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Abstract—We propose a mobile directory service explicity The computational resource requirements of reasoningiengi
devised for pervasive RFID contexts. The registry adopts an were too large for mobiles device, hence it was deployed on
OWL-S 1.1 Profile instance annotation of mobile services and 5 fived server and became a single point of failure for the
resources. Ontology-based metadata are exploited in ordeto . .
perform a semantic-based service discovery w.r.t. a givereguest. system. That approach nevertheles_s enabled objects equipp
A case study to support logistics RFID environments is presged  With RFID tags to accurately describe themselves w.r.tst're
along with experimental results on a prototype implementaion.  of the world” in a self-contained fashion. While we achieved
a strong decentralization of factual knowledge by storing
individual annotations in RFID tag memory banks, reasoning

Pervasive computing paradigms aim at increasing the intgsyyices were provided only by fixed Bluetooth hotspots.
gration of information technology into ordinary human acm this contribution we show how the pervasiveness of the
tivities in a transparent way for users, reducing the effoglstem can be enhanced if a more decentralized and distiibut
and attention required to benefit from computing systeMgnproach is followed.

In classical Human-Computer Interaction (HCI) paradigms, |, previous contributions [2], the basic discovery feasure

a user perform a task by explicitly operating a single conys ypp| were extended with semantic-based capabilities.
puting device, which then possibly mediates the interactiq, this work we optimize and adapt the approach to per-
with other computing systems for information processind aRjasive RFID contexts, proposing a mobile directory service
communication. In pervasive computing, on the other haral, tdeveloped by extending the open soujo®DI* implemen-
user will receive support by interacting —simultaneousiyl a {ation, The proposed solution adapts Knowledge Represen-
often implicitly— with many different computing devicesher ;4tion (KR) techniques to volatile and resource—constin
surroundings. To enable this novel HCI model, Computatiorwlﬂaer\,asi\,e computing scenarios. The system adopts an OWL-
capabilities are deeply “embedded” into the environmeat ( 5 1.1 profile instancé annotation of mobile services and
into everyday objects and places) for information storaggsources. Ontology-based metadata are used to perform a
processing and discovery. For instance, by embedding “knoWemantic-based discovery of advanced services w.r.t. engiv
edge” into semantic-enhanced RFID tags populating a smathyest. In particular, advanced matchmaking can be darrie
environment, discovery and reasoning tasks can be pertbrmg, exploiting metadata stored in RFID tags, without any

to derive implied relationships starting from explicit o&8ce caontral and fixed reasoning engine. RFID readers are used
annotations. Such knowledge is then available to both hogl$ semantic-basefield data collectorsw.r.t. tags in their
in the local Mobile Ad-hoc NETwork (MANET) and remote ,qio range and they are able to automatically perform a

entities, through a gateway exposing a high-level interfageryice discovery without wired intermediaries. The mebil
(e.9. Web Sevices of RPtor REST type. A semantic-based gjrectory service exploits an m-DBMS (Oracle 10g Lite [3])
pervasive infrastructure, which is both lightweight andifiée, 5, efficient retrieval and processing of service desaipsi
can enable more agile business solutions to be built apge to the complexity of OWL D, a simplification of
adapted to the ever-evolving needs of modern organizatioggologies and class descriptions was devised: (1) a subset
Moreover, a generallframework. for service description angt owL DL was selected as reference logic formalism; (2)
discovery can foster interoperability at the boundary W 5| jowed ontology structure was constrained according tb-we
industry partne_rs. ) studied theoretic results in KR. The chosen approach allows
In [1] we devised a framework and protocol for the integrastandard reasoning taskise(, subsumption and consistency

tion of semantic-enhanced EPCgIobEIFID into Bluetooth- check) to be reduced to set comparison, so downscaling the
based MANETs. The proposed solution, however, relied on a

central component for reasoning over a Knowledge Base (KB)#apache Software Foundatioft)DDI, http://ws.apache.org/juddi/

I. INTRODUCTION

50WL-S: Semantic Markup for Web Services,
1Remote Procedure Call http://www.daml.org/services/owl-s/1.1/overview/
°REpresentational State Transfer 60WL Web Ontology Language, W3C Recommendation 10 Februaog,2

3EPCglobal consortium, http://www.epcglobalinc.org http://www.w3.0rg/TR/owl-features/



computational demand of inference algorithms to meet atirréBluetooth SDP (Service Discovery Protocol). They typically
capabilities of handheld computing devices. involve requesters a directory service(or lookup registry)
The proposed approach has been implemented and evaluated resourc@roviders They work in a fundamentally similar
within an RFID-based logistics application scenario. Ao way, providing primitives for resource registration andkap,
design choices provide flexibility in architecture adaiptat together with a matching mechanism. A requester issues a
to application—specific requirements. Moreover, reuse ef Sjuery to the registry (or directly to a resource provideteT
mantic Web standards can simplify the integration of thguery may contain a resource identifier and/or one or more
proposed framework in larger information infrastructures attributes to be searched for. The service registry (rdsp. t
what follows both implementation details and experimentaésource provider) checks the query pattern against stored
results are presented. services descriptions and it replies with identificatiord an
The remaining of the paper is structured as follows. Sectidwcation of matching services.
Il introduces the state of the art in the area of service disgo ~ The main advantage of string matching is simplicity, which
in pervasive environments, then Section Il elaborates dwas made it suitable to resource-constrained mobile envi-
motivation of the proposed approach. Section IV describesnments. Nevertheless, purely syntactic match mechanism
the proposed architecture and algorithms, as well as theannot support more advanced wireless applications, since
integration in the OWL-S 1.1 framework. Section V reports they provide only boolean “yes/no” outcomes. It is desieabl
case study illustrating the approach and the rationalenbdehto manage requests and service descriptions with richer and
it, whereas Section VI outlines system implementation anshambiguous meaning [7], by adopting formalisms with well-
obtained experimental results. Conclusion closes therpape grounded semantics. An agreement on shared vocabularies to
describe services is also important for context-awaregsive
computing scenarios involving several independent pestne
Radio-Frequency IDentification (RFID) technology is at- Wireless communication technologies and mobile comput-
tracting growing attention in industry and commerce as ing systems are approaching sufficient maturity to overcome
pivotal element to interface objects in the physical worithw the above limitations. In particular, an advanced mobile di
organizational information infrastructures [4]. BasigaRFID rectory service should be able to support non-exact matches
solutions are based offi) transponders to store dattag9, [8] and to provide a ranked list of discovered resources or
which are attached to objects to be identifiéi;interrogators services. This allows satisfaction of a user request “tdot
(readerg that scan tags in the environment and access thpwssible extent” whenever fully matching resources/sesi
contents. Supply chain management and asset tracking are not available. A decentralized approach is also impbrta
currently prevalent applications [5]. In recent years,ldwide for applications aiming to be really pervasive. In RFID-
standardization efforts for RFID technology have beeniseek based environments, a major issue is seen in the high cost
to promote interoperability among business partners. of transponders equipped with sufficient memory to store
Low-cost tags can be attached to objects unobtrusively, peecurate item descriptions. Nevertheless, the growingageim
serving their normal appearance and functions. They ysuadif RFID equipment and the progress in microelectronicsaallo
contain a unique item identification code, which can be read expect that tags with larger memory amounts will be
by readers. Reader devices are usually integrated in hizhdhevailable at competitive costs in few years [9].
devices or in passages such as doors and gates. The I@ur approach borrows and adapts ideas and technologies
code is then used as a key to retrieve relevant informatifrom the Semantic Web effort in order to support flexibility
about the tagged item from an information server through dynamic and decentralized service discovery protodals.
a fixed network infrastructure. Hence, RFID technology ia previous work [1], a fully backward-compatible extension
currently used as a link between physical objects and their the EPCglobal standard for UHF tags and protocol was
so-called “virtual counterpart” [6].e., their representation in proposed with semantic-based capabilities. An RFID tagdccou
computing systems. then store a rich description, expressed in ontological lan
This approach suffers from two major shortcomings if agguages based on Description Logics (DL) [10]. Integration
plied to mobile and pervasive computing environments, Whiat the application layer with a semantic-enhanced version
are characterized by heterogeneity and volatility. RFH3d1l of Bluetooth discovery protocol, so tagged objects dipped
applications depend on a support infrastructure with stabihto Bluetooth mobile ad-hoc networks could be dynamically
network links and centralized information servers. In pesive discovered based on the degree of correspondence between
contexts, on the contrary, the location of nodes could ceanteir characteristics and a user request. As part of theisnju
frequently and unpredictably, so that services/resounc@g a compression algorithm was introduced for semantically
become unavailable without prior notice. Furthermore,RFlannotated object descriptions, in order to cope with thédidh
standards allow only string matching for item identificatio storage and transmission capabilities of RFID systems.
Syntactic match of encoded attributes is a common appreach i
traditional service discovery protocols, such$isP (Service A- Related research work
Location Protocol)Jini, UPnP (Universal Plug aNd Play), Many research efforts have exploited in novel ways the
UDDI (Universal Description Discovery and Integration) andlentification and monitoring capabilities of RFID [6], [11
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[12]. Nevertheless, they are based on the “virtual coumi#tp services to perform a discovery directly starting from the
approach, which greatly limits mobility and pervasiven@ss data collected at the field level via RFID, only considering
the best of our knowledge, our proposal represents the onlgjects disseminated within the environment. In this manne
framework devised specifically for pervasive RFID applicaeasoning tasks can be performed by wireless nodes endowed
tions where item identification is not enough. In [13] a ulbiquwith reduced computational capabilities and the requirgme
tous architecture is presented for tracking products intieee  of a dependable support infrastructure for inference can be
to support logistic processes and B2B transaction managiemeemoved.
A global and persistent IT infrastructure is required inesrtb Several application areas of RFID technology [5] can be
interface RFID systems of partner organizations through tenhanced by introducing a semantically rich object detiorip
Internet. This makes the approach unsuitable to MANET emds well as a discovery layer, able to provide advanced ssvic
ronments. As a further limitation, adopted discovery pcots in a wireless context. In particular, asset management ean b
only support exact matches through code-based formats, wgreatly improved in those scenarios where retrieval should
no explicit semantics of object characteristics. be based on relevant object properties and purposes, rather
The computational resources required by advanced mattfan mere identification codes. Let us consider the lifexycl
making algorithms still remains an open issue in fully moef industrial products. Manufacturing and quality contcah
bile and decentralized scenarios. In our system prototgpe £xploit accurate descriptions of raw materials, companant
ubiquitous commerce [1], resource matchmaking was exdcufgocesses. Supply chain management benefits from improved
by a fixed Bluetooth hotspot running a DL inference enginéem tracking and the verification of multi-factor servievél
because inference procedures are inherently resoureesiué agreements between commercial partners can be automated.
for expressive logical languages. The mobile directoryiser Sale depots benefit from easier inventory management and
proposed in this paper aims at a trade-off between matchican introduce u-commerce (ubiquitous commerce) capiakilit
complexity and expressive possibilities of the languageth® [1] without expensive investments in infrastructure. Hina
best of our knowledge, Pocket KRHyper [14] is currently themart post-sale services can be provided to purchasers, by
only available DL-based reasoning engine for mobile dexicentegrating knowledge discovery and reasoning capadsliitn
It provides consistency and subsumption inference sesyicegarious appliances [17].
exploited by authors in a matchmaking facility between user
profiles and descriptions of resources/services [15]. Tiige p IV. FRAMEWORK

posed approach allows comparable expressiveness of servicThe proposed framework is based on a two-level architec-
descriptions w.r.t. ours, but the former does not suppomt-notyre. RFID is used at théield layer (interconnecting readers
exact matches and result ranking. and tags dipped in the environment), wherdiasovery layer
enables communications between a reader and another mobile
host in the wireless context, playing the role of a mobiledir
Motivation for this work comes from previous efforts aory service. Figure 1 shows the structure of the proposed di
exploiting languages with formal semantics in really psiv@ covery architecture in comparison with traditional apues
environments [16]. By annotating objects directly througfinitially devised for the Web and progressively refined for
RFID tags which store metadata along with subsidiary prodygervasive applications). Both the communication betwéen t
information, each object can self-expose its relevantathartag field and the related reader and the one between reader
teristics to nearby computing devices, and advanced sémangnd other mobile devices are based on a radio channel, but
based services can be provided on-demand through dynatRi€ first one exploits the semantic-enhanced EPCglobal RFID
wireless MANET infrastructures. In traditional appllct:H’lS protoco' data exchange [17]' whereas the mobile directory

of Knowledge Representation Systems (KRS), however, aui@rvice can be queried via a semantic-enhanced Bluetooth
mated inference procedures are typically executed on a fixgérvice Discovery Protocol [18].

server in order to extract implicit knowledge from the one

IIl. M OTIVATION

stated in a centralized KB. Hence a reasoner is viewed .
software entity which is immediately available, eitherdthg ' '
or via a high-throughput network link. This approach is effe
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tive only as long as large computing resources and a st “%/ >
network infrastructure are granted. A different approast gy s
required to adapt KR tools and technologies to mobile com| &%

ing applications and pervasive business infrastructurbsy

fruition provider Wireless-enabled device Wireless-enabled device

are characterized by user (and device) mobility, dependamc @ e

context, severe resource limitations. Knowledge-basstsys E E E
designed for wired networks are hardly adaptable, due d/ “ k
architectural differences and performance issues. Ourigo - 2

mobility

therefore to build a key element of such envisioned art
tecture, namely a mobile directory service providing sléa Fig. 1. Evolution of service discovery architectures



By means of the proposed discovery framework, the re-With these positions, standard ontology reasoning tasks su
guester can start her service discovery moving from objer$ subsumption and consistency check can be reduced to
properties and features (so directly taking into accousmit set comparison, with drastically lower computational sost
annotations) to retrieve appropriate services and/oruress. Given two class description®-g, a mobile service description
Actually service discovery proceeds from the object lefield M .SD and a query)— and an ontology (for Terminology),
layer) to the user one. This approach allows to extract tipeoceed as follows:
knowledge “embedded” in the environment to perform the
discovery from the tagged objects without fixed coordinatiozgr each class identifief in MSD and Q:
or manipulation, so permitting truly pervasive applicaso if the axiomC rdfs: subCl assOf D is in T

Mobile hosts that run the directory service maintain a then recursively rewrite€’ as
registry containing the managed services and resourceg; th ow :intersectionOf {C,D};
are involved in the discovery process as lookup services. if the axiomC ow : equi val ent d ass D is in T
RFID readers retrieve semantic metadata from tagged @bject  then recursively replac€ with D;
and exploit them to address requests toward nearby mobile if the axiomC ow : di sj oi ntWth D isin T
directories to discover further servicés In the proposed then recursively rewrit€’ as
approach, there is no need for wired reasoning centres. RFID gy : j ntersecti onOf {C,ow : conpl ement O D};
readers play a fundamental role in the whole service oriente
architecture as they (i) collect descriptions and con@Xxtuafter this preprocessing step, known asfolding[10], both
parameters referred to tags in their radio range (at the fields D andQ are rewritten as a conjunction of class identifiers,
layer) and (ii) forward composed requests via Bluetooth (kgated class identifiers and datatype property restitio
the discovery layer) to a directory node in their proximity, Subsumption. In order to verify whetherMSD is sub-

waiting for a reply. : e . )
In what follows the discovery layer is described in greatésrumeOI by (is more specific thanjy, just check if for each

depth, showing the structure and functionality of the rr@bilconj_u_n(?tci In @, Ci is also a conjunct oA SD.
registry-based directory service. For the sake of bretitg, ~ Disjointness.If one wants to check wheth€p and M SD
reader is referred to the semantic-enhanced RFID proto@sedisjoint with each other, it suffices to check if there exists
proposed in [17] for features and details of the field layer. & class identifieC’; in @ such thabw : conpl enent O C;

is a conjunct ofM SD (or vice versa).

A. Background . . . .
g In other words we consider the conjunction of elementg in

In this subsection, preliminary notions are introducedboanqg 775D and, in general, in every class expression allowed

the adopted language and reasoning tasks. by the language we chose, as sets of elements.
Language.In order to reduce computational cost due to the

full expressiveness of OWL DL, a subset of OWL DL was Concept Abduction. With this set-based formalization, also
selected to represent mobile service descriptions andessgyu SOlutions to aoncept abduction problem(CAP) [20] can be

in the OWL-S framework, wherelass descriptions consist of: easily computed. Basically, a CAP can be described as: given
. o ) two class descriptiond/SD and @, such thatM SD is not
« class identifier (a URI reference);

; - subsumed by) —.e., the mobile service description does not
o« oW : conpl enent O class identifier; ¥ P

. datatype property restriction; completely satisfy the query— hypothesize a class exmmessi

. ; - H representing what is underspecified MiSD in order to
« the intersection of two or more class descriptions. Iy .
. be more specific than (subsumed ly) From an operational
Furthermore, ontologies are bound to adhere tosthwle- point of view, for each conjuna®; in Q, check if C; is also

TBox conditions defined in Description Logics literature, conjunct ofM SD. If not, hypothesize”; and add it toH.
[19]: () all the axioms in ontologies are bound to cONwe write H = solveCAP(MSD, Q) to indicate thatH is

tain a class identifier only in their left hand side; (ii) onl¥ynat has to be hypothesized and added48 D in order to
one rdfs:subC assOf or ow : equival ent C ass completely satisfy the requesL

axiom is allowed for each class identifier; (iii) for L . )
ow : di sj oi nt Wt h axioms, both left hand side and right Actually, minimality criteria on the size off have to be
hand side are class identifiers such that they do not appd§fined and adopted in order to avoid trivial and redundant

as left hand side of anpw : equi val ent O ass axiom. solutions. In particular, for class expression represkras
Possible axioms are then in the form: a conjunction of elements in [20d}reducible solutionsare

. class identifier df s: subQl assOF class description defined as solutions that are minimal w.r.t. the number of

: o i ) conjuncts (taking into account also the axioms in the omjplo
« class identifier o : equi val ent O ass class de- ; ) .
scription 7). Rank potentials then defined as a measure for abduction-

) o o . . o based ranking of several services w.r.t. a givenlin the
« class identifierowl - di sj oi nt W t h class identifier subset of OWL DL adopted here, it is easily computed as the

“Notice that a reader can itself play the role of directoryviser w.r.t. number of conjuncts i, i.e, Rpot(MSD’ Q) = |H| being
resources/services simply running an instance of the eatjuin. H = solveCAP(MSD, Q) [21].



B. Architecture details VHERE class | N (<parent |ist>)

The mobile directory service copes with OWL-S based
annotation of mobile services/resources. Each servimiree L )
specification is modeled as an OWL-S 1.1 Profile instance. Characteristics and benefits of the proposed framework

System implementation allowed to validate the approacH® d|§cussed in an advanced logistics scenario, namely the
test algorithms behavior and carry out experiments. ThemmAP€rational control systerfor a warehouse. It performs low-
component of the system is tiervice Selectormodule. It level decision processes such as the destination of each in-
performs the discovery of services via an m-RDBMS angPming _container. The main goals are efficient space usage
computes a ranked list taking into account incomplete gpd assignment of the area that b_est. fits storage requirsment
missing information. Functionalities of a reasoner (asté]) '°F the particular product or material in each container.
are substituted —to some extent— with structured queriesav  =xPloiting our approach, semantic-enabled RFID tags can
database. Recall that the relational model —due to itsnsigi P€ attached to products at different packaging levels: item
structure— allows to establish well-known relationshipsag case gnq pallet. _Item-level tags may cgntaln detalled. odu
generic entities. Hence it can be correctly exploited toastt descriptions, whlch_are mostly useful in manufacturmg and
new information from a simple-TBox, starting from the ongale stages [17], while pallet-level tags may contain otyyees

stated within a specific resource instance. The proposed E2Rassertions (possibly expressed w.r.t. a different ogygl
model consists of the following tables. specifically related to transportation and storage. Thigl ki

. . . of knowledge can be then used to control logistic operations
- Parents_0 table.|s built after. an analy3|s“of the OVyl‘,pur semantic-enhanced RFID protocol allows to select only
onto!ogy. .lt contains all the first degree parer?t/Ch"dsemantic-enabled tags, while preserving standard catjebil
reer![?et:)nshlps, also expressed by means of possible prq&— filtering tags base_d on logistic unit type through EPCe:od_

P .ts i table (i=1..N) are built expanding all theflelds. The two functions can be comblned, so that readers in
* reallz:\t?onnshT < of order h| her than one F;mon gconce warehouse can preselect semantic-enabled pallet tags onl

Par ent s '? is derivedgjoining Parent s i -gl and Phis greatly reduces the number o_f tags to_ be mventor!ed_, o)

Parents 0. - enabling to meet real-time processing requirements ostimgi

: . o . applications.
* AfceSt or s table is built by joining all thePar ent__| . A simplified domain ontology was developed for this case
(i=0..N) and resumes all the subsumption relat|0nsh|ps§

among concepts in the ontology _ udy. It models product macrocategories and storage eondi
7 ... tions, which may be required by products and provided by
- Resources ta}ble coIIe_cts service/resource descr'ppon%\'/arehouse areas. Figure 2 reports a portion of its axioms to
Egggbtlgprlglewm contain a component concept with %elp u_nde_rstand the following examplle_ (classic logic-dase
o Nornali zed table is obtained joininfResour ces and formalism 'S adopted for pe_tter readap|llty).
Ancest or s tables. It will contain all the relationships The considered scenario is summarized herealtseaport
among service/resc;urce instances and related parents\’vamhouse comprises severgl departme_nt_s, bo_th indoor and
) outdoor. Each department is further divided into storage
Due to the sublanguage we use to model ontologies, servigaas. vans deliver cargos from the hinterland for overseas
descriptions and queries, the proposed model is able to cQpgyments. The warehouse supports semantic-enhanced RFID
with a discovery procedure which is the basic feature @fchnology, with a gate reader at each entry point. Annatate
Service SelectorThe information stored within the databasgygp tags are attached to product containers and pallets,

is used to compute on the fly the “unfolded” version Ofiescribing primary product category and required storage
@ and of mobile service descriptions. These unfolded clagggitions.

descriptions are then used to solve corresponding conceph van is delivering a cargo of insulin for clinical use. It
abduction problems as described in Subsection IV-A. The 5 pharmaceutical product requiring freezing, low hurtydi
adopted glgonthm is outlmed.hereafter. Discovery prmed and indirect lighting for proper preservation. A conveyor
receives in input the set of conjunctsdh They are considered |t and shelving are also requested for stocking, as well as

individually and for each of them all the parents within thg, 5ccess control system for security purposgss can be
Ancest or s table are extracted. The corresponding query ié'xpressed w.r.t. our reference ontology as:

V. CASE STUuDY

SELECT parent R:  Pharmaceutical M Freezing M Low_Humidity r
FROM Ancest ors

N Indirect_Lighting M Conveyor_Belt M Shelving M Access_Control
WHERE child = <conponent concept > g g v Y

Such description is stored in encoded form onto the con-
This collection of parents will be then used for selectintainer's RFID tag. Upon entry, the gate interrogator reatie t
from Nor mal i zed table services that contain, in their setag and matches its description with those of the warehouse
mantic annotation, at least a class among them within tie juepartments, in order to route the van to a compatible one.
created set. The corresponding query is: Descriptions of warehouse departments are stored in the
SELECT servi ce interrogator’s mobile registry, so it can work as a semantic
FROM Nor mal i zed based directory. The first inference stage is a simple sub-



Chemical_Product C Product
Edible_Product = —Chemical_Product
Pharmaceutical C Chemical_Product
Crane C Transport_Equipment
Pallet_Rack C Stocking Equipment
Metal_Shelving C Shelving

Indoor C Location

Lighting_Source C Storage_Requirement
Direct_Lighting T —Indirect_Lighting
Incandescent_Light C Lighting Type
Room_Temperature [ Temperature
Freezing [ Refrigeration

Natural Humidity C Humidity
Low_Humidity C Controlled Humidity
Video_Surveillance C Security_Measure
Unlocking_Device C Access_Control

Manufactured_Product C Product
Edible_Product = —Manufactured_Product
Equipment C Storage_Requirement
Conveyor_Belt C Transport_Equipment
ISO_Pallet_Rack [ Pallet_Rack
Plastic_Shelving C Shelving

Outdoor C Location

Indirect_Lighting C Lighting_Source
Lighting Type C Storage_Requirement
Fluorescent_Light C —Incandescent_Light
Refrigeration C Temperature
Room_Temperature C —Refrigeration
Controlled Humidity C Humidity
Very_Low_Humidity C Low_Humidity
Access_Control C Security_Measure
RFID_Badge C Unlocking_Device

Edible_Product C Product
Chemical_Product = —Manufactured_Product
Transport_Equipment C Equipment

Stocking Equipment T Equipment

Shelving C Stocking Equipment

Location C Storage_Requirement

Outdoor C —Indoor

Direct_Lighting C Lighting_Source
Fluorescent_Light C Lighting Type
Temperature C Storage_Requirement
Cold_Temperature [ Refrigeration
Humidity C Storage_Requirement
Controlled Humidity C —Natural Humidity
Security_Measure C Storage_Requirement
Biometric_Identification C Access_Control
Magnetic_Badge T Unlocking_Device

Fig. 2. Axioms in the example warehousing ontology used édase study

[ Supply [ Compatibile (Y/N) ]| Supply Residual vol- [ Match outcome Rank po- | Overall
Dep. A N ume (m?) tential rank
Dep. B N AreaCl | —1.0 Discarded N.A. N.A.
Dep. Y AreaC2 | 0.7 ?Fﬁ)tThQSi s: 0 19t

TABLE | Hy_t h.’ -
pot hesi s:
RESULTS OF THE FIRST INFERENCE STAGE Area C3 0.5 H = Shelving 9 grd
MNConveyor_Belt
AreaC4 | 2.5 Hypot hesi s: 0 gnd
H=T,;
TABLE Il

sumption test between product requirements and department
facilities. Outcomes are sent to the mobile computing devic
within the van via Bluetooth. Let us suppose that the foltayvi
departments exist in the warehouse:

A: indoor department for edible products, with refrigeratamd low humidity:

RESULTS OF THE SECOND INFERENCE STAGE

at freezing temperature and very low humidity, with indiroorescent light source:
M Metal_Shelving m

Edible_Product M Indoor M Low_Humidity M Refrigeration

Indoor M Biometric_Identification

B: outdoor department for manufactured products, with natumaidity and temperature:

Manu factured_Product M Outdoor N Very_Low_Humidity r

Conveyor_Belt M Freezing

M Room_Temperature M

Natural_Humidity Indirect_Lighting M Fluorescent_Light

. ; 3 ; ;
C: indoor department for chemical products, with very low hdityiand freezing facility: ~ C3: indoor storage area (available volume 3s0 /) equipped with RFID badge

Chemical_Product M Indoor M Very_Low_Humidity M Freezing readers for access control, a crane for stocking itemszifigetemperature and low

Notice that department descriptions contain only the malmidity, with indirect incandescent light source:
features. This level of detail is sufficient for early degisi — [ndoor M RFID_Badge N Crane
making, while the Open World Assumption allows furthefndirect_Lighting M Freezing M Low_Humidity
information to be specified later for individual storageame C4: indoor storage area (available volume fis) m?®) equipped with RFID badge
Result of the first matchmaking step is reported in Table rgaders for access control, with a plastic shelving andeymvbelt for stocking, storing
OnIy department Cis compatible with the cargo, according figms at freezing temperature and low humidity, with indiruorescent light source:
the domain 0nt0|0gy. M RFID_Badge M Plastic_Shelving M Conveyor_Belt
The van is routed to department C. Upon arrival, the insu”ﬁ'reezing M Low_Humidity M Indirect_Lighting M Fluorescent_Light
pallet is unloaded. Warehouseman picks up the pallet withAreas with insufficient free volume are discarded before
his forklift, which is endowed with a portable RFID readefmatchmaking to avoid unnecessary processing. Remaining
It scans the pallet tag and reads the semantically annotatéfies are ranked based on (i) increasing rank potential score
description. Reader collects descriptions for each steragga and (i) increasing residual volume. Since rank potenadi
from the first available Bluetooth hotspot in the departmenineasure of semantic distance, the lower the better. Rdsidua
Then it executes matchmaking locally, to select the bestgto volume is computed as the difference between available vol-
area having sufficient available space. ume in an area and volume of the pallet to be stored. Favoring
Let us suppose that total pallet volume2i$ m3 and also areas with lower residual free space is an allocation patiay
that department C contains the following storage areas: ~aims at minimizing wasted space (classically proposedfalso
C1: indoor storage area (available volumeliss m?) equipped with 1SO-compliant the memory allocation prOblem in Operating systems theory)
Table Il reports matchmaking results for our example. Area
C1l is discarded before semantic-based matchmaking, since i
has insufficient free volume. Both C2 and C4 fully satisfy
Low_Humidity M Indirect_Lighting M Fluorescent_Light product storage requirements; C2 is ranked first as it has
C2: indoor storage area (available volume 3s2 m3) equipped with biometic Smaller residual volume. C3 is ranked last, since it does not
identification for security, metal shelving and conveyott her stocking, storing items €Xplicitly satisfy the requirements of shelving and corarey

M Incandescent_Light I

Indoor

pallet rack and conveyor belt for stocking, storing itemseditigerated cold temperature
and low humidity, with indirect fluorescent light source:
Indoor MISO_Pallet_Rack M Conveyor_Belt M Cold_Temperature M
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Fig. 4. Time progression of discovery process w.r.t. retjgae

belt.
The warehouseman’s mobile device shows area C2 as the
best storage area for the insulin pallet. progression of discovery procedure w.r.t. size of requiest (

The example shows that the proposed mobile directolgrms of conjuncts number) is reported in Figure 4.
service can correctly support non-trivial tasks of pradtic A general comparison of bootstrap phase duration against
interest, even though it allows limited language expréfsiv the discovery one (computed in the worst case, attempting
Our decentralized matchmaking framework can be easily ap-discovery given a 10 concepts request exploitdwgto?
plied to other logistic problems, such as directing garggirpoints out that the former prevails, as depicted in Figure 5.
and maintenance operations in vehicle or aircraft depots. Time consumption for mapping the Knowledge Base into the

Finally, it is useful to remark that our prototype adopt®B is relevant and in particular the creation ledir ent s_i
Bluetooth connectivity for communications, but the fraroedv  andNor mal i zed tables takes up most of bootstrap time. Due
is general and hence applicable also to wireless netwosdexbato this important limitation, mapping operations are perfed

on other technologies, such as IEEE 802.11. only after ontology agreement and only if necessary. That is
the KB mapping is a preprocessing stage preliminary w.r.t.
VI. SYSTEM IMPLEMENTATION AND EXPERIMENTS the further service discovery. Hence, it happens only the fir

The proposed approach has been implemented and testeligg @ mobile directory has to exploit a specified KB. As long
an HP iPAQ 2210h PDA Tests have been conducted with th&S the registry is the same application context, it will pres
aim of assessing the order of magnitude of time consumptiil Previously mapped KB and new discovery sessions will
of the implemented system. This evaluation can give onBe Performed only mapping the given request.
partial view of real-world application behavior, but it pides ~ The application shows an overall good response in terms
an insight into the feasibility of the proposal. of delay in the interactions between requester and mobile

Two different ontologies (not reported for brevity) havélirectory. For a thorough analysis, a complete comparison
been used for tests. The first one (labeleddasod) contains W.-t. a fixed reasoner should be provided. In our previous
approximately 50 among classes and properties. The secdhglementationsAMAS-tn§ matchmaker was adopted, but
one (labeled a©nto? contains approximately 100 amongt is surely an uncorrect term of comparison because of its
classes and properties. The number of service instance$l¢gp diversity deriving from the allowed expressivenegsief
6 for KB1 referred toOntol and 33 for KB2 referred to Mmanaged formalism. More correctly, analogies are idebtdia
Onto2 Figure 3 reports time consumption for theotstrap in JUDDI directory servers on the web. With respect to
phase (comprising the mapping of both the ontology anéhem, the proposed application shows a better quality of the
the individuals into database tables). Then an average tiRi@vided service discovery feature and furthermore a aacr

8All tests have been performed using a fully charged battentife PDA http://sisinfab.poliba.itt MAMAS-tng/
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