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Abstract—We study the problem of contour tracking with bi-
nary sensors, an important problem for monitoring spatial signals
and tracking group targets. In particular, we track the boundaries
of the blobs of interest and capture the topological changes as
the blobs merge or split. Only the nodes on the boundaries
of these deformable blobs stay active and the repair cost is
proportional to the size of the contour changes. Our algorithm
is completely distributed, requires only local information, and yet
captures the global topological properties. The algorithm performs

a fundar_nental moni;oring funct_ion and is a foundation for further Fig. 1. An example of thaBLACK regions k-gray band, and the contour
information processing of spatial sensor data. network.

black region
k-gray band
contour network

a tendency to be clustered. A group target can be monitored
by tracking the contour of acoustic readings above a certain
One of the most promising applications of wireless senstreshold. Contour changes reveal important information, e.g.,
networks is distributed sensing and information gatheringhe formation of a team or gathering, the dispersion of vehicles,
Thanks to the relatively low cost of sensor nodes and tlae certain animal activities.
ease of deployment with wireless communication, distributed Contour tracking can also be applied to monitoring the health
sensing, in comparison with traditional centralized sensirg the network itself. A well-behaving network should avoid
(such as weather stations and satellite remote sensing), is akiffic congestion and unbalanced energy depletion. Each node
to provide a level of fine sensing resolution that was netn locally determine its “health level” based on its traffic load
achieved before and is expected to become a fundamentiadi energy reserves. A contour tracking protocol identifies the
driving force to expedite scientific research and enable novgingested regions and low-energy regions, providing the user
applications[1], [2]. In the past few years there has been & global view of network health.
tremendous amount of work on networking sensors and signaNote that, in all of the above application scenarios, simply
processing in support of information gathering and environmetiétecting nodes around the boundary of the evolving blobs is
monitoring applications. not sufficient. There can be a large number of nodes within a
Most physical measurements exhibit strong spatial and tethick band identifying themselves on the boundary based on
poral correlations, since physical phenomena are predominamdyal readings, but none of them has a clear idea of the global
governed by the law of diffusion. In this paper, we study thgicture of the entire signal filed — the number of disconnected
problem of tracking contours represented by binary sensors, gices, the merging/splitting of them, the nesting relationships,
we focus on light-weight maintenance of contours that evolhegc. Those topological features of these contours are often of
over time. This abstracted problem is motivated by a variety gpecial interest to users. When monitoring contaminants, a user
tracking and monitoring applications. may query for a low-risk path through the geographical domain

Contour tracking scenarios. Consider an application scenariodf the sensor field; if completely surrounded by hazardous
in which the sensors are used to detect and track chemigemicals, then special care (e.g., a rescue helicopter) may be
pollution. Each sensor measures the chemical intensity in geded. In tracking group targets, we may want to ensure that
vicinity. As chemical contamination often comes from somie targets do not surround a certain landmark. In monitoring
pollution source, and the propagation of contaminants is typetwork health, we want to make sure the network remains
ically by water current, wind, or diffusion, the pollution mapconnected.
exhibits strong spatial correlation and is often modeled amghe challenges of contour tracking.This paper presents a
represented by a smooth signal field. The contaminated regiadistributed algorithm that maintains, on the fly, the contours
having sensor readings above a danger threshold, naturally feme their topological changes, while minimizing the use of
a number of (possibly nested) blobs. Over time, the blolp@twork resources. We focus on the maintenance of contours
may morph, merge, or split, indicating the pollution movemenf a single level-set (as in the scenarios above); the algorithm
and/or the effectiveness of pollution treatment. can be applied to the multi-level contours case and, potentially,
In another example, a group of targets moving in a field may learning topological features of the sensor field.
alert the monitoring acoustic sensors nearby. Target movementgVe first survey previous work on tracking and contour de-
in nature, such as human, vehicle, animal movements, hagetion and then explain the challenges of light-weight contour
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Fig. 2. A field with two blobs. Figure(i)-(iii) show three valid contour networks of the gray band — all of them are deformation retract (intuitively,
they all capture the fact that the gray band is connected and has two holes) but have different local features. Figure (iv) shows an invalid
contour network. It is hard for an individual sensor to figure out the global topology.

tracking. the contour network where it is broken. We propose a local

Most prior work on tracking by distributed sensors focusedlgorithm such that, within only a local neighborhood of the
on tracking of individual targets (e.g, vehicles, humans, affifoken contour, a node without the global knowledge can
mals) moving in the field (seg]-[8] and references therein).still repair the contour network and maintain the topological
Tracking of a continuously deforming blob or of groups oproperties. Our algorithm has the following characteristics.
targets is not as well studied. One could apply existing targete the topology of the contours is captured precisely;
tracking algorithms to each individual in the group, but this is « the communication cost is “output-sensitive”, being pro-
not only inefficient since only the sensors near the boundary portional to the magnitude of the changes to the contours,
of a possibly large blob need be involved, but alssufficient with the algorithm adapting automatically to the frequency
since important topological changes (e.g., splitting and merging and intensity of changes in the input data; and,
of blobs) are not easily available. Liet al. [9] studied the e the algorithm requires only local communication and does
problem of tracking a half-plane shadow by using geometric not require node location information.
duality, exploiting the continuity of the contour and identifying The light-weight contour tracking algorithm serves as a
the “frontier” sensors that may be included in the shadow fandamental network monitoring module, providing the basic
the future. Their approach, however, requires node locatiofsput for further processing and representation of the signal
centralized pre-processing, and non-local communications. field, e.g., for contour aggregation and simplificat{a8], [19].

In the static scenario, when the targets do not move or whi@lso allows efficient use of system resources, since the nodes
considering a snapshot of chemical spreading, the probl&@f in the vicinity of the contour can stay on low duty-cycle
reduces to detecting the boundary or the “holes” in the netwoAd thus reduce energy consumption. o
where sensors have abnormal readings. There has been a lot ¥/& Present in Section Il a distributed and practical im-
work on boundary detectioft0]-[17]. In the dynamic setting, plementation of tr_]e algorlthm. Augmented with an additional
one can periodically run a hole detection algorithm to discovBFOCeSS, we provide theoretical guarantee on the contour net-
contours. However, a major issue is choosing the upddt@k property. We include the proofs in Section Iil.

frequency — frequent updates waste network resources and [I. CONTOUR TRACKING ALGORITHM
infrequent updates miss critical changes. The update frequencypyoplem Setup
is often dictated by the highest frequency of changes in the

comours Furhr peicdc updae schemes requres gloggl® T 551 ey node denee sepored o
coordination and good network synchronization. ' P y 9

h bl ke h , a continuous signal field covering the entire domain. Each
T e problem we want to tackle here Is to construct ang sy has a reading, which is a discrete sample of the signal
maintain acontour networkhat abstracts the global topology oftq 4 at the location ofi, measuring the value of a physical

the contour components. This is very tricky since thg topolp enomenon being monitored. In this paper, the sensors are
of the contou_rs (epresents a global featurg of the signal fie atic, but the signal field evolves over time. For description
and thus, an |nd|y|dua_l sensor cannot easily tell t_he C,ompu@ﬁinplicity, we focus on single-level contour tracking; i.e., there
contour network is valid or not (see an example in Figure % a certain predicate that specifies the range of sensor readings

Our goal is to devise an algorithm in which each node maintaiB?interest to us, and we define for each sensor a 0/1 variable
some local states, yet collectively they accomplish the gIob@A”ed the “contour value” of the sensor

task. Definition 2.1. Contour value: The contour value(i) of node
Our contribution. We propose a light-weight and distributed; js set to 1 if the reading of nodds within the range of tracked
algorithm to track the contours as they evolve over timeontour levels, and O otherwise. The set of contour values within
We construct and maintain eontour network which tightly  the 1-hop neighborhood of noddincludingi itself) is denoted
surrounds the contours and captures precisely the importgytv(i)_

topological features, €.g., how many connected components ang‘ practical concern of the contour tracking algorithm is to

how the contour components are connected and nested. §§:9 with the issue of robustness of using the discrete values to

Figure 1 for an example. approximate the continuous signal field. In particular, our algo-

As the contours evolve, the basic idea is to freeze thighm only keeps track of contours of “sufficient significance”,
valid segments in the old contour network, and only repayhich is formulated in terms of colors:



Last 1 disappears fromi (i)
Definition 2.2. Color: The colorc(i) of nodei is defined as: First 1 appears i (i)

o BLACK: 0 ¢ V (i), i and all of its neighbors have value 1.

« WHITE: 1 ¢ V (i), and all of its neighbors have value 0.

e GRAY: 0 € V(i) andl € V (i), a node that is neither
BLACK nor WHITE.

Thus, to enhance the robustness of the system we keep trac
of the connected components BLACK nodes, callecblack
regions This introduces two benefits. First, a collection of
sensors with “salt-and-pepper” type of contour values do not Last 0 disappears frofi i)
have significant contours to be tracked by our algorithm. Thus, Fig. 3. State transitions of the automata running at each node.

we are more robust to noises in sensor measurement: A.Si”@l'ﬁerwise it transits to S1 or S2 dependingug). To do this, a
value 1 in a group of sensors with value O does not trigggbde maintains two counters recording the number of neighbors
contour creation; rather, only when there is sufficient evidenggih contour value 1 and 0 respectively, and decrease/increase
witnessed by a node and all of its neighbors having valueyde corresponding value as informed by its neighbors. When a
does it indicate the node IBLACK and there is a contour Rep nodei turns toBLACK/WHITE, ¢ must leave the contour
worthy of tracking. Second, BLACK node cannot be adjacentnetwork, which may result in a broken contour. Therefore,
to a WHITE node, by definition. There is &RAY band that the transition fromRED to BLACK/WHITE triggers contour
separates thdLACK regions fromWHITE regions. We are repajr. On the other hand, if neBRAY nodes find that they
interested in learning and maintaining the shape and topologys close toBLACK nodes but cannot SERED nodes nearby

of the BLACK regions; symmetrically, we can track theéHITE (within its k-hop neighborhood), which is possibly a sign of
region by reversing the contour values. Our algorithm outputsse appearance of a neBLACK region, thoseGRAY nodes
contour networknside theGRAY band and tightly surrounding yould start to collaboratively construct a new contour. The
the BLACK regions as they evolve over time. operations of contour creation and contour repair are atomic
Definition 2.3. Contour network: A network of GRAY nodes operations that are not interrupted by other transitions. Nodes
within k hops from BLACK regions. Nodes of the contourare locked when they enter into either of these two phases until
network are calledRED nodes. the repair/creation is finished. In the following, we discuss the

All of the contour tracking operations are performed on thi€tails of contour repair.
GRAY nodes withink hops fromBLACK regions, denoted as C. Contour Repair
gray band k here is a parameter that characterizes the tightnesShere are different cases that require contour repair — a sin-
of the contour network in approximating the boundaries of thgle contour moves, expands, shrinks, splits, or multiple contours
BLACK regions. See an example in Figure 1. We/séb 2 in  merge to one. Because every node can only see the changes
our simulations. within its local neighborhood, a sensor node has absolutely no
In this section we will describe a practical algorithm for conidea of the global changes of the contour topology. Therefore,
tour tracking in a distributed network. An augmented versiahe major challenge in contour repair is to reconnect the broken
of the algorithm, described in the next section, can be provedntours in a distributed fashion, such that the resulting contour
to maintain a contour network with the same topology as timetwork is still topologically valid. In the following, we first
k-gray band. describe the scenario of repairing a single contour cycle, then
B. State Transitions move to the cases of simultaneous repair of multiple contours,

Our contour tracking algorithm is abstractly thought of as a%ontour merging and splitting.
u u ing aigor! : y thoug t) Repair of a single contour cycleWhen a set ofRED

'z[ahutom?ton rtun_mr:)g at ((javerytrs],ens:[o: n;;i? The.stﬁtt)e tran;'t'orh8 es leave the contour cycle (in the case of Figure 4 (i) these
€ aulomata Is based on the states:olop neighbor no ?S’ nodes change tBLACK), this leaves part of the contour cycle
and does not require location information. The color of node

is the “st_ate” of the automaton rur_ming at noxxesee F_igur_e 3). ciﬂ\(/ai"ednaonddesa ;(;Vge??;:s \rgvgg ez giﬁlgDa:zlghbor' We call
Information stored at each node is minimal, including its node
ID, contour value, color, andReD neighbors on the contour Definition 2.4. Open RED Nodes & Closed RED Nodes
network. When aRED node loses (one or more) of its curreRED
Node i notifies all of its1-hop neighbors about the changd€/9hbors, it becomes open. Otherwise, it stays as clesel
of its contour values(i); and notifies itsk-hop neighbors about 70de. ARED node may also become open if triggered by others.
the change of its color/state. All transitions happen whéi /A1 OPENRED node actively repairs the broken contour.
changes or node receives notifications from neighbors. At When a RED node first becomes open, it is responsible
states S3 GRAY) or S4 (RED), nodei tracks its neighbor- for repairing the broken cycle. It initiates a repair message
hood to decide whether to stay at current state or changewtithin the k-gray band, looking for other (open or closeriyb
BLACK/WHITE. If node i finds at least one neighbor withnodes to connect to. However, without location information a
different contour value from itself, remains in current state; sensor node lacks the sense of directions. If we allow the repair

Contour Creation Contour Repair

First 0 appears i (7)




message to propagate freely in thegray band, the resulting the wrong direction at opelReED nodes. Those short chains
cycle may not be valid (as shown in Figure 4(i)). Therefore, itecome un-repairable.
is important to block traffic traveling in the wrong direction, For un-repairable chains the op&ED nodes find they are
implied by the closedReD neighbors of the opeRED node. on chains with lengtlY < k. They remove themselves from
the contour network and turn back tBrRAY. Eventually the
entire short chain disappears. Remaining repairable chains still
participate in cycle repair (Figure 4 (ii)). WhenReD cycle
is broken into all short chains, it is good time to discard all
un-repairable chains and reconstruct a new cycle from scratch
using cycle creation algorithm, to be explained later.

2) Simultaneous repair, merging and splitting &LACK
_ . regions: When multipleBLACK regions are close, their repair
Fig. 4. Repair of as(llr)lgle contour. Open neighborh(lcl))ods are highlightdf0C€SSes may interfere with each other. An of&D node
(i) « andb are two operRED nodes. The repair message only travelgiay see multiple opeRED nodes. This typically happens when
within the open neighborhood. (ii) A single contour cycle is brokethe topology of theBLACK regions changes, i.e., tWBLACK
into multiple chains. regions merge together or oBeAck region splits into several,

Definition 2.5. Blocked neighborhood and open neighbor- the contour network will need to capture the new topology.
hood: a RED node is defined to be alock nodeif it is closed ~ When aREeD nodea first becomes open, again it initiates
and is at least k-hops away from an opBED node in a @ repair message which is propagated in thgray band as
connected component of a contour cycle. The union ofithe before (with thek-th hop closedReD neighbor ofa blocking

hop neighborhoods of block nodes is tilecked neighborhood the message propagation). We focus on the open neighborhood
B. The rest of thé:-gray nodes is called thepen neighborhood O: containinga. If there are multiple opefRep nodes in0;,

O = G\ B. The open neighborhood has a number of discofdain the repair messages from all but the one with lowest ID
nected components, denoteds are suppressed. The repair message travels to every node in an

. open neighborhoo®; and is only stopped if it hits thBLACK
Clearly each connected open neighborh@gdhas at least regions, or the boundaries of tkegray band, or blocked by

one ODGTRED node. The repair message only trayels within tht%e k-hop node of some block nodes. Thuearns about these
open neighborhood, as shown in Figure 4 (i). Since the rep

[ . . )
operation is confined inside eadh; there is no interference %|OCk nodes, which are grouped inbounding segments

between the repair efforts in different connected componentS&finition 2.6. Bounding segments\We take theReD nodes
Notice that for the two open nodesb, without the knowl- within _k:-hop of an open neighborhodd, and denote them the
edge of each other, each would attempt to repair the contot&(?.und',ng RED no.desof %5 Eaclj connected component of the
We suppress the repair messages by the ID of the initiatBPUNding nodes is calledounding segment
In particular, the repair message will not be forwarded whenA bounding segment may or may not have an ojf&D
it either (i) enters the blocked neighborhood, or (i) arrives &ode. See Figure 5 for two examples. Now the repair node
some nodes who have received repair messages initiatedab§imPply connects through shortest paths to each and every
other openRED nodes with IDlower than its initiator. As the Pounding segment.
repair message is forwarded, an aggregation tree rooted at
is also cached on the nodes who forward the message. This
aggregation tree helps the opB&ED nodes gather information
aboutRED nodes encountered on the way. In particular, when a ) \
node stops forwarding, it returns with the ID of tRED nodes ) d (i d
it learned so far. At an internal node of the aggregation treerg s (i) The repair nodex connects by shortest paths to the other
node propagates up the aggregated information when all ofitsinding segments in its open neighborhood. (ii) The dRen nodes
children have reported their information. If an op@ap node b,d connect to their respective bounding segment (in this case, a
learned through the information gathered that there is anott§§gment with only close®Ep nodes).
openRED node with smaller ID, then it retires. The node with In a special case, an opedRED node may not see any
smaller ID, called theepair nodefor this open neighborhood, bounding RED node in a different segment than itself, the
is responsible for the repair and selects a path connectingctintour repair operation gets stuck. Figure 6 shows two such
the other operRED node. TheGRAY nodes on this path arescenarios. The open neighborhood of néde Figure 6 (i) has
invited to join the cycle and turn tRED. only one bounding segment containing itself. In this case the
In general, aRED cycle may be broken into multiple chainsrepair operation & will terminate and nodé stays as it is. The
(Figure 4(ii)). The repair is done in a similar way. All of thenext node adjacent tb, in this case, node, will now become
nodes with at least hops away from an opeRED node block an open node and attempts to repair the contour. Figure 6 (ii)
their k-hop neighborhood. If a left-over contour chain is shorteshows a case when bothand b can not discover anyRED
thank, it is hard to distinguish the correct repair direction fronmodes other than those connected to them. This will eventually

repaired contour




o E. Summary of the repair algorithm
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The general principal of contour repair is that the valid
segments of old contour network is still usable and repair only
happens where the contour is broken. The repair node connects
Black region through aspanning treeto all other bounding segments of its
open neighborhood.

0] (ii)
Fig. 6. (i) Repair fromb gets stuck since it fails to discover any other We al hasi f . in the imol ion f
bounding segment to connect to. Nadbecomes closed and triggers e also emphasize a few issues In the implementation for

the next node to be open. (i) Both op&ED nodesa, b fail to repair algorithm robustness: (1) The contour network in an open
and become closed. The adjacent node is triggered to be open. neighborhoodO; is repaired by the operRED node with
leave aRED segment as part of the contour network. the minimum ID in the bounding segments. Thus even in a
It is possible that some nodes between nearby red chaghstributed setting there is always consistency agreed upon who
change states and becomiegray. In such a case the redmakes the decision. (2) When a node is involved in a repair
chains may need to be connected or merged together to reffgercedure, it is temporary locked and does not participate in
desired homotopy. As such, a simple check for presence asher repair procedures. When the repair operation terminates,
red nodes within thé:-neighborhood does not always sufficethe repair messages and the nodes who forwarded them will
So, a newly turnedc-gray node does the following. It looksbe refreshed. (3) The repair effort is confined within the
at its connected:-gray neighborhood (by initiating &-hop open neighborhood, whose size is proportional to the contour
flood and aggregation), and verifies that the red nodes in tkizanges.
neighborhood form a tree. If they do not, then all these redIn most common scenarios, when there are no small black
nodes are eliminated and become open. Open red nodes segions that newly show up in thegray band, it can be proved
contour repair as described above. that the proposed repair algorithm generates a contour network
D. Contour creation and disappearance that is a deformation retract of thegray band. Intuitively this
means that the contour network is a proper “thinning” of the
of a new contour is triggered at sorBACK nodes that have E-gray band, capturing all of the topological information of
the band, e.g., how many holes there are and how they are

a GRAY neighbor but car]nqt S.’eaED nodes in its/-hop connected/nested. We handle the small holes in Section Il and
neighborhood, because this indicates the appearance of a MW lidorous broof of this homotony equivalence propert
BLACK region not tightly surrounded. THBLACK node turns g g P Py €q property.
its GRAY neighbor to an opeRED node. [1l. M AINTENANCE OF TOPOLOGICAL FEATURES

Now a GRAY node: enterscontour creationphase. It is

ible that multiplGRAY nodes frv to create a new contour The previous section focuses on the practicality and imple-
possibie that multip ~nodes try to create a new contoufy, o hiation details for contour tracking. The main contribution in
for the sameBLACK region. To avoid everyGRAY node

; . this section is to provide a theoretical understanding of contour
repeating the same thing, tfi@RAY nodes who want to start P g

a contour will participate in a local leader selection rocedurtraCking' In the proofs we consider a continuous setting in
P P P ich there areBLACK regions andWHITE regions inRR?,

The leader selection algorithm selects a node as a leader ifs%%arated by ©RAY band. Thek-gray bandg contains the

other node within itsk-neighborhood becomes a leader. Thi RAY points within distancek from BLACK regions. The

can be d(_)ne with any clustering algorithm or by _Iocal MmesSad8ntour network is denoted bg; an algorithm invariant is
suppression. After that, only leaders participate in the Cl’eatl(%Hat G C G. Our main theoretical result is an algorithm (an

The distance between any two leaders is at |éasbp apart. elaboration of that of the previous section, handling small holes

The leaders become op&ED nodes. But we consider the. . S
k-hop neighborhood of a leader to be blocked to a differe'n side@) that, upon stabilization (when nodes no longer change

. ) m ntour network with precisely th m
leader node. Now the leaders use the contour repair algorltﬁn‘%‘te) computes a contour newo th precisely the same
topology as the:-gray band.

to find other leaders to connect to. The repair messages fro'ﬁ?igorously, we show that the contour netwofk is a

leaders will meet either other boundilReD nodes or nodes . )
. ) . deformation retract of thé&-gray bandG. A continuous map
with repair messages from other leaders/repair nodes. In bof . ; : :

: G x[0,1] — G is defined as aeformation retraction

cases, the leader with smaller ID will be selected to build a path . . :
. .If, for every z in G, a in G, andt € [0,1], 7(z,0) = =z,

to connect to the desired part@rRAY nodes on the path will ~(2,1) € G, 7(a,1) = a. A deformation retraction is thus

turn to RED too and together with the leaders form a red chain hé)moto ’betv(/een_the' identity map 6hand a retract of

with length at leask. With the same contour repair protocola onto Gpé is called a deformgtion ?etract . See[20]

these chains will eventual_ly be connected to acontour_netwo nf(uitively, a deformation retraction shrinks a space to a 1-
The contour network disappears as the corresponding bla : . )

regions disappear. because o nodes that are SUDDOSe imensional graph, while keeping the same topology of cycles
gions ppear, b (D re supp and connected components.

to repair the cycle will detect that they are not withirhop of R

any BLACK node. ThoseRED nodes would remove themselved®: Contour initialization

from the contour automatically, and the contour disappearsWe first study in a static setting how to construct a contour

eventually. network that is topologically equivalent to thegray band

Black region

Initially, as aBLACK region appears and grows, the creatio



even with small holes. This algorithm will also be used as a2) Implementation in a discrete networKhis contour con-
subroutine in the contour repair algorithm, but is confined &truction algorithm can be implemented in a discrete network
the local neighborhood of the contour changes. The cont@s follows. We start from an arbitrary nodend flood thek-
construction algorithm is motivated by an earlier boundagray band. Thé-gray band has holes, which can be detected
detection algorithnj10], but is much simplified. by discovering thecut nodesi.e., the nodes with two or more
Without loss of generality we assume thatis connected shortest paths té of different homotopy type. Denote by;
and hash holes. We compute thshortest path magor an a connected component of the cut nodes. These cut nodes are
arbitrary root,r, which summarizes the shortest path(s) frordetected by checking whether two neighboring nodes have their
r to every point inG. The union of points with two or more least common ancestor (LCA) “far” away (on the other side of
shortest paths of different homotopy typeme called thecut the hole) and their shortest paths “far” apart as well. Such a
locus C. Itis known thatC' is a forest (leCC; denote théth tree pair is called acut pair. See Figure 8 for an example. By using
of C) with m interior vertices (calledSPM verticey h + m appropriate parameters to define “far”, holes above a given size
branches, connecting thie holes and them vertices to the can be detected by the recognition of these cut n¢tigs
region boundary. The removal of the cut locus leagjesmply \
connected and any shortest path cannot cross a cut branchorgo  »

>0

through an SPM vertep1]. The contour network is computed cut paif

by putting back shortest paths of different homotopy types, q

which, together with a part of the cut locus, form the contour

network G (Figure 7). Fig. 8. Definition of a cut pair(p, q).

To find the representative paths, we will first remove the
edges between all cut pairs. The cut nodes are left in different
connected components. Now we will take one node from each
connected component, denoted by, and include inG the
shortest path fromr to z;. If any subset of these;'s belong

AR to the same connected componéht they are connected by a
Fig. 7. The contour networkG of G. G consists of representative tree withinC;. This tree is also included i6r.
shortest paths of different homotopy types (in red) and the cut locus ) )
(in thick black lines). We show two examples of the shortest paths B. Augmented contour tracking algorithm
and P, in dashed curves. ~ We consider the snapshot of two different signal fields.

In particular, once we remove the cut locus, the resultingy, the first snapshot, we have a topologically valid contour
field G \ C' has no holes, and its outer boundary consists gkwwvork G for its k-gray region,G. When G changes ta7,
the boundaries of holes and segments of cut branches, i”aﬁ"& point that has changed its colBLACK, WHITE, GRAY)
alternating fashion. On each such connected cut segment, W@ erase the contour network in its radiéisneighborhood.
pick a pointz; (the representative poijitand connect' 0 z;  The part ofG unerased contains some broken segments.
along a shortest pathrgpresentative pajh For all representa-  the gugmented repair algorithm does just one additional op-
tive points on one connected component of the cut I0€US gration on top of the repair algorithm in the previous section. In
their representative paths have different homotopy types — ff hen neighborhoo@;, recall that the repair node connects
any two such paths?;, P, as we continuously deform their.ough shortest paths to all other bounding segment®;of
endpointsz; to z, within C;, one cannot continuous deformNOW, we also include new holes that possibly pop upinThis
P; to P,. Notice that there can be multiple representative pat|§by including in addition the “local contour network” if;,

with the same endpoink; as long as they have different;qnsirycted by the contour initialization algorithm described
homotopy types. Le€; denote the subtree @; that connects above.

the representative points ofi;. Now, the contour network |y, argue that after the repair the resulting netwéikis

G = (U;F;) U (U;C) s the collection of representative pathggnoiogically equivalent t@’. Network G’ has two parts — the

and the subtrees connecting the representative points in egfPcontour networkG, C G and the newly repaired pat,,.

cut locus component. , .
1) G is a deformation retract of: Due to space constraint,Theorem 3.3. The contour networks’ is a deformation retract

we only state the following theorems and defer the proofs fif thek-gray regior’, after the contour repair is done.

the full version. Proof: Consider first the old contour network;, and the
Lemma 3.1. G is a planar graph i, and each face containsk-9ray regiong. We removeG from G. We are left with a
exactly one hole of. number of disconnected componerits, Each one of them is

] ) an annulus (band), surrounded by a hole boundary and a face
Theorem 3.2. G is a deformation retract &. F; of the old contour network. By assumption, we have a

formation retractr; from I'; to F;. Define thewidth of
Two paths with the same start and end points of different homotopy typgg ormation retractr; fro j 10 F;. Define thewidth of g

get around the holes in different ways: thus, one cannot be continuoudy the maximum radigs ball centered at a pging€ G such
deformed to the other without jumping over some holes. that the removal of this ball does not change the topology of



G. The width ofI'; is at mostk — otherwise, there will be a use the contour repair algorithm to successful repair it. Since
BLACK node withGRAY neighbors but do not havReD nodes we freeze the nodes involved in an open neighborhood under
within distancek. Thus, this node will trigger contour creationrepair, later value changes will be handled after the atomic
Consider an open neighborhodd;; it has some bounding repair process is finished. The repair operations in different
non-overlapping open neighborhoods do not interfere with each
other and are handled simultaneously and independently. Thus
as long as the signal field stabilizes, the contour network will
capture the same topology of thkegray band. In a dynamic
environment, as long as the computation efficiency can catch
up with the data change rate, a valid contour network can
be maintained. The topological equivalence result implies the
following properties listed below with proof omitted from this
Fig. 9. The repaired networky’ and the repair regions (highlighted).VerSion-

Nodea has a closed bounding segment and an open bounding segn@otollary 3.4. The following properties are true when the con-
(adjacent to itself).  tour network@ stabilizes (i.e., no point switches its state):
segments, some W'th an op&ED end (calledqpenboundmg 1) A continuous curve connecting onBLACK and one
segments), some without (callaiosed bounding segments). WHITE point will have to cros<G. A continuous curve

We define the repair regioR; 2 O; that |ncludes. all of the connecting twoBLACK points, from different connected
nodesp such thatr(p, 1) maps to a closed bounding segment components will have to cross
of O;. Intuitively, we are extending the open neighborhad 2) The contour network is planar with a planar embedding.

unlt\lll it hits thg th)hs ed bound|rt1g segn;;gg;. W th 3) Since all of the repair work happens in the open neigh-
OW consider the new contour ne - YVe remove the borhood, the communication cost for contour repair is

repair regions?; and the old contour netwoi®, from G’. This proportional to the amount of contour changes
leaves a number of disconnected compon@rjtsl“;- Cry. If ’
I, = T';, then we define the deformation retractiohin I, IV. SIMULATIONS
to be the same as. If T, C T';, i.e., part of the contour on
F; has been removed; thuk;; has the shape of a deformedS
band. This is because the removal of any pointigrand its
radius k£ neighborhood will “break” the annuluk;, since the
width of I'; is at mostk. Now I} is bounded by part of a hole

\ gluing boundary
iy

We implemented the contour tracking algorithm described in
ection Il in a simulator written in C++, since the algorithm

covers all cases of contour evolvement, and works well in prac-
tice. We simulated on a network with 4000 nodes distributed

. in a field of size500 x 500 units. Each node has transmission
boundaryH; and part of the facé? C F;, and two “gluing .

boundaries” adi tt . k We Ao F/ radius of15 units. We set the parametér= 2 by default, and
oundaries “adjacent fo Some repair regions. We o £ vary k in one set of experiments to discuss its impact on the
with a continuous function.

. . . . erformance of the algorithm. The simulator takes a data field
We now consider a repair regioR;. We first assume that P g

: LS with arbitrary shape as inputs; in particular, we experimented
each open neighborhoo®; is simply connected. Then thevv_ith both simulated and real data (e.g., Figurel4). We simulate

repair operation connects With shortest paths from thg reloaixrnamic changes among a sequence of stabilized states of a
noder; € O; to the bounding segments 6. The repaired contour field. Between two states, sensor nodes can change

C°”.t°”T 1S qompletely insidef;. Th's partmons the repair their contour values in an arbitrary order. Video clips of some
region into pieces such that each piece is bounded by a cont

network segment?, a hole boundary segme#i!, and gluing Sthulated examples can be found at [23].
boundaries adjacent to soni’s. We mapH! to F! with a /= Snapshots of Contours.
continuous function. We first show a set of snapshots at intermediate stages of
If the open neighborhood has holes, then the repair operatibe algorithm. Figure 10 shows the process of contour creation
will also include the “local contour network” fo©,;, which when a new black region appears. Initially, a few nodes within
will partition O; into disconnected pieces, each face containiife k-gray band elect themselves as leaders and start contour
exactly one hole with the outer face homotopy equivalent to tiggeation. Since contour creation is done in a distributed manner,
outer boundanpO;. This does not interfere with the shortestvhen new leaders appear, other leaders may already connect to
paths to connect to the bounding segments. Again, the uni®e chains (Figure 10 (i), left). A complete cycle after creation
of any additional shortest paths with the local contour netwoi% showed in Figure 10 (i) (right). In some cases, a new black
is still a planar graph. region may be so close to an existing black region that their
What this says is that we are able to obtain a continuokisgray bands already merge together. Then, the new contour
mapping of each hole boundary § to a face boundary of directly attaches to the existing contour, which guarantees
G’. With the same argument as in Theorem 3.2, the homotopgmotopy equivalence (Figure 10(ii)). Contour creation is also
equivalence is established. m triggered when gray/white areas are born inside black regions.
In fact, the proof in the previous theorem states that we canThe merging and splitting of contours are symmetric
start from a contour network, remove any subset of it, aqocesses. Figure 11 (i) and (ii) show what happens when



0] (ii) :
Fig. 10. Contour creation: (i) Left: new leaders appear, and existing. ", 5" ¢ oo initially sits at the boundary and successfully passes
leaders connect to red chains. Right: a contour cycle is created. (i ouah a hole in the middle of the network field
Left: a new cycle directly attaches to a red cycle nearby. Right: a r 9 '
chain is constructed when a gray area appears inside a black regifiipse contours are close to each other. The algorithm correctly

two originally distant black regions (e.g., the two regions i'&intains the topology of multi-level contours.

Figure 10(ii)) move closer and closer. When theigray bands D- Impact of Parametet:.

just touch, a bridge is automatically constructed to connectThe parametek controls the tightness of the contour network
those two contours together. In Figure 11 (i), two bridgds the enclosed black regions. Figure 15 shows different contour
appear, which exactly capture the white hole between thenetworks with different choices of for the same snapshot

If two black regions move towards each other further armuf the contour field. Wherk = 1, the k-gray bands are very
eventually merge together, the contours also merge intonarrow and have not met each other; thus, those two black
larger one (Figure 11(ii)). If we look at these snapshots inragions are still enclosed by two separated red cycles. With
reverse order, they exactly represent a typical process of contbur 3, the k-gray bands overlap and red cycles attach to each
splitting. More interesting snapshots are shown in Figure 12other. The average distance in terms of hop counts from each
red node to a closest black node is about 1.0, 1.4, 1.7 fer
1,2,3, respectively; i.e., a% increases, the contour network
becomes “loser”.

The parametelk also affects the communication cost and
the completeness of the contour network. Largéncurs more
transmissions (see Figure 14(ii)); on the other hand,ig too
small, the contour network is easily broken into pieces because

. O . (i) a narrow k-gray band may not be a connected piece. Thus,
Fig. 11.Merging and splitting. (i) Two black regions move closer. The|[ ere is a trade-off between communication cost, tightness and

ray bands meet each other and (multiple) “bridges” are built up. (ii . . i ; .
%IaZk regions themselves merge t(ogethper.) g P-( ompleteness. In our simulations, we find that 2 is suitable
for most cases.

0] (i)
Fig. 15. Tightness of the contour network: ) = 1. (i) k£ = 3.
E. Communication Cost.

0] (ii)
Fig. 12. Snapshots of nested contour network.
B. Irregular Network Fields with Holes.

Our contour tracking algorithm is naturally resilient t
boundaries and holes with arbitrary shapes. In Figure 13,
show examples of contour networks when a black region zgi
taches to boundaries. The collection of contour pieces correct
separates the black regions from white.

We evaluate the efficiency of our algorithm in terms of
communication cost, measured by the number of transmissions
Sncurred during the transition from one stabilized state to the
WExt. We use 10 different contour fields as inputs, and run
mulations on each filed for 5 rounds.
yFigure 14 (ii) shows that the communication cost is approxi-
; mately linear in the number of changes, since all operations in
C. Multi-level Contours our algorithm are executed locally.

Multi-level contours can be easily supported by applying We further compare the performance of our algorithm with
the single-level contour tracking algorithm at each level inder periodic contour reconstruction scheme (see Figure 14 (iii)).
pendently. In Figure 14 (i), we show the multi-level contourgve can run any boundary detection algorithm to reconstruct
corresponding to the elevation data of a small area in Marylangntours periodically. In simulations, we chose to use our
We take?5 discrete ranges as contour levels of interest. Soraentour creation algorithm, since it is essentially a light-
sensor nodes may be on multiple contours at the same timevifight boundary detection algorithm, which captures the rough
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Fig. 14. (i) Multi-level contours on elevation data. Colors represent elevation: purple is the highest and green is the lowest. (i) Communication
cost vs. the number of changes. (iii) Communication cost of periodic construction vs. update interval, compared with our tracking algorithm.

boundaries of the network field, and much cheaper than oth@g w. Kim, K. Mechitov, J.-Y. Choi, and S. Ham, “On target tracking

accurate boundary detection algorithms. The update interval is With binary proximity sensors,” inProc. 4th Internat. Symposium on
defined b d h b fch di ied 1 1 Information Processing in Sensor NetwarR05, p. 40.
efined based on the number of changes and Is varie to ?H T. He, S. Krishnamurthy, L. Luo, T. Yan, L. Gu, R. Stoleru, G. Zhou,

If we run the periodical reconstruction scheme at every change, Q. Cao, P. Vicaire, J. A. Stankovic, T. F. Abdelzaher, J. Hui, and

it will incur much higher cost, abow0 times the cost of our B. Krogh, "Vigilnet: An integrated sensor network system for energy-
. . L. . efficient surveillance,ACM Trans. Sen. Netywol. 2, no. 1, pp. 1-38,
tracking algorithm, which is out of the range of Figure 14 (jiii). 506

With larger intervals, the cost of the periodic reconstructions] N. Shrivastava, R. M. U. Madhow, and S. Suri, “Target tracking with

scheme is reduced. but more critical changes are missed. When binary proximity sensors: fundamental limits, minimal descriptions, and
’ algorithms,” in SenSys '06: Proc. 4th Internat. Conf. on Embedded

the update interval is set to about every 40 changes, it achieves \aworked Sensor Syster@906, pp. 251-264.

a comparable communication cost with our tracking algorithm[9] J. Liu, P. Cheung, L. Guibas, and F. Zhao, “Apply geometric duality to

but sacrifices in tracking quality. energy efficient non-local phenomenon awareness using sensor networks,”
IEEE Wireless Communication Magazine, special issue on Wireless
Sensor Networks: Theory and Syste2@04.

V. CONCLUSIONS [10] Y. Wang, J. Gao, and J. S. B. Mitchell, “Boundary recognition in sensor
. . . networks by topological methods,” iRroc. of the ACM/IEEE Internat.
In this paper we study the problem of contour tracking with  conf. on Mobile Computing and Networkirng006, pp. 122—133.

binary sensors and propose a light-weight distributed algoritH#d] S. Funke and C. Klein, “Hole detection or: “How much geometry hides

. . in connectivity?”,” inSCG '06: Proc. 22nd Symposium on Computational
that locally repairs broken contours as they deform, while Geometry 2006, pp. 377-385.

guaranteeing that the maintained contours capture the glohal Q. Fang, J. Gao, and L. Guibas, “Locating and bypassing routing holes
topological features. We focus on information processing and in sensor networks,” iMobile Networks and Applicationsol. 11, 2006,

. pp. 187-200.
tOpOIOQy maintenance aspects of the prOblem' For future wo i(3 S. Funke, “Topological hole detection in wireless sensor networks and its

we plan to explore further the applications of the contour = applications,” inDIALM-POMC ’05: Proc. Joint Workshop on Founda-
tracking algorithm in processing dynamically changing spatial tions of Mobile Computing2005, pp. 44-53.

. . K . . . ] S. P. Fekete, A. Killer, D. Pfisterer, S. Fischer, and C. Buschmann,
sensor data. One direction is to combine it with our concurr “Neighborhood-based topology recognition in sensor networksAlin

work [22] to construct a distributed dynamic contour tree for GOSENSORS.ecture Notes in Computer Science, vol. 3121, 2004, pp.

guided navigation. 123-136.
[15] S. P. Fekete, M. Kaufmann, A. Biler, and N. Lehmann, “A new approach
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