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Abstract—Web ontology language (OWL) allows structuring
smart space content in high-level terms of classes, relatis
between them, and their properties. In Smart-M3, a semantic
information broker (SIB) maintains the smart space in low-
level terms of triples, based on resource description frame
work (RDF). This paper describes SmartSlog, our solution
for constructing Smart-M3 knowledge processors (KPs) that
consume/produce smart space content according to high-lel
ontology terms. The solution is based on the code generation
approach. Given an OWL ontology description, the SmartSlog
generator maps OWL to the ontology library. It provides
1) API to communicate with SIB and 2) data structures to
represent in KP code all ontology classes, relations, propes,
and individuals. As a result, the developer easier construs the
KP code, thinking in high-level ontology terms instead of lav-
level RDF triples. SmartSlog is oriented to ubiquitous systms;
the library is modest to the device capacity; it is written in
ANSI C, supports even small embedded devices with restricte
performance, and allows interoperable applications.

Keywords-Smart spaces; Smart-M3; OWL/RDF ontology;
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or anything. Thus, multiple KPs from multiple vendors
may share ad-hoc information across numerous domains,
enabling cross-domain and cross-platform interopetsbili

Application examples include context gathering in meet-
ings [5], meeting room smart space [6], smart home [7],
gaming, wellness and music mashup [8] and social net-
works [9].

Smart-M3 [10] (Multidomain, _Multidevice, and
Multivendor) is an open software platform [11] that
implements the smart space concept. Smart-M3 has been
developed by a consortium of companies and within
research projects: Artemis JU funded Sofia project (Smart
Objects for Intelligent Applications) and Finnish natitipa
funded program DIEM (Device Interoperability Ecosystem).

Real-life scenarios often involve a lot of information,
which leads both to largish ontologies and possibly complex
instances that the KPs need to handle. Thus, programming
KPs on the level of SSAP operations and RDF triples bring
unnecessary complexity for the developers, who have to
divert effort for managing triples instead of concentrgtom
the application logic. The OWL representation of knowledge

A smart space is a virtual, service-centric, multi-user,as classes, relations between classes, and properties maps

multi-device, dynamic interaction environment that apgli

quite well to object-oriented paradigm in practice (but sot

a shared view of resources [1], [2]. Information conforms to
ontological representation with subject—relation(pcatt)—

object triples as in semantic web [3]. Triples are represstnt Microwave oven =
using Resource Description Framework (RDF). A number TV
of devices may access information via semantic information 5
brokers (SIBs), which also support information reasoning. Smart Spaces

A client application consists of one or more knowledge y
processors (KPs) running on various user's devices (Fig- [ ] "ok g
ure 1). KPs act cooperatively forming a publish/subscribe = L |
system [4]. Each KP can be thought as an agent using the “™""* information sore Fridge
smart space as a shared knowledge space. The KPs produci

(insert, update, remove) and/or consume (query, subscribe
unsubscribe) information in a smart space. The smart space
access protocol (SSAP) implements the $SBKP commu-
nication, using operations with RDF content as parameters.
A KP may provide information for the smart space and
use information provided by other KPs. The information i

. . . ) . . Figure 1. Smart spaces form a publish/subscribe system iicaitous
content is not restricted in any way—it may be information environment: KPs run on various types of computers and deyithe dis-

relating to the physical environment, to the KPs themselvesibuted knowledge store supports reasoning over crossadoinformation

N
~X

Music
center



well in theory). Therefore, it is feasible to map OWL classesdependencies are kept to minimum and memory usage is
into OO classes and instances of OWL classes into oBjectspredictable and bounded.

in programming languages. This approach effectively binds Ontology based code generation facilities are also pro-
the subgraph describing an instance of an OWL class to avided as part of the Sofia application development kit

object in a programming language. (ADK) [13] for Java-based KPs. The Sofia ADK is an

This paper describes the SmartSlog ontology library genEclipse-based toolset for creating smart space applitatio
erator tool, our solution for allowing the construction of The view towards software developer is very similar to the
Smart-M3 KPs by programming with domain concepts thatSmartSlog, namely providing programming language view
encoded in the relevant ontology. to the concepts defined in an ontology.

SmartSlog is an ANSI C library generator for Smart Similar ideas also exist in the semantic web world,
Space ontolog [12]. The generator maps an OWL ontology with projects aiming to provide object-RDF mappinki
description to ANSI C code (ontology library), abstracting braries. These libraries are typically not tied to any csggl
in KP code the ontology and communication with SIBs.  and implemented in interpreted languages, such as RD-

SmartSlog library simplifies constructing KP code. TheFAlchemy [14] in Python or Spira [15] in Ruby. Obviously
code manipulates with ontology classes, relations, and inthe approach is very difficult both to implement and to use
dividuals using predefined data structures and library APlin statically typed compiled languages such as C, while very
The number of domain elements in KP code is reduced¢onvenient in dynamically typed, interpreted languages.
compared with the low-level triple-based scheme. The API
are generic, hence does not depend on concrete ontology; I1l. ONTOLOGY LIBRARY ARCHITECTURE
all ontology entities appear as arguments in API functions. ) o
Search requests to SIB are written compactly by definingi_ SmartSlog is built into the base Smart-M3 ontology
only what you know about the object to find (even if the llbrary generation scheme (Smart-M3 CodeGen in [11]), see
object has many other properties). Figure 2). _For a KP .developer, Fhe_ use scenario consists

The SmartSlog tool is constructed to take into accounff two basic steps. First, she (thinking in ontology terms)
the limited resources available on small computers sucRrovides a problem domain specification as an OWL descrip-
as mobile and embedded devices. For example, the kpon. The generator mputs_the s_peC|f|cat|0n anc_j qutputs the
code does not need to maintain the whole ontology a&ntology library. The latter is an interface thz_;\t elimirsatee
unused entities can be removed. Also, triples are not kegf{€veloper from low-level triple-based details. Seconce sh
indefinitely as the memory is freed immediately after the useUSes the library when writing her KP code. The KP logic is
Furthermore, even if a high-level ontology entity consisits implemented in high-level terms qf the specmgd ontology.
many triples, its synchronization with SIB transfers only aNote that the developer can easily start coding from KP
selected subset, saving on communication. These featur&@mplate and Makefile generated optionally.
make it possible to use SmartSlog when developing KPs for An ontology library generator uses a static tem-
small devices—devices that are expected to play a centr@lates/handlers scheme. Code templates are “pre-code” of

role in ubiquitous environments. data structures that implement ontology classes and their
The rest of the paper is organized as follows. Section |Properties. Since names of ontology entities depend on a
briefly discusses related work Section IIl introduces thediven ontology, each template contains a tagme) instead

SmartSlog with its architectural and implementation dstai ©f €very proper name. The generator has a set of handlers;
Section IV presents generic SmartSlog library API and dat£ach handler transforms one or more templates into final
structures. Section V describes SmartSlog optimizationscode replacing tags with the names taken from the ontology.
Section VI shows an example of application construction. The transformation happens during ontology RDF graph

Section VII concludes the paper. traversal based on Jena OWL framework [16]. The latter
constructs a meta-model to represent the graph. The gener-
Il. RELATED WORK ator comprehensively traverses this model, and those nodes

SmartSlog is closely related to code generators for C/GLIlfr® v_isited that a handler needs to transform its templates
Smart-M3 KP API and Smart-M3 Python KP API, as they into final code.
all use a common back-end for analyzing the ontologies and Templates and their handlers are device-aware. The
creating a model for code generation (Smart-M3 CodeGeflependence is resolved on the level of a mediator li-
in [11]). Also, the ontology APIs for generated by SmartSlogbrary that implements triple-based ontology operations fo
and the C/GLib generator are very similar. However, theRDF elements and SIB communication. SmartSlog uses
code generated by SmartSlog is more concerned with addPl_low [17] as a mediator library, oriented to small em-
quate performance even on low-end devices. For exampl&edded devices and ANSI C programming.

1These objects only have attributes, but no methods and thibglmavior ?In the spirit of object-relational mapping
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Figure 2. Smart-M3 ontology library generation scheme.hE@ntLibGenerator implements own code templates and handiéented to a specific
mediator library. SmartSlog extends the set of availableegaors for producing libraries on the top of KPWw interface (for low-performance devices)

A SmartSlog library consists of two parts: dependent/ Templates
and independent on the given ontology (Figure 3). The . ANSIC

SmartSlog generator produces ontology-dependent parts. Dependent part
is implemented on the top of Smart-M3 CodeGen and use <"amej’qﬁsrg‘<‘m3>-h

own ANSI C templates (oriented to KRw interface). The
whole ontology can be represented in several files.

Library

Independent part

The generator iteratively calls the Jena meta-model. Thi(’ 0'33\',?_9" ¥ BRSLC Doy
corresponding templates are loaded and processed, and t ~---___--~"
final code is generated in filehame.c and (name .h, KP code
where (namé is the ontology file name. The code imple- il

ments all ontology classes and properties as structuresinC_¢ T mommmmooooomooooommooooooo—o ‘
Note t,hat the generatgd code Can,be optimized further b¥igure 3. The SmartSlog ontology library architecture.otogy-dependent
removing ontology entities unused in the KP. and ontology-independent parts

The ontology-independent part contains API: basic data
structures (for generic ontology class, property, andviddi
ual) and functions for their manipulation. The code struetu
is shown in Table I. SmartSlog API uses KRiw when ﬁa

well as multiple KPs form one smart space application.
Optionally the generator produces a template for KP code
nd Makefile) with functionmai n() . In the beginning,
initializes local ontology structures and joins the stnar
space. In the end, it leaves the smart space gracefully. In
between, the developer inserts own code (KP logic).

communicating with SIB. Hence, the ontology-independen
part implements all high-level ontology entity transforma
tions to low-level triples and vice versa.

This library division into two parts allows constructing
efficient applications. If the ontology changes the ontglog IV. LIBRARY API
independent part does not require recompiling; it can be
shared by several KPs that use different ontology. Ontelogy SmartSlog API evolves over the generic APl of Smart-M3
dependent part can be shared by KPs with the same ontolog@odeGen [11]. “Generic” means that APl does not depend
These cases are typical since multiple smart space applican ontology: classes, properties, and individuals appsar a
tions with different ontology can run on the same device asarguments in API functions. Datatype and object properties



TABLE |

SMARTSLOG CODE STRUCTURE FOR ONTOLOGYNDEPENDENT PART = Gil  Boy Sz hi2zAhuoband
Files *. c and *.h Description Fnc/Str  LOC/COM \ / \i /
generic.h Declarations of all API data 0/0 13/21 Man has wife
structures and functions. Beverage -a— drinks Human -e=— =
structures Base data structures andll/4 | 201/ 214
functions for them.
cl asses Manipulation with classes.| 20 /0 | 318 / 221 Water fname Iname  number_of_drinks
properties Manipulation with propert 28 /0 | 550 / 312
ties. . S
SUm— 5974 10827 768 Figure 4. Ontology for humans and their drinks
ss_func Access to smart space (join-5/0 34 /35
ing, leaving, ...). ) o
ss_cl asses Manipulation with classes in 15 / 0 | 344 412 In this example, the definitions dELASS WOVAN and
_ smart space. PROPERTY_LNAME are in the library ontology-dependent
ss_properties | Manipulation with propert 12 /0 | 351/ 383 t for th - tol h in Ei 4. (W d Growl
ties in smart space. part for the ontology shown in Figure 4. (We use Grow
ss_populate |Population of individuals 2/0 | 627 107 tool [19]: classes are in blue rectangles, datatype prigsert
_ from smart space. are in brown ovals, object properties are in blue ovals.)
ss_subscri be ]?Jl:]lzflgrr;t;e containers and24 /3 | 483/ 179 The second group (to/from smart space) has prea‘i9<_‘"
Sum: 5873 12747111 in function names and allows accessing smart space for
transformation). ties: similarl t, the | ' | functi k; t the dat
utils/= Auxiliary defs&funcs. Un{ 51/3 | 540 / 641 « properues: similarly 1o the Qca un_c lons bu e a a
used directly in KP code. are to/from smart space (it requires transformation
Sum: 60/3 9417940 to/from triples and calling the mediator library);
TOTAL: AT e « querying for individuals in smart space (existence,
Fnc/Str counts the number of functions and structure®C/COM was yes/no answer);

ted by the CCCC tool [18]. R
computed by the ool [18] « populating individuals from smart space by query or by

subscription.

are treated similarly. Run-time checking must be performe . . o .
y 9 P q:or example, inserting an individual and then updating some

for arguments. fit ties:
In SmartSlog, each ontology class, property, and indivigY' 'S Propertes.

ual is implemented as a C structure (tygesoperty t,  Ss_insert_individual (aino);
class_t, andindividual _t). The API has generic g5 ypdate property(aino,
functions that handle such data objects regardless of their ~ PROPERTY_LNAME, "Ericsson");
real ontology content. Currently supported OWL constmint . . .
oy y supp Subscription needs more discussion. In advance, a sub-

are class, datatypeproperty, objectproperty, domaingean L . . ; L
ypeproperty, objectproperty rgga scription container is created to insert those individuals

and cardinality. For example, a class "'.‘OWS all s SU\hich to subscribe for. Optionally, the container insehis t
perclasses, OWL one of classes, properties, and instances ) : .
(individuals); the implementation is as follows properties whose values are interested only. Then KP explic

itly subscribes for selected properties of selected inldials.

typedef struct class_s { _ _ Subscription is synchronous or asynchronous. The former
int rtti; /* run-time type information */ . lest: KP is blocked iting f dat E d
char =cl asst ype: I+ type of class, name x/ case is simplest; is blocked waiting for updates. Even de-
list_t =superclasses; /+ all superclasses */ vices without thread support allow synchronous subsaonipti
list_t »oneof; /+ class oneof value +/ The latter case is implemented with a thread that controls
list_t *properties; /+ all properties*/ dates f t d . th to th tai
list"t =instances: /+ all individuals */ updates from smart space and assigns them to the containers.

} class_t; KP is not blocked, and updates come in parallel.

. - . ] . Internally, communication with SIB leads to the compo-
API fgncﬂons are divided into two groups: for manipu- sition/decomposition of high-level ontology entities o
Iatmg. with local obJect§ and for commumcatmg with SIB. triples and calling KPllow for triple-based data exchange.
The first group (local) includes functions for SmartSlog APl covers all basic primitives of a pub-
« Classes and individuals: creating data structures angsh/subscribe system. Compared with Smart-M3 CodeGen
manipulating with them locally; that provides similar primitives, SmartSlog API has the
« properties: operations set/get, update, etc. in locaéstorfo|lowing advantages. Smart-M3 CodeGen API depends on

(also run-time checks for correctness, e.g., cardinalityy|ip library, e.g., using list data structures. Low-perfance

and property values). devices do not support glib. In contrast, SmartSlog has no
For example, creating individual and setting its propsrtie such requirements for underlying libraries. Smart-M3 Gode
i ndi vidual t *aino = new individual (CLASS WOVAN) Gen currently does not allow asynchronous subscription

set _property(ai no, PROPERTY_LNANE, "Peterson"); important for some smart space applications.



SmartSlog extends generic APl by patterns fordomains, however, the whole ontology contains a lot of
ontology-based filtering and search. Each pattern islasses and properties.
an i ndi vi dual _t structure and can be thought as an SmartSlog provide constants that limits the number of
abstract individual where only a subset of properties is setentities, hence the developer can control the code size.
A pattern is either pattern-mask or pattern-request. Furthermore, one KP often needs only a subset of them (see
A pattern-mask is for selecting properties of a given aour example in Section VI). SmartSlog allows the developer
class or individual. It needs when a subset of properties i$0 select what ontology entities she needs in KP code (or
used, and the pattern includes only those properties. Theio deselect unneeded). Currently, it is implemented with a
this pattern is applied to the given class or individual, eg ~ simple mechanism based orf d&fine, ifde} C compiler
modest updating the properties. For example, let us updatgreprocessor directives.
only the last name of “Aino” (see the ontology in Figure 4). Inserting and receiving individuals to and from smart

i ndividual t *aino_p = new.individual (CLASS wovaN);  SPaces lead to transferring a lot of triples. The networfitra
set_property(aino_p, PROPERTY_LNAME, NULL); can be reduced by transfer a subset only. SmartSlog API
ss_updat e_by_pattern(aino, aino_p); allows the KP developer to explicitly select (using patsern

As a result, only the last name value is transferred to°€€ Section V) what properties to use in an operation. That

smart space. Compared witts_updat e_pr opert y() is, even if an individual in the smart space has dozens of
the benefit becomes obvious when KP needs to updaoperties, KP can populate only few of them (the others
several properties at once or it can form the property subsé'® unused this time). Moreover as we discussed above, KP
only in run-time. The same scheme works for population to°@" also deselect totally unneeded properties from its.code
transfer data modestly from smart space. As a result, KP works locally with a subset of properties
A pattern-request is for compact definition of searchr€quired by KP semantics at current time instance. There is
queries to smart space. A pattern is filled with those prop° need to load/save all properti_es from/to the smart space.
erties and values that characterize the individual to fimd. F ~ SMart-M3 CodeGen keeps a triple store—a local cache of
example, let us find all men whose first name is “Timo” angSmart space content. For large ontology it is expensive. In
wife’s first name is “Aino”. contrast, SmartSlog does not intend to store any triple for
long time. Ontology entities are stored in own structures.

I ndividual _t «tim_p = When a triple is needed it is created and processed. Then

new_i ndi vi dual (CLASS_MAN) ;

i ndi vidual _t *aino_p = the memory is freed immediately after the usage.

new_i ndi vi dual ( CLASS_VOVAN) ; SmartSlog supports both types of subscriptions: syn-
set_property(tino_p, PROPERTY FNAME, "Timo"): phronous and asynchronous. The latter case requires thread
set_property(aino_p, PROPERTY_FNAME, "Aino"); ing. SmartSlog uses POSIX threads [23] available on many
set_property(tino_p, PROPERTY_HAS_WFE, aino_p); embedded systems [21]. Nevertheless, SmartSlog allows

timo_list = ss_get_individuals by pattern(tino_p): swit.ching the asynchronous subscription off if the target
device has no thread support.
In this example, two patterns (“Timo” and “Aino”) and
two properties (datatype “fname” and object “haife”) VI. USe CASE EXAMPLE
form a subgraph. The SmartSlog library matches the sub- In this section, we show how SmartSlog can be used for
graph to the smart space content. As a result, a list o€onstructing a simple Smart-M3 application. In spite of the
available individuals is returned. Currently, searchiegds  simplicity, the example illustrates such SmartSlog fesgas
to iterative triple exchange and matching at the local dide. patterns and subscriptions (synchronous and asynchrpnous
future, it can be implemented on the top of SPARQL [20], Both datatype and object properties are used.
and the most processing moves to the SIB side. Let Ericsson’s family consist of Timo (husband) and Aino
(wife). Timo likes drinking beer outside home. Aino has to
control Timo’s drinking via monitoring the amount of beer
SmartSlog is primarily oriented to low-performance de-he has drunk already. If the amount is exceeding a certain
vices [21] and uses a limited subset of ANSI C [22]. bound (e.g.,MAX LI TRES VALUE=3) she notifies Timo
SmartSlog does not optimize its mediator library (KIBW). by SMS that it's good time to come back to home.
Instead, SmartSlog optimizes local data structures, the The ontology for such personal human data was shown
(de)composition (to)from triples, and the way how the me-in Figure 4 above. When Timo starts drinking he associates
diator library is used. Some of these optimizations are alsdis object property “drinks” with class “Beer”. Then Timo
usable for computers with no hard performance restrictionskeeps his drink counter “numhef_drinks” in smart space
Each ontology entity is implemented as a C structure ofand regularly updates it. Aino can subscribe to this counter
constant size. For ontology withV entities the SmartSlog For messaging, the family uses the ontology shown in
ontology-dependent part is of siZ& N). In many problem Figure 5. Aino sends SMS to notify Timo via smart space.

V. IMPLEMENTATION OPTIMIZATIONS
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Timo subscribes for SMS and checks each SMS he receives%

set _property(tino, PROPERTY_HAS WFE, wife);

list =

ss_get _indi vidual s_by_pattern(tino);

2. Synchronous (parameter “false”) subscription waits for
Timo is starting to drink.

subscri ption_container_t *container=
new_subscri ption_contai ner();
add_i ndi vi dual _to_subscri be(contai ner, tinp,
properties);
subscri be_cont ai ner (cont ai ner, false)

for who sent it (by phone number). Hence Timo recognizes

a notification SMS from his wife.
Given these two ontology files, SmartSlog generator pro
duces filedr i nker s. {c, h}. Since the ontology includes

property_t =drinks = get_property(tino,
PROPERTY_DRI NKS) ;
if (drinks==NULL) wait_subscribe(container);

more details than needed for this application, excessive 3. Monitoring Timo's counter and checking the limit.
classes and properties can be disabled in the final code Byynchronous subscription is similar to the above.

compiler preprocessor directives.

/+ Subscribing for Tino's counter x/

The KP code for Timo can be constructed with SmartSlog

using the following scheme.

1. Create Timo, set his properties, and insert the indididua

to the smart space.

i ndividual _t *tino new_i ndi vi dual (CLASS_NAN) ;
set _property(tino, PROPERTY_FNAME, "Ti np");

SS_i ngse.rt._i ndi vi dual (tino);
2. Timo keeps his counter in the smart space.

i ndividual _t =beer new_i ndi vi dual (CLASS_BEER) ;
ss_set_property(tino, PROPERTY_DRI NKS, beer);

3. Timo subscribes to SMS from Aino: creating an in-
dividual for SMS and filling the subscribe container. Then
asynchronous (parameter “true”) subscription starts.

i ndividual _t *sns new_i ndi vi dual (CLASS_SMS) ;
add_data_to_list(subscribed_prop_list,
PROPERTY_FROM) ;

add_data_to_list(subscribed_prop_list,
PROPERTY_TO) ;

subscri ption_container_t xcontainer=
new_subscri ption_container();

add_i ndi vi dual _to_subscri be(cont ai ner,
sms, subscribed_prop_list);

ss_subscri be_cont ai ner (contai ner, true);

4. Timo drinks, updates the counter, and checks SMS.

whi l e(sns_notify(sms)) {
amount += drink(tino);
ss_updat e_property(tino,
PROPERTY_NUMBER _OF DRI NKS, anount);

Similarly, the KP code for Aino is constructed as follows.
1. Aino searches Timo in the smart space by pattern.
new_i ndi vi dual ( CLASS_WOVAN) ;

PROPERTY_LNAME, "Ericsson");
PROPERTY_FNAME, "Ai no");

individual _t *wife
set _property(wi fe,
set _property(wi fe,

individual _t *tino new_i ndi vi dual (CLASS_MAN) ;
set _property(tino, PROPERTY_FNAME, "Tinp");

while(1) {
amount = get_property(tino,
PROPERTY_NUMBER_OF DRI NKS) ;
if (anpbunt >= MAX LI TRES VALUE) {
/+* Send SM5 to Tinp */

br eak;

wai t _subscri be(contai ner_counter);

4. Create an individual for SMS and insert it to the smart
space. Properties “to” and “from” are required.

i ndi vi dual _t *sms=new_i ndi vi dual (CLASS_SMb5) ;
set _property(sms, PROPERTY_TO

TI MO_PHONE_NUMBER) ;
PROPERTY_FROM

W FE_PHONE_NUMBER) ;
ss_insert _individual (sns);

set _property(sns,

VII. CONCLUSION AND FUTURE WORK

The addressed area of high-level ontology library gen-
eration for low-performance devices is very important. The
realization of the ubiquitous computing vision will by défin
tion include a lot of small devices around us. Allowing these
small devices to easily share information with other device
and architectures, large or small, will be very important.

In this paper we described SmartSlog—a tool that sup-
ports efficient programming such devices for participating
in smart space applications. The resulting code is compact
due to high-level ontology style, portable due to adhermng t
ANSI C and POSIX standards, modest and optimizable to
device capacity due to the design. We believe that SmartSlog
will become an important element of the Smart-M3 platform.

The paper presented our work-in-progress. The future
work includes more optimization depending on the needs
of a concrete KP. For example, ontology metainformation
allows defining what types of embedded devices can use
a certain part of ontology. It leads to implementing vari-
ous ontology manipulations that utilize metainformation o



versioning, namespaces, and other differentiation cherac

istics. Another important direction of our future work is
optimization of the SIB—~ KP communication. For example,

a part of triple-based processing can be moved to the SIB
side using SPARQL query language; its support will appear
in Smart-M3 soon.
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