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Lucas Janson and Marco Pavone

Abstract In this paper we present a novel probabilistic sampling-based motion
planning algorithm called the Fast Marching Tree algorithm (FMT*). The algo-
rithm is specifically aimed at solving complex motion planning problems in high-
dimensional configuration spaces. This algorithm is proven to be asymptotically op-
timal and is shown to converge to an optimal solution faster than its state-of-the-art
counterparts, chiefly PRM* and RRT*. An additional advantage of FMT"is that it
builds and maintains paths in a tree-like structure (especially useful for planning un-
der differential constraints). The FMT* algorithm essentially performs a “lazy” dy-
namic programming recursion on a set of probabilistically-drawn samples to grow a
tree of paths, which moves steadily outward in cost-to-come space. As such, this
algorithm combines features of both single-query algorithms (chiefly RRT) and
multiple-query algorithms (chiefly PRM), and is conceptually related to the Fast
Marching Method for the solution of eikonal equations. As a departure from pre-
vious analysis approaches that are based on the notion of almost sure convergence,
the FMT* algorithm is analyzed under the notion of convergence in probability: the
extra mathematical flexibility of this approach allows for significant algorithmic
advantages and provides convergence rate bounds — a first in the field of optimal
sampling-based motion planning. Numerical experiments over a range of dimen-
sions and obstacle configurations confirm our theoretical and heuristic arguments
by showing that FMT*, for a given execution time, returns substantially better so-
lutions than either PRM* or RRT*, especially in high-dimensional configuration
spaces.
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1 Introduction

Probabilistic sampling-based algorithms represent a particularly successful ap-
proach to robotic motion planning problems in high-dimensional configuration
spaces, which naturally arise, e.g., when controlling the motion of high degree-of-
freedom robots or planning under uncertainty [19, [12]. Accordingly, the design of
rapidly converging sampling-based algorithms with sound performance guarantees
has emerged as a central topic in robotic motion planning, and represents the main
thrust of this paper.

Specifically, the key idea behind probabilistic sampling-based algorithms is to
avoid the explicit construction of the configuration space (which is prohibitive
in the high-dimensional case), and instead conduct a search that probabilistically
probes the configuration space with a sampling scheme. This probing is enabled
by a collision detection module, which the motion planning algorithm considers
as a “black box” [12]. Probabilistic sampling-based algorithms can be divided be-
tween multiple-query and single-query. Multiple-query algorithms construct a topo-
logical graph called a roadmap, which allows a user to efficiently solve multiple
initial-state/goal-state queries. This family of algorithms includes the probabilistic
roadmap algorithm (PRM) [9]] and its variants, e.g., Lazy-PRM [3]], dynamic PRM
[7], and PRM* [§]]. On the contrary, in single-query algorithms, a single initial-
state/goal-state pair is given, and the algorithm must search until it finds a solution
(or it may report early failure). This family of algorithms includes the rapidly explor-
ing random trees algorithm (RRT) [[13], the rapidly exploring dense trees algorithm
(RDT) [12]], and their variants, e.g., RRT* [§]. Other notable sampling-based plan-
ners include expansive space trees (EST) [5, [16], sampling-based roadmap of trees
(SRT) [17], rapidly-exploring roadmap (RRM) [1], and the “cross-entropy” planner
in [10]. Analysis in terms of convergence to feasible or even optimal solutions for
multiple-query and single-query algorithms is provided in [5, [11} 2116, 8]. A central
result is that these algorithms provide probabilistic completeness guarantees in the
sense that the probability that the planner fails to return a solution, if one exists,
decays to zero as the number of samples approaches infinity [2]. Recently, it has
been proven that both RRT* and PRM* are asymptotically optimal, i.e. the cost of
the returned solution converges almost surely to the optimum [§]]. Building upon the
results in [8], the work in [[14] presents an algorithm with provable “sub-optimality”
guarantees, which trades “optimality” with faster computation.

Statement of Contributions: The objective of this paper is to propose and an-
alyze a novel probabilistic motion planning algorithm that is asymptotically opti-
mal and improves upon state-of-the-art asymptotically-optimal algorithms (namely
RRT* and PRM*) in terms of the convergence rate to the optimal solution (con-
vergence rate is interpreted with respect to execution time). The algorithm, named
Fast Marching Tree algorithm (FMT¥), is designed to be particularly efficient in
high-dimensional environments cluttered with obstacles. FMT" essentially com-
bines some of the features of multiple-query algorithms with those of single-query
algorithms, by performing a “lazy” dynamic programming recursion on a set of
probabilistically-drawn samples in the configuration space. As such, this algorithm
combines features of PRM and SRT (similar to RRM), and grows a tree of trajec-
tories like RRT. Additionally, FMT"is conceptually similar to the Fast Marching
Method, one of the main methods for the solution of stationary eikonal equations
[18]]. As in the Fast Marching Method, the main idea is to exploit a heapsort tech-
nique to systematically locate the proper sample point to update and to incrementally
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build the solution in an “outward” direction, so that one needs never backtrack over
previously evaluated sample points. Such a Dijkstra-like one-pass property is what
makes both the Fast Marching Method and FMT* particularly efficient.

The end product of the FMT* algorithm is a tree, which, together with the con-
nection to the Fast Marching Method, gives the algorithm its name. An advantage of
FMT* with respect to PRM* (in addition to a faster convergence rate) is the fact that
FMT" builds and maintains paths in a tree-like structure, which is especially useful
when planning under differential or integral constraints. Our simulations across 2,
5, 7, and 10 dimensions, both without obstacles and with 50% obstacle coverage,
show that FMT" substantially outperforms PRM* and RRT*.

It is important to note that in this paper we use a notion of asymptotic optimality
(AO) different from the one used in [8]]. In [8], AO is defined through the notion of
convergence almost everywhere (a.e.). Explicitly, in [8]], an algorithm is considered
AO if the cost of the solution it returns converges a.e. to the optimal cost as the num-
ber of samples n approaches infinity. This definition is completely justified when the
algorithm is sequential in n, such as RRT* [§]], in the sense that it requires that with
probability 1, the sequence of solutions converges to an optimal one, with the solu-
tion at n+ 1 heavily related to that at n. However, for non-sequential algorithms such
as PRM* and FMT*, there is no connection between the solutions at n and n 4 1.
Since these algorithms process all the nodes at once, the solution at 7+ 1 is based on
n+ 1 new nodes, sampled independently of those used in the solution at n. This mo-
tivates the definition of AO used in this paper, which is that the cost of the solution
returned by an algorithm must converge in probability to the optimal cost. Although
mathematically convergence in probability is a weaker notion than convergence a.e.
(the latter implies the former), in practice there is no distinction when an algorithm
is only run on a predetermined, fixed number of nodes. In this case, all that matters
is that the probability that the cost of the solution returned by the algorithm is less
than an € fraction greater than the optimal cost goes to 1 as n — oo, for any € > 0,
which is exactly the statement of convergence in probability. Since this is a mathe-
matically weaker, but practically identical condition, we sought to capitalize on the
extra mathematical flexibility, and indeed find that our proof of AO for FMT* allows
for an improved implementation of PRM* in [8]], providing a speed-up linear in the
number of dimensions. Our proof of AO also gives a convergence rate bound both
for FMT* and PRM* — a first in the field of optimal sampling-based motion plan-
ning. Hence, an additional important contribution of this paper is the analysis of AO
under the notion of convergence in probability, which is of independent interest and
could enable the design and analysis of other AO sampling-based algorithms.

Organization: This paper is structured as follows. In Section [2] we formally de-
fine the optimal path planning problem. In Section [3| we present FMT*, and we
prove some basic properties, e.g., termination. In Section ] we prove the asymptotic
optimality of FMT*. In Section [5| we first conceptually discuss the advantages of
FMT" and then we present results from numerical experiments supporting our state-
ments. Finally, in Section [§] we draw some conclusions and we discuss directions
for future work.

Notation: Consider the Euclidean space in d dimensions, i.e., R4, Given a point
x € R, aball of radius r > 0 centered at ¥ € R is defined as B(; r) := {x € R?|||x—
#|| < r}. Given a subset 2 of RY, its boundary is denoted by 9.2". Given two
points x and z in R?, the line connecting them is denoted by ¥z. Let {; denote the
volume of the unit ball in the d-dimensional Euclidean space. The cardinality of
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a set S is written cardS. Given a set 2 C RY, w(Z") denotes its d-dimensional
Lebesgue measure. In this paper, we will interchangeably refer to points in 2~ as
nodes, samples, or vertices.

2 Problem setup

The problem formulation follows closely the problem formulation in [8]. Let
Z =10, 1]d be the configuration space, where d € N, d > 2. Let Zps be the obstacle
region, such that 2"\ Zops is an open set (we consider d. 2 C Zobs), and denote the
obstacle-free space as Zfree = c1(: 2"\ Zobs ), Where cl(+) denotes the closure of a set.
The initial condition x;pi is an element of Zfee, and the goal region Zgoq is an open
subset of Zfree. A path planning problem is denoted by a triplet ( Ztree, Xinit, £ goal )-
A function of bounded variation o : [0,1] — R? is called a path if it is continuous.
A path is said to be collision-free if 6(7) € Ziree for all T € [0, 1]. A path is said to
be a feasible path for the planning problem ( Zfee, Xinit, £ goal) if it is collision-free,
G(O) = Xinit, and G(l) S Cl(%oal).

A goal region 2y is said to be regular if there exists & > 0 such that Vy €
0 Zgoal, there exists z € Zgoa With B(z;§) C Zgou and y € dB(z; ). In other words,
a regular goal region is a “well-behaved” set where the boundary has bounded cur-
vature. We will say Zgoal is §-regular if Zgoq is regular for the parameter §. Let X
be the set of all paths. A cost function for the planning problem ( Zfree, Xinits %Oal)
is a function ¢ : ¥ — R>¢ from the set of paths to the nonnegative real numbers; in
this paper we will consider as cost functions ¢(&) the arc length of ¢ with respect
to the Euclidean metric in 2~ (recall that o is, by definition, rectifiable). Extension
to more general cost functions (possibly not satisfying the triangle inequality) are
possible and are deferred to future work. The optimal path planning problem is then
defined as follows:

Optimal path planning problem: Given a path planning problem
(%‘ree,Xinit,%oa]) with a regular goal region and an arc length function
c: X — Ry, find a feasible path ¢* such that ¢(c*) = min{c(o) :
o is feasible}. If no such path exists, report failure.

Finally, we introduce some definitions concerning the clearance of a path, i.e.,
its “distance” from Zops [8]]. For a given § > 0, the §-interior of Zfe. is defined
as the set of all states that are at least a distance 6 away from any point in Zgps. A
collision-free path o is said to have strong §-clearance if it lies entirely inside the
S-interior of Zfee. A collision-free path ¢ is said to have weak d-clearance if there
exists a path ¢’ that has strong &-clearance and there exists a homotopy V¥, with
y(0) =0, y(1) = ¢’, and for all o« € (0,1] there exists 8, > 0 such that y(e) has
strong Og-clearance.

3 The Fast Marching Tree algorithm (FMT™)

In this section we present the Fast Marching Tree algorithm, FMT?*, described in
pseudocode in Algorithm (I} We first introduce the algorithm, then discuss its ter-
mination properties, and finally discuss implementation details and computational
complexity. The proof of its (asymptotic) optimality will be presented in Section 4}
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3.1 The Algorithm

Let SampleFree(k) be a function that returns a set of k € N points sampled
independently and identically from the uniform distribution on Zfe.. We use the
uniform distribution in this paper for simplicity, but any distribution supported on
Ziree Would yield identical theoretical results, in particular AO. Given a vertex x €
Z and a set of vertices V, let Save(V, x) be a function that stores in memory a set of
vertices V associated with a vertex x. Given a set of vertices V and a positive number
r,let Near(V,x,r) be a function that returns the set of vertices {veV : |[v—x|| < r}.
Given a graph G = (V, E), where V is the vertex set and E is the edge set, and a vertex
x €V, let Cost(x,G) be a function that returns the cost of the shortest path in the
graph G between the vertices xj,;; and x. With a slight abuse of notation, we define
the function Cost (vZ) as the function that returns the cost of the line vz (note that
Cost(7z) is well defined regardless of ¥z being collision free). Given two vertices
x and z in Zfree, let CollisionFree(x,z) denote the boolean function which is
true if and only if X7 does not intersect an obstacle. Given two sets of points .#] and
S in Ziee, let Intersect(S,.7) be the function that returns the set of points
that belong to both .7} and .%>. Given a tree T = (V, E), where V is the vertex set
and E is the edge set, and a vertex x € T, let Path(x, T) be the function that returns
the unique path in the tree T from xjpj to vertex x.

Algorithm 1 Fast Marching Tree Algorithm (FMT™*)

1 V4 {Xinit}USampleFree(n); E + 0
2 W = V\{Xinit }3 H < {Xinit }

3 Z 4 Xinit

4 N, < Near(V\{z},z,r)

5 save(N;,z)

6 while z ¢ Zy0q do

7 Hpew <0

8  Xpear = Intersect(N,W)

9 for x € X eor do

10 Ny < Near(V\{x},x,r,)

11 Save(Ny,x)

12 Yoear ¢ Intersect(Ny,H)

13 Ymin — argminyey, ., {Cost(y,7 = (V,E))+Cost (%)}
14 if CollisionFree(ymin,x) then

15 E < EU{(ymin,X)}  // YminX is collision-free

16 Huew < Hyew U {x}

17 W W\ {x}

18 end if

19  end for

20  H <+ (HUHew)\{z}

21 if H = ( then

22 return Failure

23 end if

24z« argmingey{Cost(y,T = (V,E))}
25 end while

26 return Path(z, T = (V,E))

Essentially, the FMT* algorithm executes a forward dynamic programing recur-
sion over the vertices sampled with the SampleFree(n) function. FMT* maintains
dual sets H and W, where H keeps track of nodes which have already been added to
the tree, although it drops nodes that are not near enough to the edge of the expand-
ing tree to actually have any new connections made. The set W maintains the nodes
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which have not been added to the tree. The algorithm generates a tree by moving
steadily outward in cost-to-come space (see Figure[T)). To give some intuition, when
there are no obstacles and the cost is Euclidean distance, FMT" reports the exact
same solution (or failure) as PRM*. This is because, without obstacles, FMT* is in-
deed using dynamic programming to build the minimum-cost spanning tree, with
Xini¢ as the root, of the set of nodes in the PRM* graph which are connected to xjpj.
The only difference is that by not starting with the entire PRM* graph itself, FMT* is
able to find the solution much faster (see Section [5). In the presence of obstacles,
FMT* and PRM* no longer return the same solution in general, and this is due to
how FMT" deals with obstructing obstacles. In particular, when FMT"* searches for
a connection for a node v, it will leave v unconnected (and let it remain in W to be
checked again in later iterations) if the node x € H whose connection (if obstacle-
free) would produce the smallest cost-to-come for v is blocked from connecting to
v by an obstacle. Assuming x is the optimal parent of v with respect to the PRM*
graph, v will never be connected to xg in FMT* only if when xg is the minimum-cost
node in H, there is another node x; € H such that (a) x; has (necessarily, by the
structure of H) greater cost-to-come than xg, (b) x; is within a radius r, of v, (c)
x1 is blocked from connecting to v by an obstacle, and (d) obstacle-free connection
of v to x; would have lower cost-to-come than connection to xg. If any of these
conditions fail, then on some iteration (possibly not the first), v will be connected
optimally with respect to PRM*. Note that the combination of conditions (a), (b),
(c), and (d) ought to make such suboptimal connections quite rare.

1 1
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Fig. 1 The FMT* algorithm generates a tree by moving steadily outward in cost-to-come space.
This figure portrays the growth of the tree in a 2D environment with 1,000 nodes (not shown).

3.2 Termination

One might wonder if, in the first place, the FMT* algorithm always terminates,
i.e., it does not cycle indefinitely through the sets H and W. The following theorem
shows that indeed FMT* always terminates.

Theorem 1 (Termination). Consider a path planning problem (%‘reeaxinitz E%”g,,al)
and any n € N. The FMT* algorithm always terminates in at most n iterations of the
while loop.

Proof. To prove that FMT* always terminates, note two key facts: (i) FMT* terminates
and reports failure if H is ever empty, and (ii) the minimum-cost node in H is re-
moved from H at each while loop iteration. Therefore, to prove the theorem it suf-
fices to prove the invariant that any node that has ever been added to H can never
be added again (this, in fact, would imply that the while loop goes through at most
n iterations). To establish the invariant, observe that at a given iteration only nodes
in Xpear are added to H. However, Xpeor € W, so only nodes in W can be added to
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H, and each time a node is added, it is removed from W. Finally, since W never has
nodes added to it, a node can only be added to H once. This proves the invariant,
and, in turn, the claim. O

3.3 Implementation Details

The set H should be implemented as a binary min heap, ordered by cost-to-
come, with a parallel set of nodes H' which exactly tracks the nodes in H (but in no
particular order) for use when the intersection operation in line[T2] of the algorithm
is executed. For many of the nodes x € V, FMT" saves the associated set N, of r,-
neighbors for that node. Instead of just saving a reference for each node y € N,,
Ny can also have memory allocated for the real value Cost(yx) and the boolean
value CollisionFree(y,x). Saving both of these values whenever they are first
computed guarantees that FMT* will never compute them more than once for a given
pair of nodes. Finally, the first Cost function (the one that takes in a vertex and
graph) should not be a computation; the costs should just be saved for every node
that is added to the tree. Since the cost is only queried for nodes that are already in
the tree, and that cost never changes, it would suffice to just add a step which saves
the cost-to-come of x.

Previous work has often characterized the computational complexity of an al-
gorithm by how long it takes to run the algorithm on n nodes. However the com-
putational complexity that ultimately matters is how long it takes for an algorithm
to return a solution of a certain quality. We focus on this concept of computational
complexity and rely on simulations as a guide, although we note here that FMT" is
O(nlog(n)), with the proof omitted due to space limitations. In order to compute
this more relevant computational complexity, we would need a characterization of
how fast the solution improves with the number of nodes — more on this in Remark
Rl at the end of the next section.

4 Asymptotic Optimality of FMT*

The following theorem presents the main result of this paper.
Theorem 2 (Asymptotic optimality of FMT"). Let (Zfee,Xinit, Zg0a1) be a path
planning problem in d dimensions, with Z40q &-regular, such that there exists an
optimal path 6* with weak 8-clearance for some 8 > 0. Let ¢* denote the arc length

of 6%, and let c,, denote the cost of the path returned by FMT" (or o if FMT" returns
failure) with n vertices using the following radius,

o=y 21 (M)l o

Sfor some n > 0. Then limy_eo P (¢, > (1+€)c*) =0 forall € > 0.

Proof. Note that ¢* = 0 implies Xipit € ¢/(Zgoar), and the result is trivial, there-
fore assume ¢* > 0. Fix 6 € (0,1/4) and define the sequence of paths o, such that
limy, e c(0y,) = ¢*, 0,(1) € d Zgoal> On(T) ¢ Zygou for all T € (0,1), 6,(0) = Xinits
and o, has strong §,-clearance, where 6, = min{6 , gi—grn}. A proof that such a
sequence of paths exists can be found in [8] as Lemma 50. It requires a slew of extra
notation and metric space results, and so the proof is omitted here.

Let o), be the concatenation of o, with the line that extends from o,(1) in the

direction perpendicular to the tangent hyperplane of d Zgoa at 0,(1) of length
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min{é, 2(2’19 } Note that this tangent hyperplane is well-defined, since the reg-
ularity assumption for Zg0q1 ensures that its boundary is differentiable. Note that,
trivially, lim, . c(0;) = lim, . c(0,) = c*.

Fix € € (0,1), suppose o, 8 € (0, 68/8) and pick ng € N such that for all n > ng
the followmg conditions hold: (1) 5525+ 2+9 <&,(2) ;ig ra<96,3)c(o,) < (14%)c*
and (4) 52 £ct.

For the remamder of this proof, assume n > ny. From conditions (1) and (2), o,
has strong 3 2 rn -clearance. Letting x(a, 3,0) := 1+ (2at+2f3) /6, conditions (3)
and (4) nnply,

K(0,B,0)c(07) + 52 < <a,ﬁ,e>(1+j)c*+§c*

< <<1+§><1+j>+§> <(1+e)

P(ch > (14€)c*) =1=P(cy < (14€)c*) <1=P (e, < k(. B,0)c(0y) + 525 ) -
2

Therefore,

Define the sequence of balls By, 1,...,B,m, C Zire parameterized by 6 as fol-

lows. For m = 1 we define B, := B(Gn(‘cn 1); 2+9> with 7, = 0. For m =

2,3,..., let I, = {r € (Tam=1,1) : ||6n(T) = O (Tum—1)]| = fﬂf’é }; if I, # 0 we
define By, := B(Gn(r,,m) 2+9) with 7, , = min; I,,. Let M, be the first m

such that I, = 0, then, B, y, := B<G (1); (2+9>), and we stop the process, i.e.,

B, u, is the last ball placed along the path o, (note that the center of the last ball
is 0,(1)). Considering the construction of o, and condition (1) above, we conclude
that By, € c%/goal-

Recall that V is the set of nodes available to algorithm FMT* (see line 1 in Algo-
rithm. We define the event A, g := ﬂf‘n/l”zl {BumNV #0}; A, g is the event that each
ball contains at least one (not necessarily unique) node in V (for clarity, we made the
event’s dependence on 0, due to the dependence on 6 of the balls, explicit). Further,

for all m € {1,.. — 1}, let BE m be the ball with the same center as B, ,, and
radius 213 i’é , and let Ky ﬁ be the number of smaller balls BB w.m DOt containing any of the
nodesinV,i.e., K,? :=card{m e {1,... .M, — 1} :Bn’mﬁV = 0}.

We now present three important lemmas, whose proofs can be found int the Ap-
pendix.

Lemma 1. Under the assumptions of Theorem[2|and assuming n > ny, the following
inequality holds:
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P (cn < k(0. B.0) (o) + o) = 1 — P(K] = au(M, — 1)) = P(45 ).

Lemma 2. Under the assumptions of Theorem|2] for all o € (0,1) and B € (0,6/2),
it holds that: lim,_ P(K? > a(M,—1)) =0.

Lemma 3. Under the assumptions of Theorem 2| assume that r, = y(logn/n)"/4,

where Y= (1+1) -2(1/d)5(u(%-ree)/éd)1/d and m > 0. Then for all 6 < 21,
lim, . P(AS ) = 0.

Essentially, Lemma [I] provides a lower bound for the cost of the solution deliv-
ered by FMT" in terms of the probabilities that the “big” balls and “small” balls do
not contain vertices in V. Lemma [2] states that the probability that the fraction of
small balls not containing vertices in V is larger than an « fraction of the total num-
ber of balls is asymptotically zero. Finally, Lemma [3]states that the probability that
at least one “big” ball does not contain any of the vertices in V is asymptotically
zero.

The asymptotic optimality claim of the theorem then follows easily. Let € € (0, 1
and pick 6 € (0,min{2n,1/4}) and o, B € (0,0¢/8) C (0,6/2). From equation
and Lemmal(T] one can write

lim P (c, > (1+€)c”) < lim P (Kf > a(M, — 1)) + lim P (45, ).
n—oo n—oo Nn—yoo ]

The right hand-side of this equation equals zero by Lemmas [2]and 3] and the claim

is proven. The case with general € follows by monotonicity in € of the above prob-

ability. O

Remark 1. Since the solution returned by FMT* is never better than the one returned
by PRM?*, the exact same result holds for PRM*. Note that this proof uses a Y which
is a factor of (d +1)'/¢ smaller (and thus a r, which is (d +1)"/¢ smaller) than
that in [8]. Since the number of cost computations and checks to collision-free scale
approximately as r;f, this factor should reduce run time substantially for a given
number of nodes, especially in high dimensions. This is due to the difference in
definitions of AO mentioned earlier which, again, makes no practical difference for
PRM* or FMT*. Furthermore, the result holds for PRM* under the more general
cost definition used in [8] under the new definition of AO by replacing Lemma 52
in [8]] with Lemma [3|from this paper.

Remark 2. We now note a very intriguing and promising side-effect of the new def-
inition of AO. In proving that P (¢, > (14 ¢€)c*) — 0 for all € > 0, we actually had
to characterize this probability. Although the details of the functional form are scat-
tered throughout the proof of Theorem 2} a convergence rate bound for FMT*, and
thus also PRM*, can be obtained as a function of n. As far as the authors are aware,
this would be the first such convergence rate result for an optimal sampling-based
motion-planning algorithm, and would be an important step towards understanding
the behavior of this class of algorithms. An experimental verification of the tightness
of this bound is left for future work.
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5 Numerical Experiments and Discussion

In this section we discuss the advantages of FMT* over previous sampling-based
motion planning algorithms. To the best of our knowledge, the only other asymptot-
ically optimal algorithms are PRM*, RRG, and RRT* [8]], so it is with these state-of-
the-art methods that we draw comparison. We first present a conceptual comparison
between FMT* and such algorithms, and then we present results from numerical
experiments.

5.1 Conceptual Comparison with Existing AO Algorithms

As compared to RRT*, we expect FMT*to show some improvement in solu-
tion quality per number of nodes placed. This is because for a given set of nodes,
FMT" creates connections nearly optimally (exactly optimally when there are no
obstacles) within the radius constraints, while RRT*, even with its rewiring step, is
ultimately a greedy algorithm. It is however hard to conceptually compare how long
the algorithms might take to run on a given set of nodes, given how differently they
generate paths.

One advantage of FMT* over the graph-based methods such as PRM* and RRG
is that FMT" builds paths in a tree-like structure at all times. This is important when
differential or integral constraints are added to the paths. If, for example, a smooth-
ness constraint is placed on paths, then since FMT* builds its paths outwards, each
new branch solves the differentially constrained system with initial conditions start-
ing from its parent node/state, whose optimal path has already been determined.
In graph-based methods, many edges are added at once with no well-defined par-
ent, so that it is not clear what the initial conditions are that need to be satisfied
for each edge. Even in RRT*, the rewiring process reroutes an already differentially
constrained path in the middle of the path, a more challenging problem than just
concatenating to the end.

There are a few other speed-ups inherent in the FMT* algorithm. The first is that
when FMT" searches for the parent of a new node, it only searches over nodes in
H within an r,-ball, as opposed to all nodes within the r,-ball. Although in rare
cases when nodes are very close to the boundary FMT* may repeat this search, it is
possible to remove redundancy in the time-intensive functions that compute cost and
collision-free status, so that the number each of computations of cost and collision-
free is upper-bounded by the total number of nodes in the r,-ball. In contrast, each
of PRM*, RRG, and RRT* always searches over all nodes within the r,-ball when
adding a given node’s edges (although r, varies over a single run of RRG or RRT*,
the expected number of nodes in the r,-ball stays the same). The second speed-up
is that FMT* may stop before considering all the nodes placed. The main loop exits
once the node under consideration (the one with the minimum cost-to-come in H)
is contained in the goal region. This guarantees that the optimal path to the goal
that will ever be found by FMT™ (if it had not stopped the loop and continued until
H were empty) is returned, while also not requiring the algorithm to consider all
nodes.

5.2 Results from Numerical Experiments

All simulations were run in C++, using a Linux operating system with a 2.3
GHz processor and 3.6 GB of RAM. The implementation of RRT* was taken from
the Open Motion Planning Library (OMPL) [4], and these simulations rely on the
quality of the OMPL implementation. We did adjust the search radius to match the
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lower bound in [8] plus 10%, and note that no steering parameter was used. Both
PRM* and FMT" were implemented in OMPL, and for comparison purposes, we
used the radius suggested in [8]] for PRM* for both (in particular, we used an r,, of
10% over the lower bound given there, as opposed to the smaller 7, lower bound
presented in this paper). Figures 2] - [5| show the results of simulations run in 2, 5, 7,
and 10 dimensions, respectively, with no obstacles and 50% obstacle coverage (the
obstacles are hyperrectangles). The initial state x;j,i; was set to be the center of the
unit hypercube (which was the configuration space), and Z50a Was set to be the ball

of radius 0.001'/4 centered at the 1-vector. The points represent simulations of the
three algorithms on node sets increasing in size to the right. The error bars represent
plus and minus one standard error of the mean, reflecting that some plots were run
with 100 simulations at each point and others at 50 simulations per point. Note that
PRM* was not simulated in 10D because it took prohibitively long to run.

In all the figures, FMT"* dominates the other two algorithms, in that the FMT* curve
is below and to the left of the other two. This difference becomes particularly promi-
nent in higher dimensions and with more obstacles, which is exactly the regime in
which sampling-based motion planning algorithms are particularly useful. Specifi-
cally, note that in Figures [ and [5] the solution of RRT* never even dips below the
solution of FMT* on the smallest node set, making it hard to estimate the speedup,
but it is clearly multiple orders of magnitude. As compared to PRM*, FMT* still pro-
vides substantial speedups in the plots with 50% obstacle coverage, and even in the
0% obstacles plots for 5D and 7D, while both curves seem to plateau, FMT* reaches
that plateau in about half the time of PRM*.

We also note that, although it is not exactly clear from these plots because the
points are not labeled with the number of nodes, when all three algorithms are run
on the same number of nodes, the curve for PRM* looks very much like that for
FMT" but shifted to the right (same solution quality, but slower), while that of RRT*
looks very much like that of FMT* but shifted up (lower solution quality in the same
amount of time). This agrees with our heuristic analysis. It is of some interest to
note that in 10D with 50% obstacle coverage, RRT* only returned a solution about
90% of the time across the number of nodes simulated, while FMT*had a 100%
success rate for all but the smallest two node sets (200 nodes = 94%, 300 nodes =
96%). Finally, although the error bars depend on the number of simulations, each
graph used the same number of simulations for each point, and thus it is noteworthy
that RRT*’s error bars are uniformly larger than those of FMT*. This means that
the solutions returned by FMT™ are both higher quality and more consistent.

6 Conclusions

In this paper we have introduced and analyzed a novel probabilistic sampling-
based motion planning algorithm called Fast Marching Tree algorithm (FMT*). This
algorithm is asymptotically optimal and appears to converge significantly faster then
its state-of-the-art counterparts. We used the weaker notion of convergence in prob-
ability, as opposed to convergence almost surely, and showed that the extra mathe-
matical flexibility provides substantial theoretical and algorithmic benefits, includ-
ing convergence rate bounds.

This paper leaves numerous important extensions open for further research. First,
it is of interest to extend the FMT* algorithm to address problems with differen-
tial motion constraints and in non-metric spaces (relevant, e.g., for information-
planning). Second, we plan to explore the convergence rate bounds provided by
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Fig. 2 Simulation results in 2 dimensions with and without obstacles. Left figure: (normalized)
cost versus time with 0% obstacle coverage. Right figure: cost versus time with 50% obstacle
coverage.
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Fig. 3 Simulation results in 5 dimensions with and without obstacles. Left figure: (normalized)
cost versus time with 0% obstacle coverage. Right figure: cost versus time with 50% obstacle
coverage.

the proof of AO given here. Third, we plan to use this algorithm as the backbone
for scalable information-theoretic planning algorithms. Fourth, we plan to extend
the FMT* algorithm for solving the eikonal equation. Finally, we plan to test the
performance of FMT* on mobile ground robots operating in dynamic environments.
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Appendix

Proof (Proof of Lemma . To start, note that ]P’(Kf > aM, — 1)) +P(Ag) >
P{KP > a(M, — 1)} UAS) = 1 —P({K? < a(M, — 1)} NA,), where the first in-
equality follows from the union bound and the second equality follows from De
Morgan’s laws. Note that the event {K,l,3 < a(M, —1)}NA, is the event that each
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o 7D with 0% Obstacle Coverage 7D with 50% Obstacle Coverage
1.8 35
S 5 FMT —5- FMT*
H -e—RRT* s —-6-RRT*
E s — PRM* ® —— PRV’
o [«
b4 O 25
w14 %
o g 2
S g
[}
1.2
e < 15 %EEE_E‘EE
o
(3
>
g 1 1
0 0.5 1 15 2 2_.5 3 3.5 0 20 40 60 ) 80_ 100 120
Average Execution Time [s] Average Execution Time [s]

Fig. 4 Simulation results in 7 dimensions with and without obstacles. Left figure: (normalized)
cost versus time with 0% obstacle coverage. Right figure: cost versus time with 50% obstacle
coverage.
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Fig. 5 Simulation results in 10 dimensions with and without obstacles. Left figure: (normalized)
cost versus time with 0% obstacle coverage. Right figure: cost versus time with 50% obstacle
coverage.

B,,.» contains at least one node, and more than a 1 —  fraction of the Bgm balls also
contains at least one node.

When two nodes x; and x;1 1, i € {1,...,M, — 2}, are contained in adjacent balls
B, ; and B, 11, respectively, their distance apart ||x;;1 — x;|| can be upper bounded
by,

or, Br, Bra e B ) B
276 T 2B+”9 + 2+"9 cifx; € Bﬁ’i and x;1| € Bn’iJrl
Or, 7 17 T .

210 T 236 T 219 ¢ ifx; € Bmi or xjy1 € Bn’iJrl

Ory 'n n_ . s
6 tatg Tate otherwise,

where the three bounds have been suggestively divided into a term for the distance
between ball centers and a term each for the radii of the two balls containing the
nodes. This bound also holds for ||xas, — xp,—1]|, although necessarily in one of the

latter two bounds, since B, ,, being undefined precludes the possibility of the first

bound. Thus we can rewrite the above bound, for i € {1,..., M, — 1}, as ||xiy1 —
xi|| < é(x;) 4+ ¢(xiy1), where
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Or, ﬁrn . B
) Oy By ocBP
) = { 0y T 240 * )

or, m_ . B
o+0) T 246 - Xk ¢ B,
Again, ¢(xy,) is still well-defined, but always takes the second value in equation
(3) above. Let L, o g be the length of a path that sequentially connects a set of
nodes {x| = Xinit, X2, - . ., Xpm, }» such that x,, € B, Vm € {1,...,M,}, and more than
a (1 — a) fraction of the nodes xi,...,xy,—1 are also contained in their respective

Bfim balls. The length L, ; g can then be upper bounded as follows

My—1 My—1
Lyap= ];1 [[61 — x| < 1;1 2¢(x) — e(x1) +¢(xm,)
Or, 2Br, 21y, (1—=PB)rn
<(M,—-1 1— M, —1 M, —1
< (M~ 1) 27 4 11— )y~ 115275 4 [y 1)) o 1 B
0+2a+2(1—a)p  (1—-B)m
<M,—1)r,
< (My=1)r 216 e
0+20+2p n
<M . 4
S My 210 210 4)

In equationE], [x] denotes the smallest integer not less than x, while |x]| denotes
the largest integer not greater than x. Furthermore, we can upper bound M, as fol-
lows,

M,—2
a or, T,
/ > -0, ! 1 _ B > M _2 n n
Or, 1 n Or,
=M, —— ——2 >M,——
”2+9+(2 9)z+9— "256’ )

where the last inequality follows from the assumption that 6 < 1/4. Combining
equations (@) and (3) gives

'n

2+6°

20042

< / m_ _ /
Ly = e(0) (1425528 ) 4 375 — x(a..0)clo) +

(6)

We will now show that when A,, occurs, ¢, is no more than the length of the path
connecting any sequence of M, vertices tracing through the balls B, 1, ..., B, pm, (this
of course also implies ¢, < o). Coupling this fact with equation (6], one can then
conclude that the event {K,l,3 < o(M,—1)}NA, implies that ¢, < k(a, 3,0) c(0),) +
21’9, which, in turn, would prove the lemma.

Let x1 = Xinit» X2 € B2, ..., Xu, € Bym, © Zgoal- Note that the x;’s need not all
be distinct. The following property holds for all m € {2,...,M, — 1}:

[lm — Xm—1]| < me — O (Tm) || + HGn(Tm) - Gn(Tmfl)H + 1160 (Tm—1) = Xm—1|
n Or, T
< =
=276 246 2+

In.
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Similarly, one can write ||xp, —xm, 1]l < 575 + (9“;/92)”’ + 2(2 "5y = n- Further-
more, we can lower bound the d1stance to the nearest obstacle form € {2,... .M, —
1} by:

. . 3+ 9 7,
Wg)l(fbs [[m —wl| = wg}(fbs 164 (Tm) = wll = [1Xm — 0 (T) | = 2rgm 2_|_7n9 =Tn,

where the second inequality follows from the assumed J,-clearance of the path
0y,. Again, similarly, one can write inf,,cx,_||xa, —w|| > infyex,,, ||[Xn — 0,(1)]| —

o, (1) —w| > gig — 5t = rn. Together, these two properties imply that, for
m € {2,...,M,}, when a connection is attempted for x,, x,,—1 will be in the search

radius and there will be no obstacles in that search radius. In particular, this implies
that either the algorithm will return a feasible path before considering xyy,, or it will
consider xy, and connect it. Therefore, FMT" is guaranteed to return a feasible so-
lution when the event A, occurs. Since the remainder of this proof assumes that A,
occurs, we will also assume ¢,, < oo.

Finally, assuming x,, is contained in an edge, let ¢(x,,) denote the (unique) cost-
to-come of x,, in the graph generated by FMT"* at the end of the algorithm, just
before the path is returned. If x,, is not contained in an edge, we set c(x,,) = co.
Note that ¢(-) is well-defined, since if x,, is contained in any edge, it must be con-
nected through a unique path to xini;. We claim that for all m € {2,...,M,}, either
en < X ot —xef, or e(xm) < X! ka+1 —x¢||. In particular taking m=M,,
this would imply that ¢, < min{c()cﬁ/ln),):f[:”1 k1 — x|} < ):k Yt — xell,
which, as argued before, would imply the claim.

The claim is proved by induction on m. The case of m = 1 is trivial, since the
first step in the FMT* algorithm is to make every collision-free connection between
Xinit = X1 and the nodes contained in B(Xini;7), which will include x, and, thus,
¢(x2) = ||x2 — x1||- Now suppose the claim is true for m — 1. There are four cases to
consider:

Loen S TP e —xill,

2. c(xm—1) < 221;12 |lxk+1 — x¢|| and FMT* ends before considering x,,,

3. c(xm—1) < ZZ:Z lxk+1 — x¢|| and x,,—1 € H when x,, is first considered,
4. c(xm1) <Y 2 ||x341 — x¢ || and x,, 1 & H when x,, is first considered.

Case 1: ¢, <YM 2 |31 — xel] < X0 |1 — x|, thus the claim is true for m.

Case 2: ¢(xp—1) < oo implies that x,,_; enters H at some point during FMT*.
However, if x,,_; were ever the minimum-cost element of H, x,, would have been
considered, and thus FMT* must have returned a feasible solution before x,,_; was
ever the minimum-cost element of H. Since the end-node of the solution returned
must have been the minimum-cost element of H, ¢, < c(xn—1) < X172 [|Xk1 —
xell < T s

Case 3: x,,—1 € H when x,,, is first considered, ||x,, —x—1|| < rs, and there are no
obstacles in B(xy;r,). Therefore, x,, must be connected to some parent when it is
first considered, and ¢(x) < c(Xm—1) + |Xm — Xm—1 ]| < L5} ||Xk1 — Xk, thus the
claim is true for m.
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Case 4: When x,, is first considered, there must exist z € B(x,,;r,) such that z is
the minimum-cost element of H, while x,,_; has not even entered H yet. Note that
again, since B(x,,; r,) intersects no obstacles and contains at least one node in H, x,,
must be connected to some parent when it is first considered. Since c(x,,—1) < oo,
there is a well-defined path &7 = {vy,...,v,} from Xiyjc = v| to x,,—1 = v, for some
g € N. Let w = v;, where j = max;c(; q}{i :v; € H when x,, is first considered}.

Then there are two subcases, either w € B(xy; 1) or w & B(xy5 7). If w € B(Xp3 1)
then,

c(m) < e(w) + [oom —wl| < c(w) + [[xm—1 = wl[ + oon — X1 |

m—1
< (1) + [Jxm —xm-1 ] < Z l[e+1 — Xkl
k=1

thus the claim is true for m (the second and third inequalities follow from the triangle
inequality). If w ¢ B(x,,; 1), then,

m—1
c(xm) < c(2) + [lxm —zl| < c(w)+ra < c@m-1) + [[xm — xXm—1[| < Z 1 = xi]
k=1

where the third inequality follows from the fact that w ¢ B(x,,, r,), which means that
any path through w to x,,, in particular the path & Ux,,, must traverse a distance of
at least r,, between w and x,,. Thus, in the final subcase of the final case, the claim
is true for m.

Hence, we can conclude that ¢, < Zﬁ/[:”fl lxk+1 —xx||- As argued before, coupling

this fact with equation (@), one can conclude that the event {Kf <a(M,—1)}NA,

implies that ¢, < k(e B,8)c(0,) + 574, and the claim follows. O

Proof (Proof of Lemma 2)). The proof relies on a Poissonization argument. For v €
(0,1), let 7i a random variable drawn from a Poisson distribution with parameter

vn (denoted as Poisson(vn)). Consider the set of nodes V := SampleFree(i),
and for the remainder of the proof, ignore xj,;; (adding back xj,i only decreases
the probability in question, which we are showing goes to zero anyway). Then the

locations of the nodes in V are distributed as a spatial Poisson process with intensity
vi/U( Ziree)- This means that for a Lebesgue-measurable region R C Zjree, the
number of nodes in R is distributed as a Poisson random variable with distribution

Poisson (vn/J,(R)/ ,u(ﬁ&”free)), independent of the number of nodes in any region
disjoint with R [8, Lemma 11].
Let Ef be the Poissonized analogue of K,f, namely Ef = card{m e{l,....M,—

1}: BE,m nv = @}. Note that only the distribution of node locations has changed

through Poissonization, while the balls BE’m remain the same. From the definition
of V, we can see that P (K,E > a(M, — 1))) =P (EE >oaM,—1)|i= n) Thus,
we have
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(RP = atv—1) = L B (RE = alus,~ 1)l = ) - (=)
> iP(Ef Za(Mrl)\ﬁ:J)P(ﬁ:J)
j=0

2ZP(E,?za(Mn—l)\ﬁ=n)P(ﬁ:j) (7)
B

Y

(1 - (K > a(, — 1)),

where ay is a positive constant that depends only on v. The third line follows from

the fact that }P’(I?f > a(M, —1)|7i = j) is nonincreasing in j, and the last line follows
from a tail approximation of the Poisson distribution [[15, p. 17] and the fact that
E[ii] < n. Thus, since lim, (1 —e™*") = 1 for any fixed v € (0, 1), it suffices to
show that lim,,_>°<,IE1’(I?,€3 > o (M, — 1)) = 0 to prove the statement of the lemma.
Since by assumption § < 6/2, Bf.lv e ,BE m,—1 are all disjoint. This means that
the number of the Poissonized nodes that fall in each one is independent of the
others and identically distributed as a Poisson random variable with mean equal to

N(BE,I) B gd(ff’e)d  VGBiyogn)
u(%ree) = u(«%ree) = <2+6)nu(=%/free> o Aﬁ’Vlog(n)’

where Ag , is positive and does not depend on n. From this we get that for m €
{1,...,M, — 1},

P(Bg,m NV =0) = e *v1ost) — =gy,

Therefore, E,/E is distributed according to a binomial distribution, in particular ac-

1
cording to a distribution Binomial(M,, — 1, n~*.v). Then for n > (e %) By,
ezE[EE ] < a(M, — 1), so from a tail approximation to the Binomial distribution
(15 p. 16],

P(KP > oM, — 1)) < e *Mn=1),

Finally, since, by assumption, Xiy;; ¢ Za0al, the optimal cost is positive, i.e., ¢* > 0;
this implies that there is a lower-bound on feasible path length. Since the ball radii
decrease to 0, it must be that lim,_,.. M, = oo in order to cover the paths, and the
lemma is proved. O

Proof (Proof of Lemma[3). Let cpax 1= max,en c(0},); the convergence of ¢(o;,) to
a limiting value that is also a lower bound implies that cyax exists and is finite. Then
we have,
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10) = LGy =0 = ¥ (1- 0l Y (1 ST

m=1 m=1 m=1

* (1‘ Cd((fgfe; )

Lir'log(n) )" Cay'logn) "
SM”( - n<z+e>du<%€e>> i (1 ) n<4+29>f’u(%free>>

B gdyd log(n) _ Q]Yd log(n)
< Mye (2+6)4 1 Zfree) te (4+20)4 1 Ziree)
AN [ o

< (2+gzc(6n)n 2+07u(Ziee) 45y (4+20)71(Zjee)

n

1 ¢ _ ¢

< @Jrgﬂlog(n)ﬁ n? Cr O Tiee) gy @20 (i)

Y

®)

where the third inequality follows from the inequality (1— 1) <¢~%, and the fourth
inequality follows from the bound on M, obtained in the proof of Lemma [T} As
n — oo, the second term goes to zero for any y > 0, while the first term goes to

1/d
zero for any v > (2+6) (u(%ree)/(dé’d)> , which is satisfied by 6 < 2n. Thus

P ( : 6) — 0 and the lemma is proved. O
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