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which John did the exercise are also factors that may have 
an impact on the measurement. 

Based on sensor data retrieval, Bill may dynamically 
change the query to sensor data. For example, if John’s heart 
rate goes up too fast, Bill may decide to conduct a closer 
monitoring, e.g., every 15 seconds instead of every 2 
minutes. Such a change of request may lead to different 
sensor data gathering and analysis activities. Furthermore, 
such a process may require human helper on site to 
communicate with John and maintain contact with Bill. 
Thus, John may do the exercise either at Bill’s office, at his 
home where his family may talk to him through a Skype 
meeting, or at a fitness center where a trainer could help 
him. 

As shown in Fig. 1, a TV is part of the picture. Assume 
that John watches TV while he does the exercise. If John 
does not raise his leg high enough in the exercise, Bill will 
be notified and he will guide John. If the TV is too loud, its 
volume will be automatically turned down to facilitate 
effective communication between Bill and John. 

This example shows that, to provide a considerate 
service, multiple sensors may need to be identified in real 
time, and their data should be dynamically federated to 
provide data analytics. Now that sensors can communicate 
with each other in sensor networks, how to leverage the 
latest advancement and establish an infrastructure over the 
sensor networks to enable and facilitate considerate service 
provisioning is the motivation of this project. 

 
III. SENSOR SERVICE MODELING 

In our previous work, we have introduced the concepts of 
virtual sensor and virtual device [5] to model sensor data 
federation. In this project, we extend our concepts to model 
workflow-oriented sensor services. Our study is based on 
our mapping between sensors to services. Since each sensor 
measures surrounding environment and provides readings, it 
can be viewed as a service provider. In other words, a sensor 
can be considered as a service. 

A virtual sensor thus becomes a user-defined sensor 
service that reveals some information of a predefined 
environment. For example, a virtual sensor may be defined 
as a service to expose the average temperature of the room 
where John does exercises to help monitor his body 
condition. A virtual sensor may involve one or more 
physical sensors. A virtual device is a user-defined abstract 
container that comprises of one or more (virtual) sensors. It 
defines users’ interested areas and maybe even a dynamic 
concept. For example, John may carry a mobile phone and a 
medical watch, each containing a collection of sensors. In 
this sense, John can be viewed as a virtual device. 

In the service level of our study, we only care about 
virtual sensors that possess business logic (established by 
context). In other words, each virtual sensor provides a 
(business) sensor service to the outer world thus becomes an 
atomic unit of our study. A typical multi-step procedure is 
called a workflow that may invoke multiple virtual sensor 

services. Fig. 1 is an example of such a workflow involving 
a collection of sensor services. 

As shown in the motivating example, every time when 
John conducts the therapy exercise (workflow run), the 
surrounding sensors will monitor and detect his body 
condition. Such data will help therapist Bill better 
understand John’s reaction to the therapy and better 
personalize the treatment for John. Therefore, we associate 
each workflow with a virtual device in order to record 
workflow provenance (history) for later data analysis. The 
dependency between a workflow and sensor services is 
defined as follows. 

 

Definition 1. A workflow W comprises a global schema G 
and a virtual device comprising a finite set of actions for 
each sensor service si of W. An action of service si is an 
expression Update :- Condition where Condition is a query 
over local schema Li, and Update is a non-empty sequence 
of positive and negative relational literals over Li such that 
each variable occurring in a negative literal also occurs in 
Condition. 

 

Based on the association between a workflow and a 
virtual sensor, we model the relationship between a 
workflow and related sensor services. Leveraging social 
network theory and techniques, we aim to analyze usage 
history and behaviors of sensor services under a workflow 
context. 

We model all sensors (Internet of Things) as social 
entities. The rationale is that sensors may be intelligently 
used together by people to better sense the world. We start 
from modeling the “use” relationship between a workflow 
and a sensor service. The workflow in the motivating 
example Fig. 1 monitors a set of sensors: a heart rate sensor, 
a blood pressure sensor, a body temperature sensor, and two 
room temperature sensors. Therefore, a social tie can be 
identified between them. A workflow-sensor network is thus 
established based on their inclusive relationships. Fig. 2(a) 
illustrates a segment of the network: an edge exists between 
a workflow and a sensor if the sensor’s readings are 
leveraged in the workflow. 

Such a network relationship can be formalized into a 
matrix R that describes the involvement relationships 
between workflows and sensors: 

 

[ ],0 ,0ijQ q i m j n     , where: 

1ijq  if workflow i retrieves sensor j. 
 

As discussed earlier, all workflow runs are maintained in 
provenance. Therefore, such provenance data can be 
analyzed to extract the above relationships. Fig. 2(b) 
illustrates a part of a workflow-sensor network. 

Based on the above relation Q, relation S can be retrieved: 
 

njisQQS ij
T  ,0],[ , where: 

sij = number of workflows where both sensors i and j are 
retrieved; sii = number of workflows where sensor i is 
retrieved. 



(
c
w
c
n
s
r
B
c
t
r
a

i
o
s
s
t
c
m
t

v

s
t
i
a
b
i
r
a

c
i
a
o
a
b
c
b

Fig 2 A

Relation S 
Such a networ
(SIoT). The 
connections a
workflow, the
context inform
network as l
sensors may 
run (i.e., quer
By digging ou
could underst
two sensors’ 
relationship m
analysis. 

In addition
into tight and
our concept o
specified to f
sensors, e.g., 
two sensors i
collaboration 
mashable, and
the final value

In contrast
virtual device
Sensors in a 
sensors. Even
the body temp
in the motiv
aggregated to
between them
impact on b
relationship m
analysis. 

After estab
calculated var
interaction pat
as patterns am
of calculation
analysis, in
betweenness 
centrality ana
based on the 

(a)              
“social” relatio

represents a “
rk of sensors f

semantic 
are: if two sen
ere is a social 
mation may b
labels. For e
be labeled w

ry) that retriev
ut the details 
and when and
readings were

maps to the as

n, the social t
d loose collabo
of virtual sens
federate readin
calculating an
in a room. W
tie, in the sen

d the original 
es. 
, the relations
e are called l
virtual device

n they belong 
perature senso
vating examp
o show that 

m. For example
body tempera
may be useful 

blishing the 
rious metrics 
tterns between

mong sensor u
n of centrality
ncluding de

centrality, 
alysis, we ca

popularity of

                      
on between Int

“social netwo
forms a Socia
meanings o
nsors are retr
tie between th
be carried by
xample, an e

with the corres
ves sensor rea

of a specific
d under which
e mashed up.

ssociation rule

ties can be fu
oration relatio
sor implies th
ngs from mul
n average room
We call this r
nse that their 
sensor reading

hips among m
loose collabo
e may not be
to the same ty

or and room t
ple), their rea
there may be
e, room tempe
ature. Such l

for users to c

workflow-sen
 over them t
n sensors and 
usages. We ad
y and prestige
gree centra
and clique. 

an identify hi
f correspondin

             (b) 
ternet of Thing

rk” among se
al Internet of T
f its comp
rieved by the 
hem. Note tha
y the edges i
edge between
sponding wor
adings among 
c workflow ru
h circumstanc
. The collabo
es in social ne

urther differen
onships. Recal
hat some form
ltiple homoge
m temperature
relationship a
sensor reading
gs are not sho

multiple sensor
oration relation
e the same ty
ype of sensor
temperature se
adings are s
e some corre
erature may ha
loose collabo
conduct furthe

nsor network
to comprehen
workflows, a

dopted the tra
e in social ne
ality (popul

Through d
ighly used se
ng nodes. Th

gs

ensors. 
Things 
prising 

same 
at rich 
in the 
n two 
rkflow 
them. 

un, we 
es the 

oration 
etwork 

ntiated 
ll that 

mula is 
eneous 
e from 
a tight 
gs are 

own in 

rs in a 
nship. 

ype of 
r (e.g., 
ensors 
simply 
elation 
ave an 
oration 
er data 

s, we 
nd the 
s well 

adition 
etwork 
arity), 

degree 
ensors 

hrough 

betw
sen
sen

I
tim
ann
sen
may
Usi
key
sen

T
reg
are 
typ
ano
man
how
Suc
(SS
con
the 

Sin
pro
per
use
rela
con

B
to 
asso
feat
mo
bod
tem
disc
pre
hig

S
con
tem
trig
the 
the 
the 
this
read
con

T
inte
disc
bef
wor
valu

weenness cen
nsors. Throug
nsors, i.e., asso
If a sensor is

mes, then popu
notation to be 
nsor is used h
y need to be p
ing k-path be
y sensors, in 
nsors in user qu
Through thes

garding sensor 
different sens

es of workflo
other example
ny sensors col
w? And what 
ch information
SD) service t
nsiderate servi

next section.

IV. S
nce our proj
ovisioning, on
rsonalization. F
er, a considera
ated sensors th
ntext of the use
Based on a w
patient John
ociated virtua
tures satisfy 
tivating work

dy temperatur
mperature sen
covered. Alon
ferences, e.g.
her priority. 
Synchronizati

nsidered. Co
mperature sens
ggered to wake

mobile phone
John has star
temperature s

s way, the te
dings unless 

nsiderate servi
Therefore, dy
egral part of 
covery engine
fore identifyin
rkflow run. E
ues for a set 

ntrality analy
gh clique, we
ociation rules a
s used in mul
ularity can be
used for futu

heavily by ma
pre-fetched, pr
etweenness alg
the sense tha
ueries (i.e., wo
se analyses, w
query (usage)

sors used toge
ows in which 
e on sensor-s
llaborate with
are the key se
n will help o
to help selec
ice provisionin

ENSOR SERV
ject aims to
ne core req
For a specific

ate service imp
hat can contri
er, as well as t

workflow insta
, we need t

al device to id
the consid

flow, motion 
re sensor, h

nsors at the 
ng with this, 
., nearby and

ion among se
onsider the 
sor in which J
e up to send re
e bound on th
rted an exercis
sensor does no
emperature se

necessary –
ice provisionin
ynamic senso

our study. W
e that takes i
ng the sensors
Each sensor h

of QoS attri

ysis, we can 
e can identif
among service
ltiple workflo
e considered 

ure purpose. F
any queries, t
reprocessed, o
gorithm, we 

at they collabo
orkflow runs).
we can answ
) behaviors. Fo
ether in workf
a sensor is us

sensor relation
h each other in
ensors in these
our Sensor Se
ct proper sen
ng, which will

VICE DISCOVE
o study cons
quirement is 
c service orien
plies that we n
ibute for us to
the specific se

ance assigned 
to dynamicall
entify physica

derate require
sensor, blood 
eart rate sen

user’s locat
users can al

d popular sen

ensors may a
motivating 

John does his 
eadings if the m
he patient’s leg
se. After the e
ot have to sen
ensor does no
– energy sav
ng example. 
or service d
We have des
into account u
s to be involv
has a sensor t
ibute dimensi

identify hin
fy collaborati
es. 
ows for multip

as a feature 
For example, i
then its readin
or redirected, e
can identify t
orate with oth
. 

wer user quer
or example, h
flows? And wh
sually used? F
nship, are th

n workflows, a
e collaboration
ervice Discove
nsors to provi
l be discussed

ERY 
siderate serv

to understa
nted to a speci
need to discov
o understand t
ervice query. 
by therapist B
ly construct 
al sensors who
ements. In t
pressure sens

nsor, and roo
tion should 
so have vario
nsors will ha

also need to 
example, t

exercise may 
motion sensor
g has sensed th
exercise is do

nd in readings.
ot have to se
ving as anoth

discovery is 
igned a serv
user preferenc

ved in a speci
type and carr
ions. Users m

nge 
ive 

ple 
of 

if a 
ngs 
etc. 
the 
her 

ries 
ow 
hat 
For 
ere 
and 
ns? 
ery 
ide 

d in 

vice 
and 
ific 
ver 
the 

Bill 
its 

ose 
the 
sor, 
om 
be 

ous 
ave 

be 
the 
be 

r in 
hat 
ne, 
. In 
end 
her 

an 
vice 
ces 
ific 
ries 

may 



c
t
c
a

a
i
r
i

a
s
f
s
o

w
w

b
r
t

c
e
p
m
p
i
p

݌
d

s
ݏ

s
ݏ

(
i
∀

(
d

d

p
f

t

configure the
these QoS d
consider the 
availability/re

 

Location: W
absolute GPS
in Building 2
relative to th
identified. 

Availability
are examined 
sensor. Exam
failures of the
some problem
or achieved da

Popularity
who have use
workflows (vi

Accuracy: 
based on: wh
reasonable; or
those from sen

Usage: T
consumption. 
exercise 20 tim
patient asked 
motion sensor
power than th
is required fo
power consum

 

Here we m
௨೔݌ ൌ ሼ݌ଵ,݌ଶ, …
dimension aff

Definition 
said to domin
,௜ݏ ௜ݍ ൒ ,௝ݏ ௜ aݍ

Definition 
skyline senso
௝ݏ ് ௜ dominݏ

Definition 
(UPD): Given
is said to do
௝݌∀ ∈ ,௜ݏ ,ܲ ௝݌

Definition 
(UPS): A sens
does not exist 

 

We thus 
discovery into

Local Op
preference spa
for a task tiϵW

Global Op
tiϵW, compute

 

eir own prefer
dimensions. W

following fi
eliability, popu

We care more 
 location. For

23, room 120
he room with

y/Reliability: 
to evaluate th

mple measurem
e sensor, whe

m; or whether 
ata is sufficien
: This dimens

ed this sensor 
irtual devices)
The value of 
hether the se
r whether the 
nsors close by

This dimensio
For exampl

mes may use t
to do the exer
r used in the f

hat used in the 
or a longer tim
mption sensor. 

model a user p
… , ௞ሽ݌ , whe
fecting ui’s dec

2. Sensor Do
nate another se
and ∃ݍ௧ ∈ ܳ, 
3. Sensor Sk

or iff there d
nating sj. 

4. User Prefe
n a user prefer
ominate anoth
௝ ൒ ,௝ݏ  ௜ and݌

5. User Pr
sor service si 
a sensor servi

decompose t
o the following
ptimization: G
ace P, and a 

W, compute the
ptimization: 
e the top-k Vir

rences by sel
Without losin

five QoS dim
ularity, accurac

about relative
r example, if 
0 - the sensor
hin a thresho

Historical se
he availability
ments are: m
ther the senso
there is a nee

nt. 
sion refers to t
in the past, in

) invoke the se
this dimensio

ensor reading
sensor readin

y. 
on aims to
le, a patient 
the sensor dat
rcise 10 times.
former case wo

latter case. Th
me, we aim to
 

preference spa
ere ݌௜ ∈ ܳ  a
cision. ܲ ⊆ Q.
ominance: A 
ensor service s
,௜ݏ ௧ݍ ൒ ,௝ݏ .௧ݍ
kyline: A sen

does not exis

erence-Aware 
rence space P
her sensor se
௧݌∀ ∈ ,௜ݏ ,ܲ ݌

reference-awa
is a skyline se
ice ݏ௝ ് ௜ domݏ

the process 
g two phases: 
Given a wor
candidate sen

e UPD(Si,P)|ti.
Given UPD(S
rtual Devices f

lecting a subs
ng generality

mensions: loc
cy, and usage.

e location inste
John does ex
rs whose loc

old of distanc

nsor data rea
y and reliabilit
mean time be
or bandwidth 
d for real-tim

the number of
n other words
ensor service.
on can be mea
gs are semant
ngs are consist

o consider p
asked to d

ta more often t
. This implies 
ould consume
herefore, if a s

o recommend

ace P for user
and pi denot
. 
sensor service
sj on ܳ iff ∀ݍ
. 
nsor service s
st a sensor se

Sensor Domi
, a sensor serv
ervice sj on 
௧݌ ൐ ,௝ݏ  .௧ݍ
are sensor Sk
ensor on P iff
minating si on

of sensor se

rkflow W, a
nsor service cl
. 
Si,P) for each
for workflow 

set of 
y, we 
cation, 

ead of 
xercise 
ations 

ce are 

adings 
ty of a 
tween 
exists 

me data 

f users 
, their 

asured 
tically 
tent to 

power 
do the 
than a 
that a 

e more 
sensor 
a low 

r ui as 
tes a 

e si is 
௜ ∈ ܳ, 

si is a 
ervice 

inance 
vice si 
P iff 

kyline 
f there 
n P. 

ervice 

a user 
lass Si 

h task 
W. 

A
sele
attr
We
UP
UP
pre
ord

T
sco
top
of a
 

whe
of t
valu

F
rela
abo
in 
from
com
com
reco
as b

Glo
1. V
2. H
3. in
4. w
5.   
6.   
7.  
8.  
9.  
10.
11.
12.
13.
14.
15.
16.

sco
enu
that
and
dev
virt
com

As shown be
ect the top 
ributes. Each Q
e apply a mu
D of individu
D will be cal
ferences, such

der of maximu

The sensors i
ores and the to
-k available s
a sensor is calc

ere qjmax and q
the candidate 
ue of the senso
For global 
ationships am
ove) to select c
the virtual de
m the local 
mbinations of 
mbination is
ommended to
below. 

obal Optimiza
Virtual_Device ←
Heap = Root No
nitialize(ParentT

while Heap ് ∅
 x = top(Heap)
 if ( ∄ݕ ∈ Virtu
    insert(x, Virt
 end if 
 Child_Nodes =
 for ∀݊ ∈ ݈݄݅ܥ
     Number_of_
     if Number_o
         insert(n,H
     end if 
  end for 
end while 
 

As illustrated
ores. All co
umerated usin
t extracts the 

d compares t
vices. A comp
tual devices o
mposite servic
The performa

elow, the loca
k sensor se

QoS dimensio
ulti-index base
ual QoS dimen
lculated to pa
h that sensor
m value in tha

in the UPD a
op-k sensors a
sensors for the
culated as: 

qjmin are the m
sensor class o
or i for dimen

optimization
mong sensors 

composite serv
evice, we obt
optimization 

f composite s
 calculated. 

o the user. The

ation Algorith
← ∅; 

ode comprising 
Table); 
∅ do 
); 
ual_Device, dom
tual_Device) 

= Expand (x); 
 do ݏ݁݀݋ܰ_݀
_Parents (n)--; 
of_Parents (n) =

Heap); 

d, top-k servic
ombinations 
ng a lattice, b

composite se
the social co
posite service
only if it is 
es in the list. 
ance of the G

al optimization
rvices based 

on is associate
ed algorithm 
nsions. For a w
artition sensor
s are sorted 
at dimension. 

are then ranke
are identified. 
e workflow lo

 
maximum and m
on the dimensi
nsion j. 
n, we lev
(as described
vices. For eac
tain top-k can
procedure. W

ervices. A so
The top 

e pseudo code

hm (top-k): 

services with lo

minated(x,y)) th

== 0 then 

ces are sorted
of composite
ased on a mi
ervices with m
oalition again
e is added to 
not dominate

lobal Optimiz

n phase aims 
on their Q

ed with an ind
to compute t

workflow wi, t
rs based on u
in a descendi

 
ed based on t
Thus we get t

ocally. The sco

minimum valu
on j and qj is t

verage “soci
d in Section 
ch service clus
ndidate servic

We then get 
ocial tie of ea

one will 
e is summariz

owest score; 

hen 

d based on th
e services 
in-Heap strate
minimum sco

nst other virtu
the final list 

ed by any oth

zation Algorith

to 
QoS 
dex. 
the 
the 

user 
ing 

the 
the 
ore 

ues 
the 

ial” 
III 

ster 
ces 
all 

ach 
be 

zed 

heir 
are 
egy 
res 
ual 
of 

her 

hm 



i

w
b
b
A
W
o

t

O
v
a
a
s
c
a
a

B
t
i
a
a
a
m
c

v
(
(
t
w
d
r
u
w

f
p

is decided by 
1. Heap 

which grows e
behavior is ob
by the numbe
After every e
With increasi
operation beco

2. Social t
the number of

The high
Optimization 
virtual devices
algorithm as 
algorithm but
scalability and
creating comb
algorithm iter
a faster and m

 
V. 

Based on ou
techniques, 
infrastructure.
analogous to 
as WebLogic 
are two-fold
management, 
composition. 

As explain
virtual device
(sensor data p
(workflow run
three concepts
workflow run
definition of 
represents a p
user; a workf
workflow inst

As shown 
from a medic
physical ther

Fig. 3 Senso
two major fac
operations: I
exponentially 
bserved becaus
er of nodes on
extraction the 
ing number 
omes more co
tie compariso
f sensors invol
h computatio
Algorithm ma
s with a large 
shown in th

t iteratively th
d a nearly opt
binations of a
atively combi

more scalable s

SENSOR APP
ur sensor se
we have 

. We name 
the software-o
and WebSph

d: (1) serv
and (2) s

ned in the earli
e concept to
provenance) o
n). Following 
s: workflow t

n. A workflow
f stepwise ac
personalized w
flow run repr
tance. 

in Fig. 3, a 
al workflow r
rapy procedu

or application s
ctors: 
It is affected 
with the numb

se the size of t
n the middle 
heap needs t
of members 

ostly. 
ons: It grows 
lved. 
onal comple
akes it impract
number of sen

he above figu
hus offering 
timal time com
all sensor type
ines these serv
solution. 

PLICATION S
ervice modeli

developed 
it Sensor A

oriented appli
ere. Particular

vice collabor
sensor servic

ier section, we
o carry cont
of a specific w

this idea, we 
template, work
w template rep
ctivities; a w

workflow temp
resents an act

workflow tem
repository rep
ure. Then B

server. 

by the heap
ber of sensors
the heap is bou
level of the l
to be re-organ

in the heap

exponentially

exity of G
tical to compu
nsors. A botto
ure uses the 
significantly 

mplexity. Inste
es at one time
vices thus prov

SERVER 
ing and disc
a sensor-ori

Application S
ication servers
rly, our main 
ration prove
ce discovery

e have introdu
extual inform

workflow exec
have differen

kflow instance
presents an ab
workflow ins

plate for a part
tual execution

mplate is retr
presenting a ty
Bill checks J

 

p size, 
s. This 
unded 
attice. 
nized. 
p this 

y with 

Global 
ute the 
om-Up 

same 
better 
ead of 
e, this 
viding 

covery 
iented 

Server, 
s such 
goals 

enance 
y and 

uced a 
mation 
cution 
ntiated 
e, and 
bstract 
stance 
ticular 
n of a 

rieved 
ype of 
John’s 

med
for 
data
tim
cor
as a
stor

A
sen
a v
Usi
two
exe
com
tem
tem
sen
form
oth
con

A.
A

mes
amo
Inst
pas
ana
mes
sen
dec
the 
 

pub

A
Bus
and
foll
rece
on.

sub
    “
    [

A
cou
filte
pub
of 
and

B.
A

an 
ana
serv
to m

dical record, i
John. Such a

abase, as a cu
me period. Eac
rresponding w
a workflow ru
red into databa
As shown in 

nsor service di
virtual device 
ing the motiva
o room tempe
ercise. Therefo
mprising a vir
mperature bas
mperature sens
nsor. As show
med a virtua

her words, thes
ntext of the wo

Message Bus
At Ericsson 
ssage bus, t
ong sensors. A
tead, they ca

ssing with the 
alogous to a p
ssage notifies

nsor. As the 
clare that a co

following me

blish(“turn on 

A publish/sub
s. Sensors can
d sensors can
lowing examp
eiving notifica

bscribe(“http://
“turn on light”
[“color=red”, “

As shown in
upling relation
er, so that on
blished and su
messaging ar

d publish-subs

Message Bus-
As shown in F
agent in the 

alogous to an
ver to its pers
monitor the h

in order to co
a workflow in
ustomized wor
ch time when

workflow insta
un. Provenance
ase for Bill to 
Fig. 3, each 
scovery (SSD
to support th

ating example
eratures in the
ore, Fig. 3 illu
rtual sensor re
ed on two t

sor, a heart rat
wn in Fig. 3, 
al device com
se sensors coll
orkflow. 

lab, we hav
to enable me
As shown in F
an “talk” to 
support of a c

post office sys
s an event h
following exa

orner read ligh
essage: 

light”, null, “c

bscribe pattern
n publish mes
n subscribe t
ple shows th
ations when s

/eus2.fuatara.c
”, 
“location=corn

n Fig. 4, sens
nship. The M
nly allowed 

ubscribed to de
re supported: 
cribe. 

-Empowered S
Fig. 3, all phy

Message Bu
n Entity Bean
sistent object. 

health of the c

nfigure the w
nstance is sto
rkflow for Joh

n John does t
ance is triggere
e of each work
analyze in lat
workflow run

D) service to dy
he execution o
e shown in Fig
e room where
strates a form
epresenting th
temperature s
e sensor, and 
a workflow r

mprising mult
laborate with e

e developed 
essage-based 

Fig. 4, sensors 
each other th
centralized Me
stem in the h

happens at the
ample shows
ht is turned o

color=red&loc

n is adopted 
ssages onto th
to interested 

hat a sensor 
ome corner re

com/callback”

ner”, “eco-frie

sor peers thu
Messaging Ca

topics and m
evices. In add
unicast, mult

Service Collab
ysical sensors 
us as its repr
n in a (softw

It is an agent
corresponding 

workflow speci
ored back to t
hn for a speci
the exercise, t
ed for executi
kflow run is a
ter diagnosis.
n will query t
ynamically fo

of the workflo
g. 1, SSD loca
e John does
ed virtual dev

he average roo
sensors, a bo
a blood pressu
run dynamica
tiple sensors. 
each other in t

a prototype 
communicati
are not isolat

hrough messa
essaging syste

human life. Ea
e correspondi
, a sensor m

on by publishi

cation=corner

at the Messa
he Message Hu

messages. T
is interested 

ed light is turn

”, 

endly=true”]);

us form a loo
atalog acts as
metadata can 
dition, four for
ticast, broadca

boration 
are mapped in

resentative. It 
ware) applicati

t’s responsibil
physical sens

ific 
the 
ific 
the 
ion 

also 

the 
orm 
ow. 
ates 
his 

vice 
om 
ody 
ure 
ally 

In 
the 

of 
ion 
ted. 
age 
em, 
ach 
ing 

may 
ing 

r”); 

age 
ub; 

The 
in 

ned 

; 

ose 
s a 
be 

rms 
ast, 

nto 
t is 
ion 
lity 
sor. 



I
t

e
s
s
M
H

o
a
M
p
a
f
u

o
s
s
F
s
f
o
s
M
l

a
a
d
c
t
r
a

o
s
s
H
s
s
f

In other word
their agents in

Inspired by
entity beans 
sensor-oriente
sensors and v
Message Bus,
However, they

Message B
of time. Ther
and deployed 
Message Bus 
peers will be
assigned to a
finished, the p
used by other 

As describ
other through
strategy is to 
sensor messag
Fig. 3, the M
service. After
forwards the m
of a JSON obj
separate servi
Message Hub
log message to

By buildin
application se
at runtime. In
determine wh
conditions, an
the system c
representing s
a certain serv
Sensors (corre
onto the Mess
sensor reading
sensor reading
HANA’s ana
streaming dat
section). If th
frequency of 

Fig. 4 M

ds, sensors in
n the Message 
y the EJB con
and session b

ed agents an
virtual device
, virtual entitie
y carry busine

Bus requires th
refore, for sca
a pool of ano
is deployed o

e extracted fr
act as various 
peers will be 
workflow run

bed earlier, s
h message pa
establish a lis
ges will be sc

Message Bus is
r a processing
message to ou
ject. We have
ice. A log sen
b. Every event
o be sent to th
ng a listener

erver knows w
n this way, w
ich service/se

nd how to pro
considerate b
sensors as age
ice workflow 
esponding sen
sage Bus. Wo
gs (through se
gs. At the sam

alytical metho
ta at real time
here is a ch
heart rate mo

Message Bus. 

nteract with e
Bus. 

ncepts that di
beans, we dif

nd virtual en
es. As shown
es are modele

ess logics. 
hat the agents 
alability, we h
onymous peers
onto the Web s
from the poo

roles for wo
released back

ns. 
sensors comm
ssing. As sho
stener over the
canned and st
s treated as a 

g a message, t
ur message lis
e built a messa
nding mechani
t in Message 

he listener serv
r for messag

what exactly ha
we can use t
nsor need to b
operly compo
based on rea
ents with meth

by using met
nsor agents) pu
rkflow runs su

ervice discove
me time, work
ods to monito
e (will be dis
ange of plan

onitoring), the 

each other th

ifferentiate be
fferentiate be

ntities, i.e., v
n in Fig. 3, i
d as agents as

be deployed 
have preconfi
s (agents) whe
server. At run
l and dynam

orkflow runs. 
k to the pool 

municate with
own in Fig. 3
e Message Bu
tored. As sho
standalone ge

the Messaging
stener in the f
age bus listene
ism is added 
Hub will trig

ver. 
ge bus, the s
appen in the s
this informati
be used in rea

ose service to 
al-time needs
hods, we can m
thods as prim
ublish their rea
ubscribe to sp

ery) will receiv
kflow runs lev
oring the inco
scussed in the
n (e.g., chang

workflow run

 

F

hrough 

tween 
tween 
virtual 
in the 
s well. 

ahead 
igured 
en the 

n time, 
mically 

Upon 
to be 

 each 
3, our 
us. All 
wn in 
eneric 
g Hub 
format 
er as a 
in the 

gger a 

sensor 
ystem 
ion to 
al-time 

make 
s. By 
model 
itives. 
adings 
pecific 
ve the 
verage 
oming 
e next 
ge the 
n will 

pub
W

Wh
run
Bus
and
wor
for 
sub
req

V

We
sup
Fig
& S
fou
sen
pub
sen
coll
a li
The
visu
pro
deli

V
dyn
con
foc
laye
man
the 

O
Our
mo
forw
Dyn
bec
and
Me

Fig. 5 Support

blish a request
We have desig

hen a workflo
n, it will const
s. A two-way
d the corresp
rkflow run wi
their readings

bscribe to th
quests. 

VI. INFRASTR

e have desig
pporting consi
g. 5, our infras
Service Platfo

ur horizontal 
nsors registere
blishing layer 
nsor social n
laboration lay
stener service
e service vis
ualize and a

ovisioning lay
iver considera
Vertically, th
namic sensor 
nsiderate layer
using on the 
er decides th
nagement. Th
overall system

One specific 
r previous w
del [5], wher
wards them 
namoDB). Al

comes the bot
d real-time d
essage Bus in 

ting considerat

t to the Messag
gned a two-ph

ow instance is
truct a represe
y relationship 
onding senso
ill subscribe t
s. On the othe

he workflow 

RUCTURE SUP

SERV
gned a serv
iderate servic
structure build

orm (SDSP) an
layers and f

ed in our SDS
analyzes their
network. The

yer monitors th
e, and handles 
sualization an
analyze senso
yer interfaces
ate services. 
he service dis

service disc
r controls the q
considerate pr
he data mod
he governance
m. 
feature that w

work adopted 
re SDSP rece

to persiste
lthough straig
ttleneck. To s
data analytics

our infrastruc

te service prov

ge Bus. 
hase publish/su
s established 
entative agent
between the 

or agents. On
to all identifie
er hand, the se

agent to re

PPORTING CO

VICE 
vice oriented
e provisionin
ds a layer on 
nd Message B
four vertical 
SP, the servic
r interactions a
e service co
he sensor inte
dynamic serv
nd analytics 

or relationship
s with extern

covery layer 
covery and i
quality of serv
roperty. The d

del and struc
e layer monito

we consider is
the tradition

eives all sens
ent storage 
ghtforward, th
support stream
s, we decided
cture. As show

visioning. 

ubscribe patte
for a workfl

t in the Messa
workflow age

n one hand, t
ed sensor age
ensor agents w
ceive particu

ONSIDERATE 

d infrastructu
g. As shown 
our Sensor D

Bus. It compri
layers. For 

ce modeling a
and establishe
omposition a
eractions throu
vice compositio

layer helps 
ps. The serv
nal sensors a

is in charge 
integration. T
vice provisioni
data architectu

cture of serv
ors the health 

s the scalabili
nal client-serv
or readings a
(i.e., Amaz

he SDSP serv
ming sensor d
d to adopt t
wn in Fig. 5, 

 

ern. 
ow 
age 
ent 
the 

ents 
will 
ular 

ure 
in 

ata 
ses 
all 

and 
es a 
and 
ugh 
on. 
to 

vice 
and 

of 
The 
ing 
ure 

vice 
of 

ity. 
ver 
and 
zon 
ver 

data 
the 
all 



r
b

s
g
l
t
t
f
f

u
t

t
m
c
a

u
i
a
t
t
p
n
w
t

A

o
m
d
c
w

m

o
d
t
p
e
a
s
m
T
b
s
d
m

a
e

registered sen
bus. 

To make th
seamlessly in
generality, we
language feed
treating subje
through voice
feedback acco
for this subje
Such a feature
uncomfortable
the necessity o

When the e
to ask to send
minutes. The 
caching the he
average value

During the
uncomfortable
information is
analyze the p
translated to l
therapist Bill, 
patient’s heart
not cache hea
will be sent to
the patient’s b

 

A. Sensor Ser
The scalab

of our infrast
messages are 
database to ad
collaboration 
we have esta
Service (AW
message-base

We use SA
of memory, w
deployed on t
traditional rel
providing real
engines, SAP 
allows us to e
sensor comm
messages. Eac
The sensor m
be used for r
studied SAP 
data sets from
messages pass
SAP HANA. 
answers to c
enormous data

nsors directly s

he sensor netw
ntegrate hum
e have incorp
dback to our 
ect) interacts w
e, and the soci
ording to the 
ect, and the d
e becomes ext
e during a phy
of the modific
exercise starts

d to him the pa
service layer

eart rate senso
s every 2 minu

e exercise (wo
e and types 
s passed to the
purpose and 
language act “
who may then
t rate every 1
art rate senso
o the therapist 
body situation.

VII. SCAL
rvice Analytics
bility and perf
tructure. For 
stored. We ha

ddress the per
between Carn

ablished an H
WS), to study

d considerate 
AP HANA as a
which is an in-m

the cloud, in 
lational datab
l-time analytic
HANA provi

easily monitor 
munications a
ch topic is rep

messages can b
real-time ana
HANA is tha
m different so
sed around, th
SAP HANA p

complex ques
a sets. 

send notificati

work consider
man interaction
porated langua
social sensor 
with the soci
al sensor netw
subject’s wor

data collected 
tremely useful
ysical treatme

cation of the pr
s, the therapist
atient’s averag
r will then ge
or’s streaming 
utes. 

orkflow run), t
“hard to b

e language pr
goal of the p

“short of breat
n change his q
5 seconds. Th

or readings. In
directly for hi
. 

LABILITY STU
s 
formance are 

analyzing sen
ave decided t
rformance con
negie Mellon U
HANA instanc
y its feasibil
service discov

a scalable solu
memory data p
contrast to ro

base. The pla
cs. Different f
ides column-b
r data. As expl
are represente
presented by a
be stored in SA
alytics. Anoth
at it is well su
ources. Since

he data can be
provides the f
stions at high

ions to the me

rate, it is criti
n. Without l
age processin

network. Joh
al sensor netw

works provide 
rds, the prescr

from this su
l when patient
ent, which ind
rescription. 
t may start a q

ge heart rate ev
nerate a work
data and send

the patient ma
breathe.” The
rocessing mod
patient. It ma
th” to be sent 
query as to sen
hen the servic
nstead, all rea
im to better m

UDY 

the major con
nsor behavior
o adopt in-me

ncern. Based o
University and
ce at Amazon
lity of supp
very. 
ution to the vo
platform that c
ow-based stora
atform is use
from other dat
based storage w
lained in Secti
ed by topic-
a <key, value>
AP HANA an

her reason wh
uited for enor

e we have to 
e stored easily 
feasibility of g
h speed from

essage 

ical to 
losing 

ng and 
hn (or 
works 
voice 

ription 
ubject. 
t feels 

dicates 

query, 
very 2 
kflow, 
d back 

ay feel 
e text 
dule to 
ay be 
to the 
nd the 

ce will 
adings 

monitor 

ncerns 
rs, all 
emory 
on the 
d SAP, 
n Web 
orting 

lumes 
can be 
age in 
ed for 
tabase 
which 
ion V, 
-based 
> pair. 
nd can 
hy we 
rmous 

store 
using 

getting 
m the 

W
stam
agg
we 
stor
feas
spe

T
We
Ana
ano
sen
pre

B.
W

sca
sca
30,
netw
use
sca
1,0
the 
illu
data

N
con
imp
Dyn
exp
sys
Dyn
patt
a u
tem
use

Mo
serv
Inte
(Iri
to a
hig

We store raw 
mp, device ID
gregated the r

have to store
red easily u
sibility of gett

eed from the en
The platform 

e run K-mea
alysis Librar

omaly in sens
nsor readings 
vious reading

Experimental
We have c

alability of ou
ales of a sens
000 physical 
work, we sim

ers: from 1 to
ale of a sensor
00 physical s

number of 
ustrate the exp
a in Fig. 6. 
Note that 

nducted based 
plementation, 
namoDB dat

periments. As
tem relying o
namoDB. Th
tern of freque

user is workin
mperature sens
ed by HANA y

ohamed and A
vice-oriented 
ernet-scale Re
sNet) [7] offe
allow user to q
h-bit-rate sen

Fig. 6 Scalab
sensor readin

D, sensor typ
eadings in a 
e messages pa
sing SAP H
ting answers t
normous data 
is used for p

ans algorithm
ry to monito
sor reading's i

having an 
. 

l Study 
conducted sim
ur infrastruct
sor network, 
sensors. On 

mulated diffe
o 50 users. A
r network is m
ensors), our s
concurrent us

perimental resu

the aforeme
on the SAP H
all sensor rea

tabase. We 
s shown in F
on HANA si
is symptom i

ent query over
ng on a virtu
sors. Thus, the
yields better re

VIII. RELA
Al-Jaroodi [6] 

middleware 
esource-Intens
ers a set of gen
query and pro

nsors. On top

bility study. 
ngs using the s
pe, sensor rea
1-minute time
assed around, 

HANA. HANA
to complex qu
sets. 
providing rea

m from HAN
or sensor he
interval, and 
abnormal int

mulations to
ture. We sim
which compr
each of the s

erent numbers
As shown in F
moderate (com
system scales 
sers go up to
ults, we keep 

entioned exp
HANA databa
adings were st
repeated the

Fig. 6, the sc
gnificantly su
is resulted fr
r certain types
ual sensor inv
e specific colu
esults.  

ATED WORK 
surveyed the 
for wireless 

sive Sensor N
neric function

ocess distribute
p of IrisNet, 

 

schema of <tim
ading>, and a
e window. Sin
the data can 

A provides t
uestions at a hi

al-time analyti
NA's Predicti
ealth. It dete
flags outliers 
terval from t

o evaluate t
mulated differ
rising from 1
simulated sen
s of concurr

Fig. 6, when t
mprising less th

well even wh
o 50. To bet
only signific

periments w
se. In our earl
tored in NoSQ
e same set 
calability of t
urpasses that 
rom the speci
 of sensors, e
volving multip
umn-based que

requirements 
sensor netwo

Network Servic
nalities and AP
ed collections
Chen et al. 

me 
also 
nce 
be 

the 
igh 

ics. 
ive 

ects 
as 

the 

the 
ent 
to 

sor 
ent 
the 
han 
hen 
tter 
ant 

ere 
lier 
QL 
of 

the 
on 

ific 
.g., 
ple 
ery 

 of 
ork. 
ces 
PIs 
s of 
[8] 



proposed X-Tree Programming, a database-centric approach 
to programming over a large-scale of Internet-connected 
sensing devices. Microsoft SenseWeb [9] provides a Web 
2.0 platform for users to upload and access sensor data 
streams from shared sensors on the Internet. SensorBase 
[10] built a centralized data storage and management 
platform that allows users to publish and share (“slog”) 
sensor network data using a blog-like approach. Global 
Sensor Networks (GSN) [11] adopts a scalable P2P model in 
favor of integrating heterogeneous sensor network 
technologies. In this work, we explore how SOA can be 
leveraged to provide considerate sensor services. 

Some researchers focus on building tools to support 
sensor data manipulation. For example, the Desthino 
(Distributed Embedded Things Online) project identifies a 
practical set of software tools to help users collect and store 
sensor data from heterogeneous distributed sensors [12]. 

Sensor Observation Service (SOS) is a standard Web 
service specification, aiming to standardize the way of 
requesting, filtering, and retrieving sensors and sensor data 
to enhance sensor interoperability [13]. Some researchers 
explore how the Semantic Web can be integrated with a 
Sensor Web, such as SemSOS [14] and Semantic Sensor 
Web [15]. Some researchers, such as Liu et al. [16], study 
the scalability of sensor networks. A concept of virtual 
sensor is introduced in GSN [11] to abstract sensor data as 
temporal streams of relational data, and to represent derived 
views or a combination of sensor data from different 
sources. SenseBox [17] introduced an autonomous 
computing unit encapsulating environment and REST APIs. 
In our earlier work, we have developed an SOA-based Web 
2.0 platform that allows users to federate heterogeneous 
sensor data sources [5]. In this project, we have extended 
our earlier work and build an infrastructure to support 
considerate sensor service discovery and composition. 

Our another previous work leverages social network 
techniques to facilitate workflow reuse, by analyzing usage 
history and behaviors of software components [18]. In this 
project, we have extended our technique to facilitate sensor 
federation. 

 
IX. CONCLUSIONS 

This paper has reported our efforts of exploring how to 
develop a service oriented computing-empowered 
infrastructure to provide “considerate” services. By mapping 
sensors to services and modeling sensor mashup as social 
networks, we leverage past sensor usage history to provide 
more considerate services. 

In our future work, we plan to refine our prototyping 
system and provide our middleware to the community 
usage. We also plan to conduct performance study between 
using various databases as backend including in-memory 
database, NoSql database, and relational database. 
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