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Optimal Deployment Patterns for Full Coverage and
k-Connectivity ¢ < 6) Wireless Sensor Networks

Xiaole Bai, Dong Xuan, Zigiu Yun, Ten H. Lai, Weijia Jia

Abstract—In this paper, we study deployment patterns to Exploring optimal patterns for WSNs is hard. In general,
achieve full coverage andk-connectivity (k < 6) under different  this problem is related to the covering problem in compu-
ratios of the sensor communication range (denoted by.) 10 a1i0nal geometry. Much work has been done on the issue

the sensing range (denoted byR,) for homogeneous wireless f - ints | | . - b
sensor networks (WSNSs). In particular, we propose new pattas Of covering points In-a plane using a minimum number

for 3- and 5-connectivity. We also discover that there exista Of given geometric bodies, e.g., disks [10]-[13], orthogjon
hexagon-based universally elemental pattern that can gerste rectangles [14], fat convex bodies [15], [16], etc. Howetles
all known optimal patterns. The previously proposed Vorone- |iterature in computational geometry only considers cager
based approach can not be applied to prove the optimality of ot connectivity. This is understandable as connectivty i

the new patterns due to their special features. We propose aew tvoical networki . t that i t of h t
deployment-polygon based methodology. We prove the optinka ypical networking requirement that IS out of pure mathema

ity of deployment patterns to achieve three-connectivity,four- ical interests.

connectivity and five-connectivity for certain ranges of R./Rs, Lacking proper knowledge, works in sensor deployment
respectively, and prove the optimality of deployment pattens to  have heavily relied on a result presented %39 [10] for years,
achieve six-connectivity under all ranges of./R.. which states that the regular triangular lattice patténiar{gle
Index Terms—Wireless Sensor Networks, Network Topology, patternfor short) is asymptotically optimal in terms of the
Coverage, Connectivity, Optimal Deployment Pattern number of discs needed to achieve full coverage. This result
naturally provides six connectivity only wheR. > /3R,.
. INTRODUCTION However, in practice, values aRk./R, can be any positive

Network topology is a fundamental issue in Wireless Sensymber. For example, while the reliable communication eang
Networks (WSNs) that affects many facets of network off the Extreme Scale Mote platform &0 m, the sensing
eration, including routing, power management, security, efange of the acoustics sensor for detecting an All Terrain
Broadly, there are two deployment categories in WSNs ¥ghicle is 55 m [1]. In this case,R./R; is much less than
achieve particular network topologies: random and determiv'3- Progress has been made in exploring optimal patterns
istic deployments. Random deployments are typically use@der different values ofz./R; in recent years. Ir2005,
when the mission deployment area is physically inaccessiigsearchers proved that the strip-based deployment paster
(e.g., volcanoes, seismic zones, etc.). On the other haadymptotically nearly optimal whek. = R, [S]. In 2006,
deterministic deployments are more likely (and even prefdh® asymptotic optimality of strip-based deployment patte
able) in missions when the deployment area is physicaf§ achieve one and two c.onnectivity and full coverage was
accessible. Missions in which WSNs are deterministicalRfoved [7]. Furthermore, in a paper presented at Infocom
deployed are becoming increasingly popular today. Exasnpi008 [8], the asymptotically optimal pattern to achieverfou
include the Line in the Sand [2] sensor network for targ&ennectivity and full coverage is explored. With the above
tracking, the CitySense [18] network for urban monitoring?"0gress, two questions naturally arise: _ _
the Soil Monitoring [6] sensor network, etc., where sensors — 1h€ work on exploring optimal patterns in WSNs is
are placed by hand at selected spots prior to network d'th yet complete. To date, there is no knowledge of optimal
eration. The success of such missions is tightly continggi@tteérns designed fas-connected and-connected network
on the optimality of the deployment patterns. FundameptalfoPelogy. And the deployment pattern ferconnectivity when
knowledge of optimal deployment patterns will help avoidte/fs < V3 is still unknown. Different applications require
ad-hoc deployment (and likely inefficient patterns) by prdz_llff_erent degrees of connectivity. HaV|r_lg a complet_e set of
viding sound theoretical bounds. Optimal patterns alsceha@Ptimal patterns can meet different applications’ requiats.
benefits like cost savings (sensors still cost $100 apiece),~ |h€ Previous exploration on optimal patterns has not yet

minimizing message collisions, better network managemeRE€N conducted systematically. Is there an elementalrpatte
etc. Furthermore, the study of optimal patterns gives rid@at can generate all the patterns designed so far to adhikve

to tremendous insights into network topology, which wilFOVerage and:-connectivity? The existence of such a pattern
provide guidelines for subsequent extensions thereof m né@n Significantly and systematically assist the exploratd

ideal, practical deployment scenarios. other unknown patterns. _ _
This paper aims to answer the above questions. In partjcular

we make the following contributions:
An earlier version was published in the ninth ACM Internatib Sympo- A | f imal deol
sium on Mobile Ad Hoc Networking and Computing (MobiHoc) 800 complete set of optimal deployment patteM&: propose

new patterns foB-, 4-, 5- and 6-connectivity. We prove the
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optimality of patterns to achiev8-, 4- and 5-connectivity
for a large range ofR./R, and the optimality of patterns
to achieve6-connectivity for all ranges oR./R, for homo-
geneous WSNs, which are defined in Section Il. With these
new patterns, we have a complete set of optimal deployment
patterns to achievk-connectivity ¢ < 6), for the first time.

A universally elemental patterWe discover that there ex- @ ®)
ists a universally elemental pattern that can be cdikecagon- Fig- 1.~ Two examples of regular deployments. Solid lines oenthe

. . . . established communication links . In (a), each vertex hagedethree. In

based All known optimal patterns for different connectivity i) each vertex has degree five.
can be generated by repeating certain specific forms of it.
In fact, we use this result in exploring the pattern for
connectivity. receiver and the communication link quality measured by

A new proof methodology for optimalitroof for pattern packet reception ratePRR. From the experiments, PRR at
optimality is not trivial. Due to the special features of ke distanced can be expressed as

new patterns, the necessary conditions to apply the egistin 1 ppriyrs

Voronoi-based methodology in [7], [8] are not satisfied. We PRR(d)=(1— e = =2 )%, Q)
design a new deployment-polygon based approach for this ] 2 ) ]
purpose. Our results attest to its success. where P; is the output power of the transmittePL(d) is

) ] . _the path loss at distancé P, is the noise floor and is
The rest of this paper is organized as follows. We proviqge frame length. We can consider a connection established

the system model in Section Il. In Section Ill, we Pr_eserﬂetween two nodes only if the PRR from each other is
our new proposed patterns G, 4-, 5- and 6-connectivity 5hove a certain desirable threshold. We then use disc model

and a universal elemental pattern behind all known optimgy -ommunication in our proof. Each sensor is capable of
patterns. Numerical results are also reported. In Sectipwé communicating only with others within distandg..
prove the optimality of the newly proposed patterns. Sectio

V concludes the paper. Disc model for both sensing and communication that pro-

vides a good abstraction from the real world has been widely
adopted, e.g. in [3]-[5], [7], [8].

. , . We study the asymptotical optimality of deployment pat-

In this paper, we make several abstractions in order lté’rns, that is, a relatively large area compared with sgnsin

_obta_ln optl_mal deploymeqt patterns in WSNSs. Abstractm’es %nd communication ranges is considered in this paper. The
|ne_V|tabIe in order to achleve enqugh genera_llty when we at'i‘(n)undary effect is not important here and can be ignored.
trying t(? lay down certain .theoretlcal foun-danons.. We study the homogeneous wireless sensor networks where
Sensing ModelThere exist several practical sensing modelg| the sensor nodes are identical in terms of sensing and com
that stem from real device experiments. S. Megee®al.in  munication capabilities. Since the sensors are homogsnéou
[17] propose that the sensing quality can be express@d#s s natural to explore certain deployment whesensor play
where\ and o are sensor dependent parameters @msithe g special role in sensing or communicatidfor this purpose,
distance between the sensor and detection target. In tldslmowe introduce the concept of regular deployment.
the quality of sensing gradually attenuates with incregsin Definition 2.1: Regular Deployment Pattern:A sensor

distance. In [20], Y. Zhoet al. propose a probabilistic Sensmgdeployment pattern is called regular if the Voronoi polygon

model. In this model, two valueR; and R, (R; < R») are -
) o i . enerated by each sensor has the same shape and size.
defined from empirical observations. When the distance frogn y P 'z

the target to the sensor is less th&g, it will be detected  When the Voronoi polygon generated by a sensor is given,
with probability 1; when the distance is larger thab,, the its neighboring context, which consists of number of neigh-
detection probability i<); when the distance is betweehy bors, Euclidean distances and angle distances between them

and R,, the detection probability will exponentially decreast® fixed. In a regular deployment defined in Definition 2.1,
with the increasing distance similar to that in [17]. each sensor has the same neighboring context and no sensor

We use disc model for sensing in this paper. Each sensofS¢nore important than the other in a network topology view.
capable of detecting points only within distange. The disc 9. 1 shows the deployment graphs of two possible regular
model can be obtained from the above models by first settifl§P!0yment achieving and 5-connectivity. We wish to point
a desirable threshold for sensing quality or probabilityd a OUt that, all known globally optimal deployment patterns
then exploiting this threshold to determine the largessiie  INcluding the triangular lattice pattern and the ones psego
distance between the sensor and the target. This distancdik’]; [8] are regular deployment patterns.
then considered sensing range. Definition 2.2: v-Optimal Pattern: A regular deployment

Communication Modeltn reality, the communication wire- Pattern is callecy-optimal if it needs the minimum number
less signal undergoes attenuation and various disruptiys-p Of Sensors to achieve a given coverage and connectivity
ical phenomena. We consider a widely used model suggestéguirement, among all regular patterns.
by Zuniga and Krishnamachari in [21]. This model establishe Studying v-optimality of regular patterns is meaningful.
the function of the distance between the transmitter and tRegular patterns have strong practical indications in homo

II. SYSTEM MODEL
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Fig. 2. The hexagon-based pattern faconnectivity. A global view is shown in (a). In (b)e), Rs is fixed andR. varies. Patterns are hexagon-based in
some sense. The solid lines construct the patterns, dgnibtenestablished links. The dashed straight lines denetdirtks that can be established.

geneous WSNs. Apparently, global optimality implies increases. Full coverage aeconnectivity run through all of
optimality. In fact, we believe-optimality also implies global these changes. In this paper, we are able to prove the mattern
optimality. However, exploring (designing and proving) are vy-optimal when1.0459 < R./Rs. The proof will be
optimal patterns is not trivial. There are a huge numbeiscussed in Section IV-B.

of regular patterns for a given coverage and connectiviB. Deployment Patterns for 4-Connectivity

requirement, like ones illustrated in Fig. 1. The explospace  We present 4-connectivity patterns f&./ R, > 1.3903 in

is large. Fig. 3(b) ~ (d). Fig. 3(a) illustrates a global view. It is note-
worthy that these patterns can also be considered as hexagon
I1l. DEPLOYMENT PATTERNS based in some sense, where one hexagon consists of two
In this section, we first present sets of deployment patterfigombuses. Hence, pattern evolution &s/?; changes can
then present the numerical results. be expressed by parametéiso,, 83 andd, which are defined

in the hexagon-based pattern shown in Fig. 2(b). Parameters
01,02,05 and d are expressed in (3) fok./Rs > 1.3903,
which guarantee full-coverage and 4-connectivity.

A. Deployment Patterns for 3-Connectivity

We present 3-connectivity patterns fét./R, > 1.0459
in Fig. 2(b) ~ (e). Pattern evolution a&./R, changes can
be expressed by values of parametgrd-, 03 andd, which 0, =,

are defined in the hexagon-based pattern shown in Fig. 2(b), . o R.
02 :max(—,min(—,Qarcsin )),

a hexagon with all edges equal and opposite edges parallel. 2 3 2R. A3)
Parameter$, 6-, 03 andd are expressed in (2) faR./Rs > 03 =27 — 01 — 0o,
1.0459. For such value oRR./R,, these parameters guarantee d = min (Re, V3R.).

full-coverage and 3-connectivity. - .
. verag ity The hexagon-based pattern exhibits different forms (or

0, = min(, 4 arcsin R ) patterns) under different values &./R;.
! ' 2R, — When 1.3903 < R./R, < +/2: The pattern is a
2w R i i i
82 = max ( min(ZZ, 2 arccos —2.), rectangular with side lengthsR,. and R.., respectively.
? (min( 3 QRS) @) — Whenv2 < R./R, < /3. The pattern becomes a
min(%’r@amsm 21;6 ), parallelogram still with side length&R. and R.. Its bigger

inner angle €2) is 2 arcsin(R./2R;).

O3 =27 — 01 = 02, — When /3 < R./R,: The pattern maintains a parallel-

d = min (Rc, V3R.). ogram but with side length8v/3R; and v/3R;. The bigger
The hexagon-based pattern exhibits different forms (mer angle ¢;) for this parallelogram i2z/3.
patterns) under different values @t./R,. Fig. 2(b) ~ (e) In this paper, we are able to prove they areptimal when
illustrate these variations. 1.3903 < R./Rs. Note that the optimality proof provided in

— When1.0459 < R./R, < v/2: The pattern is a flattened [8] is for v/2 < R./R,. The proof will be discussed in Section
hexagon with edge length... The top and bottom inner angles!V-B.

are4arcsin(R./2R;) each, and the others are C. Deployment Patterns for 5-Connectivity
2arccos(R./2Rs) each. We present 5-connectivity patterns f&./R, > 1.0406

— WhenR, = v2R,: The pattern is a rectangular with sidan Fig. 4(b) ~ (d). Fig. 4(a) illustrates a global view. These
lengths2R. and R.., respectively. patterns can also be considered as hexagon-based in some

— When v2 < Re/Rs < V/3: The pattern becomes asense, where one hexagon consists of two triangles and one
parallelogram still with side length3R. and R.. Its bigger rhombus. Then the pattern evolution can be expressed in term

inner angle ;) is 2arcsin(R./2R). of 61, 6,,6; andd as follows in (4).
— Whenv3 < R./Rs: The pattern maintains a parallel- T
ogram but with side lengthg\/3R, and v/3R,. The bigger =3,
inner angle ) for this parallelogram i27/3. 0y = & mi 2m T o aresi R,
The hexagon-based pattern is elemental. Its shape contin- 73 min 3 ’max(2’ aresm 2Rsy))’ 4)
uously changes in terms @k, 6,03 and d, from a regular 03 =2m — 01 — 02,

hexagon shape to a parallelogram shape, as the valig/dt; d = min (R.,V3R;).
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L 1.3903<R, /R, <2 V2<R, IR <3

(a) ) © @
Fig. 3. The hexagon-based pattern fieaconnectivity. A global view is shown in (a). In (kXd), Rs is fixed andR. varies. Patterns are hexagon-based in
some sense. The solid lines construct the patterns, dgnibtenestablished links. The dashed straight lines denetdirtks that can be established.

1.0406 <R, /R, <2 V2 <R, IR <3

(a) () © @
Fig. 4. The hexagon-based pattern foconnectivity. A global view is shown in (a). In (bYd), R; is fixed andR. varies. Patterns are hexagon-based in
some sense. The solid lines construct the patterns, dgnibtenestablished links. The dashed straight lines denetdirtks that can be established.
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that each sensor can directly connect with six its neighmgpori
Sensors.

In this paper, we are able to prove the patterrn-gptimal
for any value ofR./ R,. We provide the proof in Section IV-B.
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A A s A s b aa E. A Universal Elemental Pattern

A A ANl We discover that there exists a universally elemental patte
@ ®) The universally elemental pattern is named such since all
Fig. 5. The deployment pattern férconnectivity. It still can be considered known optimal patte.rns fOk'qonneCt!V.'ty & < 6) CE.B.H be
hexagon-based in some sense. generated by repeating certain specific forms of this patter

The universally elemental pattern is illustrated in Figa)6(
This pattern is a hexagon with opposite sides are both equal
The hexagon-based pattern exhibits different forms undad parallel that stratifies following two conditions: 1ygn
different values ofRR./R.. R,, the inner area of this hexagon can be fully covered by
— When R, /R, < +/2: The rhombus becomes a square. the sensors deployed at the six vertices, and 2) gRerthe
— Whenv2 < R./R, < +/3: The bigger inner angle of the tessellation constructed by repeating it can satisfy tsireie
rhombus is2 arcsin(R./2R;), which keeps increasing within connectivity.
(w/2,2m/3). We denote a specific form of the universally elemental
— When V3 < R./R,: The bigger inner angle of the pattern fork connectivity by Hy (61,62, di,ds). 63 can be
rhombus is27/3. The rhombus is constructed by puttinglecided byf; = 27 — 6, — 6,. By giving corresponding

together two equilateral triangles. expressions fol,,60,,d; andds in Fig. 6(b), we show all
In this paper, we are able to prove the patternsyaoptimal known optimal deployments can be generated by repeating
when1.0406 < R./R, in Section IV-B. certain specific form offy.

. The discovery of the universally elemental pattern signif-

D. Deployment Patterns for 6-Connectivity icantly help to explore unknown optimal patterns. In fact,

In Fig. 5, we illustrate a pattern to achieve full coveraggiowing the lead of altering the shape of the universally
and 6-connectivity general for all values dt./R.. The glemental pattern té-connectivity ands-connectivity patterns,

triangle-based patterns can be also considered the hexagge are able to obtain the-optimal pattern fors-connectivity.
based pattern in some sense where one hexagon consists of 6

identical equilateral triangles. The pattern can be exggbén F. Numerical Results
term of 61, 6>, 65 andd as follows: In this subsection, we show the sensor number needed to

achieve full coverage and ~ 6 connectivity respectively
0 =7, 0= 2_”’ 03 = f’ d = min (Rc,\/gRs)_ (5) by optimal patterns for variougi./R,. Sensors each with
3 3 sensing rangek; = 30 m are deployed over &,000 m
These parameters ensure that each point within the hexagori, 000 m deployment region. The communication range
area is covered by at least one of the sensors located at fhevaries from20 m to 60 m. For illustration purpose, we
hexagon vertices for any value @./R,. They also ensure use the pattern shown in Fig. 2(b) fé./R; < 1.0459 to






