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Abstract We consider a variation of the classical Markov—Dubins problem dealing
with curvature-constrained, shortest paths in the plane with prescribed initial and ter-
minal positions and tangents, when the lower and upper bounds of the curvature of the
path are not necessarily equal. The motivation for this problem stems from vehicle
navigation applications, when a vehicle may be biased in taking turns at a particu-
lar direction due to hardware failures or environmental conditions. After formulating
the shortest path problem as a minimum-time problem, a family of extremals, which
is sufficient for optimality, is characterized, and subsequently the complete analytic
solution of the optimal synthesis problem is presented. In addition, the synthesis
problem, when the terminal tangent is free, is also considered, leading to the char-
acterization of the set of points that can be reached in the plane by curves satisfying
asymmetric curvature constraints.

Keywords Markov—Dubins problem - Curvature constrained paths - Asymmetric
steering constraints - Non-holonomic systems
1 Introduction

The origins of the problem dealing with the characterization of curvature-constrained
planar paths of minimal length and with prescribed positions and tangents can be
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traced back to the end of the nineteenth century, when the Russian mathematician
A.A. Markov posed the problem for the first time. In 1957 L.E. Dubins generalized
the original problem formulation by posing the problem “on curves of minimal length
with a constraint on average curvature, and with prescribed initial and terminal po-
sitions and tangents” in the n-dimensional Euclidean space. Dubins addressed the
planar case of this minimization problem by characterizing six families of paths, that
were sufficient for optimality for any set of prescribed boundary conditions [1]. We
shall refer to the problem of finding the shortest, curvature-constrained planar path as
the Markov—Dubins (MD for short) problem, as suggested by Sussmann [2].

The solution of the MD problem is commonly interpreted as the minimum-time
path of a vehicle that travels in the plane with constant unit speed, and such that the
direction of its velocity vector cannot be changed faster than a given constant. This
simple kinematic model is known in the literature as the Dubins’ car although, as it
is highlighted in [3], Dubins never introduced such a kinematic model in his work.
It was actually R. Isaacs, who first introduced the kinematic model that is widely re-
ferred as the Dubins car in the formulation of his classic homicidal chauffeur problem
[4, 5]. In this paper, we shall refer to this kinematic model as the Isaacs—Dubins (ID)
car as suggested by Patsko and Turova [3]. The accessibility/reachability properties
of the ID car were first studied by Cockayne and Hall in [6]. In addition, Reeds and
Shepp examined a generalization of the MD problem, known as the Reeds—Shepp
(RS) problem, when the minimal-length path may contain cusps, or equivalently the
ID car is allowed to move both forwards and backwards with constant unit speed
(a kinematic model known as the Reeds—Shepp car) [7].

All the aforementioned results were based more or less on constructive proofs
and/or ad hoc methods. These approaches, even though sufficient for the examination
of each particular optimization problem, are of limited use as tools for addressing
other similar problems. A number of authors, during the 1990s, argued that the sys-
tematic application of optimal control techniques would provide more rigorous proofs
to the MD and RS problems along with a more general framework for addressing sim-
ilar problems in the future. Following this line of argument, Sussmann and Tang [8§]
and Boissonnat et al. [9] reformulated the RS and the MD problems as minimum-time
problems, and they subsequently solved them by employing standard optimal control
tools along with geometric control ideas. They provided more general and rigorous
proofs, refining the original results of [1] and [7]. There is a plethora of interesting
extensions/variations of the MD problem based on its kinematic interpretation. The
reader may refer to [10-19].

In this work, we consider the problem of finding curvature-constrained, shortest
paths in the plane with prescribed positions and tangents, when the lower and upper
bounds of the curvature are not necessarily equal. The motivation for this problem
stems from vehicle navigation problems when the maneuverability of the vehicle tak-
ing a left or a right turn is asymmetric. A typical case would be a UAV with a dam-
aged aileron as it is shown in [20]. Henceforth, we shall refer to this generalization
of the standard MD problem as the Asymmetric, Sinistral/Dextral! Markov-Dubins
problem (ASDMD for short) [22]. Following the approach of [2, 9], we formulate the

I'The term sinistral (dextral) means “inclined to left (right)” [21].
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ASDMD problem as a minimum-time problem, and we investigate its (time-) optimal
synthesis, that is, (a) we characterize a family of extremal controls that is sufficient
for optimality; (b) we provide a state-feedback minimum-time control scheme; and
finally (c) we compute the level sets of the minimum time analytically. Different parts
of the synthesis of the standard MD problem, which form the complete solution of the
problem, when combined appropriately, are presented in [2, 9, 23, 24]. Additionally,
the synthesis problem of the ASDMD, when the tangent of the curve at the terminal
position is free, is also considered, leading us to the analytic characterization of the set
of points that can be reached by curves satisfying asymmetric curvature constraints.

The rest of the paper is organized as follows. In Sect. 2, we formulate the ASDMD
as a minimum-time problem, and we subsequently solve the corresponding synthesis
problem in Sects. 3 and 4. Furthermore, the solution of the synthesis problem, when
the tangent of the path at the terminal position is free, is presented in Sect. 5. Finally,
Sect. 6 concludes the paper with a summary of remarks.

2 Kinematic Model and Problem Formulation

In this paper, we are interested in the solution of the curvature-constrained, shortest-
path problem in the plane with prescribed initial and final positions and tangents,
when the lower and upper bounds of the path curvature are not necessarily equal.
Equivalently, this problem can be cast as a minimum-time problem for a vehicle,
whose motion is described by the following kinematic equations:

X =cos, y =sind, f’:u/,o, (D

where x, y are the Cartesian coordinates of a reference point of the vehicle, ¢ is the
direction of motion of the vehicle, u is the control input and p is a positive constant.
We assume that the set of admissible control inputs, denoted by U/, consists of all mea-
surable functions u defined on [0, T], where T > 0, taking values in Us := [-§, 1],
where § € ]0, 1]. To this end, let o := p/§; then it follows that p and o are the mini-
mum turning radii for counterclockwise and clockwise turns, respectively. The case
Us :=[—1, §] can be treated similarly. We call the system described by (1) and with
input value set Us the asymmetric, sinistral/dextral Isaacs—Dubins (ASDID for short)
car.

Itis a well-known fact that the standard ID car is completely controllable [8]. Next,
it is shown that the ASDID car is also completely controllable. The controllability of
the ASDID is established by proving that (1), with input value set U; :=[—§,8] C U,
define a completely controllable system. It suffices to note that the system (1), with
input value set Uy, is the standard ID car with minimum turning radius ¢ (for both
left and right turns), which is a completely controllable system.

It is worth noting that the assumption § €]0, 1], which guarantees that 0 is an
interior point of the input value set, can actually be relaxed, and it can be assumed
instead that § € [0, 1]. In the latter case, § = 0 implies that the ASDID car cannot take
right turns at all. A proof of the complete controllability in this case, which is based
on solely geometric arguments, can be found in [22].

Next, we formulate the following minimum-time problem with fixed initial and
terminal boundary conditions for the system (1).
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Problem 2.1 Given the system described by (1) and the cost functional

T
J(u):/ 1dt =T, 2)
0

where T; is the free final time, determine a control input u* € U such that

(i) The trajectory x* : [0, Tj] — R? x S!, generated by the control u*, satisfies the
boundary conditions

x*(0) = (0,0,0), X*(Tr) = (xt, y1, D). 3)
(i1) The control u™ minimizes the cost functional J(«) given in (2).

The existence of an optimal solution to Problem 2.1 can be established by means of
Filippov’s Theorem on minimum-time problems with prescribed initial and terminal
states [25], leading to the following proposition.

Proposition 2.1 The minimum-time Problem 2.1 with boundary conditions (3) has a
solution for all (x;, ys, V%) € R2 x St

3 Analysis of the ASDMD Minimum-Time Problem

In this section, we characterize the structure of the optimal paths using a similar
approach as in [8, 26]. To this end, consider the Hamiltonian H : R? x S! x R3 x
Us — R of Problem 2.1, which is defined as

. u
H(X, p, 1) ::po—i—plcosﬁ—i—pgsmﬁ—}—%, )

where p := (p1, p2, p3). From Pontryagin’s Maximum Principle (PMP) it follows
that, if x* is a minimum-time trajectory generated by the control u*, then there exists
a scalar pg € {0, 1} and an absolutely continuous function p* : [0, Ti] R3, where
p* := (p}, p3. P3), known as the costate, such that

@) lIp* (@)l + |pj! does not vanish for all ¢ € [0, T¢],
(i) p*(z) satisfies for almost all ¢t € [0,7;] the canonical equation p* =
—% (x*, p*, u*), which for the system (1) reduces to

pi=0, P> =0, P; = pjsind™® — pjcosv¥, 5)

(iii) p*(Ty) satisfies the transversality condition associated with the free final-time
Problem 2.1

H(X(T), p*(T), u™ (7)) = 0. (6)

Because the Hamiltonian does not depend explicitly on time, it follows from (6) that
H(x* (1), p* (1), u*(1)) =0 (7
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for almost all ¢ € [0, T¢], which furthermore implies, by virtue of (5), that

p*u*
—pi = pF(0)cos 0* + p3(0) sin ¥ + —=—. ®)
Furthermore, the optimal control u* satisfies
H(X* (1), p* (1), u™ (1)) = r[ni(lsll]H(x*(t), p*(1), v) )
vel—o,
for almost every ¢ € [0, T]. It follows that
+1, ifpg‘(t) <0,
u'(t)=Jvel-8,1] if pi(r)=0, (10
-4, if p3(t) > 0.

Using similar arguments as in [8, 26] one can show the following proposition.

Proposition 3.1 The optimal control u* of Problem 2.1 belongs necessarily to U*,
where

u* ::{{ui,O, ui},{ui,O, u¢},{ui,u¢,ui}}, ut =1, ui=—48

(11)

Proposition 3.1 implies that a time-optimal path of Problem 2.1 is a concatenation
of at most three segments, which are either bang arcs, denoted by b~ (when u™ = —§)
and b* (when u* = 1), or a singular arc (when u* = 0), denoted by s. Note that b™
and b™ arcs correspond to circular arcs of radius o and p respectively, whereas a
singular arc s corresponds to a straight line segment. It follows that a minimum-time
path of Problem 2.1 has necessarily one of the following structures:

(i) bysgb,,, bisgby, by sgbt and bfsgb (two bang arcs connected via a singular
arc),
(ii) or b:{blg b;,“ and by, bgb; (no singular arc),

where the subscripts «, 8, and y denote the duration of motion along the first, second,
and third path segments, respectively.

Proposition 3.1 provides us with six families of paths, that suffice to connect any
pair of prescribed initial and terminal configurations in R? x S! similarly to the solu-
tion of the standard MD problem. Although the collection of candidate optimal paths,
that solve Problem 2.1, are at this point significantly reduced, it is still possible to re-
fine these families further, as it is demonstrated shortly later, by analyzing the times
at which the concatenations between different arcs take place (switching times).

To this end, let us consider an open interval Z C [0, T;] with pg‘ (t) # 0 for all
t € Z. The restriction of the optimal control 4™ on Z is a piecewise constant function,
which jumps at most twice, and u*(t) € {—§, +1} for all ¢t € Z. By virtue of (5) and
(8), for any subinterval Zy, of Z where u* is constant, p§ satisfies

. u* 2 u*p*
p§‘=—(—) py— —=2 (12)
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Fig. 1 Phase portrait of
(p3. P3P)

(a) Normal case pf = 1.

Aziép

u* = +1 u =0
~
N\

(b) Abnormal case p§ = 0.

for all ¢ € Zp,. The general solution of (12) and its derivative for all ¢ € 7 are given by

p;‘(t)=clcos“%+c2sin“7jt—i’:§, (13)
550 = 2 cos L S Y, (14)

where C1, C; are real constants. It follows readily that
(’Oi;*(t)>2+<p;(t)+’Zig)z:cﬂcg, teTo. (15)

The phase portrait of (p3, p3p) is given in Fig. 1. In particular, Fig. 1(a) and Fig. 1(b)
illustrate the phase portrait of (p3, p3p) for the normal case (pj = 1) and the abnor-
mal case (p; = 0), respectively. Contrary to the standard MD, the phase portrait of
(p3, p3p) is not symmetric with respect to the axis p3 = 0 (compare for example,
with [26]).

Proposition 3.2 A b;b;b; [b;{bg b1 path with min{e, B, y} > 0 corresponds to an
optimal trajectory of Problem 2.1 only if
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(i) Belmp,2npl[B €lrme, 2moll,
(i) max{a, y} <e&($, B), where

e(5,B)=2m0+20 atan(Stan ﬁ) |:8(5, B)=2mp+2p atan(é‘1 tan £>:|
2p 20

(16)
(iii) min{e, ¥} <87 '8 — o [min{a, ¥} < 88 — 7p].

Proof We consider a by, b;b; path. The case of a bofblg b)f path can be treated sim-
ilarly. First, we consider the abnormal case p(”; = 0. As it is illustrated in Fig. 1(b),
a point in the (p3, o p3) plane stays in the half plane p3 < 0 for exactly time 8 = 7p,
which is the time required for a particle with coordinates (p3, pp3) to travel half
of the circumference of a circle centered at the origin with constant angular speed
o = 1/p. However, using the same geometric argument as in Lemma 23 in [8], we
can show that the resulting path with 8 = mp is not optimal. Hence, all optimal ex-
tremals of by, bgb; type must be normal.

We therefore let pg‘ = 1in (12)—(15). In Fig. 2, we observe that the phase portrait
of (p3, pp3) consists of a circle centered at A, denoted by Ca, and an ellipse centered
at B, denoted by Eg. It is assumed that both Ca and Ep are traversed clockwise by
a particle with coordinates (p3, pp3), such that the rate of change of the angular
position of the particle is, respectively, equal to 1/p and 1/o, when measured from
A and B. Note that a jump from u* = —§ to u™ = +1, and vice versa, occurs only if
Ep intersects Ca along the axis p3 = 0. If this intersection does occur, we denote by
C and D the points of intersection. Let r and rs denote the distance of either C or D
from A and B, respectively. Then Eg and Cp intersect only if r > p and rs > o, and

furthermore 5 = /r2 + 0% — p? as shown in Fig. 2.
From Fig. 2 it follows that B corresponds to the travel time of the point (p3, o p3)

from D to C along the circle Ca. Moreover, o and y are upper bounded by the travel
time from C to D along the ellipse Eg. We observe that wp is a strict lower bound for
B since p > 0 (note that 8 approaches wp as A gets closer to O, without reaching it
as far as p > 0). Furthermore, 277p and 27 g are strict upper bounds for 8 and both «
and y, respectively, since a bang arc b;n 0 Orby, corresponds to a full circle driving
the system (1) to the same state, and thus neither b;rn o hor b, 0
optimal solution.

Next, we improve the upper bound on «, y. In particular, we observe in Fig. 2 that,
given 8 where 8 =2(w — C/AY)) p, then & or y is maximized if the point (p3, pp3)
coincides with C at t = 0 or D at ¢ = T;, respectively; that is, max{c, y} < 2(w —
D/B\O)Q. By using simple geometric arguments, along with the fact that § €]0, 1], it
follows that DBO = atan($ tan C/A\O). Thus, max{c, y} < 2(w — atan(§ tan C/A\O))Q,
and B =2(w — C/A\O) p. Equation (16) follows immediately.

Finally, the third condition of the proposition is proved by means of simple geo-
metric arguments as in Lemma 3 of [24]. Il

can be part of an
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Fig. 2 Phase portrait (p}, pp}) A L.
PP3
u* =41 u* = -6

ol
s

Proposition 3.3 A b, sgb), path corresponds to a time-optimal trajectory of Prob-
lem2.1onlyifa+y <2mo.

Proof See the proof of Lemma 5 of [24]. O

It is worth mentioning that Lemma 5 of [24] does not apply for b*sb™ paths of the
ASDMD problem. In particular, as it is illustrated in Fig. 3, the ASDID car emanating
from O reaches the terminal configuration x; = (xy, yf, 9¢) by traversing a bgfsﬁb;j
path with o + y > 2mp. The total elapsed time is the same as if the ASDID car had
traversed a b, sgb, with « +y < 2m¢. Therefore, if the path b™sb™ is time-optimal,
then the bjsﬁb;j path is necessarily time-optimal as well. Thus, we conjecture that
there exist b}'sg b?,‘ paths with & + y > 2mp, that are optimal paths of the ASDMD
problem. As it is demonstrated in Sect. 4, our conjecture is indeed correct. Next we
provide a conservative bound on the sum of o and y along bjsﬁb;‘; paths.

Proposition 3.4 A bj;sﬁb;f path corresponds to a time-optimal trajectory of Prob-
lem2.1onlyifa+y < @nrx —v)p.

Finally, for b~sb™ and bTsb™ paths, as in the standard MD, we simply take the
most conservative bounds. In particular, we have the following proposition.

Proposition 3.5 A b}sgb, and a b, sgby} path correspond to a time-optimal trajec-
tory of Problem 2.1 only if max{a, §y} < 2mwp and max{dc, y} < 2mp, respectively.

4 Time-Optimal Synthesis
In this section, we address the time-optimal synthesis problem for the ASDMD prob-
lem, and thus provide a complete characterization of the optimal control that solves

Problem 2.1 with boundary conditions (3) for all (xs, y, ¥f) € R2 x S,
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Fig.3 Abjsg b;," path with

o 4y > 2mp can be an optimal
solution of the ASDMD
problem, in contrast to the
solution of the standard MD
problem

(a) Standard MD problem. (b) Asymmetric sinistral/dextral Markov-Dubins problem.

Fig. 4 The minimum-time paths for the steering problem from (0, 0, 0) to (0,0, 7) for the ID and the
ASDID cars

First, we show by means of an example, that the synthesis of optimal paths for the
ASDMD problem may be quite different from that of the MD problem. In particular,
let us consider the problem of characterizing the minimum-time path from (0, 0, 0)
to (0,0, ) for the ID and the ASDID cars. On the one hand, the optimal solution
of the standard MD problem is either a b;rblg b;r path or a b, bgb; path, where o =
y =mnp/3 and B = Smp/3, as shown in Fig. 4(a) (these two paths have exactly the
same length). On the other hand, as it is illustrated in Fig. 4(b), the optimal path for
the ASDMD problem is either a b;b;b; path, where o« =y = o acos(1/(1 + §))
and = 7p + 28 or an bfsgb path, where @ =y =37mp/2 and f = 2p. The
b, byb; and the b sgbi” paths have exactly the same length when § = 8, where § is
the solution of the equation 1/(1 4 §) + cos((w — §)/(1 + §)) = 0. Note that for this

@ Springer



242 J Optim Theory Appl (2011) 150:233-250

specific problem, the b} sg b;f path can never be an optimal path of the standard MD
problem, in light of Lemma 5 of [24].

To simplify the presentation and without loss in generality, we henceforth consider
the minimum trajectories of the ASDID car from (0, 0, 0) to (x;, yt, ¥1) € Py, where
Py, = {(x,y,9) € R2xS!' : 9= U} as suggested in [23, 24]. To this end, let
Ry, (1) denote the reachable set that corresponds to the control sequence u € U*. The
coordinates of all points in Py, that can be reached by means of a b*sb™ control
sequence can be expressed as functions of the times of motion along the three arcs
of the path, namely «, §, and y, by simply integrating (1) from r = 0 to t = « for
u = 41, and subsequently from r =« to t =« + f for u = 0, and finally from ¢ =
a + B to the final time T;(b*"sb¥) =« + 8 + y. Note that y can always be expressed
in terms of the parameters o and $ (actually for a b*sb* path y depends only on
o as we shall see shortly later). In particular, since the total change of the velocity
direction ¥ (initially ©# = 0) along the path must equal 9 (mod 27), it follows readily
that «/p + y /p = ¥ (mod 2rr), which furthermore implies that

pdr—a, if > =,
y(@) = 5 (17)
pQRmr + ) —a, if<—.
P
It follows after routine calculations that
. o .
xt(ar, B) = psinvy + B cos o’ yf(a,ﬂ)=p+ﬁsln;—pcosz9f- (18)

Furthermore, Proposition 3.4 determines the intervals of admissible values of «
and B for a b*sb™ control sequence, denoted by Z,(b™sb™) and Zg(b*sb™), re-
spectively. Thus, the reachable set of the control sequence b*sb™ is constructed
by determining all points (xi, y, %) € Py, for every pairs of («, B) € Zy(bTsb™) x
Tg(bTsb™).

Conversely, given a point (xi, yt, ) € Ry, (b*sb™) one can determine the param-
eters @ and B such that x; and y; satisfy (18). In particular, after some calculation it
follows from (18) that

a(xi, y) = patan2(B(y), A(x)), B, y) =4/ A2(xp) + B2(y), (19

where A(xf) = x; — psind;, B(ys) =y + pcosds — p, and atan?2 : R2 > [0, 27 [ is
the two-argument arctangent function.

Figure 5(a) illustrates the reachable set Ry, (b™sb™) of the ASDID car (note that
for this path family the value of § does not affect the geometry of the reachable set),
whereas the same reachable set for the standard ID car is illustrated in Fig. 5(b). We
observe that the former set is a superset of the latter. This is because for the ASDMD
problem « satisfies o+ y () < (4w — ) p (Proposition 3.4), whereas for the standard
MD problem it satisfies the stricter condition o + y () < 2mwp (Lemma 5 of [24]).
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Fig. 5 Reachable set mﬁf(b+5b+) for § €10, 1[ (ASDMD problem) and § = 1 (standard MD problem).
The white colored region corresponds to terminal configurations that cannot be reached in minimum time
by means of a bTsbT control sequence for the standard MD problem

Finally, after having established the connection between (¢, 8) and (xi, yf), the
total time T;(bTsb™) is given, via (17), by

+ pd, if % >a/p,
b sb) = B+ pvx . t=o/p (20)
B+pQr+9), ifd<alp.

The previous procedure can be applied mutatis mutandis for the rest of the con-
trol sequences from U* (although the algebra, especially in the case of b*b~b™ or
b~bTb~ paths, is significantly more evolved). In the Appendix we provide the equa-
tions that give o and B as functions of x; and ys, and vice versa, as well as the mini-
mum time T} for all the control sequences u € U*.

The next step involves the partitioning of Py, into at most six domains, denoted
by 9%§f (u), where u € U*, such that if (x4, ys, %) € int(i)ﬁi& (u)), then (xs, y, ¥) can-
not be reached faster with the application of v € U*, where v # u. We shall re-
fer to this partition of Py, as the optimal control partition of the ASDMD prob-
lem. The number of these domains can be strictly less than six in case the domain
associated with a particular control sequence has an empty interior. As we shall
see shortly afterwards, such “pathological” cases arise in the time-optimal synthe-
sis of the ASDMD problem in contrast to the optimal synthesis of the standard
MD problem. The procedure required for the characterization of the domain over
which the control sequence, say b™sb™, is optimal, is summarized below. We de-
note this domain by R} (b*sb™). In particular, let (xf, yf, ) € Ry, (b*sb™), and
let U(bTsb™) C U* denote the set of control sequences u that are different from
b*sb™ and such that (x, yt, ¥1) € Ry, (u). Then (xt, ys, ¥) € R, (bTsb™) if and only
if Ti(b*sb™) < min,cyep+sp+) Ti(u), and furthermore (xt, yr, ¥f) € int(R, (btsb™))
if and only if T(b™sb™*) < min, cyep+sp+y Tr(1).

Figure 6 illustrates the optimal control partition of Py /3 as well as the level sets of
the minimum time T}, for different values of the ratio 8! = o/p. In particular, each
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Fig. 6 Partition of Py /3 and level sets of Ty = T;(x, y) for different values of the ratio § L o/p

domain of the partition Py /3 is illustrated by a colored set whereas the level sets of the
minimum time are denoted by solid black lines. We observe that as the ratio o/p in-
creases, the domains R, 5 (bTsb™), R* ; (b~sb™) and R* 3 (bTsb™), primarily, and
the domain R} /3(b’b+b’), secondarily, expand against the domain R} /3(b’sb’)
as well as the disconnected components of 9‘{;‘[ /3(b+sb_) and ER;‘, 3(b‘sb*) that are
close to the origin. We observe, in particular, that for o/p = 1.8 (Fig. 6(e)) the par-
tition of Py/3 consists of five domains since the domain R} 3(bJ“b_bJr) is reduced
to the empty set. Similarly, for o/p = 2 (Fig. 6(f)) only four domains are non-empty
since 9‘%1*1/3 (b~"sb™) = 9‘{;/3 (b™b~b™) = @. In addition, we observe in Fig. 6(a)—6(f)
that the boundaries of each domain change significantly as the ratio o/p varies.
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5 Time Optimal Synthesis and Reachable Sets of the ASDMD when the Final
Tangent of the Path is Free

In this section, we consider the optimal synthesis of Problem 2.1, when ¢ is assumed
to be free. The solution of this variation of Problem 2.1 will allow us to charac-
terize analytically the set of points in the plane that can be reached by curves with
asymmetric curvature constraints. These reachable sets along with the level sets of
the minimum time of the ASDMD problem, when ¥ is free, exhibit a few notable
features related to the existence/absence of symmetry planes that are not observed
neither in the reachable sets nor the syntheses of the standard MD and the ASDMD,
when v is fixed, problems. Favoring the economy of presentation, we shall not dis-
cuss in detail the analysis of this problem, which is similar to the discussion presented
in Sects. 3—4, but instead we will present the solution of the time-optimal synthesis
problem directly.

First, we discuss briefly the structure of the family of extremal controls, which
is sufficient for optimality for Problem 2.1, when ¥ is free. In particular, the new
transversality condition for ¢ is given by p3(7t) = 0. Following the same line of
arguments as in [26], where the standard MD, when v is free, is addressed in detail,
we conclude that a composite path whose final arc is either a b~ or a b™ arc, that is
preceded by an s arc, cannot be part of an optimal path. The following proposition
gives us the family of candidate optimal controls for Problem 2.1, when ¥ is free (it
follows similarly to [26]).

Proposition 5.1 The optimal control u* of Problem 2.1, when % is free, belongs
necessarily to U*, where

U* = {{u®, 0}, {u*, uF}}, ut =1, u” = 4. (1)

Proposition 5.1 implies that the set of candidate optimal controls of Problem 2.1,
when v is free, consists of only four control sequences with at most one switch. It
follows that the minimum-time paths of Problem 2.1, when v is free, have necessarily
one of the following structures: (i) bf by , b, bt (ii) by sg, by 8.

By repeating the analysis carried out in Sects. 3 and 4, we can refine the family of
candidate optimal controls (this analysis will lead to a number of propositions simi-
lar to Propositions 3.2-3.5), and subsequently solve the synthesis problem for Prob-
lem 2.1, when 9 is free. Favoring the economy of presentation, we show directly the
solution of the synthesis problem. In particular, Fig. 7 illustrates the optimal control
partition of the plane as well as the level sets of the minimum time 73, when ¥ is
free (assuming that the ID/ASDID car starts from the origin with ¢ = 0) for both the
standard ID car (Fig. 7(a)) and the ASDID car (Figs. 7(b)-7(d)). Figures 7(b)-7(d)
illustrate that as the agility of the ASDID car to perform right turns, which is mea-
sured by the ratio o/ p, is reduced, the sets R*(b~s) and R*(b™b™) “shrink” in favor
of the set R*(bTs), whereas the set 3*(b~b™) remains invariant under the variations
of the ratio o/p.

It is worth noting that contrary to the synthesis of the ASDMD problem, when 9
is fixed, where both the level sets of the minimum time and the domains of the op-
timal control partition are symmetric with respect to some plane of symmetry (also
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Fig. 7 Partition of P and level sets of T = T;(x, y) for different values of the ratio o/ p

a characteristic of the optimal synthesis of the standard MD problem), both the level
sets and the domains of the optimal control partition of the ASDMD problem, when
v is free, do not enjoy similar symmetry properties. It appears that the term “asym-
metric” used in the title of this work is more obviously justified in the case when ¥
is free rather than when o is fixed.

To this end, let |$_, and R;>; denote the set of points in the plane that can be
reached by the ID and ASDID car in time ¢ € [0, 7], respectively (assuming again that
the ID/ASDID car starts from the origin with © = 0). The reachable sets SRy =, for
different values of t are illustrated in Fig. 8. In Figs. 8(a)-8(d), we observe that the
reachable sets PRy, are not symmetric with respect to the x-axis in contrast to the
sets ;{5 _, (see, for example, [10, 27]). This comes as no surprise, since both 9%5_,
and ‘ﬁ?iyrm can be interpreted as the union of all the level sets {(x, y) : T; = ¢}, for
t €0, r_], which, as we have already mentioned, are symmetric with respect to x-axis
for the standard MD problem but not for the ASDMD problem, when s is free.

6 Conclusions
In this article, we have proposed and solved a generalization of the Markov—Dubins
problem that deals with the characterization of minimal-length paths with asymmetric

curvature constraints. This shortest-path problem is equivalent to the characterization
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Fig. 8 Reachable sets R, 2 for different values of 7 and for o/p = 1.6

of time-optimal trajectories for a vehicle with Isaacs—Dubins’ car kinematics, which
has a bias towards left (alternatively, right) turns; a situation that may be the result of
an actuator failure. In the minimum-time formulation of our problem, the asymmet-
ric constraints over the curvature of the minimal-length path are associated with the
minimum radii of a left and a right turn of the Isaacs—Dubins car, which may not be
necessarily equal. Our analysis has revealed that while the structure of the optimal
control is qualitatively the same with the standard MD problem, the synthesis prob-
lem is, nonetheless, significantly different. In addition, we have examined the case
when the tangent of the curve at the terminal point is free, and we have subsequently
characterized the set of points in the plane that can be reached by curves satisfying
asymmetric curvature constraints.

Appendix

In this section, we provide the details for the solution of the equations for the synthe-
sis problem.
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A.l b}sgbf [by sgb;,] Paths

The coordinates of a point in Ry, (bTsb™) [PRy, (b~sb™)] as a function of the param-
eters o and B are given by

=pl— Q]smz‘/‘f+ﬂcosﬁ yi=pl-ol+I[— ﬁsmﬁ — pl+olcos ds.
(22)

Conversely, the parameters o € Zy(bTsb™) [Zy(b~sb™)] and B € Zg(btsb™)
[Zg(b™sb™)] satisfy

a=plolatan2(B, A),  B=+v A2+ B2, (23)

where A = x; — p[+o]sinds and B = [—]ys + plo]cos ¥t — p[e]. Finally, the final
time Tt(b™sb™) [Ti(b~sb™)] is given by
(07
|:19f <2 — —},
o

19f>27r—g .
e

B+ pt [e2m — 4], if o5 >

T; (24)

B+p@+2m) [B+o(@r — )], ifd<

IR DIR

A2 b}sgb [bysgbt] Paths

The coordinates of a point in Ry, (bTsb™) as a function of the parameters « and f
are given by

= (0 +p)sin ﬁ +Bco ﬁ — ol+p]sindy, (25)
vt = pl—0l — [+1(0 + p) cOS —— + [~1Bsin —— + g[—plcosdr.  (26)
p[Q] plol

Conversely, the parameters « € Zy(bTsb™) [Z4(b~sb™)] and B € Zg(b*sb™)
[Zp (b~ sb™)] satisfy

= plolatan2((p +0)A — BB, (0 +0)B+ AB). B =\/A2+ B>~ (0 +p)?,

(27)
where A = x; 4+ o[—p]sin s and B = p[o] — [+]y: + o[p] cos vs.
Finally, the final time T;(b*sb™) [T;(b~sb™)] is given by
o
B +a(l+818]) — ol+p]¥, if oy < — [ﬂf+— <2n]
Ti= ’ 28)
o o
B+a(l+818) +ol—plQ@r — ), if > ; |:19f + E > 2ni|.
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A3 bibgbl [bybyb; ] Paths

The coordinates of a point in %ﬁf(ber’b*) as a function of the parameters « and 8
are given by

xfz(g—i—p)sini—k(g—l—p) sin(i - L) + p[—o]sin vy, (29)
plo] olp]l  plol

yi=pl—o] — [+](Q + p)cos L + [—](Q + p) cos(i — L)
rlel olpl  plol
— pl[+o]cos V. (30)
Conversely, the parameters « € Z,(b*b~b™1) [Zy(b~b*b™)] and B € Zg(bTb~b™)
[Zp(b~bTb™)] satisfy

o =plo] atan2(A<l — cos Qi) + [—]Bsin i

(o] olp]
—[—}—]B(l—cosi) -I—Asini), @31)
olpl olpl
B=ol ]arccos(l — M) (32)
—ew 2(0+0)2)’

where A = x; — p[+o]sinvs, B = ys — p[+o0] + p[—eo]cos ¥, and where arccos :
R +— [, 27r] is the inverse cosine function.
Finally, the final time T;(b*b~b™) [T3(b~b™b™)] is given by

B(1L+38[871) + p (9 + 27) [—ovH],

it -2+ P o+ %= P er—ar o,
P o o o]
B +8[871]) + pslo2r — D)1,
T = B T (33)
f ito— %P o+ “ =Pl er0,2n1,
p ol o »pl
BL+38[871) + p(W — 27) [o(dm — V)],
it~ S P lo P e ant.
p ol o »pl

References

1. Dubins, L.E.: On curves of minimal length with a constraint on average curvature, and with prescribed
initial and terminal positions and tangents. Am. J. Math. 79(3), 497-516 (1957)

@ Springer



250 J Optim Theory Appl (2011) 150:233-250

2. Sussmann, H.J.: The Markov—Dubins problem with angular acceleration control. In: Proceedings of
36th IEEE Conference on Decision and Control, San Diego, CA, December, pp. 2639-2643 (1997)

3. Patsko, V.S., Turova, V.L.: Numerical study of the “homicidal chauffeur” differential game with the
reinforced pursuer. Game Theory Appl. 12(8), 123-152 (2007)

4. TIsaacs, R.: Games of pursuit. RAND Report P-257. RAND Corporation, Santa Monica, CA (1951)

5. Isaacs, R.: Differential Games. A Mathematical Theory with Applications to Warfare and Pursuit,
Control and Optimization. Dover, New York (1999)

6. Cockayne, E.J., Hall, W.C.: Plane motion of a particle subject to curvature constraints. SIAM J. Con-
trol 13(1), 197-220 (1975)

7. Reeds, A.J., Shepp, R.A.: Optimal paths for a car that goes both forward and backwards. Pac. J. Math.
145(2), 367-393 (1990)

8. Sussmann, H.J., Tang, G.: Shortest paths for the Reeds—Shepp car: A worked out example of the use of
geometric techniques in nonlinear optimal control. Research Note SYCON-91-10, Rutgers University,
New Brunswick, NJ (1991)

9. Boissonnat, J.D., Cérézo, A., Leblond, J.: Shortest paths of bounded curvature in the plane. J. Intell.
Robot. Syst. 11(1-2), 5-20 (1994)

10. Boissonnat, J.D., Bui, X.-N.: Accessibility region for a car that only moves forward along opti-
mal paths. Research Note 2181, Institut National de Recherche en Informatique et en Automatique,
Sophia-Antipolis, France (1994)

11. Sussmann, H.J.: Shortest 3-dimensional path with a prescribed curvature bound. In: Proceedings of
34th IEEE Conference on Decision and Control, New Orleans, LA, December, pp. 3306-3312 (1995)

12. Vendittelli, M., Laumond, J.-P., Nissoux, C.: Obstacle distance for car-like robots. IEEE Trans. Robot.
Autom. 15(4), 678-691 (1999)

13. Chitour, Y., Sigalotti, M.: Dubins’ problem on surfaces. I Nonnegative curvature. J. Geom. Anal.
15(4), 565-587 (2005)

14. Sigalotti, M., Chitour, Y.: On the controllability of the Dubins’ problem for surfaces. II Negative
curvature. SIAM J. Control Optim. 45(2), 457-482 (2006)

15. Chitsaz, H., LaValle, S.M.: Time-optimal paths for a Dubins airplane. In: Proceedings of the 46th
IEEE Conference on Decision and Control, New Orleans, LA, 12-14 December, pp. 2379-2384
(2007)

16. Sanfelice, R.G., Frazzoli, E.: On the optimality of Dubins paths across heterogeneous terrain. In:
Proceedings of the 11th Intern. Workshop on Hybrid Systems, St. Louis, MO, April 22-24, pp. 457-
470 (2008)

17. Giordano, P.L., Vendittelli, M.: Shortest paths to obstacles for a polygonal Dubins car. IEEE Trans.
Robot. 25(5), 1184-1191 (2009)

18. Savla, K., Frazzoli, E., Bullo, F.: Traveling salesperson problems for the Dubins’ vehicle. IEEE Trans.
Autom. Control 53(6), 1378-1391 (2008)

19. Bakolas, E., Tsiotras, P.: Time-optimal synthesis for the Zermelo—-Markov—Dubins problem: The con-
stant wind case. In: Proceedings of the 2010 American Control Conference, Baltimore, MD, June
10-12, pp. 6163-6163 (2010)

20. Ducard, G., Kulling, K., Gering, H.: Evaluation of reduction in the performance of a small UAV after
an aileron failure for an adaptive guidance system. In: Proceedings of the 2007 American Control
Conference, New York City, NY, July 11-13, pp. 1793-1798 (2007)

21. Merriam Webster Dictionary. http://www.merriam-webster.com/dictionary/

22. Bakolas, E., Tsiotras, P.: The asymmetric sinistral/dextral Markov—Dubins problem. In: Proceedings
of the 48th IEEE Conference on Decision and Control, Shanghai, China, December 15-18, pp. 5649—
5654 (2009)

23. Bui, X.-N., Boissonnat, J.D.: The shortest paths synthesis for nonholonomic robots moving forwards.
Research Note 2153, Institut National de Recherche en Informatique et en Automatique, Sophia-
Antipolis, France (1993)

24. Bui, X.-N., Souéres, P., Boissonnat, J.D., Laumond, J.-P.: Shortest path synthesis for Dubins nonholo-
nomic robot. In: Proceedings of the 11th IEEE Intern. Conf. on Robotics and Automation, San Diego,
California, May (1994)

25. Cesari, M.: Optimization—Theory and Applications. Problems with Ordinary Differential Equations.
Springer, New York (1983)

26. Thomaschewski, B.: Dubins problem for the free terminal direction. Preprint (2001), pp. 1-14

27. Souéres, P., Fourquet, J.-Y., Laumond, J.-P.: Set of reachable positions for a car. IEEE Trans. Autom.
Control 39(8), 1626-1630 (1994)

@ Springer


http://www.merriam-webster.com/dictionary/

	Optimal Synthesis of the Asymmetric Sinistral/Dextral Markov-Dubins Problem
	Abstract
	Introduction
	Kinematic Model and Problem Formulation
	Analysis of the ASDMD Minimum-Time Problem
	Time-Optimal Synthesis
	Time Optimal Synthesis and Reachable Sets of the ASDMD when the Final Tangent of the Path is Free
	Conclusions
	Appendix
	b+alpha sbeta b+gamma [b-alpha sbeta b-gamma] Paths
	b+alpha sbeta b-gamma [b-alpha sbeta b+gamma] Paths
	b+alpha b-beta b+gamma [b-alpha b+beta b-gamma] Paths

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


