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Extended Summary 

Enabling Effective Programming and Flexible Management of Efficient 

Body Sensor Network Applications 

Giancarlo Fortino, Roberta Giannantonio, Raffaele Gravina, Philip Kuryloski, and Roozbeh Jafari 

Abstract The paper [1] addressed and solved challenging issues that limited the wide diffusion of 

wireless body sensor networks (BSNs) in real life contexts by providing novel methodological and 

technological solutions that are both effective and efficient. In particular, the tackled issues primarily 

concern the programming complexity of BSN systems due to the lack of domain-specific high-level 

software abstractions. After analyzing and comparing the state-of-the-art solutions for BSN 

programming, and after eliciting the most important requirements for an effective BSN-specific 

software framework, which enable efficient signal-processing-intensive applications, we presented the 

SPINE (Signal Processing In-Node Enviroment) middleware, an open-source domain-specific 

programming framework designed to support rapid prototyping and flexible management of BSN 

applications. We notably described how SPINE efficiently addresses the elicited requirements while 

providing performance analysis on the most common BSN-oriented hardware/software sensor 

platforms. Effectiveness of SPINE was demonstrated through practical examples related to high-

impact BSN applications (e.g. activity monitoring, physical rehabilitation, gait analysis, emotion and 

gesture detection) that were entirely developed using SPINE. Finally, the paper presented a novel 

development methodology for BSN applications that reuses the well-known Platform Based Design 

concepts and the SPINE platform. 

Keywords — Design methods for wearable computing, human-centered applications, sensor-

programming frameworks, signal processing in node environment (SPINE), wireless body sensor 

networks (BSNs).  

 

1 INTRODUCTION, MOTIVATION AND RELATED 

WORK 

Wireless body sensor networks (BSNs) are collections of 

wearable (programmable) sensor nodes communicating 

with a local personal device (or coordinator): (i) sensor 

nodes have computation, storage, and wireless transmis-

sion capabilities, a limited energy source (i.e., battery), 

and different sensing capabilities (e.g. body motion, skin 

temperature, heart rate, skin conductivity, and brain ac-

tivity) depending on the physical transducer(s) they are 

equipped with; (ii) the coordinator, which is typically a 

smartphone or a PC, allows for real-time monitoring as 

well as long-term remote storage and off-line analysis. 

BSNs can actually enhance many human-centered ap-

plication domains such as m-Health, e-Sport and e-

Wellness, e-Emergency, e-Factory, and physical/virtual 

social interactive systems. However, BSN applications are 

hard to be developed mainly due to programming com-

plexity: implementing real-time, power-efficient distrib-

uted signal processing algorithms on wireless sensor 

nodes that are very constrained in resources remains ex-

tremely challenging and complex. BSN applications are 

mainly developed following two main approaches: low-

level programming and general-purpose middleware. 

However, while the former may be very efficient but 

time-consuming and error-prone, the latter may provide 

high effectiveness but poor performances. 

In order to overcome the issues of such approaches, a 

novel domain-specific framework approach was defined 

to enable faster prototyping times and help realizing 

more effective and efficient applications in the BSN do-

main. The approach is centered on the SPINE (Signal Pro-

cessing In-Node Enviroment) middleware. Before SPINE, 

only a few specific frameworks for BSN programming 

(e.g. Codeblue, RehabSpot and Titan) were proposed, 

mainly due to (i) the lack of standardization for BSN sen-

sor node hw and sw platforms, (ii) the fact that BSN-

based application domains were quite novel, and (iii) the 

application-driven low-level programming approach 

adopted by many BSN developers. However, they do not 

fulfill all the identified requirements for an effective BSN 

programming framework: programming effectiveness, 
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system efficiency, system interoperability, system usabil-

ity, and privacy support. 

2 THE SPINE MIDDLEWARE 

SPINE is an open-source middleware aiming to support 

the development of distributed signal-processing-

intensive BSN applications through: (i) a wide set of pre-

defined physiological sensors, (ii) in-node and on-

coordinator signal-processing utilities, (iii) flexible appli-

cation-level data transmission, and (iv) optimized hetero-

geneous network and resource management. Thanks to 

its well-designed modular architecture, SPINE allows 

easy integration of new custom-designed sensor drivers 

and processing functions, as well as flexible tailoring and 

customization of its built-in features. Great emphasis is 

on the reuse of software components to allow different 

end-user applications to configure sensor nodes at run-

time based on the application-specific requirements so 

that the same embedded code can be used for several ap-

plications without reprogramming. 

3 SPINE TECHNOLOGY, PERFORMANCES AND 

APPLICATIONS 

The variety of computers and mobile devices, sensor plat-

forms (e.g. TelosB, Shimmer, SunSPOT, TI CC2530), sen-

sors (e.g. accelerometers, gyroscopes, ECG), communica-

tion protocols (e.g. IEEE 802.15.4, Bluetooth, ZigBee), 

programming languages (e.g. ANSI C, nesC, Java, An-

droid), and operating systems (e.g. TinyOS, Z-Stack, An-

droid) supported by SPINE enables a great degree of het-

erogeneity that is highly required for developing many 

different BSN applications. 

An extensive performance evaluation of the SPINE 

framework atop all the supported sensor platforms was 

carried out by measuring the execution time of signal-

processing functionalities, memory usage of the frame-

work, network bandwidth, and energy consumption un-

der a common application profile (or benchmark). Per-

formance results confirm the SPINE efficiency atop 

heterogenous platforms. Moreover, we implemented the 

benchmark using CodeBlue and Titan atop the TelosB 

sensor platform to compare the performance of the three 

frameworks: obtained results show that SPINE is able to 

deliver the best overall performance in terms of memory 

usage, network delay and bandwidth, and particularly 

system lifetime. 

In the paper, we also presented six prototypical 

SPINE-based BSN applications: activity recognition, 

physical rehabilitation, gait analysis, Kcal expenditure, 

emotional stress detector, and handshake detection. These 

applications configure SPINE differently, through mini-

mal hw/sw customization and extension, to meet their 

specific requirements; however, the same basic hardware 

devices, and node-side and coordinator-side software 

have been exploited in each application so boosting rapid 

prototyping. 

4 PBD-ORIENTED METHODOLOGY 

In the context of BSNs, the design of systems usually fol-

lows a bottom-up approach such that systems are devel-

oped choosing the hardware components first, then the 

communication protocols, and, finally, implementing 

ad-hoc applications on top of the underlying infrastruc-

ture. Alternatively, the top-down approach is adopted 

when designers choose to start from the high-level appli-

cation requirements and map them to an application-level 

framework, i.e., a set of programming abstractions and 

APIs, without any intrinsic assumptions on the underly-

ing protocol stacks and hardware platforms.  

We defined a novel method - the SPINE-based design 

methodology (SPINE-based DM) - to support both bot-

tom-up and top-down BSN system design to have reliable 

systems, system efficiency, and true interoperability be-

tween different applications, as well as between different 

implementation platforms. SPINE-based DM relies on the 

well-known Platform Based Design (PBD). In particular, 

we identified three layers of abstraction and correspond-

ing platforms (that, differently from PBD, are semi-

instatiated with SPINE): the Service Platform at the appli-

cation layer, the Protocol Platform to describe the proto-

col stacks, and the Implementation Platform for the 

hardware devices. Each design integrates an instance of 

the three layers, thus containing both application, proto-

col and device layers. In particular, each design is a com-

plete instance of the BSN system under-development at a 

given refinement step: high-level design, detailed design, 

or implementation. According to key system parameters, 

each step can be evaluated: while an implementation step 

performance can be experimentally evaluated, high-level 

and detailed design performance should be estimated 

through analytical/simulation tools. The application of 

SPINE-based DM is driven by an associated process 

schema. 

5 CONCLUSIONS 

Releasing SPINE as an open-source framework, along 

with a dedicated website and developer mailing list 

(http://spine.deis.unical.it) was very helpful for creating 

a community of both academic and industrial actors: con-

tributors to the code and users of the framework. Feed-

back from the community was precious to highlight pros 
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and cons and for the SPINE continuous evolution. 

To sum up, our paper provided the following main re-

search and technical contributions:  

1) Elicitation of the fundamental requirements to 

fulfill for developing effective and efficient BSN-specific 

programming frameworks; 

2) Design and implementation of the SPINE mid-

dleware, characterized by: (i) modular, configurable and 

extensible architecture and programming APIs (that pro-

vide sensor sampling, in-node data processing, sensor 

configuration at run-time, node synchronization, duty-

cycling mechanisms, application-level communication 

protocols, and high-level processing) atop heterogeneous 

sensor platforms and, (ii) higher performance compared 

to correlated frameworks; 

3) Different proof-of-concept prototypes, requiring 

different sensing and signal-processing capabilities, to 

show the SPINE effectiveness; 

4) Definition of a novel SPINE- and PBD-based de-

sign methodology to systematically drive the develop-

ment of BSN systems. 
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