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Abstract—In this paper, we extend our early work on safety
information in wireless ad hoc sensor networks to the realigc
communication model in which each node has the opportunityd
receive the signal from any node in the entire network. The daty
information is a value € [0, 1] at each node which is calculated
in a fully distributed manner based on 1-hop neighborhood
information. It indicates the maximum probability of a successful
straightforward path from this node to a destination along the
edge of the networks. Such information can be used to mitigat
the impact of local minima and achieve more straightforward
paths in the geographic greedy forwarding. The whole constrc-
tion process can converge quickly and be controlled in a lintéd
area. By integrating with the MAC protocols, its cost can be
minimized. Both analytical and experimental results illugrate
that our new approach is cost-effective, compared with the ést
results known to date.

Index Terms—distributed algorithms, greedy advance, infor-
mation model, routing, wireless ad-hoc sensor networks.
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within the request zone in LAR scheme 1 in [7]. Not only stuck
nodes but also those nodes that their succeeding forwarding
are all blocked by stuck nodes are identified as unsafe nodes.
A straightforward path can be achieved if and only if safe
nodes are used. However, the calculation of such a boolean
value of status relies on a fixed, ideal network topology. In
this paper, we extend such a safety information model and
the corresponding routing to a realistic communication elod
[14], in which each node has the opportunity to receive the
signal from any node in the entire network.

Our contributions is twofold(a) We study the effect of
local minima on LF routing in dynamic networks and its
structural regularity in local description at each node tam
precisely infer the global topology evolution for constiitig
a straightforward path in the multi-hop systems, for any
possible pair of the source and destinati@m). Considering
the variation of link status, we propose a scalable, disteith

Geographic greedy forwarding (GF) [4], [7], as a simplenethod to collect the information for the construction o€fsu
efficient and scalable strategy, is the most promising ngutia local descriptor at each node.

scheme in wireless ad-hoc sensor networks (WASNS).

InThe implementation of our new information model is inte-

such a multi-hop unicasting, the path from the source to tlgeated with the reservation MAC protocol (e.g., [15]). Véhil
destination is determined at each intermediate node inly fula stable topology link is confirmed via the beaconing scheme,

distributed manner by selecting its successor in the fatingt
The packet advances greedily alongstaightforward path

its two end nodes also exchange the information of their
safety status by the beacon messages. According to such 1-ho

hop by hop. Not only can it avoid wasting energy in detourgeighborhood information that is newly collected, eachenod
but also less interference occurs in other transmissiorenwhupdates its own status. The safety status under the realisti
fewer nodes are involved in the transmission. This plays aammunication model (SR) is a valge[0, 1], which indicates
important role in WASN applications that require a reliabléhe maximum probability of a successful straightforwarthpa

data steaming service.

from this node to a destination along the edge of the networks

An important challenge often faced in GF routing is theia bi-directional links. The larger the value, the moreelik

“local minimum phenomenon” [1] where the forwarding proforwarding will be successful and the more reliable the path
cess is blocked at a node callstlick nodeThe occurrence will be for communication. “0” stands for thensafestatus of
of block can be caused by not only the “deployment holghis node in a greedy advance. Otherwise, the node is called
such as sparse deployment and physical obstacles, but &gt Such a safe value also implies a higher success rate of
many dynamic factors, including node failures, signal figgli valid forwarding to any closer destination. By extending th
communication jamming, power exhaustion, interferenod, aLF routing under SR model, more straightforward paths can be
node mobility [1], [8], [12]. achieved to avoid unnecessary detour so that the perfoenanc
In our early work [5], the safety information model is pro-and quality of data communication can be improved.
vided for the forwarding (also called LF routing) that is iied Note that the routing only needs the information for one
_ _ successful path. It is not necessary to collect the infaionat
This work Jyas supported in part by NSF grants CNS 0422762, CN3t all unstable links. The bi-directional link is used in our
0434533, CNS 0531410, CNS 0626240, and CCF 0840891. CdBtamiil:

zjlang@wecupa.edu. approach: the outgoing link is for packet forwarding and the



incoming link is for guaranty information collection. Theer | s /d | source / destination _
may be cases when differences in transmission power give thu) Itgsa‘t:i‘érr:e(;tn“c‘)’éj;Oiféhe(xr‘)““n)gi;“z;“;ozfil) —
rise to.uni(.jil_'ectional Iinks. Hpvyever, as i_ndicated in [10] N(u) neighbor set ol c';olnr;ectgélyt?]rough directgd linKs
the main difficulty of using unidirectional links comes from 7,y current successor set af(C N(u))
the asymmetric knowledge about message reception at its eNdQ, (v) | type+ forwarding zone [ < i < 8)
nodes, which requires a three-party agreement. This ysuall Z;(u,d) | type< request zonel(< ¢ < 8) with respect tad
causes unexpected delay or unnecessary re-transmissions i Si(u) | safety status fof);(uv) (1 <i < 8)
real applications. On the other hand, with our SR infornrgtio |__>(«) | safety tuple of node: (Si(u) : 1 <4 < 8)
the routing can take advantage of any alternative path ane L/ L | Stuck nodes set / set of typestuck nodes

. . . 2 . . N an unsafe area
avoid being stuck with any u_n|d|rect|onal link. Becauseha_ac 5 maximum length of the boundary circling ah
node needs to apply beaconing scheme constantly to maintairm reachability of a directed/undirected Ik
the connection to its neighbors, the construction cost ofSiu
information can be ignored. However, the information, vbhic
is a local representative of neighboring nodes, needs to be
simple enough to fit in a small size message while staying
efficient for the global optimization of the entire path.

TABLE |
LIST OF NOTIONS USED

Il. RELATED WORK node,u is the current node] is the destination node. For each

As indicated in [5], the node availability in forwarding is/"K ¢ = v € B, Au—, € [0,1] indicates the probability that
relative when the source and destination changes theveslaff'€ Signal from node: can be successfully received at nade
locations. Considering the signal that can be receivedogisyl ca}lled thelink reachab.|llty|n.[9]. Its vglue is affected by_ node
links [2], the realistic communication model [14] increagke '@ilure, energy depletion, signal fading, or node mohiliye

complexity of the forwarding at each node and makes it evagopt the quality model_ observed from the Berkel_ey Mica mote
more difficult to precisely catch the diverse availabilitya Platform [14] to determine eack,—., as follows, with respect

node in the description of topological evolution. to the distance of link (i.e.D(u,v) = | L(u) = L(v) |).

By adopting LF routing, the safety level model presented in € (09,1, D(u,v) <10 feet
[5] achieves a balance point of tradeoff between the stractu A ~ 0 T D(u’v) > 40 feet (1)
regularity of node status and the adaptive flexibility. For a ‘e c ((’) 1) (;therwise

given network configuration, the safe/unsafe status of each
node is deterministic and unique. A straightforward path ca The reservation MAC protocol (e.g., [15]) confirms the
be achieved if and only if safe nodes are used. However, ttadiable connections to neighbors. Each nedmaintains its
flip-flop of a link status in the reality of WASN applicationah reliable incoming linkse E and the corresponding channel
is caused by any dynamic factor will affect the calculatidn @ssignmentN (v) denotes the corresponding 1-hop neighbor
such statuses and make them unstable. A more accurate saiethe other end of these links. Amomg(u), neighbors that
description of dynamic variation in WASNSs that does not relgre connected by bi-directional links, denotedriiy), can be
on any single connection link in neighborhood is required. verified. Each node: will exchange the information with its
GMS [6] provides a greedy advance solution by looking(u) neighbors and update its own safety status. According
ahead for the node statuses withinkahops distance. It to the value, it determines whether it is disabled (a stuck
adopts a reactive model which requires a probing processdec I'), safe (> 0), or unsafe. Considering the interference
The GMS cannot achieve global optimization uritilis set caused by any existing data transmission from a nedée
as the diameter of the networks. Moreover, when the realisteception node will gain the knowledge of such a channel
communication model [14] is adopted to utilize the lossk linassignment with the MAC protocol and exclude itself from
connection, each node will have too many neighbors due toite n set of its neighbors, say(w) set at any nodev, when
possible connection to all of the nodes in the entire networtke quantum windows of both linke — v andw — v have
Thus, a more scalable model in which the information coonflict. Both end nodes of assigned channel can use their loc
struction can be controlled in a limited area, while infegithe time and does not need any new synchronization or change of
global configuration of each straightforward path, is reggii assignment. Then, in the routing phasewill select one of

for a practical routing solution. safe n(u) neighbors for the forwarding to make a one-hop
advance. The selected successor node will take the place of
I1l. REALISTIC COMMUNICATION MODEL the preceding node in the next round. This occurs contiryous

Network model. We model a WASN as a directed gragh=  until the packet is delivered ta.

(V, E), whereV is a set of vertices including all of the nodes Figure 1 shows a sample of action of one node under such
andF is a set of directed links, each of which indicate the link network model. Figure 1 (a) shows the sequence of node
between two nodes and the direction of the data flow on thastions in each slot in the local time. Figure 1 (b) shows
link. Each nodeu has the locatior(x.,, y..), simply denoted the action of nodeu by using the synchronous beaconing
by L(u). In a communication, assume nodeds the source slots. During the interval of each round, say roundiode
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P " [ Fig. 3.  (a) Forwarding zon&:(u), Q2(u), Qs(u), and Qa(u). (b)
® © Forwarding zoneQs(u), Qes(u), Q7(u), and Qs(u). (c) Definition of the

. . . ) request zone and its backup.
Fig. 1. (a) Action in active mode in each MAC slot. (b) lllusion of

node action (ofu), from neighborhood information construction to packet
forwarding, with synchronous beaconing scheme. (c) Haigin of node

action (of u) to synchronize its neighbors and to select the forwardin% .
successor with asynchronous beaconing scheme. uccessors a'tL, but Wl” not aﬁeCt the correctness Of the

selection. Figure 2 shows a sample of selection among all
its N (u) neighbors {u1, ua, us, u4, us, ug, ur}). Due to the
moving... rﬁ unstable nature of wireless signa},’s response is not received
”1iv‘ Ej u2 V m ud by . Nodewu, moves out of the range of from its original
N " 7 _ 05 position so that it is also excluded fromfu) set. Temporarily,
- - the beacon message wfcannot be received by nodg due
i u7 to the signal fading and by node, due to the node failure.

ug has already received signal from other nodes and does not
preceding -~ e 3@ need to respond to to avoid signal conflict (i.e., interference).
node of u = iﬁ Eventually, nodeu will receive the acknowledgement from
interference™~ ~L| u6 us nodesu; andus successfully (i.esq(u) = {uy,us} C N(u)).
Fig. 2. Construction ofu(w) among all possibleV(u) neighbors. The forwarding successor will be selected between these two

nodes.
Note thatn(u) is changeable. The ratio of the times that a
nodev appears im(u) to the total number of elapsed rounds
u will keep sending beacon message to connect alNits) can be measured by the Monte Carlo Method and determines
neighbors. When a node (u, or u3) wakes up, it will try to  the reachability
listen to its neighbors’ beacon messages first and to resjgond
such a neighbor. The response message via broadcasting will Afv,u} B Aumw X Apu, V0 € (1), (2)
be initiated at the reserved period so that the hand-shakin

betweenu and this node can be accomplished individuall
. . . ume that nodes are deployed on a 2-D plane. All the schemes
without conflict. After nodeu selects the forwarding suc- : ) .
are described in a round-based system, either synchromous o

cessor, it will send out its selection while all its neighdor .
- . asgnchronous. They can be extended easily to a more general
are waiting. Due to miss-schedule or unsuccessful respons

message receiving (see nadgin Figure 1 (b)), node: ma system. However, to make our schemes clear, we do not pursue
9 9 . N "9 : Lo Y the relaxation. Every node can keep its status stable during
not be able to synchronize all it¥ (u) neighbors in itsa(u) : . . . ;
) each interval. Each packet is transmitted via a single odlann
set in one round. Note that the successoruofs selected

amongn(u). Any node can be idle and go to sleep wheﬁmd advances at a rate of one hop per round.
it does not receive the confirmation fromthat notifies the Forwarding under the realistic communication model. In
selection of itself. Figure 1 (c) shows the action of nadey [5], the selection of forwarding successor is limited withi
asynchronous beaconing slots. Whenever a node wakes up edrequest zone which has a simple regularity structure. Th
receives the beacon message of naget will immediately request zone is a rectangle in the corresponding quadet (s
respond tou. More likely, such a response will be affectedrig. 3 (a)) with bothw and d at the opposite corners (see
by dynamic factors and cannot get throughw@oWhenu Fig. 3 (c)), as described in LAR scheme 1 in [7]. Such a
receives such a response after its relatively shorter miago scheme is also called limited forwarding routing, or simipfy
phase,u will selected the successor immediately (node routing. The request zones with respectdtan quadrants |,
with a successful response) or apply a certain time for a&betfl, 11, and IV are of types 1, 2, 3, and 4, denoted By(u, d)
neighbor candidate in its prediction (nodgin Figure 1 (c)). (1 < i < 4). Respectively, each corresponding quadrant is
After that, the notification will be sent out to synchronibet called a type- forwarding zone denoted byQ;(u). A greedy
select node for data transmission. advance withZ; (u, d) is called the type-forwarding.

Note that when any node fails to connect withu, u The above routing will have difficulty selecting the suc-
will not have up-to-date information of. This will reduce cessor when the rectangular request zone at the source has
the flexibility of the routing process in regards to selegtinextreme disparity between the width and the length. In this

Srable | summarizes all of the notions used in this paper. As-
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paper, the forwarding is extended to increase its adaptivit Oy
with a backup request zone, simply called Haekup Denoted ‘

by Z;(u,d) (5 < i < 8), each backup (see Fig. 3 (c)) is a terest
rectangle where two opposing corners arandd after self- § area
rotating Z;_4(u,d) 45° in the counter-clockwise direction. 0.28 d edge-of
Respectively, the corresponding forwarding zone is dehote ‘ Sropvment
by Q:(u) (see Fig. 3 (b)). The routing will be given a second |

. . . Q) A Q1)
chance to continue the forwarding (types 5-8) in the backups Q30) 7 U025, 0.99, ) Q4()

Fig. 3 (c) shows a sample of node selectionZig(u, d). edge naiCm

The discussion in [5] focuses on the networks where the w
. . . . . ) . 0.99 link reachability (0.9, ...) safety status—= communication p
sensing/communication range is a disk of uniform radius,
simply called the uniform disk model. It is not suitable for Fig. 4. lllustration of the definition of (u).
the lossy link connection. Algo. 1 shows the details of zone-
based routing under the realistic model of Egs. (1) and (2).

Each round, a successor is selected within the request zone ¢ . : o
. . . ach edge node outside the interest area sets its fixed safety
its backup, by the rectangle area with two opposing cornerFs

. L . Sfatus to(1, 1, ---, 1). Each nodeu inside the interest area
being the current and destination nodes. Note that a single a changeabl, 0, - - -, 0). After this, u will updateS; ()
forwarding may experience different types when the reﬁti\{)nce with: s ' !
position ofd to u changes and is located in different types of '
request zones. The discussion in this paper focuses onltype-  S;(u) = max{Ag, ) X Si(v)}, 1<i<8 3)
forwarding and the corresponding information collecti®he . :
rest of the results can easily be derived by rotating theqalar‘g’;ggeli(;; irﬁ((gz ZQ;()(?)&?Z? tr_:_iessl?t&? I:/Ci{l(lu’slt}glblﬁi;:"lig

Algorithm 1 (LF routing) : Determine the successor of node repeating:

(including nodes) with respect ton(u) [5]. .
1) If d € n(u), v = d. Si(u) = max{S;(u), Afu x Si(v)}, 1<i<8 (4)

2) Determine the request zor&,(u,d) (1 < k < 4) and its ' ; - _
backupZs. (u,d) (5 < k' < 8). according to.(u) and L(d). where S} (u) is the original value before the update $f(u),

3) Selecto € n(w) N Zu(u, d); otherwisew € n(u) N Zw (u,d).  aNdv € n(u) N Q;(u). Note thatn(u) is changeable. Eq. (3)
initiates the update. Eq. (4) will catch the maximum overall
value. Starting from the edge nodes of the networks with a
IV. SR MoDEL fixed status, the whole initialization phase converges.

Inspired by an earlier work osafety level§5], in this paper, A sample of the update &, (u) is shown in Figs. 5 (a) and
we describe the maximum probability that a packet can K@). Atfirst,n(u) = {v2,v3}, and link{u, v, } is disconnected,
successfully forwarded from a nodeto the edge nodes of thealthough it has the highest probability of connection. latsu
networks with a type-forwarding in the safety status;(u) a situation, link{u,v3} is selected as the key link (which is
€ [0:1] (1 <4 < 8). As shown in Fig. 4, the larger thehighlighted). Assumes] (u) = 0. We havesS; (u) = Si(vs) *
value, the more likely the forwarding will be successful and{.,.,; ~ 0.46 by using Eq. (3). When node, appears in
the more reliable the path will be for communication. Sucha(u) (see Fig. 5 (b)), the linKu, v,} is selected as the key
value also implies a higher success rate of valid forwardidigk. S1(u) = S1(v1) X Afy,,} = 0.5 by using Eq. (4) and it
to any closer destination. In the following discussion, wi# w is the final stable value withV (u) = {v1, v2, v3}.

show the de-tails of the labeling process by which each Md?dentification phase. First, the stuck nodes where the local
dete_rmmes_ Its sta_tuses. The Iabel_ln_g_ Process has thrsesh inimum can occur in the LF routing are identified as unsafe
one is applied during the network initialization of deplogmt, 4o Specifically, a node will be set as a type-stuck

one 1S _applled when any dysfunctlor_1 of nqde and/or IIn|l§ode € T';) when there is no successor available in its type-
occurs in ngtworks, and the last one is applied whgn sucq ‘?equest zoner(u) N Q;(u) = ¢, 1 < i < 8). Obviously,
dysfunction is recovered (e.g., an occupied channel insels S;(u) = 0. Under the realistic communication model, the
when its communication task is accomplished). packet is forwarded at a specifical time that is reserved with
Initialization phase. We assume that all communication acthe MAC protocol. Due to the broadcasting nature of wireless
tions occur inside thénterest area The interest area is ancommunication, a node can receive the signal from and
inner part of the deployment area encircled by its edge whighll cause the signal conflict when it is used as a successor
can easily be constructed by the hull algorithm. We assuroé w at the same time. To avoid any hidden terminal or
the network is connected or connected at least once dureng #xposed terminal [13], in the update §f(w), nodew will

hull construction so that the interest area and those eddesnobe excluded from the(w) set when the quantum window of
can be determined. Any edge node has a fixed status and do¥sw — u has conflict with that of linkv — u, which has

not affect the labeling. In this phase, each node deterntivees been occupied by any exiting forwarding. This reservatiam c
initial value only, regardless of the unsafe/safe status. be easily implemented by the beacon messages that carry the
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Fig. 5. Sample of safety information construction. (a) @kltion of S (u)

with Eq. (3). (b) Update ofS;(u) with Eq. (4) due to a newly connected
neighbor with higher quality. (c) A complex case of type-fesa status.

information of the occupied quantum window. Note that o

identified as stuck nodes,(vs) and S(ve) are set ta0, - - - ).
When nodev, receives the changes 6f (vs) and S;(vs), it

will update S;(v4) to O by using Eq. (3) and reach a stable
(unsafe) status. Because of the updatejatv will continue
this process and updatg;(v;). Note thatvs is still safe
becauses; (v2) > 0. Such an updating propagation for type-1
safety statuses will stop at nodebecause the other end of
its key link {u, v} does not have any change. The following
analysis shows that our SR information is cost-effective to
provide a straightforward path.

Theorem 1 (Convergence of the identification phase)ror
a fixed configuration, the identification phase of the lakglin
process converges.

Theorem 2 (Use of safety status)A local minimum will
occur if and only if any typé-unsafe nodeg an unsafe area
N) is used in the type-forwarding (@ € Q;(s) but & N).

Self-healing phaseWhen a new neighbor link occurs or the

Jrecupied channel of an existing link is released, the corre-

goal is to make a smart decision to avoid interference wifipOnding stuck node may change its status. In our approach, a

redundant deployed resources, not to conduct a confliet-
channel assignment by the MAC protocol.

Second, we identify many nodes near these stuck nodes AR
should also be avoided in LF routing because their success P

all are stuck nodes. A node neighboring stuck nodes in its h din Th 1and 2
by using Eq. (3). Ifx cannot find the ones we proved in Theorems 1 and 2.

Q;(u) will re-calculatesS; (u)
an(u) neighbor such thab € Q;(u) andS;(v) > 0, we have
Si(u) = 0. u is identified as typ&-unsafe nodeThe update
of S;(u) will force a re-calculation of its:(u) neighbors via

fefuck node will initiate the self-healing phase of the Il

process when it detects such a link change. The process
lies Eqg. (4) directly to reset the safety status of stuck
des and relevant unsafe nodes. It is a reverse-process of
the identification phase. Thus, its properties will stillldhas

The details of all three phases are shown in Algo. 2.

Algorithm 2 (Labeling process)
1) Initialization phase. Each node: outside the interest area sets

their key links tou and contribute further changes in the next
round. After all the unsafe nodes are identified, the rest of
the nodes will haveS; > 0 and are identified as typesafe
nodes The corresponding area that contains unsafe nodes ig)
called anunsafe area(see Fig. 5 (c)). The above process
will also initiate the updates in safe nodes because thegt mo
reliable forwarding path via the newly emerging area (with
the highest probability described in the original statukieh

is blocked. If a safe node has a new safety statug(u) > 0,

it keeps the safe status but requires to obtain a stable valug)
with Eq. (4). The above recalculation initiated by the statu
change of neighbor will continue until there is no node that
needs status change in Eq. (3). Note that a typesafe node

S(u) to a fixed(1, 1,---, 1) and each node inside the area
setsS(u) to a changeabl€0, O, - -, 0). Then, each node will
have stable status by applying Egs. (3) and (4).
Identification phase Any nodew is called a type-stuck node
(e Ty) and setSi(u) = 0 iff n(u) N Qi(u) = ¢. Upon
detecting a change of the other end of the key link, a node
with S;(u) > 0 recalculates its typeé-status by using Eq. (3)
and inform all of its neighbors in the next round. When the
new valueS;(u) = 0, u is called a type- unsafe node and
no longer changes its status. Otherwisgas still a type+ safe
node andSy (u) will eventually stabilize by using Eq. (4).
Self-healing phase Any nodew (stuck, unsafe, or safe nodes)
will recalculateS; (u) by using Eq. (4), until the value becomes
stable.

could still be safe in other types. The setting of a unsafeenod
depends on whether a safe neighbor is always found among

V. SRFORWARDING (SF)

snapshots of dynamic connections of such a node, not on thén this section, we first extend the LF routing under the SR

existence of any single safe neighbor.

Definition 1: Any nodeu is called a typer stuck node€ I';)
and setS; (u) = 0 iff n(u)NQ;(u) = ¢. S;(u) is the maximum

probability of typet forwarding fromu to the nodes along the
edge of interest area, respectively. “0” symbolizes an dasa

status; otherwise, it is safe. An unsafe nedis a node where
J1 < ¢ <8, S;(u) = 0. Specifically, it is called typé-unsafe.
Any nodeu is called a (types) safe node whets;(u) > 0.

In the example shown in Fig. 5 (c), wheg andvg are

model. Then, we analyze the effectiveness of SR information
in helping achieve straightforward paths in routing scersar

Safety information based routing.In Theorem 2, we proved
that using any unsafe node will cause the block of local mini-
mum in LF routing. By selecting a safe successor only, such a
safety-information-based routing can guarantee a suftdess
straightforward path. Basically, for each current nadea
neighbor within its request zong&; (u,d) that is safe to the
destination (i.e.,Sx(v) > 0) is always preferred. Otherwise,
the second chance will be given to seekin the backup



Zys(u,d) such thatSy (v) > 0. k andk’ denotes the types
of the request zone and the backup at that selected forvgardin
successor. Note thatandk, andk’ andk’ are not necessarily
the same. The details are shown in Algo. 3.

- Z1(s.d)

pe 1 area

Algorithm 3 (SF routing): Determine the successor of node
(including nodes) with respect ton(u).
1) Apply steps 1) and 2) of Algo. 1.
2) Selectw € n(u)NZy(u, d) (otherwisen(u)NZy (u, d)), where
the forwarding fromw to d is safe with respect to request zone
Zk(v,d) and its backupZy (v, d).

Scenario 1(Safe forwarding). Regardless of the safety status
of the sources, when a source that has a safe successor to
initiate the SF' routing, that safety status guarantees all the o
greedy advances along the routing path. When the destnatio ty%é '1’s’taék"/iype 2 stuck
d is not in any unsafe area, the forwarding will reach a node c

currently connecting withi and then deliver the packet tb

(d)

—= safe forwarding— > trials before failure confirmed

in the same round. Thus, a straightforward path is achieved. 11 unsafe areas (different types)
Samples of this safe forwarding from to d can be seen
in Fig. 6 (a) and (b). We summarize the capability of the Fig. 6. Samples oS F" routing.

SF routing in finding a straightforward path in the following

property. Note that all the properties can be derived from tQ\Igorithm 4 (ESF, extension of SF with perimeter routing

above theorems. Detailed proofs are omitted due to the spgfgse) Determine the successor of node(including nodes) with
limitation. respect ton(u).

. . . 1) Apply steps 1) and 2) of Algo. 3.
Property 1 _(Stralghtforwarq path): A straightforward path 2) Selectv € n(u) such that3S;(v) > 0, until the forwarding
can be derived bySF routing from a safe node when the from v to d is safe with respect to request zodg(v,d) and

destinationd can be in one type of safe area. Such a forward- its backupZy (v, d).
ing, say types can be initiated at a source that has a safe
successor, i.e., a typesafen(u) neighbor inZ;(s, d).

Scenario 2(Intelligent routing decision). Many existing rout-safety information, our routing can predict the failure athe

ings [3], [11] will start a perimeter routing phase whemnd avoid wasting time and channel resources.
the forwarding is blocked. The perimeter routing routes the

packet counter-clockwise along a face of the planar gragh i "OPerty 2 (Forwarding path validation): The initiatedS's”
represents the same connectivity as the original netwotkdy Uting may interrupt when the destination is in an unsafesar
“right-hand” rule, until it reaches a node that is closer e t and disconnected with the source. Before the retransnmssio

destination than that stuck node. Due to the mutual impa%?rts’ the length of the path approximatesligs, ) + .

of concurrent local minimas and d can be disconnected.Scenario 3 (Sub-optimal forwarding). For a node that is
In such a case, the perimeter routing may experience teontained in the unsafe area, if we ha¢u) > 0, the routing
many unnecessary nodes before ending at a node that allfiiggn « can use the typeforwarding to approach to the edge

neighbors have been tried. of this unsafe area and then leave away from such an area.
Whenever a node has the statigs0,---,0), all its for- For the routing cases other than the above two types (i.e.,

warding routings to the edge nodes are blocked. That is, tBéu) # (0,---) A 3S;(u) = 0), the SF routing is extended

network is disconnected. Whefi(s) = (0,0,---,0), our with a guided perimeter routing phase to reach an internedia

routing will stop immediately. In a cautious way, we avoithode so that the safe forwarding can continue (see Fig. 6 (d))
any unnecessary trial of perimeter routing and wait for Pue to the limited size of each unsafe area, the number of
more suitable configuration for data transmission. When tiietours can be controlled as well as the length of the entire
destination is in an unsafe area and disconnected with fh&th (see the following property). The details of the extems
source, the above safe forwarding will experience all fowan be seen in ESF routing in Algo. 4.

gggs :;\gigujl% &o)nr(]eg dcé; ?r?fﬁgﬁlsei(gsﬁt?o;:g.og tr(:ia)t) r;lg;j/:) rrc]>perty 3 (Scalable ro_uting)l: Wheps is inside an unsafe
tried by the perimeter routing, our routing only us@g./n) area, a Sl;ccessful routing will achieve a path shorter than
perimeter nodes around that unsafe area. Due to the Iimitle)(gs’d) ta

size of each unsafe area, our approach reduces the numbe®a#nario 4(Reliable forwarding). Note that at each interme-
unnecessary trials before the routing fails. Overall, vilie diate node, SF and ESF routings may have several options



Algorithm 5 (DSF' routing): Determine the successor of node VI. EXPERIMENTAL RESULTS

(including nodes) with respect ton(u). . .
1) Same as step 1) of Algo. 3. In this section, we study the performance of the SR model

2) selectv € Zi(u,d) U Zw (u,d) where v has the highest and the routing algorithms, using a custom simulator built

forwarding probability tod indicated byS(v) x Agy,.}- in C#. The metrics used are the convergence rounds and the
3) Same as step 2) in Algo. 4, but always prefer to the use of keydes involved in the information update (i.e., scalapibf
link(s). the information model), and the success rate of straightio

path construction (i.e., performance of the routing). Tésts
are compared with those of GMS the best localized solution
for the local minimum problem known to date.

that satisfy the safety requirement. This flexibility alany Simulation environment. In the simulations, 2,000 nodes

existing routing sch_eme to apply in selecting the SUCCESSQfe deployed uniformly to cover an interest area of 200m
To t.)u'ld a more reliable forward|_ng path, we modﬂSF x 200m in the center. The link quality model of Eq. (1) is
routing to select the most reliable link based on the infdaioma adopted. Each node uses 4-5 channels Withzslot = 10

propagated along the key links. Such a routing concer R each channelMazslot is the number of slots in the

not only the existing configuration but also the history AC scheduling. Each round, we simulate the actions of

a successfgl path fpr the forwarding. Therefore, _the who fach nodes under both the SR model and the GMS model.
path can .St'” be reliable even_whgn many dynamic chang?ﬁe deployment holes are created randomly and 5% of the
oceur dgrlng the data commun!cat|on. qu_egch hop a_Iong tHSdes are selected to move inside the interest area andechang
forwardm%] path, t_h_e _select|on IS de_terzmmsuc, SO thetlru_y,l their neighboring links. This also simulates the cases when
is called d_eterm|n|st|c SR forwarding"[}{SF). The details nodes fail or are affected by the traffic. The labeling preces
are shown in Algo. 5‘_ o ) ) of the SR model and the information collection process of
Note thatDSF' routing is just one selective case in Algo. 4he GMS model are applied. Note that we only collect 1-hop
that is along a special path. Due to the directional con8onC eighhorhood information under the SR model in each round.
of safety statuses, the value at an intermediate node wilh gMs greedy advance, the information is collected under
increase while the routing approachésThe routing is under gifferent models. First, a node collects the informatiottivi
an optimistic model in searching the path for transmissiog.ops distance which is the minimum distance to prevent two
The success oD SF' routing is obvious as Properties 1, 2head.-to-head routings from accessing a pair of neighboring
and 3 have been proved féSF' routing. successors simultaneously, causing interference. Dernte
The above results rely on the stable safety statuses. WhemsM, this information model requires the least constarcti
concurrent routings advance head-to-head, some safe naggs. Secondly, a node collects the information from allhef t
selected in routing may not satisfy the safety condition ifodes in the interest area. Denoted by GMSI, this is an ideal
Definition 1 after they become stable. That is, the inforonati model to retrieve global information.
used in that routing selection isconsistent This is also the  Each node applies the Poisson distribution to determine
situation when our approach is applied to an asynchronaygether it must initiate a communication to another node.
round-based system. We assume each communication has the same amount of data

o ) ) to send and elapses a long, fixed period in the networks.
Definition 2: Any node selected in the LF forwarding mayrn,s, not only the number of communications created per

not satisfy the safety condition in Definition 1 after it bew®s (4,ng but also the number of existing communication paths
fstable..This qutdated_information used by the routing isechl (i.e., service and waiting time in average) can be coniolle
inconsistent information. Then, our information-based routingsSF and DSF, and

. _ . ) ) greedy forwarding under the GMSM and GMSI models will be
Property 4 (Eorwardlng with inconsistent |nfo.rma}t|on_): applied. When a communication is accomplished, the ocdupie
I our forwarding r_:ldvance_s can reach the destinatiomith channels are released. Such information will be collected
cqns!stent s_afety _|nformat_|on, a path can also be CorISHBmCtdirectly by nodes in both the GMSM and GMSI models while
with inconsistent information. it incurring the self-healing process in our SR Model.

. .. For each communication launched, the destination will be
Property 4 ensures the success of our routing and its

. . elected randomly. However, when the path is longer than
extensions in an asynchronous round-based system, assve . .
. . hops, due to the use of lossy link connections, GMS
in the synchronous system. The following statement ensures

. . - needs the information from the entire network in many cases.
that the self-healing phase will not affect any existingesaf :
. . . Therefore, to compare SR and GMS fairly, we only record
information-based routing. Indeed, such a process heate m

safe nodes and offers more options for routin e experimental results when each path is no longer than 12
P 9: hops long. We do not compare t&SF' routing with others

Property 5: The self-healing phase converges in a IimiteBecalfSe Itis aselzctlve caseHiFF” only. For each case, 100
number of rounds and will not affect any existing safet?—amp es are tested.

information-based routing. Scalability of information construction. Fig. 7 shows the
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Fig. 7. Cost comparison of SR with GMSM: (a) single path anyl (bFig- 9. Success rate of£SF routing, compared with GMS greedy

concurrent paths. forwarding: (a) average and (b) maximum.

| . experimental results, most unsafe nodes can determine thei
3 6“_‘_‘_/_._/\k statuses within 4 rounds. ThESF routing can be applied

H £ immediately, although the inconsistent information may be

27 ﬁ/_/\/"”—‘ used, causing a longer routing path.

#* #* 3
b 2 Routing Performance. Fig. 9 shows the percentage of each

A Maximy : i Maximum routing under the SR, GMSI, or GMSM models in successfully

0 0

1 2 9 10 11 12 2

s torih o or) Cotpins 10 achieving a straightforward path with other paths exisiimg

(@) single path (b) multple paths the networks. Note that the local minima may disconnect
the networks. With global informatior22% GMSI greedy
advances will have a straightforward path. Among these
successful cases of GMSI, the GMSM forwarding will fail
when it happens to enter a large unsafe area where all the
average number of nodes involved in the information updagiead ends are 4-hops away from the entry point. The more
under both the SR model and the GMSM model. Note thgbncurrent paths there are, the more local minima and the
each type of safety status has similar results. A node havingre forwarding failures. In most of the cases where GMSI
any of its eight safety statuses labeled as unsafe is cafledfarwarding succeeds, a straightforward path can still hméb
“any-type” unsafe node. We show the results of both typender the SR model. Compared with GMS methods, our new
1 and any-type statuses. Due to the use of the lossy liagproach is more cost-effective and practical.
connection, the density of nodes is relatively high, thgreb
offering a greater chance of sharing the most reliable path VII. CONCLUSION
on different forwarding paths. Therefore, few safe nodesine Our work provides a practical routing to improve the quality
to update their statuses. Figs. 7 (a) and (b) show the casid performance of communication in WASN applications. A
incurred by a single path and concurrent paths, respegtivébcalized model, SR, is provided to describe the impact of
We only compare the result of our SR model with that dhterferences as other factors that incur local minima kit
the GMSM model, which has a minimum cost required for ¢the transmission in dynamic networks. The SR information
successful greedy advance, being aware of each interreedi@bvides a certainty of neighborhood topology under the op-
node in the use. The results show that for a single path, thertunistic communication model, and can be used to achieve
total cost of safe and unsafe nodes under the SR model is lgssre straightforward paths in routings. In our future work,
than that of GMSM, in which the update has been controllege will study the performance of our approach. The maximum
ideally to a minimum. For concurrent paths, the cost of the SRroughput achieved in concurrent communications willtee t
model is less than two times that of GMSM. Note that the SRdcus. We will also conduct further study on more accurate
information provides the accurate information on the mutumformation for unsafe areas so that shorter paths can be
impact of local minima while the GMSM model cannot.  achieved.
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Appendix

Proof of Theorem 1

It is easy to prove that the status update by using Eq. (4) Wi
converge when all of itsV(u) neighbors in the corresponding
forwarding zone have been stable. Note that the procefg
labeling each type of unsafe node is independent and will it

have any sort of cross-impact on other nodes.
We can find a rectanglegg with four corners(x1,y1),

(z2,41), (z2,y2), and (z2,y1) to exactly cover each unsafe

An information model for

Proof of Theorem 2

For any unsafe node in R, each of its successors @, (u)
is in RUT'. For a forwarding path reaching from accessing
u, there must be a node along this path whose successor
is outside ofX. According to the labeling process for unsafe
nodes, the nodes from to u along the path will all be safe.
This conflicts with the fact that, is unsafe. Therefore, the
forwarding will have a signal collision at a nodel".

Now we prove that using a typesafe node: indicates the
availability of at least one typéinterference-free forwarding
from w. If any type4 forwarding is blocked at a dead end, say
v, v Will be type<4 unsafe in the first round. In the labeling
process, node must also be labeled typednsafe. Therefore,
the statement is proven. [ ]

Proof of Property 1:

Assume the routing starts from becauses’ € n(u) and
Si(s") > 0. We will prove that whenS;(d), S(;+2ar0d4) (d) >
0, the routing path can be found in SF routing and no detour
is needed. Assumé < ¢ < 4. The proof for the rest cases
4 <4 < 8 can be derived after self-rotatingy°.

For any unsafe area not blocking the forwarding, the routing
can select the safe successor to avoid entering its region.
Assume that a type-forwarding is blocked froms to d.
From d, we can always find a path using typderwarding
to reach a safe node along the edge of network, where
Si(v) = S(iy2moda)(v) = 1 > 0. In opposite direction from
v, a typefi + 2Mod4) forwarding can be find to reach the
type{i + 2Mod4) safe noded; that is, any node along the
tter path will havel > S an0a4) > 0 @and1 > S; > 0,
based on the Definition 1. It is obvious that a SF routing can be
und for any pair of source and destination along the edge
networks. Thus, a SF routing path fromto d exists. If
the SF routing towards td is blocked by unsafe nodes, the
continuous selection of safe successor may change the safet
type and force the routing to route around. After trying all

areaX. Otherwise, for any unsafe nodé 3, we can always YPeS. the routing will meet that type-{- 2) path tod, at

find a connected pat§ 3 that consists of only unsafe nodes t ;
reach a stuck node, due to the use of a rectangular forwardfigtement is proven.

& closer node tal thanwv along such a path. Therefore, the

zone. That is, a larger rectanghe > 3 is needed to covef. prgof of Property 2:
Thus, the unsafe areas are limited as well as the number OfSF routing will select safe successor only while approaghin

unsafe nodes. When any node changes to unsafe, its StgfldS jestination. Each hop is a progressive, greedy advance,

update ends and the need for such an final update religfess the distance in one dimension has been exhausted. The

on those s_table unsafg statuses of neighbors. Theref_cafca_,|ghgth of a SF forwarding path in one certain type approxi-

process will converge in a limited number of rounds insidg ates taD(s, d). If the SF routing towards td is blocked by

unsafe areas. unsafe nodes, the continuous selection of safe successor ma
Then, we prove that the status updates among safe Nodggnge the safety type and force the routing to route around.

are limited. Assume that is the average length of the edgexfier trying all four types of request zones or all four typs

of rectanglel. Assume a safe node which needs to update packup zones, the routing may interrupt if that safe patt to

S(u) is ay-distance away fronk C 5. The most reliable path cannot be found. Assume that is the biggest block area and the

from u to edge nodes must use the segment that cannot be Uié‘?’n%th of its perimeter (boundary) is. Routing around%p_

in a forwarding fromu thro_ughN. Therefore, the probability distance far along the boundary will experience all fouretyp

of such a replacement relies on the rafg)”; that is,a ~ 7. of zones or its backups. Therefore, before it is interruptieel

Therefore;y is limited as well as; and onTy a limited number length of experienced path approximatesiés, d) + o. ®
of nodes change the status value in the labeling process. Tha ’

is, the process converges. m Proof of Property 3:



Based on the proof of Property 2, the SF forwarding will
experience approximat® (s, d)-distance far before its path to
d is blocked. However, the safe forwarding successor can stil
be selected in other types. By routing around the unsafe area
if the routing can find that safe pathdoit experiences at most
three of four types of request zones or the backups. Routing
around ¥ -distance far along the boundary will experience at
least three types of zones or its backups. Therefore, tlggHen
of a success path té approximates tdD(s, d) + £. [ |

Proof of Property 4:

The routing will be affected only when it enters an unsafe
area whose nodes have not been updated to unsafe. Note that
the routing will advance each hop per round. For each safe
node that turns to unsafe later after the selection, it adway
have at least a safe neighbor, its preceding node, to retreat
from the expanding unsafe area. Each backtracking is select
according to the current neighborhood information at timag
still following ESF or DSF protocols. Such a process will
continue until a stable safe node is selected. After that, th
routing can use consistent information and will find one of
the possible paths to reaeh Note that once any inconsistent
information is used, the routing may change the the routine
and access different nodes. However, each of its segments
built with consistent information is always one of the pbtesi
options in the routing after all information is up-to-datem

Proof of Property 5:

It is obvious that this self-healing phase is an opposite
procedure of unsafe labeling process. Proven in Theorehel, t
convergence area of that labeling process is limited. Toeze
the region of status recovery is limited and the correspandi
safety status adjustment with Eq. (4) can also be controlled
within a limited area and in a limited number of rounds, no
matter whether we use synchronous or asynchronous round-
based system. Since the routing selects safe nodes, the reco
ery from unsafe to safe status will not affect existing rogti
path. ]



