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Fig. 2. Energy-efficient architecture for IoT.
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Algorithm 1 Working of eGN

Step I: For each SN (SN, in active mode do in parallel
Step 1.1 Collect data from SN, and store in its
buffer
Step 1.2 Send query to eNode to fetch value of o
and §
Step I.3: Predict the next sleep interval T, ; of
5N, as

Tayi = aefp + (1 — )Ty

Step 1.4 Calculate the actual next sleep interval

ll:

=Ty + A
Step 1.5: If SN, is periodic sensor
Siep 1.5.1: £, =3 (2R — Dy)

Step 152 CoV RV DTN

. H N
where =,’s are the sensed
T g,
. I
values and g -

S . (k) +£4
Step 1.5.3: Ast T‘,L-WT
Step 1.6 Else
Step 1.6.1: & E:|2_ﬁ' — D)
Step 1.6.2: Apt — 24 &
Step 2: For each sensor, SN,, in sleep mode do
Step 2.1 Send a wake-up signal on expiry of sleep
interval
Step 3: Forevery communication request reaching eGN for SN,
Step 3,10 If communication is critical
Step 31,1 If sensor status = “sleep”™ send
a wake-up signal o SN,
Sitep 3.1.2: Initiate the communication
Step 3.2: Else
Step 3.2.1: Buffer the information and
send it when SN, wakes up
Siep 4: For every query reaching eGN for SN,
Step 4.1 If sensor status = “sleep™
Step 4.1.1: Send a wake-up signal to SN,
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TABLE 1
INITIAL SYSTEM STATE

Parameter Value
7 5
CoV 0.6
4 0
80%
12 min
6 min
0.5
ctive time interval 5 min
0.002% of the remaining
battery power
E, (With sleep intervals) 0.4% of the remaining battery
power
E, (Without sleep intervals) 0.3% of the remaining battery
powcr

5

0 yud LSL‘%S)-’L’C-E-“’QQ;SAIPLssCL &)l c:l.;do Sipl 30 (2974 0 g0 yige jebay PA oyl plo

oo G @y sl s i) 6 leas IPL o €RA Lisgs 4 SCL o eNode

S Juloxi g x5 .4

owm.op@oolowgo;&ngjslcbwwbuuzj)b;gl‘w" w3l g Jdos g iz gl 5l LS

JA‘sﬁ 4;;.)9} 4;9;4445;0)‘0&55% QT u‘5.> &abbw)o uoL‘> o; 6))"‘ J).MASW‘ o

s alols 105 4z yn 5l St COV g el oS colis Lale s 5l gelans owila il alox 5| calise
53 BA) Jd > o 1y (6551 51 paseien Jlaiie G 05 0 il ogdle oSl 5 21eS (65,80 Bran iy
b egy el 51 el dily 0,8 4 g 5 Jlad <o 43 0 B e (550 e S g b e (ES) Ly il
55 s 5 Al 51 ool b olgige |, 0,5 <o (65 el ecilizen Jalge 5 oolital b 5 g alolé dnnslons

Energy consumed = T, * E, + (T — ﬂg) * F,. (11)
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TABLE 11
THEORETICAL RESULTS

E E

tys (min)  (with sleep (without sleep

interval) interval)
0 - - 80 80
5 9 9.1 78 78.5
14.1 - - T7.9818 75.77
19.1 9.05 9.159675 759818 74.27
28.25968 - - 75.96348 71.5221
33.25968 9.104838 9.217506  73.96348 70,0221
4247718 -- - 73.94505 67.25685
4747718 9.161172 0.277001  71.94505 65.75685
56.75418 -- - 71.92649 62.97375
61.75418 9.219086  9.338259  69.92649 61.47375
71.09244 - - 69.90782 58.67227
76.09244 9278673  9.401388 67.90782 57.17227
85.49383 - - 67.88901 54.35185
90.49383 9.34003 9.466506  65.88901 52.85185
09.96034 -- - 65.87008 50.0119
104.9603 9.403268 9.533741  63.87008 48.5119
114.4941] -- - 63.85101 4565178
119.494] 9.468505 9.603237 61.85101 4415178
120 -- - 61.85 44

Time Elapsed Tpss
(min) (min)
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Fig. 4. Experimental setup for the PA.
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TABLE III
DETAILS OF FIVE VOLUNTARY INDIVIDUALS FROM
UNIVERSITY CAMPUS

S No. Age Height Weight Medical
(vrs) (cm) (kg) history
19 168 68 None
26 176 75 Hypertension
34 165 72 Asthma
47 172 89 None
62 170 83 Heart Patient

TABLE IV
AMOUNT OF DATA GENERATED BY EACH SENSOR

Sensor Data
generated
Omron 10 upper arm BP monitor 52KB perl0 sec
Polar RS 300x HR monitor 108 KB per 10sec
CMS 50F OLED wrist RR monitor 143 KB per trigger
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Fig. 5. (a)—(I) Experimental results: (a)-(c) variation of the battery levels of HR, RR, and BP monitors, respectively, when they sense data with and without sleep
intervals; (d) variation of the battery levels of the eGN, both with and without sleep intervals; (e) energy consumed by the eNode with and without sleep intervals;
(f) variation of predicted sleep intervals with the variation of «; (g) and (h) variation of At with quality of information and CoV, respectively; (i) dependence
of actual sleep interval on predicted sleep interval and At with the variation of battery levels; (j) and (k) variation of response time and resource utilization,
respectively, of cloud resources, both with and without sleep intervals: () variation of energy consumed with respect to the number of nodes.
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TABLE V
FUNCTIONALITY ANALYSIS

Proposed

Parameters EGF Architecture

Energy efficiency of N
cloud resources ©
Energy efficiency of
SN 5 Yes
Node Mobility No
Battery level
consideration No
Scalability ] Yes
Data collection and Handle time
aggregation for query correlated region
handling in IoT queries

Yes

Mobile loT
networks

Dense loT network

with low traffic rate Many loT networks

Applicability

Object Group Sleep scheduling
Maobility based architecture

Methodology used Sleep scheduling EGF- Tree ECH-Tree

Self ]cummg Yes Yes No Yes Yes
mechanism

® Without sleep Interval ™ Proposed Architecture m Without sleep Interval m Proposed Architecture
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Fig. 6. (a)~(c) Comparative results: (a) performance comparison of the PA with SoT, EGF-tree, ECH-tree, and OGL; (b) and (¢) amount of energy consumed by
the system with 4500 nodes with various levels of traffic rate and node density, respectively.

aS Sloj b oo yuets duvy 0 SN g €GN @ ol 5 a8 o 1) ools SN as™ Sleds slaws yuoss b S8l 5 & 5
0,8 S i b gl 5y ccilizie (glogtas oYl 5 Sloaiss (gl PA o9 caslio o (6l ol ol

1585 Al on Ll bao,S slasd alsl b s o ,Shas sl 00 alowl s 45 @515 g 450t S5 e




g5 L9 oS A300 L s o awgs 00l Span (6551 e @l el 48,5 18 S 950 (S i
el 00l Gl o33 2 (D) 5 (2 B S5 0 15 0, oST5 5 Ciltises Kbl

Sl s ams oo Las 1) o g Lagie Vb a5l (S b pis Lawgi ol By (55,1 e () 6 S
05 S5 a5 Ceal cnl el cnl Jds ey Gl SIS 25 a3 093 3 Shes (ke 4 PA &5 ses
g0 oS Oly> alols als crge JYL SIS 5 500 o 5l 50 ST Slo Sl 4 e
Slyz alols 5l oslanul 50y 5 PA (sl o5 (65,51 Srae 4y omie b S5 25 a5 0,5 Gl Wl iz
20,5 oo

WS oo Ol s weare 0L |, S (@) B UK b oo i 055 05155 b s (2l awgl 00l B pas (655
slesgdise oS e (655,04 pomie JVL 05 oST5 15 005 o0 5 b 654l 4 omie SVL )5 (ST5 a5
solad 5100,5 oo il (6550 Bpae 4 ymie 53 A5 4 45 WS o i O3 Ul @ iy 05 o,
B Lal o) slaasids plad o g el aalS 65,31 Lotl il gl PA a8 28,5 amis o)lsf oo e(3s8 gl

ol 1]

S 35 Az 7
S o (el I &l 3 A.J)IS &S50 eolaiwl a4 el ouls z o Lol el lp gylose clao ol o

@ 555 45 am o ylid bt .l suls cuns i2.Xlarge EC2 gkl jo Sij slaosls 5l eolatwl b (s lons

a1l Joe goudS (S5g.09,00 Slgz Il 4 IPL g SCL 51 aolio 0,053 l38lcen (angei b ol g e &g

ST i goobel |y il Lagmes 2505050 1l 59, o0 Dlys e 4 COV g ol ole wons gl 3eil oledlbo|

Sl o e iali8l Cmge PA g, ool 5l 058 Cdl 0 am Sloj o3b Job 10 Wilgh oo a5 auS e 00ls oo




Codle 4 axg5 b ool pogdle .ol ..\.J)IS &5 PAL aodsjeboay 00 5 o IPL 4 SCL jo (5l 38lccnn alie

3,5 Jleel Ll e ol 5l asiss g0l olows a1y o] olg5 co PA 530 Bllas]

REFERENCES

[1] J. Gubbi, R. Buyya, S. Marusic, and M. Palaniswami, “Internet of Things (loT): A vision, architectural
elements, and future directions,” Future Gener. Comput. Syst., vol. 29, no. 7, pp. 1645-1660, Sep. 2013.

[2] R. Caceres and A. Friday, “Ubicomp systems at 20: Progress, opportunities, and challenges,” IEEE Pervasive
Comput., vol. 11, no. 1, pp. 14-21, Jan./Mar. 2012.

[3] Z. Bi, L. D. Xu, and C. Wang, “Internet of things for enterprise systems of modern manufacturing,” IEEE
Trans. Ind. Informat., vol. 10, no. 2, pp. 1537-1546, May 2014.

[4] S. Fang et al., “An integrated system for regional environmental monitoring and management based on
Internet of things,” IEEE Trans. Ind. Informat., vol. 10, no. 2, pp. 1596-1605, May 2014.

[5] D. Zhang et al., “Real-time locating systems using active RFID for Internet of things,” IEEE Syst. J., DOI:
10.1109/JSYST.2014.2346625, to be published.

[6] F. Tao, Y. Zuo, L. D. Xu, L. Lv, and L. Zhang, “Internet of things and BOM-based life cycle assessment of
energy-saving and emissionreduction of products,” IEEE Trans. Ind. Informat., vol. 10, no. 2, pp. 1252-1261,
May 2014.

[7]F.Tao, Y. Cheng, L. D. Xu, L. Zhang, and B. H. Li, “CCloT-CMfg: Cloud computing and Internet of things-based
cloud manufacturing service system,” IEEE Trans. Ind. Informat., vol. 10, no. 2, pp. 1435-1442, May 2014.

[8] F. Tao, Y. Zuo, L. D. Xu, and L. Zhang, “loT-based intelligent perception and access of manufacturing
resource toward cloud manufacturing,” IEEE Trans. Ind. Informat., vol. 10, no. 2, pp. 1547-1557, May 2014.
[9] L. Liu, W. Han, T. Zhou, and X. Zhang, “SCout: Prying into supply chains via a public query interface,” IEEE
Syst. J., DOI: 10.1109/JSYST. 2014.2337519, to be published.

[10] L. D. Xu, W. He, and S. Li, “Internet of things in industries: A survey,” IEEE Trans. Ind. Informat., vol. 10,
no. 4, pp. 2233-2243, Nov. 2014.

[11] F. Paganelli, S. Turchi, and D. Giuli, “A web of things framework for RESTful applications and its
experimentation in a smart city,” IEEE Syst. J., DOI: 10.1109/JSYST.2014.2354835, to be published.

[12] E. Patti et al., “Event-driven user-centric middleware for energy-efficient buildings and public spaces,”
IEEE Syst. J., DOI: 10.1109/JSYST.2014. 2302750, to be published.

[13] O. Bello and S. Zeadally, “Intelligent device-to-device communication in the Internet of things,” IEEE Syst.
J., DOI: 10.1109/JSYST.2014. 2298837, to be published.

[14] J. Chen, B. Wang, W. Liu, L. T. Yang, and X. Deng, “Rotating directional sensors to mend barrier gaps in a
line-based deployed directional sensor network,” IEEE Syst. J., DOI: 10.1109/JSYST.2014.2327793, to be
published.

[15] A. H. Celdran, F. J. Garcia Clemente, M. G. Perez, and G. M. Perez, “SeCoMan: A semantic-aware policy
framework for developing privacypreserving and context-aware smart applications,” |EEE Syst. J., DOI:
10.1109/JSYST.2013.2297707, to be published.

[16] Y. Liang et al., “An integrated approach of sensing tobacco-oriented activities in online participatory
media,” IEEE Syst. J., DOI: 10.1109/ JSYST.2014.2304706, to be published.

[17] Y. Hu, M. Dong, K. Ota, A. Liu, and M. Guo, “Mobile target detection in wireless sensor networks with
adjustable sensing frequency,” IEEE Syst. J., DOI: 10.1109/JSYST.2014.2308391, to be published.

[18] J. Pan et al., “A Internet of things framework for smart energy in buildings: Designs, prototype, and
experiments,” IEEE Internet Things J., DOI: 10.1109/J10T.2015.2413397, to be published.

[19] O. U. Akgul and B. Canberk, “Self-Organized Things (SoT): An energy efficient next generation network
management,” Comput. Commun., DOI: 10.1016/j.comcom.2014.07.004, to be published.




[20] Z. Zhou, J. Tang, L. Zhang, K. Ning, and Q. Wang, “EGF-tree: An energyefficient index tree for facilitating
multi-region query aggregation in the Internet of things,” Pers. Ubiquitous Comput., vol. 18, no. 4, pp. 951-
966, Apr. 2014.

[21] ). Tang, Z. Zhou, J. Niu, and Q. Wang, “An energy efficient hierarchical clustering index tree for facilitating
time-correlated region queries in the Internet of things,” J. Netw. Comput. Appl., vol. 40, pp. 1-11, Apr. 2014.
[22] S. D’Oro, L. Galluccio, G. Morabito, and S. Palazzo, “Exploiting object group localization in the Internet of
things: A performance analysis,” IEEE Trans. Veh. Technol., vol. 64, no. 8, pp. 3645-3656, Aug. 2015.

[23] J. Liang, J. Chen, H. Cheng, and Y. Tseng, “An energy-efficient sleep scheduling with QoS consideration in
3GPP LTE-advanced networks for Internet of things,” IEEE J. Emerging Sel. Topics Circuits Syst., vol. 3, no. 1,
pp. 13-22, Mar. 2013.

[24] T. Qui, W. Sun, Y. Bai, and Y. Zhou, “An efficient multi-path selforganizing strategy in Internet of things,”
Wireless Pers. Commun., vol. 73, no. 4, pp. 1613-1629, Dec. 2013.

[25] M. A. Hoque, M. Siekkinen, and J. K. Nurminen, “Energy efficient multimedia streaming to mobile
devices—A survey,” IEEE Commun. Surveys Tuts., vol. 16, no. 1, pp. 579-597, 1st Quart. 2014.

[26] V. Sai and M. H. Mickle, “Exploring energy efficient architectures in passive wireless nodes for loT
applications,” IEEE Circuits Syst. Mag., vol. 14, no. 2, pp. 48-54, 2nd Quart. 2014.

[27] F. Lin, Q. Liu, X. Zhou, Y. Chen, and D. Huang, “Cooperative differential game for model energy—bandwidth
efficiency tradeoff in the Internet of things,” China Commun., vol. 11, no. 1, pp. 92-102, Jan. 2014.

[28] C. Hou and Q. Zhao, “Bayesian prediction-based energy-saving algorithm for embedded intelligent
terminal,” IEEE Trans. Very Large Scale Integr. (VLSI) Syst., DOI: 10.1109/TVLSI.2014.2385791, to be published.
[29] C. H. Liu, J. Fan, J. W. Branch, and K. K. Leung, “Toward Qol and energy-efficiency in Internet-of-things
sensory environments,” IEEE Trans. Emerg. Topics Comput., vol. 2, no. 4, pp. 473—487, Dec. 2014.

[30] T. Rault, A. Bouabdallah, and Y. Challal, “Energy efficiency in wireless sensor networks: A top-down
survey,” Comput. Netw., vol. 67, pp. 104-122, Jul. 2014.

[31] J. A. Khan, H. K. Qureshi, and A. Igbal, “Energy management in wireless sensor networks: A survey,”
Comput. Elect. Eng., vol. 41, pp. 159-176, Jan. 2015.

[32] K. Lin, J. J. P. C. Rodrigues, H. Ge, N. Xiong, and X. Liang, “Energy efficiency QoS assurance routing in
wireless multimedia sensor networks,” IEEE Syst. J., vol. 5, no. 4, pp. 495-505, Dec. 2011.

[33] H. K. Deva Sarma, R. Mall, and A. Kar, “E2R2: Energy-efficient and reliable routing for mobile wireless
sensor networks,” IEEE Syst. J., DOI: 10.1109/JSYST.2015.2410592, to be published.

[34] K. Illanko, M. Naeem, A. Anpalagan, and D. Androutsos, “Energyefficient frequency and power allocation
for cognitive radios in television systems,” IEEE Syst. J., DOI: 10.1109/JSYST.2015.2393834, to be published.
[35] M. M. Hasan, F. Farahmand, J. P. Jue, and J. J. P. C. Rodrigues, “A study of energy-aware traffic grooming
in optical networks: Static and dynamic cases,” IEEE Syst. J., vol. 7, no. 1, pp. 161-173, Mar. 2013.

[36] C. Yu, D. Yao, L. T. Yang, and H. Jin, “Energy conservation in progressive decentralized single-hop wireless
sensor networks for pervasive computing environment,” IEEE Syst. J., DOI: 10.1109/JSYST.2014.2339311, to
be published.

[37]1 K. Heussen, S. Koch, A. Ulbig, and G. Andersson, “Unified system-level modeling of intermittent renewable
energy sources and energy storage for power system operation,” IEEE Syst. J., vol. 6, no. 1, pp. 140-151, Mar.
2012.

[38] M. de Paula Marques, F. R. Durand, and T. Abrao, “WDM/OCDM energy-efficient networks based on
heuristic ant colony optimization,” IEEE Syst. J., DOI: 10.1109/JSYST.2014.2345665, to be published.

[39] G. Sun et al., “Power-efficient provisioning for online virtual network requests in cloud-based data
centers,” IEEE Syst. J., vol. 9, no. 2, pp. 427-441, Jun. 2015.

[40] V. Pal, G. Singh, and R. P. Yadav, “Balanced cluster size solution to extend lifetime of wireless sensor
networks,” IEEE Internet Things J., DOI: 10.1109/JI0T.2015.2408115, to be published.

[41] Y. Liu, C. Xu, and S. Cheung, “Diagnosing energy efficiency and performance for mobile Internetware
applications: Challenges and opportunities,” IEEE Softw., vol. 32, no. 1, pp. 67-75, Jan./Feb. 2015.




[42] H. P. Gupta andS. V. Rao, “Demand-based coverage and connectivitypreserving routing in wireless sensor
networks,” IEEE Syst. J., DOI: 10.1109/JSYST.2014.2333656, to be published.

[43] U. Kulau, F. Busching, and L. Wolf, “Undervolting in WSNs—Theory and practice,” IEEE Internet Things J.,
vol. 2, no. 3, pp. 190-198, 2015.

[44] A. Silberschatz, P. B. Galvin, and G. Gagne, Operating System Concepts, 8th ed. New Delhi, India: Wiley,
ch. 5, pp. 189-192.

[45] Omron, Last accessed on Jul. 5, 2015. [Online]. Available: http://www. omron-
healthcare.com/eu/en/our-products/blood-pressure-monitoring

[46] Polar, Last accessed on Jul. 3, 2015. [Online]. Available: http://www.
polar.com/en/products/improve_fitness/running_multisport/RS300X

[47] Amazon, Last accessed on Jul. 3, 2015. [Online]. Available: http://www. amazon.com/Wrist-Color-
Oximeter-Acc-SnugFit/dp/BO0OEGLISCO

[48] Amazon Elastic MapReduce, Last accessed on Jul. 3, 2015. [Online]. Available:
http://aws.amazon.com/elasticmapreduce/

[49] X. Bao et al., “Helping mobile apps bootstrap with fewer users,” in Proc. UbiComp, 2012, pp. 1-10.

[50] Amazon, Last accessed on Jul. 5, 2015. [Online]. Available: http://aws. amazon.com/ec2/instance-types/



http://aws.amazon.com/elasticmapreduce/

