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Abstract—In this paper we devise a holistic solution to the tree-like structure is maintained continuously to be rdcaé
pursuer-evader tracking problem taking into account the limi-  the evader, and the movement of the evader causes updates
tations of the wireless sensor networks (WSNs) as well as theand restructuring of the tree. In other words, this approach

dynamics of both the pursuer and evader. More specifically, . . . . .
we present an optimal strategy for the pursuer to capture the provides a decentralized location directory service, anesd

evader despite the delayed and imprecise information available NOt take the pursuer strategy or the pursuer location much
at the pursuer-side. In order to minimize the communication into account while doing so. The state of the pursuer affects
overhead while ensuring capture, we provide an optimal evader- neijther the information advertisement nor the reorgaiinat

sampling scheme that adjusts the sampling frequency based on ot the tree structure. However, the pursuer is also a big part

the strategies of the pursuer and evader, as well as the distance .
between the pursuer and evader. We support our adaptive sam- of the PET problem and the pursuer strategy can influence the

pling scheme with a just-in-time delivery protocol that publishes Way the location queries should be executed. For exampe, th
the evader’s location updates directly to the pursuer, reducing pursuer location directly influences the frequency with ahhi
the communication overhead of tracking even further. To furthe  to send the evader location updates and the latency desdline

enhance the tracking reliability, we use a two-level design of that should be satisfied by these updates
fault tolerance: 1) a double position advertisement scheme to '

mask single message losses, and 2) a breadcrumbs-based backu& L . . - .
scheme for stabilizing from desynchronization. ur contributions. In this paper we devise a holistic solution

Our simulation results show that the adaptive sampling scheme to the PET problem taking into account the dynamics of both
guides the pursuer to capture the evader effectively, and redtes the pursuer and evader as well as the limitations of WSNSs.
the communication overhead significantly compared to fixed rate  oyr main contributions are as follows:
sampling. Our simulation results also show that our two-level
fault-tolerance strategy ensures high capture rates even unde

consecutive message losses. 1) We solve the PET problem through exploiting geometry

and provide an optimal capturing strategy for the pursuer

|. INTRODUCTION despite the delayed and imprecise information available

The pursuer-evader tracking (PET) problem considers a at the pursuer-side. We give an upper bound on the
pursuer trying to capture an evader and has several applisat uncertainty and delay for which capture is possible.

in the surveillance and military fields. Drawing on the cohtr 2) We devise an adaptive evader-sampling scheme that
theory and game theory work, a popular approach to solve minimizes the communication overhead while ensuring
the PET problem is based on differential games, where a capture. To achieve this goal, our sampling scheme
differential motion model is assumed for both the pursuer adjusts the sampling frequency based on the strategies of
and evader [1], [3], [8], [11], [17]. The differential gams i the pursuer and evader, as well as the distance between
essentially an infinite perfect-information zero-sum gafoe the pursuer and evader.

which a saddle-point equilibrium is found by solving Isaac 3) We provide a just-in-time delivery framework (JIT) that
equations. The Homicidal Chauffeur game and the Lady in the  supports our adaptive sampling scheme. JIT does not

Lake problem are typical examples of the differential game a rely on any structure overlay, and publishes the evader’s
proaches [11]. These works, however, assume that the pursue location updates directly to the pursuer, hence reducing
has perfect information of the evader: information is aalali the communication overhead of tracking even further.
without delay at all times, and information is assumed to be  JIT is designed such that the next sampling information
precise. This is clearly not possible in distributed wissleen- from the evader hits/intercepts the pursuer just-in-time

sor networks (WSNs) due to noisy measurements/estimation when the pursuer needs to make the next decision.

errors, partially available information, processingigmission  4) We achieve the tracking reliability through a two-level

delays, and message losses. fault tolerance design. We usedauble position adver-
There has also been several works on PET problem using tisementscheme to mask single message losses without

WSNSs [3]-[5], [13], [16]. These works take a one-sided view performance penalty, and a self-cleanicgmna scheme

of the problem, and follow an evader-centric approach by to stabilize from the loss of synchronization between the

ignoring the dynamics of the pursuer. In this approach, a pursuer and evader upon consecutive message losses.



models where evaders are considered to be no superior than

Overview of our approach. In Section IV we first investigate Pursuers. More specifically, BEAR uses a greedy scheme that
the optimal strategy for the pursuer to minimize the distetoc takes a move that ylelds_ the highest probability of contagjni
the evader if perfect information were available at the pers @n evader over all possible moves. In [9], the PET problem
side. We prove inTheorem 1that for each sampling interval IS, de_scrlbed_as a partial ||_1format|on Ma_rkov non-zero game
¢, the optimal strategy for a pursuer to minimize the distan®dth integrating map-leamning and pursuit. The pursuers an
to the evader is to move directly toward the evader’s expectf'® evader try to respectively maximize and minimize the
location int. As an estimation error is unavoidable in WSNProbability of capture at the next time instant.
environments, we then investigate the impact of the esiimat Note that the differential game solution minimizes the
error and show that it is distance sensitiveTineorem 2To maximum cost under worst scenarios as the evader actively
evaluate the usability of an estimation with certain confide takes an action to maximize its cost function. Instead, our
we provide a quantitative measure of uncertaintylfreorem approach considers considers average cases, and mintimzes
3. expected capturing cost by following the expected trajgcto

In order to relax the perfect information requirements fasf the evader, which is a more realistic scenario. Our amroa
the optimal strategy, in Section V we present an adaptiatso differs from the traditional differential games inttitds a
sampling rate that minimizes the communication overhealikcretized game that employs the adaptive sampling scheme
while ensuring capture. Our adaptive sampling is based @Qur approach relaxes the demand of perfect information
the distance between the pursuer and evadg);(the closer availability at the pursuer-side to that of an intermittgnt
the distance, the higher the sampling rate. Furthermoee, @vailable partial and noisy information.

actual strategies of the pursuer and evader are also exdiuat The PET problem has also has been studied under net-

if the evader takes an action that is greatly deviating fro{fjo«ed environments. In [3], an optimal solution protegtin
the expected trajectory, the sampling rate increases BSVD! |inear asset in a sensor network setting has been propoked. T
from Theorem 4 . ) ) pursuit strategy is formulated under communication caiists

We present our JIT delivery protocol in Section VI 10,0 a5 message loss and packets delay. Apart from the
support our a_d_aptl_ve samplmg scheme. To further IMPrO¥Kstinctions in the problem definition, our solution difirom
tracking reliability, in Section VII, we use a double pogiti Ed in the following: 1) unlike in [3], where PET is considere

advertisement scheme to mask single message losses, agd 2 gifferential game where the equilibrium strategy igluse
backup scheme to recover from desynchronization. We presg(); solution makes no assumption on the evader model; 2)

the simulation results in Section VIIl. our adaptive sampling considers the relative distance dis we
Il. RELATED WORK as the dynamics of both the pursuer and evader; 3) instead

Due to its relevance to several applications, the PET pro [ indexing the evader advertisement in a structlirai—in

lem has been studied extensively both in game/control the ], we only require the advertisements in-between the evad

) : L and the pursuer. Other works in [15], [16] use centralized
field and in th? network.mg f'el.d [1], [9], [10], [14], [17], 0. eriodic updated station to collect and process the daga, th
In the classical pursuit-evasion games, the states of time g

. . S . Torward the decision to pursuers agents. Distributed track
is known to both players since the initial state and motion roaches are presented in [4], [10], [22], where senstesio
equation are given and states at any time can be descri@gﬁamica" maiEtain a “trackin' treé" thét is always rabte
by mathematical formulations. As the Nash equilibrium fogthe evadyer The pursuer searghes the sensor ne‘g\//vorlfctuntil
zero-sum differential games is a min-max optimal stratégy, - hep .

;- : ) g reaches the tracking tree, and then follows the tree to @t ro
satisfies the following saddle-point equilibrium:

in order to catch the evader.
J(i72) < J(173) < J(n,73) The PET problem is a special case and an extension of

for all ;, where.J () is the cost function (for instance, distancdyPical target tracking problem in WSNs which mainly have
or capturing time) and, 3 is the optimal strategy pair. This WO categories: structure-based approaches and strifotare

is equivalent to solve the following condition: approaches. The first type of protocols dynamically maintai
certain structures, such as trees or overlay graphs, satlath
V(60,t) = min max/Jt(p7 e) message may simply follow the structure to reach the target
[2], [6], [12], [13], [22]. In structure-free protocols, des

Under the assumption that value functidhis continuously take local decisions by making predictions over available
differentiable ford andt, this can be determined by solvingknowledge to generate a path on demand for tracking messages
the PDE, which is also called Isaacs equation [1], [11{o be forwarded to the target [7], [18], [19], [21]. PET diffe
The worst case analysis [8] assumes that the evaders hfween these tracking problem in that 1) it does not require
global knowledge of the system and can actively move agairdkt nodes in the network to know the evader/target. Instead,
pursuers, while pursuers do not know the strategies of thely the pursuer needs to know the evader’s informationt 2) i
evaders. Different from previous works that assume wonstquires smart pursuit strategy to catch the evader in estort
case scenario for evaders, BEAR [17] considers probabilistime, thereby is interested in the evader’s mobility patter



Fig. 1. The Pursuer-Evader Problem Fig. 2. Optimal pursuit strategy makes p’, ande’ collinear

[1l. PRELIMINARIES The initial distanced = /(z, — z¢)? + (y, — y.)? between

We consider a pursuer and an evader located in a plaf3® Pursuer and evader becomes:
space with wireless sensor nodes covering the entire spéce. J - \/ Y Y
adopt the following notations to represent the system state = (@ — )+ (Y, — )

Xp = (zp,yp) denotes the position of the pursuer aXd = Wwithout loss of generality, assumg = 0 andy,, = 0, thereby,
(ze,ye) denotes the position of the evader. The pursuer and,

evader have the maximum speéds= (v,,v.), wherev, > d = (z+t(vpcosb,—v.cosb.))*+(yYe+t(vesinb.—vysinb,))?
ve, @and move in the direction® = (6, 0..), respectively. The
sampling interval is denoted asand it is variable. The new
location for the pursuer and evader afteare denoted ap’
and ¢'. Between the reception of two consecutive sampling 8d'2

information, the pursuer keeps its direction the same. We sa 0.~ 2txevpsind, — 2tyevpcost),
that an evader is captured by the pursued(if,, X.) < € P
wheree is the capture distance.

The underlying control strategy of the evader's movement — 262 (vpsind), — vesinbe )vysind,
is unknown to the network. However, in contrast to a non-
cooperative evader in differential games, the evader ia thi
paper is actually simulated by an “evader agent” that can'Ve set%y—~ =0, and get:
forward the detection and direction change of the evader to
the pursuer, and is thereby cooperative with the pursueh Su 0p = arctan(
an evader agent can easily be maintained over the nodes that
detect the evader and the state of the evader agent canTBis indicates thap, p’, ande’ should stay on a line as shown
handed off to the neighboring set of nodes that detect tie Figure 2. Hence, the optimal strategy for the pursuer to

In order to minimize the distancé upon variabled,, we
differentiate the equation by, on both sides:

+ 2t2 (v, 088, — vecosh, )v,sind,

Te + Vetcosl,
Ye — Vetsinb,

evader next as the evader moves. minimize the distance to the evader is to move directly towar
the evader's expected locatioa )(in time ¢. ]
IV. THE OPTIMAL PURSUERSTRATEGY Note that this result holds only if perfect information oéth

If differential motion models are known for both the pursueevader is available to the pursuer. Due to noisy measurament
and evader, an optimal strategy is a saddle-point equikibri in WSNs, evaluating the uncertainty is needed. In Theorem 2
which can be found by solving Isaac equations [11]. Thegee show that the estimation uncertainty is distance seasiti
differential game theory formulations assume that the evadrhe larger the distance, the smaller the effect of uncdytain
always takes an action to minimize the cost function. lan the pursuer’s decision.
contrast, we study the PET problem where the pursuer doe§heorem 2. The uncertainty §,,,) of calculating 6, is
not know the strategy of the evader so the game thedspunded by2arcsin(“s) regardless of the evader's action.
formulations are inapplicable. Instead we take a geometiibat is,0,, satisfies:d,, < 2arcsin(*st).
approach. Proof: As shown in Figure 3, the evader’s position is

Theorem 1. At each sampling intervak, the optimal located within an Apoapsis cirdlvith a radiusv.t regardless
strategy for a pursuer for minimizing the distance to thedsra of its mobility model. Therefore, the uncertainty of esttmg
is to move directly toward the evader’s expected position atf,, is +arcsin(%t), that is,f,, < 2arcsin(st). ]

Proof: Given the current locations of the pursuer and Theorem 2 indicates that the error of a pursuer's action
evader (Figure 1), after, the new locations are: is inversely proportional to the distance to the evaderhéf t
distanced is small, better estimation is required to keep the
same error level.

x, = Tp + vptcosly, y; = yp — Uptsinb,

p
’
T, = Te + Veotcosh = Yo — Vetsinb, )
e € ¢ & ye Ye € 1The farthest points that the evader can reach forms a ciroed#\poapsis
circle



monotonicity ofd for any ¢:

max(|p1eo| , |p2eo|) < d

The relationship betweefp;eg| and |p2ey| depends on the
actual direction that the evader has taken.plieg,e are
collinear, then|pieg| = |p2eol; otherwise ifeq is under the
line pe as shown in Figure 4, thepieg| > |p2egl; and vice
versa.

Let's assumép;eq| > |p2eo| (Similar analysis can be used
for the other case). This condition is simplified jaseq| < d.
y From geometry|p;eo|” can be calculated by:

=

Fig. 3. Opuis bounded byaresin(2st)
[preol” = ppal” + [peol” = 2[ppa| [peo| cos(Zpipeo)

\
-- After substitutingcos(£p1peg) and simplifying the inequality
we get:

Ipei| (vpt + xcos, — y,sind,) + d* + (vpt)2

< xpUpt(cosbe+cos(0e+0e)) — yrvpt(sinbe +sin(Oe +8ey))

wherez, = (x, — z.) andy, = (y, — y.) are the relative
coordinates. Sincépe;| > |pe| — |ee1| = d — v.t, the equal
sign holds if and only ifp, e; ande are collinear, we can get:

Fig. 4. The maximum errof.,, of the estimatingd. should be bounded

Theorem 3. The monotonically decreasing nature df (d — vet) (vpt + xpcos0e — yrsinbe) + d? + (upt)2
is maintained if the uncertainty+{f.,) of estimatingf. is
bounded by < &ppt(cosbe+cos(0e+0ey)) — yrvpt(sinbe + sin(Be +0ey))

. x,vptcosle —yrvpt+sind.— 3 T _
Ocr < arcsin( i TainB. g optcosh. ) 5, wherez, =

<
(zp —zc) and y, = (yp — Ye), and g = (vpt + xrcosb. —
Yrsinde)(d — vet) — d* — (vpt)?.

Proof: Let's assume that the evader moves frero e [ < 2, vpt(cos8c+5inbesinbey, ) —yrvpt(sinbe+cosbesinbe,,)
in time ¢t. Due to the estimation uncertaintyf,, of 4., the
evader can possibly reaeh ande, in worst cases as shown
in Figure 4.p; andp, are the intersections gfe;, pes to the
pursuer's Apoapsis circle respectively. The locationsefore,
ande; are:

Sincele, < 5, 0 < cos(fey) < 1. Dividing cos(fc.) on the
right side, we get the following more restrictive condition

where3 = (vpt + ,.c080, — y5inf)(d — vet) — d* — (vpt)?.
Solving this inequation, we conclude that, must satisfy the
following condition:

Typvptcosle — yrvpt + sinf. — 5

Ocu < arcsin( rsind o050 )

Tey = Te + VetC08be, Yoy = Ye — Vet Sinb, LrUptsinbe = YrUptCosTe
]

_ Theorem 3 provides a quantitative measuredgf, which

ey = Te + Vetc0s(Oc = Oeu), Yoo = Ye = Vetsin(fe — Oeu) can pe employed to evaluate the usability of an estimaticn wi

Accordingly, the projected error faf,, Zeipeo and Zegpes a certain confidence. For instance, a Gaussian distributithn

Zey = Te + VetcoS(0c + Ocn), Yoy = Ye — Vet sin(fe + Oeyy)

are given by: expected. with 30 variation equals td., suggests that with
9 9 5 95% of confidence, if the pursuer makes a move according
/ [peo|” + [pe|” —[eoer] to this estimation, the pursuit process will not change the
e1peg = arccos( ) St ,
2 |peo |pea | monotonicity ofd .
2 2 2
Legpes = arccos(|peo| + [peal” — |eoes) ) V. ADAPTIVE SAMPLING RATE
2|peol pez|

Although, we have shown in Theorem 1 that given a perfect
estimation in timet, the optimal pursuit strategy is to move
toward the expected destination, in reality the estimatfon
imperfect; the evader may not actually follow the expected
direction. Therefore the monotonically decreasing natfre

Ip2eo| = \/Ipeo\2 + [ppa|® — 2 |peo] |ppa| cos(Leopes)  d May be violated unless the pursuer receives continuous
updates about the evader’s state. That is, frequent sagnplin
of the evader’s state and the delivery of these snapsholeto t
As p; andp, are the boundary locations that the pursuer cagursuer are necessary for the pursuer to make correcttigacki
reach, the following condition must be satisfied to keep thaecisions. On the other hand, continuous and precise soigpsh

Hence|piep| and |p2eq| can be computed as follows:

[preol = \/Ipeol” + [pp1[” — 2 [peo| [ppi | cos(Zexpeo)




the current strategy is already not optimal, and an immediat
resampling is required. In this way, the adaptive sampling
scheme handles the “smart” and “dumb” evaders separately.

Similarly, the minimum distance if using current strategy
is:

. (xTQ + yr2)d2 — (Zelyr — YeYr 2
min(d) = \/ 7.2 +(y 2 )

X ) .
wherex, = vpcost, — vecosh. andy, = vesind. — vpsindy,.

Fig. 5. Adaptive sampling rate |
The adaptive sampling rate is set such that the monotoni-
cally decreasing nature ef is preserved. Theorem 4 implies
are communication costly for WSNs with limited energy anghat the sampling rate is not only related to the distadce
bandwidth supply. but also related to the strategy of the pursuer and evader: th
To solve this dilemma, in this section, we explore afyrther the distance and the more favorable the evadeegtat
adaptive and variable evader snapshot sampling scheme tRatsmaller the sampling rate can be. Therefore, the adaptiv

satisfies distance sensitive properties; the samplingiéecy sampling scheme can be made more energy efficient than fixed
is hlgher when the distaneébetween the pursuer and evadegnapshot Samp"ng under these conditions.

is closer. Moreover, the sampling rate also considers the
discrepancy between the expected action and real action: a VI. JUST-IN-TIME DELIVERY PROTOCOL

larger discrepancy leads to more frequent sampling in order this section, we describe our just-in-time delivery feam

to capture the evader effectively. work (JIT) for supporting our adaptive sampling scheme. JIT
Theorem 4. The maximum sampling interval to guarantegonsists of four components: measurement collectionfituta
the monotonically decreasing nature éfshould satisfy (Fig- prediction, decision making, and adaptive sampling. Neat w

ure 5): discuss these components briefly.
Te(Veco80, — v,c080,) + Yo (v,5inb, — vesind,) Sensor nodes detecting the evader collect necessary mea-
tmas = surements, such as positions and moving directions, and

(vpcosly, — vecoshe)” + (vpsind, — vesing,)? :
collaboratively emulate the evader agent. The evader agent

This implies that the sampling rate is not only related to thgaintains a history of these observatiofis ss, ..., s. The
distanced but also related to the strategy of the pursuer angtate of the evader agent is handed off to the neighboring set

evader. _ _ of nodes that detect the evader next as the evader moves. This
Proof: As illustrated fromTheorem 1the distance of the way the evader agent is always co-located with the evader.
pursuer and evader at tinteis given by: In JIT, the distance sensitive adaptive sampling is used

, to determine how long to delay the next notification to the
pursuer, which we call deadlin€. The deadline should not
To find the minimum distance with the given stratetyyand only con'sider the_ pursuer-evader strategy as we discussed i
6., we differentiate the equation by the previous section, but also take into account the message

s transmission delay (end-to-end delay). The end-to-enaydsl
od an estimated delay due to channel contention and packsisdela
ot occurring at all layers. To this end, an average per hop delay
+ e (vpcosty — vecoshe) + Ye(Vesind. — v,sind,) is estimated and then this is extrapolated linearly acogrth
the distance between the evader and pursuer.
V2 When the above calculated sampling interval expires, the
Let % =0, we get: evader agent estimates the evader’s location at the endkbf ne
, . sampling interval using a prediction algorithm. As locatio
tmaz = Te(vecoste — Upcose”z) + ye(v’_’ sinby — Ufsm%) prediction has been extensively studied in the literature,
(vpcosty — vecoste)? + (vpsinty, — vesinde) are not proposing a new algorithm for prediction. This lamat
As we have assumed, = 0 andy, = 0, hencex, = x. —x, estimation for the evader is forwarded to the pursuer for the
andy. = y. — yp. After a simple analysis of the equationdecision making. The evader agent should also estimate the
we can tell that,,,.. is proportional to the distanaé Conse- location of the pursuer. This is achieved as follows: Thaeleva
quently, the sampling rate should increase when the distaragent knows the location of the pursuer initially. When the
between pursuer and evader decreases. Singet < oo, evader is first detected, the evader agent forwards thistitate
there are two cases. Casetl,.. > 0. In this case, the next information to the pursuer's predetermined initial looati
sampling should come some time befogg,... In other words, Then, the evader agent can determine the next location of
tmaz 1S the maximum period that pursuer can wait withouhe pursuer without any need for communication, because the
loss of the optimality. Case 2,,.. < 0. This indicates that pursuer uses a deterministic strategy, and the evadet-&gen

d° = (ze+t(vpcosty,—vecoshe) )2 +(ye+t(vesind.—v,sind,))

= 2t((vpcosl, — vecoste)® + (vpsind, — vesinbe)?)




aware of all the inputs it provides to the pursuer side. The
implementation of JIT does not rely on any underlying rogitin
protocol.

Therefore, the JIT algorithm for the evader agent is shown
in the following table. A node detecting the evader evalsiate
the message delay that is needed to notify the pursuer (i.e.,
T,), and if T — T, expires, it will predict the evader’s location
based on the history information (line 4). Then it computes
the directiond, that the pursuer will take given currefit
using the formulation inrheorem 1(line 5). Furthermore, the
sampling deadlind is renewed adaptively as ifheorem 4 Fig. 6. The figure shows two steps @t andt2. At each step, the evader
(line 6). All of these information will be forwarded to theagent sends double advertisements to two possible purscegidos.
pursuer (line 7) for the optimal decision making. Finallyth

history data, along with the sampling deadline, is recoraed

the evader agent (line 9). The algorithm stops when the eva&ésum_ed that ”O,t""‘? consecutive messages will be lost, the
is captured (i.e.d,. < €) advertisement tg, will be correctly received, and through
C.dpe .

this double position advertisement, the pursuer returrek ba

JIT distributed algorithm to normal att,.

Input: evader detections, per hop delay Similarly, the advertisement is published to two locations

Stop: d,. is less than predefined distance at each step. Thug;, and p, are the advertising locations
1 ifdpe <e without/with the loss of advertisement assumption at thd ne
2. report capture, stop. stepts.
3. else ifsampling deadlingT — T};) expires Theorem 5. The pursuer’'s speed needs to be increased
4. estimate the evader’s location at least by the following percent for reaching back to the
5. computed,, normal operation in the presence of a single message loss:
6. recompute sampling deadlife \/(t1(cos8p —cosby, ) —tz2cosbp, )+ (1 (sinbfpy —sindy, ) —tasindy, )
7. sendd. andT to the pursuer , Proof; According to our notation, the locatiops andps
8. estimate the pursuer’s location at next sampling can be expressed as follows:
9. add new measurements to the history data
10. end if Tp, = Tp + Upt1€080p,, Yp, = Yp — Vpt15inbp,

VII. FAULT TOLERANCE Lpy = Tp, + Vplacosty,, Yp, = Yp, — Vplasinby,

Our approach to handle reliability is two leveled: masking
single message losses and stabilizing from desynchrdmilzatA
Our fault tolerance design considers a single message $0ss
an anticipated fault, and masks it without introducing aayl b Tp, = Tp + vp(ticoshy, + tacosly,)
consequences. The second level handles the pursuer-evader
desynchronization due consecutive message losses that is n
addressed by the masking process. Our reliability improve-
ments are gained at the cost of advertisement overhead. similarly, the location o@'l and p’2 are:

ger replacingz,, andy,, in z,, andy,,, we get:

Yps = Yp — Vp(t15inby, — tasinb,,)

A. Masking Single Message Losses ), = Ty + Upt1c0stp,

Note in our tracking algorithm, the evader agent sends Yy = Yp — vpt15indy,
advertisements to the pursuer, and here we assume that no two !
consecutive advertising messages are lost. In the folpwia
introduce a double position advertisement scheme to eehanc Yp, = Yp — Vpsinby, (t1 +t2)
the tracking reliability by masking a single message loss.

As the name “double position advertisement” hints, the _ ,
evader's location is published to two locations instead of !f the pursuer does not receive updategpait reachesp,

a single location. Figure 6 illustrates our double positiofyhere it receives the advertisement fram The message
advertisement scheme. Consider stgp An advertisement contains the position of,, which can be used to predict the
is sent top; assuming that the last evader advertisement Xt locationp,. Then we let the pursuer move from toward
received atp, and also t0p; to mask the case that the las®2 in order to return back to the normal operation. The distance
evader advertisement is lostzaand the pursuer followed the ¢, ,, €@n be calculated by

old strategy to reach,. We call p» the rally position forp;, . e
That is, if the pursuer misses a messageé,athence it is at p1p2
p, atty), it will move toward p, during t,. Since we have + v2(t1(sinbp, — sinby, ) — t2sinbp, )?

= Tp + vpcosty, (t1 +t2)

= vg(tl(cosﬁpﬂ — cosl,) — tacosl,,)?



The lowest speed v'g) for the pursuer to catch Puraer?

d —— Evaderl

. ’ pip v —— Evader2
up pr is: v, = —*, and thereby o equals to
\/(tl(COSGPO—(3059,,1)—t26059p2)2+(t1(51'77,01,0—sinGPl)—tgsinGpQ)z / \Ez

to . . . i E1
As all the parameters on the right side are readily available "2\
. !

the pursuer can easily compute the spegdt each step.m e

B. Stabilizing from Desynchronization

Using the double position advertisement approackifieo-
rem 5 we avoid the loss of synchronization between the pur-
suer and evader under the assumption that no two consecutive Fig. 8. Pursuer-Evader Trajectories with Perfect Inforomati
advertisements are lost. If that assumption breaks at aicert
step, the evader agent loses the synchronization to theqmrs
which may further lead to the evader's escape. sent to the evader location two steps earlier. Another ebser
vation is that the sampling period is distance sensitive and
generally decreases as the pursuer and evader come closer
(t1 > ta > --- > t,). Considering the round trip delay.
for the resynchronization messages, the lease should hte set
2t, + 2t; for ensuring the second resynchronization attempt
to be answered. As both andt, are distance sensitive, so
is the length of the coma: the larger the distance between the
pursuer and evader, the longer the length of the coma.

VIII. SIMULATIONS

In this section, we simulate the JIT protocol in a 2D area
using MATLAB. In the simulations we consider an area of
20 x 20 grid, with 10m x 10m space in each grid cell.

Here, we introduce a backup scheme using the concéptSe€nsor node is assigned to each cell (thus we have 400
of comato solve the desynchronization problem. As showfeNsors in the simulation). Every node is able to detect the
in Figure 7, a confais the nebulous envelope around th&vader once the evader moves into its cell. The pursuer&ispe
nucleus of a comet. In our context, @mais a history IS larger than the evaders speed, in our céige= 1.30..
trace of an evader, which is maintained through forwardi:?egressmn is used for estimating the next e\{ader position.
pointers by the relevant nodes, namely by the recent latsti Il the following results are based on same settings and same
of the evader. Each pointer is assignedease when it is initial locations, and only allow changes in controlledighaies
initially generated, so that it can be self-cleaned uporsdeal©r €ach experiment.
expiration. There_fore mamtammg_the coma does not requip Trajectory Simulation
any communication cost. Nodes just remember that they are ] ] )
on the evader's trail for the duration of the lease, and eachFigure 8 illustrates pursuer-evader trajectories thelowe
keeps a pointer to the next node on the trail (which can ffae optimal strategy with perfect information. The dasheed
learned by snooping or during evader agent handoff). are the trajectories of pursuers and solid lines are evaders

A pursuer agent missing two consecutive messages infgvaderl moves in a straight line and evader2 moves following
ates a resynchronization message containing its own tocatf direction_with _random noise. Figure 9 _iIIustrates pursuer
information, and addresses the message to the last kndw@der trajectories that follows the optimal strategy with
evader location. This resynchronization message folldves tinformation available only at each sampling time using our
forwarding pointers in the coma hop by hop until it reacheddaptive sampling scheme. In Figure 9, the same movement
the evader's current position. At this point, the evaderdsenPalterns as in Figure 8 are used for both evaders. We observe
its location and strategy back to the pursuer. Through tHf3at the trails of pursuers swing from the optimal path due

process, the pursuer and evader are resynchronized. If {pethe intermittent availability of the evaders’ informeii
first resynchronization fails, the pursuer may initiate eosel 1he decreased precision tradeoffs the demand for contuou

attempt. sampling and communication.

A subsequent question to ask is: what should be t
length of coma for ensuring successful resynchronization ]
As the resynchronization process immediately happens afteWe have shown in Theorem 2 and Theorem 3 the effect

the pursuer lost two consecutive messages, the messag€f §1e estimation errof.,,.. Here, we perform experiments to
measure the capture time under varyig. For this purpose,

2photograph courtesy of Wikipedia. the simulation is set such that at every interval, the eviaders

Fig. 7. A coma is the nebulous envelope around the nucleus ofreetc

%e_ Capture Time vs Estimation Error
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Fig. 9. Pursuer-Evader Trajectories with Adaptive Sampling Fig. 11. Increasing sampling rate helps to reduce the averagtire time.

a

35

3l

Capture time (minutes)
N
o

Overhead (# of messages)

N . . . . . . . 5
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08
Error of theta (radian)

015 02 025 03 03 04 045 05
Sampling Rate (per second)

Fig. 10. Reducing estimation error reduces the average reapitoe.
Fig. 12. Overhead shows the dichotomy between the slow ahddagpling

an actiord, with a random noise within the rande .., ...).
Figure 10 shows that the average capture time increa§
whend,, increases. This is becau8g, causes deviated/false
decisions for the pursuer. However, beyond a certain tiotdsh
the capture time increases exponentially implying the iptess

loss of capturability.

&t does not necessarily reduce the overhead. If the sagnpli
rate is greater than a certain threshold (around 0.15 at poin
B), lowering the sampling rate reduces the overhead; haweve
if the sampling rate is less than the threshold, the overhead
instead increases due to the exponentially increasingpfioa

C. Capture Time vs Sampling Rate time caused by the increased probability of evader escapes.

The sampling rate is a tradeoff between the capture time!ne overhead in adaptive sampling is always less than
and communication overhead. Higher sampling rate means tH&ing any fixed sampling rate, which verifies its superiority
more up-to-date information is available at the pursuer, ¢f fixed rate sampling (which ignores the relative distanee a
the other hand it consequently creates more communicatijfategies of the pursuer and evader). In the figure, poirgt A i
overhead. Figure 11 shows the average capture time unths fixed rate that corresponds to the same capture time as the
different sampling rates (here we refer to fixed sampling=at adapuve sampling. In other words, 0.18/sec_ond ﬂx_ed saypli
The capture time decreases non-linearly as the samplieg fg¢hich corresponds to 80 messages) rate is required to catch
increases, but also the rate of decreasing of the captuee tif3e evader in the same time as adaptive sampling. Clearly,
also tends to decrease. The diminishing returns indicate tH1e overhead is much lower in adaptive sampling: nearly 50%
very high sampling rate is not only costly but also unnecnyssaqf communication _overhead can be saved in our case. In the
Our adaptive sampling scheme thereby takes advantagesof f/Jure, although point B has less communication overhead tha

phenomenon to reduce the overhead while maintaining shBRiNt A, the capture time of point B is more than that of point
catching times. A, and also more than that of our adaptive sampling scheme.

We also note that the communication overhead at point B is
D. Adaptive Sampling vs Fixed Rate Sampling still higher than that of our adaptive sampling scheme.

Figure 12 shows the overhead of the fixed rate samplingNote that these results are for the scenario of casel, and
compared to our scheme, using the pursuerl-evaderl casatirdifferent settings (i.e., initial locations, evader rfibp
Figure 8 and 9. The overhead of adaptive sampling for thisodels), the amount of overhead reduction will be different
scenario is 40 messages, and Figure 12 shows the varykgjthe adaptive sampling takes into consideration the pursu
overhead for the fixed sampling at different sampling rateand evader location and their strategy while fixed rate siagpl
The overhead is calculated by adding up all of the exchangeot, more improvements in overhead can be achieved if the
messages from the start of the simulation until the evaderrédative distancel is larger and the changing of the evader’s
captured. It is shown in the figure that lowering the samplingjrection is more likely.
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Fig. 13.  Our two-level fault tolerance approach improvestwagbility Fig. 14. Capture time increases gracefully under increasiegsage loss

significantly. probabilities.
E. Fault Tolerance sampling scheme, we presented a JIT delivery protocol that
reliability settings: pursuer instead of that for the entire network. Unlike poesi

« masking-only, where only the message loss maskir%orks’ ,JlT is structure-free and lightweight. ) )
scheme is applied. In this paper we assumed that the pursuer can adjust its

. coma-only, where a resynchronization message is séppvement with an infinite granularity. This is unrealistar f
immediate'ly after detecting a single message loss environments with obstacles where the pursuer has a maximum

« masking-coma, where a resynchronization messaget!i'gn'lng angle ang ma;y not bekable tcli adjust its dh|rect|on
sent only after the masking scheme fails. timely as expected. In future work we will investigate theTPE

. . S . problem with mobility constrained pursuers/evaders.
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