance between which the rotation of the object must be

contained

Maximum Deviation

Preferred Qrientation

1

4[ Mation Constraint ]

GRASP

STRATEGIES

Symmetry Axis

DELIVERY

STRATEGIES

Figure 11. Object exchangerelated properties

Furthermore, th&ymmetry Axigepresents the axial symmetry of the objettiere are anyThis simple

concept provides some useful information at the moment of grasping the object, so the control layer will
know that the object appearangil be the same at any position rotated around its symmetry axis, easing the
handto-object approaching phase.

Table 3. Description of the object exchange properties

Item

Description

Example

Object

An entity representing the object
itself

A rubber mallet intended for general industrial use

Motion constraint

Uppetlevel propertystanding for
the transport restrictions when
handling the object. It is
composed by a preferred
orientation and a maximum
allowed deviation.

motion_constraint_0001

Preferred orientation

Desirable object orientation to be
kept wherholding the bject,
encoded as a quaternioq f, z,
w]

[0.0, 0.0, 0.0, 1.0]

Maximum deviation

Angle (expressed in radians)
indicating the maximum allowed
deviation with respect to the
preferred orientation

0.523598776

Symmetry axis

Indicates that thebject is axially
symmetric when ratted around
the specified axis aaxes

Xy, z}

Grasp Strategies

Set of grasp strategies associate
to the object

{rubber_mallet_grasp_0001,
rubber_mallet_grasp_ 0002,
rubber_mallet_grasp_ 0003}
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Delivery Strategies Setof delivery strategies

associated to the object

{rubber_mallet_delivery 0001,
rubber_mallet_desery 0002,

rubber_mallet_deliery 0003}

4.4 Grasp taxonomy

Automatic grasps are executed by the local controller of the IH2 Azzurra robotic dsdescribed in
D5.20. Thesgraspsare based orthe taxonomy developed by Cutkoski6] and modelled under the class
GraspTypeAs far as the work developed by Cutky is the grasp taxonomy, the modelling process using
OWL is made straight from that one to the CogLaboration mdkahks to the hierarchical shape and the
classificationoriented vocabularyespectively

At first, the whole grasping modes defined bytkdsky were considered to be included in the design of our
knowledgebase, but, according to the robotic hand design and improvements made during the project, we
agreed on reducing the whole set of grasping modes to a set of primitives cawsitegange ofthem.

Open All
emphasis on GrasP emphasis on
security, stability dexterity, sensitivity
2] 1 | I | Lateral
c
@ Jampi ¢ Power clampil - . .
g S roiired. | re;ﬁ,’:g Precision Cylindrical
w0 ) 1
= " : P thin . Lo
g |MNon-Prehensile Prehensile vo wirtual — e Tripod (Tri-digital)
‘g' {one ‘virtual finger’) fingers’)
% = ,@ Thumb Index (Bi-digital
'3 HooklsPIa:onn‘ Lateral Pinch
:’: fong compact 16
—
Prismatic Circular Circular Prismatic
(wrap symmetry, (radial symmetry, (radial symmetry, 3 'virtual (opposed thumb,
fingers surround fingers surround part) fingers’) 2 ‘virtual fingers’)
part) — |
Disk Sphere Disk Sphere Tn‘-po-d
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Diameter  Diameter boldface labels — grasp names
Increasing Power Increasing Dexterity,
and Object Size Decreasing Object Size

Figure 12. Cutkosky's grasp taxonomy and the establishegrouping of the related graspmodesof the
artificial hand

Each grasp is represented by a named individual and classifaet aglobal class encompassing all of
them. Although each individual grasp represents an ebpaatific configuration, theelf-adaptabilityof the

IH2 Azzurra handallows to execute different grasp configurations faljects with similar shape For
example, wo different objects having cylindrical shape and similar physical properties could be grasped
using the same graspode

Figure 12 shows a representation of the restricted grasping modes, built on the original taxonomy and
adapted to the project specific requirements.
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4.5 Exchangemodel

Using concepts of the object affordas and the flexibility provided by the semantic approach taken, we
have modell ed the concepts included in the probl e
between them, giving the semantic meaning expected for the characterization abjelts and their
exchange properties.

Exchange

Grasp_1

-

Delivery_1 1

Object_Z

Grasp_2

—_—

Delivery_2

Exchange

Figure 13. Top-level ObjectExchange relationship model

Figure 13 represents an example using the conceptualization of our approach. As previously stated, each
object can be linked to many exchange actions, sufdr abjectsX andZ, asshown in Figure13. Both of

them could be exchanged using the same grasp met@oalsp( 1 Grasp_3 and theDelivery 1method for

the handover action. Additionallbject_Zis bondedwith theDelivery 2act i on, so i tds abl
in this way.

In the simplest caseQbject Yis associated with the exchange method composediagp 2 and
Delivery_2actions.

With this dual classification, is mandatory to assign each new objeat astpne gras@ndonedelivery
mo d e . However, ités possible to assign an object
options, the more flexibility and versatility in a wider range of exchange situations.

45.1 Grasp conceptualization

With the aim of properly model the concept wof gr
have studied the reports provided RYR and UOB fromtheir workin D2.10, describing the scenarios
objects to be handled and tagk be undertaken for reaching the desired goals.

Based orthese studiesye have extracted the initial set of concepts that could help us to design and develop
the grasping action modelling, listed as follows:

e Object involved in the action We have to derminewhich kind of object is going to be handled in
the exchange process. This property will bertfzen entityof each grasp modéh which the whole
set of relategbropertieswill be linked.
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Suitable graspposture. According to the previously introded taxonomy, as defined by Cutkosky
andadjustedo theset of grasping primitives capable to be executed by the robotic hand.

Grasp Force level When grasping the object, the robotic hand controller has to recognize the
instantwhen theobject has been elosed as expected. For this purpose, the level of force to be
reached by the fingers is defined for each gpasture

Object approaching Before executing the grasping action itself, the robotic hand has to reach the
object location In this pre-grasping phase, the hand has to get close to the objeéby sostance,
objecs hanged on a wall will not be reachable from behind and this context would discard some
grasp options. To tackle this situation, the model assigns an approach dieetiah grasp strategy

in order to establish the proper way of approaching the object.

Robotic handwrist pose Ta ki ng i nto account each objectds
we have defined a desirable wrist pose for the hand when grasping lgach ®Jsing this
information, the cognitive controller will be able adent thewrist joint in the right posture in order

to execute the gragitherightregionover t he objectds surface.
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Cylindrizal,
. Lateral,
O (Highest) Cpenall,
- = ” Triligital
oe
Priority i Grasp Type High, L
Medium,
Light
Force Level
Approach
Direction
Veector L
Expected Buy.z]
pbjec_t Wrist Pose
Quaternion Ly Qrigntation Transfarmation Matrix[
by 2] [be.y. 2,
[ERTR-HA
[EATE-ATT N
eyl

Figure 14. Grasp modelconceptualization

Within the development and during the integration phase of the knowledgeliesstenwith the cognitive
controller, we have identified the necessity of distinguishing different grasp strategies for the same object in
order to fit the bst suitable one for each situation. For this reason, we have introduced two concepts facing
the adaptive capabilities of the knowledgebase, using reasoning comasgdson théeedbackorovided by
previous exchange processasl reaitime perception proerties.

Grasp strategy priority . Feedinghe knowledgebase with theutput generated during the execution
of grasp actions for each objeete can use this feedback for prioritizing the best strategies to be
used when grasping the object. For each obggmipper sebf grasping strategies is sorted using this
learnt priority. The cognitive controller starts assessing a g®&afegy using the preferred one. If
this does not fit the exchange, the followmmge is selected and so on.

Expected object orientation Wehave represented tetation avien esmg 6 s
each graspstrategy.Using theo b j e pogitionsgatheredby perception systenas inpuf the
knowledgebase isble toprovide the cogtive controller withgrasp strategies whose expected
orientation fits better with the perceived ondiltering the ones which areonsideredinvalid
according to the current positioning of the object to be graspgdre 15 shows this concept in a
more visual way.
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Figure 15. Grasp strategy selectiorbased onperceived object orientation

A more detaileddescription ofthe selection strategimplementation, integration and usage can be found in
Section5 of this document.

In order to populate the knowledgebase with real data about different gragpitegies for the objects
involved, SSSA designed and executed an experiment based on performing a tastanéHifici80 times

for each object using the robotic hand mounted on antalwiged splint fixed to the arm of the experiment
operator. Orientatig distance of the hand from the target object and the grasp type performedhviede
andrecorded at thanstantof grasp using the Vicon Motion Capture System and each trial was considered
successful if the object is lifted at the correct distancéyowit object movement respect to the hand and no
slippage of the object was observed.

Figurel6shows a set of grasping postures tested for each object during thienexpexecution.
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Figure 16. Grasp postures used for each object
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