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Abstract—Unmanned aerial vehicles (UAVs) can assist in U.S. controller specifically for a single UAV flying on the inside

Coast Guard maritime search and rescue missions by flying of the expanding square search pattern.
in formation with a manned helicopter while using infrared

cameras to search the water for targets. Current search and
rescue flight patterns contain abrupt turns that can be achieved

by a helicopter but not by a fixed-wing UAV. Therefore, a The hardware for UAV-assisted search and rescue will
necessity for UAV-assisted search and rescue is path planning

and control that allows a UAV to track a helicopter performing COOS'SI of a number of UAVs, an unmodified Coast Guard
such maneuvers while maintaining the desired sensor coverage helicopter, and the UAV central controller, to be located on
and the safety of all aircraft. A feasible path planning algorithm  the helicopter but not interfaced with onboard systems. This
combined with an off the shelf autopilot system is proposed. ~ means that the entire system will be self-contained, and

The path planning algorithm consists of four modes, each 5 pe ysed with any available helicopter at short notice.

with an associated domain of application. Each mode is formu- The UAV il h inimal onboard . t limited
lated to provide safety and contiguous sensor coverage between e S will have minimal onboara equipment, limite

the UAV and the helicopter. For each of a series ok corners, t0 cameras and a waypoint-following autopilot such as the
the along-track distance between the vehicles is defined d§k).  Piccolo system by Cloud Cap Technology [5]. The UAVS’
By representing the path planner as a finite automaton, it is  cruising speed will determine the nominal speed of the
shown that any execution of the system causes the seriisk) }  gearch pattern. The central controller will include a global
to converge to zero, thereby resulting in satisfactory tracking. e . . . h
Simulations were performed with a non-linear UAV model posmor]lng system r_ecelver fqr Kalman Filter ?St'mat'on Pf
and a commercial autopilot system in the control loop. In the helicopter’s location, velocity, and acceleration [7]. It will
these simulations, the desired trajectories were commanded to also include the command station for the autopilot system,
the autopilot as a series of waypoints. However, the UAV was and a laptop computer to run the estimation and control.
unable to accurately track the desired trajectories, resulting in = 1he tracking algorithm must send feasible trajectories to the

oscillatory paths with unpredictable lengths. As a result, the S - .
analytic proofs of tracking error convergence and safety do not UAV autopilot in the form of waypoint commands. Given a

B. Assumptions on mission and hardware

apply. feasible trajectory of waypoints, the autopilot will control the
UAV’s nonlinear dynamics, justifying the use of a kinematic

|. INTRODUCTION model for the combined autopilot and UAV system, and the

A. Problem description phrasing of the helicopter tracking control problem as path

The U.S. Coast Guard has expressed interest in the Lglgnmng.

of fixed-wing unmanned aerial vehicles (UAVS) to assis& Other work

manned helicopters in maritime search and rescue missions.

UAVs could increase the rate of area searched using onboardPath planning in two dimensions for a vehicle with turn
infrared cameras, with no increased human risk, and at littkate constraints is a well-studied problem, with much devel-
extra cost. A master-slave configuration in which the UAV®pment based on Dubins’ result [1]. The search and rescue
track the helicopter without input from its pilot or navigationtracking problem differs from Dubins’ result in that factors
systems is desired. The helicopter flies in a space-fillinguch as collision avoidance and ground coverage must be
curve specified by the Coast Guard operating manual [2donsidered. Also, the goal is to track a moving rather than
These curves contain right-angle corners that can be executidn fixed target. The adaptation of Dubins’ result to tracking
by a helicopter but not by a fixed-wing UAV. Specifically,a moving target is addressed in [6], where a fixed point in the
the helicopter is capable of decelerating, turning with a vergresence of constant wind is treated as a moving point in the
small radius, and accelerating back to its cruising velocityind-fixed frame. Optimal trajectory tracking using a Dubins
The UAV must fly at an essentially constant velocity and hasiodel is also discussed in [8]. Previous work specific to the
a large minimum turn radius. Thus, UAV-assisted search andAV-assisted search and rescue problem addresses tracking
rescue requires a control algorithm for a UAV to safely traclof helicopter altitude changes and the effects of redundant
a helicopter through 90-degree turns while maintaining theensor coverage due to formation spacing [3]. The contents
desired ground coverage. In this paper, we develop a trackiong this paper are presented in more depth in [4].
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Fig. 1. The distance between the helicopter’s and UAV’s parallel tracks is !
determined by their altitude (A) and angles of sensor covergye ( :

! 1 S~ UAV start pt.

D. Paper structure
. . . Fig. 2. A representative turn maneuver showing UAV and helicopter
In section Il the helicopter trajectory and the form of theyositions at start, and common finish line.

control will be detailed. In section Il a specific control will
be developed. Analysis of safety and convergence properties,

along with simulation results, will be presented in section IVyenicle's expected route or velocity that takes place between
and conclusions and future work in section V. turn maneuvers will appear as a disturbanték).

Il. PROBLEM FORMULATION

The tracking algorithm will use Kalman Filter estimation

of the helicopter’s position, velocity, and acceleration to : . . :
calculate UAV waypoint commands. A waypoint is fixed dis- The serieq L(k)} parameterizes the UAV's tracking error

tanced from the helicopter when its velocity and heading aréhrough a series of tms, evaluating the two-dimensional

constant. The distanekbetween the vehicles’ parallel tracks giosnct;g?ec:use\/tgl]\q/?n tr\?;:(ig]t?l e[[,) rzblzrtr;] 'Ta:]irir:s I;JV gan sg‘vgle
is a function of their altituded and angle of sensor sweep y 9 -Apath p 9

0, such that sensor coverage at ground-level is maintaing evaluated based on the resulting convergence properties

with the desired percent redundangy 0 {L(k:)}_ and the sensor coverage provided throughout the
turn. During a corner maneuver, the control law takes the

4= 2(1— f)Atan (ﬁ) (1) form of a set of path planning ruleqT;}. A particular

2 path ruleT; is implemented whenL(k) falls within the

A helicopter following the expanding square search pattef@ssociated domain;, and determined.(k + 1) according
will be modeled as flying at either a constant velodifyor to the progression fL_mctloFi. Implementation of path rulg
with constant magnitude accelerationThe pattern consists ¢ "€Sults in a certain UAV path length, and corresponding

of straight line segments of increasing length and veloci j

ta?me T,. ThereforeT; determinesL(k + 1) as in equation
V, alternated with right turns. A turn is modeled as g2): OF more generally as follows.

constant deceleration to zero velocity, an instantaneous turn,

and a constant acceleration back to velodityThe Kalman L(k +1) = Fi(L(K)) + A(k),  L(k) € Di @)

Filter will detect the deceleration that begins a turn, as well

as estimatel’ and a to predict the helicopter's position The interaction of the set of path rules can be represented

throughout. Turns cannot be simply predicted based on tf# @ finite automaton with discrete stafds} and invariants

size of the search pattern due to the uncertainty introducddi }- A transition fromT; to T} is enabled whetL (k) € T;

by the human pilot. and F;(L(k)) € T;. A transition is made at each discrete
The turn maneuver begins when the helicopter begins t#ne step, and becauseD; } partitions the space of(k),

decelerate. At this time, the UAV is located a distarice €Xactly one transition will be enabled and the execution will

behind the helicopter, measured along-track as shown in fige deterministic.

2. L(k) is defined as this distance, measured at the beginning

of the turn maneuver with indeX in a series. The end I1l. SOLUTION: A SET OF FOUR PATH RULES

of the turn maneuver can be defined in space by choosing

a finish line perpendicular to the helicopter path at which The following four path planning rules form a solution

the helicopter and UAV have constant parallel headings arid the search and rescue tracking problem. They guarantee

speeds. convergence of L(k)} and safe separation between the UAV
The progression of L(k)} is determined only by the and helicopter, and are formulated to provide ground cover-

UAV’s path during the series of turn maneuvers because tlage. Convergence is based on a particular (convergent) path

UAV’s and helicopter’s relative positions are fixed when notule that causes the seri¢k(k)} to converge geometrically

turning. The UAV will complete the turn maneuver i, to zero after the execution enters that path rule’s domain. The

seconds, and the helicopter i, seconds.L(k + 1) can other path planning rules ensure that for any initial condition,

now be written as a function df,, and 7},, whereT,, will  the execution enters the domain of the convergent path rule

depend onL(k) and the UAV's path. Any variation from a in a small number of steps.

L(k+1)= (T, —Tn)V + A(k) (2)



Fig. 3. Cutting the cornerl) reduces large lag. Fig. 5. The convergent rulel}) causes{L(k)} to converge exponentially

to zero.
L(K)
L, |
il 3) Convergent Path:The convergent path consists of a

half-circle, a straight segment, and two tangent arcs (fig. 5).
The anglef decreases as the second arc is shifted farther
from the UAV's desired track. This path rule is defined on a
domain in which the UAV starts the turn on the near side of
the helicopter’'s new path and andlewill be positive, i.e.,

the path consists of just one intermediate straight segment.
6(k) is a function of the lengtly(k) of the straight segment,

Fig. 4. The fixed curveT) causes constant reduction in lag and provideswvhich is selected so thdtZ(k)} converges geometrically to
better sensor coverage than the convergent rule would over this domain., o (6) at a rate selected by the designer

Lk+1)=cL(k), ce€(0,1) (6)
1) Cut Corner Path:For large values of(k), the UAV
can round off the inside of the corner, resultinglifk + 1) D; =
greatly reduced (fig. 3). The domain is calculated geometri- {L(k;) s L(k) < L {(54 _ 4) R— M}}
cally such that.(k+1) > min D3, whereDj3 is the domain “
of the convergent path rule. This prevents the existence of ar(k+1)=

cycle in the transition graph. (35— 26(k) — 3 — 2cos (k) R+ y(k) — d - 32‘22 (7)
V2 7 )
by = {L(k) "% +2d+ (2 B 5) R} ) 0(k) = arcsin (RerL(kZ)Ry(k)ga)
V2 m
Boo= L(k) - o 2d + (5 - 2) R Eqn. 7 cannot be solved explicitly for the desirgd) that

! i ) will produce L(k+1) as in 6. However, by fixind.(k), L(k+
2) Fixed Curve Path:The fixed curve path rule is a 1y can pe approximated very accurately as a linear function
variation of the convergent rule, where the path is modifieds y(k) and replaced by its first order Taylor expansion. The
to keep the UAV closer to the helicopter for better groungy,nction L(k +1) is linearized at the pointy., L(k)). The

coverage. It can be seen in the following section that thgy|action ofy, can be made a priori because its effect is
second arc in the convergent path rule moves farther from the .o over the entire range.

helicopter’s track ad.(k) increases, which would eventually

result in a coverage gap for large(k). Instead, forL(k) Lk+1) = f(L(k),yk)) (8)
equal toLg, the arcs are fixed, resulting in constaggsand of
0, for the fixed curve path rule. Wheh(k) is greater than  f(L(k),y(k)) = f(L(k),y0) + 7 (¥ — o)
Lg, the UAV begins to turn the corner a distankg behind Y=vo
the helicopter’'s new path instead of immediately as it would of - 1+ 1 —sind,
in path rule three. Y |y, RrdeL ()22 —yo \ 2
1- ( SR ‘o>
2
Dy = {L(k) c Lo < L(k) < v +2d + (2 — ﬁ) R} The distancey(k) can now be selected based on the approx-
2a 2 imation of its relation withL(k + 1).
Fy = (c—1)Lo+L(k) 5)
[ [(&r _4) . 21/2} u(k) = yo + ¢ L(k) — f(L(k),yo) )
c+1 2 a of
c chosen by designer in T3 By Y=Yo
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Fig. 6. The outside loop patiT}{) greatly increases lag when UAV begins Fig. 7. Two intersection points for path rule 3, located at angleand
a turn ahead of helicopter. T —a.

4) Outside Loop Path:If the UAV begins the turn ma- V=202  UAV and helicopter nominal velocity
neuver ahead of the helicopter's new path, as shown in fig. R = 100m UAV minimum turn radius
6, its safe path is to loop back behind the helicopter. This a =252  helicopter acceleration
leads to largel.(k + 1), causing the UAV to lag behind the A = 150m altitude
helicopter in the next turn. d =250m desired separation between
UAV and helicopter

Dy= {L(k) P L(k) < 72‘2 } The mathematical properties of the four path planning
L(k+1) = (10) rules can be used to show that the aircraft will maintain
STR— 32va2 —d+ \/R2 + (LK) + % _d+ R)2 a safe separation distance and that the helicopter tracking

error will converge to zero. These analytical properties are
then compared to the results of HIL simluation.

A. Collision avoidance conditions

Each of the path rules proposed in the previous section
provides a safe path for the UAV. Path rule one is not
addressed because the helicopter and UAV do not cross paths.

Assuming that the helicopter executes the square spiﬂdﬂdef path rule two, the UAV begins its first turn at distance
search pattern, and that the UAV perfectly tracks the patho from the helicopter’s initial position. If.o satisfies (11),
assigned by the active path rule, the progressiofilafi:)}  the UAV will not cross the helicopter's path.
can be modeled as in (3) without accounting for the system'’s V2
continuous-time dynamics. This type of simulation was used L,>R— — (11)
to verify the analysis of convergence properties. A more o 2a . N
accurate simulation can be produced using a non-linear sixSubstituting forL, (5) leads to the following condition
degree of freedom UAV model controlled by a Piccoldfor the. safety of this trajectory. If this is not sa}tlsfled, the
autopilot. This is referred to as a hardware in the loop (HILPAV Will cross the helicopter's path, and there is a chance
simulation because the autopilot hardware is in the contr@f collision. Recall that was chosen by the designer as the
loop. In this case, the Kalman Filter and mode-switching©nvergence rate of path rule three, and is between zero and

path planner are implemented using C++ and send waypoift€: VoS5,
commands to the Piccolo autopilot. This environment is very > 2
high fidelity because only the UAV’s flight dynamics are 2aR 3—c
simulated; all other UAV systems are as they would be in Following path rule three, the UAV immediately begins
application. turning in an arc that may cross the helicopter’s path twice, as
shown in fig. 7. The intersection points are located at angles
« andw — « along the arc, and the UAV and helicopter pass
rough the points with separations 6f and 7, seconds.

IV. ANALYSIS AND SIMULATION

12)

The following parameter values were used for all simu
lations. The UAV dynamics/ and R are estimated from
the SigRascal experimental platform at the University o . X ; .
California, Berkeley [5], which will be used for future field he worst case t'.me differences for the two vehicles passing
testing. The separatiod is calculated using (1) and an through these points are as follows.
altitude suggested in U.S. Coast Guard documentation [2]. . T 3V n d+ R — Rm n R
This altitude also ensures that a human-sized target will te
occupy a sufficient number of pixels on an application-typical
infrared camera. The autopilot system receives GPS updates
at 1 Hz.

3ty v lesata)

3V. d+R R
= + — — max {cosa+a}

T V. d+ R
e 2a 1% V 0<a<n/2
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Fig. 8. Possible transitions between domains of path rules

Search area (m)

2000

The designer will likely specify some minimum clearance

time T; to ensure a factor of safety, resulting in the following 1ooor § ———— |

conservative requirement di, a, and R after substituting —
for the appropriate limits. This requirement and (12) are both % 1000 2000 3000 4000 5000 6000
satisfied over a range of parameters including the simulation seaeharea(m
values. 3V d—R Fig. 9. Aircraft paths from hardware in the loop simulation. Note the curved
% + % > Ty (13) UAV path resulting from the mode-switching search and rescue controller.
Although the UAV’s and helicopter’s paths intersect once TABLE |

under rule four, the helicopter passes through the intersectiohHE REDUNDANCY, OR OVERLAP IN THE SENSOR FOOTPRINTS OF THE
point almost immediately and the UAV passes through it only ~UAY AND HELICOPTER, AFFECTS THE PERCENTAGE OF SENSOR
after completing a minimum turn radius loop (fig. 6), so there COVERAGE OVER THE SEARCHED AREA

is no danger of collision.

. percent redundancy| percent coveragéd
B. Convergence properties 0 99.65

Recall that aftef{ L(k)} converges to zero, the UAV will 7 o
begin each corner at its desired locatidn=£ 0) if there is :
no disturbance. We show that this will occur for any initial
condition L(1), and that the required number of corners
before convergence is a bounded functionZ¢t). UAV or helicopter is allowed to deviate from its expected

The convergence guarantee of the combination of pathajectory and introduce a disturbance, convergence can be
rules is based on the convergent rdlg, which causes ensured to a limited extent. Because the disturbance is not
{L(k)} to converge geometrically to zero. Thus, showfiltered through plant or controller dynamics, it cannot be
ing that all trajectories enteDs is equivalent to proving directly attenuated. Therefore, a constant disturbance will
convergence for the system. Because in the absence refult in steady state error. However, disturbances will not
disturbances[(k + 1) depends only ord.(k), the rangeR;  be amplified, and any single large disturbance has the same
of possibleL(k + 1) resulting from each path rule can easilyeffect as restarting the system from a new initial condition,
be determinedFy, Fy, and F5 are all linear inL(k) with  so convergence properties hold.
positive slope, andF, decreases monotonically with(k)
over its range. Therefore, the extrema of the ranges occur@t Simulation Results
the extrema of the domains of each path rule. Comparing theFig. 9 shows the helicopter and UAV paths from a typical
extrema of the ranges to the extrema of the domains allowsiL simulation. The percent sensor coverage of the search
the possible transitions between path rules to be enumera@d}a is measured by p|0tting appropriate|y sized sensor
as shown in fig. 8. footprints over the UAV's and helicopter’s paths.

It can be seen from fig. 8 that all paths either lead to A single helicopter perfectly tracking a space filling curve
the convergent domain or remain in a cycle ®nor 7>.  can provide perfect sensor coverage of the ground. UAV
Therefore, by showing that the cycles@pand; can occur  assistance decreases the required density of the helicopter’s
only a finite number of times, we show thaL(k)} enters gpace-filling curve, and therefore allows faster search rates.
D in finite time. This is easily shown by the fact that forjowever, when the UAV varies from the ideal space filling
each ofl andT, L(k+1) decreases by a positive constantyrve, gaps in sensor coverage may result. This effect also
C;. D, and D, are both lower bounded, so the maximumyepends on the degree of redundancy in the formation
number of executions\;) of either loop is bounded. spacing, represented kyin (1). Increasing the redundancy

Ny < (L(1) —min{D1})/C} (14) reduces both the gaps in sensor coverage and the search
Ny < (maz Ds—min{Ds})/Cs speed. This tradeoff is exammed for S|m'ulat|0ns .Wlth 0, 5,
- and 10 percent redundancy in the formation spacing and the

Thus, for any initial condition,{L(k)} reachesD; in results are shown in table I.
fewer than3 + N; + N, steps, and then converges expo- The sensor coverage results all fall within a very small
nentially to zero in the absence of disturbance. When thrange, meaning that it is difficult to conclude differences be-




rule one instead, thereby creating a cycle between path rules
o 7 one and two that caus€d.(k} to remain in the range of
approximately 400 to 1000 meters.
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V. CONCLUSIONS AND FUTURE WORK

UAV-assisted search and rescue in the existing Coast
Guard framework requires a tracking and formation flight
algorithm that provides reliable ground coverage and ensures
the safety of all aircraft. By assuming that an onboard

—-200

Search area (m)

=300

400

I I I
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Search area (m) autopilot is capable of tracking a feasible waypoint path, this
problem is reduced from controller design to path planning.
Fig. 10. Helicopter and UAV paths are plotted as solid lines beginningn this case we consider the path planning for a single UAV

-500 L

from the bottom of the figure. The UAV's desired path is a broken line,, . he inside of iral Th uti .
and its commanded waypoints are shown. The circle shows the controlleﬂymg on the inside of a spiral pattern. e solution consists

initial estimate of where the helicopter will turn. of a set of four path planning rules, which combine to provide
safety and convergence guarantees.

The path rules were selected to keep the UAV as close
tween the three tests. All tests provided satisfactory coveragss possible to its nominal trajectory within the constraints
and generally support the prediction that greater redundanoy vehicle kinematics, collision avoidance, and steady state
will provide greater coverage. tracking. In hardware in the loop simulation, unmodeled

It can be seen that the simulated UAV path from fig. 9 islelays and estimation error caused the UAV to deviate from
more oscillatory than the trajectories designed in section llithe desired trajectories. These deviations cause unpredictable
All simulations showed similar results. The oscillations causpath lengths, thereby negating the path-dependent guarantees
the UAV’s path length around each corner to be longer thaof collision avoidance and tracking error convergence. These
desired, meaning that the collision avoidance and trackirigsues may be resolvable by using a more powerful trajectory
error properties can no longer be guaranteed because thecking controller rather than parameterizing the desired
depend on control of path length. path using a small number of waypoints.

Fig. 10 shows a representative corner from the simulation The complete solution to UAV-assisted search and rescue
in fig. 9 where the controller commands the UAV to cutmust also include high-level control for tasks such as for-
the corner. The helicopter's and UAV’s paths are shown a®ation reconfiguration, recognition and tracking of detected
solid lines, and the UAV’s expected path is shown brokerpbjects. An independent collision avoidance control should
The circle above the corner in the helicopter's path showalso be included.
the controller’s estimate of where the corner will occur,
estimated when deceleration is first detected. The estimation
error is caused by slight underestimation of the helicopter’dl] L.E. Dubins, "On Curves of minimal length with a constraint on
deceleration and delay in detecting it. This estimate is g\r/]zr?gr? cu;v?ture and with prescribed initial angl ter_mlnal positions

gents”American Journal of Mathematicg9:497-516. 1976
corrected before the UAV begins its maneuver, and so hag] U.S. Coast Guard Addendum to the United States National SAR

no effect in this case. However, in some cases whgh) is Supplemen{CGADD), COMDTINST M16130.2C, Chapter 3 and Ap-
, . , . . pendix H, available at: http://www.uscg.mil/hg/g-o/g-opr/manuals.htm
small and the UAV's and helicopter's paths intersect, thIS[3] Anna Williams, Search and rescue augmentation using unmanned

estimation error leads to unacceptable clearance distance aircraft, Masters Thesis, UC Berkeley, 2004.
between the two vehicles. [4] Allison Ryan,A mode-switching path planner for UAV-assisted search

, and rescugMasters Thesis, UC Berkeley, 2005.
The markers on the UAV's path show the commandeds; a. Ryan, M. zennaro, A.S. Howell, R. Sengupta, and J.K. Hedrick,

endpoints of the arc. The marker at the beginning of the "An Overview of Emerging Results in Cooperative UAV Control”,
arc shifts when the estimate of the helicopter’s corner is gg%ceed'”gs of the IEEE Conference on Decision and Canbet.
; 4,
corrected. Note that the UAV does not achieve the necessafy] 1. McGee, S. Spry, and J.K. Hedrick, "Optimal path planning for
turn rate to reach the commanded end point. This is due an aircraft with a bounded turn rate in the presence of a constant
to delay in beginning the turn and overestimation of the ‘;":(‘jdéosn‘:?of}"gﬁgutsot tzho%’*;AA Conference on Guidance, Navigation,
.UAV'S maximum tum rate. As a result, the UAV overshoots 71 R.E. Kalman, "A new approach to linear filtering and prediction
its desired path. This type of overshoot also leads to near- problems”, Trans. of the ASME Journal of Basic Engineetingl.
o . 82, 1960.
collisions m, Some cases. . . [8] P. Soueres, A. Balluchi, A. Bicchi, "Optimal feedback control for route
The UAV’s failure to track the desired trajectory added  tracking with a bounded-curvature vehicl@oceedings of the IEEE
300 to 550 meters to its path length in HIL simulations. As a  International Conference on Robotics and Automatiapril 2000.
result, the transition diagram in fig. 8 is no longer correct, and
the tracking error does not converge. In the simulation shown
in fig. 9, the UAV alternates between corners of type one
and two. The convergence properties developed previously
depend on a transition to path rule three. The additional 300

to 500 meters in path length cause a transition back to path
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