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Abstract

This work presents a new alternative to polynomial splines for trajectory and path generation. We present a method that, given
a non-differentiable trajectory/path, generates an infinitely differentiable one in a single step—requiring small computational
resources—and can be made as close to the original as desired, both pointwise and on compact subsets of the trajectory’s
domain. These methods—mollification and its improvement, directional mollification—possess O(n) numerical complexity, can
inherit certain geometric properties from splines (such as confinement to the convex hull of the points defining a curve), and
allow for simple analytical curvature bounding for curves described as polygonal chains. We demonstrate the feasibility of these
methods through a set of experiments in which the smooth curve adapts to the vehicle’s dynamics.

Keywords: Path Planning, Trajectory tracking, Autonomous mobile robots, Computational methods, Guidance navigation and
control

1. Introduction

In the fields of robotics and autonomous systems, motion
execution is typically organized into a hierarchical structure
of interrelated problems. Path planning first identifies a feasi-
ble route through the robot’s configuration space—often as a
sparse sequence of waypoints—using algorithms such as A*
or sampling-based methods like RRT (LaValle, 2006). Sub-
sequently, path generation transforms this abstract plan into
a smooth, continuous geometric path or time-parameterized
trajectory. This stage is critical because it acts as the bridge
to the downstream control layer. In path following scenarios,
the curve must be geometrically smooth (C2,G2 or higher) to
ensure well-defined tangents and curvatures for spatial error
computation (Yao et al., 2021). In trajectory tracking, the
curve must additionally respect the robot’s dynamic limits to
remain physically executable (Siciliano et al., 2009).

Traditional path generation relies heavily on spline-
based methods, including cubic B-splines (Lau et al., 2009;
Berglund et al., 2010) and Bézier curves (Yang and Sukkarieh,
2010). While these provide local control and compact para-
metric descriptions (Piegl and Tiller, 2012; Farin, 2002), en-
forcing exact interpolation of waypoints while maintaining

high smoothness often requires knot insertion or degree eleva-
tion (Faraway et al., 2007). Furthermore, these methods may
produce cumbersome paths if waypoint spacing is irregular
(Meek and Walton, 1992). Alternative approaches like Gaus-
sian Process Regression (Rasmussen and Williams, 2006)
and kernel smoothing (Hastie et al., 2009) offer C∞ smooth-
ness but sacrifice exact interpolation and incur O(n3) compu-
tational complexity. Recent advancements in Pythagorean-
hodograph (PH) curves, provide elegant closed-form curva-
ture and arc-length parameterization (Farouki et al., 2017; Bay
et al., 2023), yet they often rely on rigid algebraic constraints
that can limit flexibility across arbitrary data distributions.

In this paper, we explore the application of mollification—
the convolution of a non-smooth function with a compactly
supported C∞ kernel (Evans, 2022)—as a computationally
efficient and analytically rigorous alternative to traditional
spline-based methods for path generation. While the math-
ematical foundations of mollifiers are well-established in the
study of partial differential equations and signal processing
(Hohage et al., 2024), their geometrical properties and utility
in robotics remain unexploited. We show that mollifiers are
uniquely suited for the inexpensive generation of trajectories
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and paths, offering a robust balance between geometric flexi-
bility and formal analytical guarantees, while being highly ap-
plicable to path following in mobile robotics, trajectory gen-
eration in CNC machining and computer-aided geometric de-
sign.

Specifically, we present two approaches to path smooth-
ing. We first analyze the conventional mollification, or in
short, mollification, which ensures that the generated curve re-
mains within the convex hull of the original polygonal chain—
a property highly desirable for safety-critical applications.
However, to address the common requirement of exact way-
point navigation, we also present the directional mollification
operator. This formulation preserves the C∞ smoothness and
numerical stability of conventional mollification while ensur-
ing the resulting curve passes exactly through every original
vertex (waypoint or knot) of the path. In Section 2, we es-
tablish the primary theoretical results of both conventional
and directional mollifiers, explicitly relating their mathemati-
cal properties—such as uniform convergence and closed-form
curvature bounds—to the requirements of path generation.
In Section 3, we provide a series of experimental valida-
tions demonstrating the applicability and performance of these
techniques in mobile robotics scenarios. Finally, we offer con-
cluding remarks and directions in Section 4.

1.1. Notation
We say that a function f = ( f1, . . . , fm) : Rn → Rm

is k-times continuously differentiable with k ∈ N if each
fi : Rn → R is k-times continuously differentiable. We de-
note the set of k-times continuously differentiable functions
as f ∈ Ck(Rn,Rm). If the derivative of all orders exists for
each component, we say that f is smooth and denote it as
f ∈ C∞(Rn,Rm). If f : Rn → R and g : Rn → R are func-
tions, we denote as f ∗ g : Rn → R their convolution when it
exists. By a parametric path or trajectory, we mean a function
f : [a, b] → Rn with −∞ ≤ a < b ≤ ∞ which is at least locally
integrable (i.e., each component belongs to L1

loc(R)), and we
denote its length (in the Euclidean norm) by L( f , a, b). Given
a set A, we denote by co(A) its convex hull. By D(Rn) we
mean the set of C∞ functions with compact support in Rn.

2. Main results of mollification

2.1. Mollifiers
Mollifiers are C∞ functions which have compact sup-

port and converge—via a parameter—to the Dirac delta dis-
tribution. The compact support property allows for an
easy numerical integration and numerical convolution with
other functions, since the domain of integration is bounded.
Moreover, the Dirac delta distribution property, allows—via
convolution—to approximate any (locally integrable) func-
tion, as close as desired, using a parameter. Let us present
a mollifier formally.

Definition 1 (Mollifier). Let φ ∈ D(Rn) and for ε > 0 define
φε := 1

εnφ ◦
id
ε

. We call φ a mollifier if it satisfies:

1.
∫
Rn φ = 1, and

2. in the distributional sense limε→0 φε = δ, where δ is the
Dirac delta distribution.

Example 1. Let φ : R → [0,∞) be the function

φ(x) =

c1 exp
(

−1
1−x2

)
, |x| < 1,

0, |x| ≥ 1
, (1)

where c1 > 0 is a normalization constant that ensures
∫
R φdλ =

1. Clearly suppφ = (−1, 1) = [−1, 1] and suppφε = [−ε, ε].It
is not difficult to show that the requirements of Definition
1 hold for this function, so indeed the set of mollifiers is
nonempty.

We present the main properties of mollifiers, considered as
approximate units.

Theorem 1 ((Evans, 2022, Appendix C, Theorem 7)). Let
f ∈ Lp

loc(Rn,R) with p ∈ [1,∞], φ ∈ D(Rn) be a mollifier, and
ε > 0. The following three statements hold:

1. f ∗ φε ∈ C∞(Rn) and for any n ∈ N we have that
∂α(φε ∗ f ) = (∂αφε) ∗ f , for all multi index α ∈ Nn

0.

2. φε ∗ f → f pointwise almost everywhere as ε→ 0+.

3. If f is continuous then f ∗φε → f as ε→ 0+ on compact
subsets of Rn.

Note that, for trajectory/path generation, the previous results
are of special interest. Indeed, while traditional methods us-
ing polynomial splines also ensure the second and third con-
ditions of the theorem—usually by degree elevation—the C∞

condition cannot be achieved by using these methods for it
would require an infinite order polynomial spline (Schumaker,
2007), which is, in practice, not feasible. Nevertheless, the
first statement ensures that a C∞ function is obtained with just
a single step while also being numerically easy to compute,
because due to the compact support of the mollifier it exists a
well-defined bounded domain of integration. Moreover, also
note that computing the derivative of the mollified curve is
straightforward because the mollifier is previously known, and
it does not require the derivative of the original function to
exist at any point. Finally note that, through the parameter
ε > 0 the mollified curve can be made as close as desired to
the original one, so it can fit the dynamics of the system in
question—via a relationship with the curvature of the curve
an the parameter ε > 0—while still resembling the original
curve.

2.2. Geometrical properties and curvature guarantees
We sum up the results presented in González-Calvin et al.

(2025) using a single theorem.

Theorem 2 (González-Calvin et al. (2025)). Let f ∈

Lp
loc(Rn,R) for some p ∈ [1,∞], φ ∈ D(Rn,R) be a molli-

fier, and define Fε := f ∗ φε.

1. If f is convex (resp. concave) and φ ≥ 0 then Fε ≥ f
and Fε is convex (resp. Fε ≤ f and Fε is concave) for
any ε > 0. If f is quasiconvex and φ ≥ 0 then Fε is also
quasiconvex, for all ε > 0.

2. If f (x) = ⟨a, x⟩ + c with c ∈ R, a ∈ Rn and φ is an even
function whose support is suppφ = B(0, 1) then it holds
that Fε = f for all ε > 0.



3. If n = 1 and f is monotone, then Fε is monotone for all
ε > 0.

Moreover, if f ∈ C([a, b],Rn) with −∞ < a < b < ∞ and
φ ∈ D(R) is a non negative mollifier whose support is [−1, 1]
(as in Equation 1), and we define Fε := ( fi ∗ φε)n

i=1 we have
that

1. L(Fε) ≤ L( f ) for all ε > 0, where L : C(R,Rn) → R
is the length of the curve f , which has been extended
as done in (González-Calvin et al., 2025, Lemma 7 and
Theorem 8), computed with respect to any norm in Rn.

2. Fε([a, b]) ⊂ co( f ([a, b])), for all ε > 0.
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Figure 1: Comparison of different approaches for path gen-
eration. The blue line represents the path generated from the
linearly interpolated sequence of points shown in black. The
mollifier used is the one presented in Example 1 with ε = 0.4.

Let us break down carefully the main applications of the pre-
vious theorem for trajectory/path generation. Indeed, the sec-
ond statement of Theorem 1 states that mollification is invari-
ant to straight lines. That is, in the plane or in R3, geodesics
are invariant under mollification. Therefore, if a curve is a
polygonal chain (i.e., a curve created by joining consecutive
points with straight lines), the mollification is a curve con-
tained in the convex hull of the points that define the polyg-
onal chain, and, except in neighborhoods—with length 2ε in
the parameter—of the non-differentiable points, it is equal to
the original curve. See Figure 1 for a comparison between
the mollification of a polygonal chain and polynomial spline
methods. The computational complexity of the mollification,
should be below the one required by polynomial splines under
the same conditions; that is, C∞, curvature bounds and way-
point intersection. Indeed, if we degrade the conditions of the
curve continuity and do not pay attention to the curvature up-
per bounds, it could be possible to find polynomial splines that
are more computationally efficient.

Moreover, while the first statement provides a geometrical
invariance under mollification, note also that the length of a
mollified path is shorter than the length of the original curve.
Finally, the monotone invariance statement ensures that the
Gibbs phenomenon does not occur in mollification. In addi-
tion, it can be seen that there are zones in which the original

and mollified curves coincide for a polygonal chain. For that,
we need the actual definition of a polygonal chain.

Definition 2. Let p ∈ N0 with p ≥ 2 and let (P0, . . . , Pp)p
i=0 ⊂

Rn×· · ·×Rn be a set of ordered points called knots or vertices.
We define the p+ 1 knots/vertices polygonal chain in Rn to be
the function f : [0, p] → Rn, expressed as

f (t) := Pr−1 + (Pr − Pr−1)(t − (r − 1)), (2)

where t ∈ [r − 1, r] and r ∈ {1, . . . , p}. To be able to
convolve the previous function, we define its extension f̄ as
f̄ : R → Rn,

f̄ (t) =


P0 + (P1 − P0)t t ≤ 1
f (t) t ∈ [1, p]
Pp−1 + (Pp − Pp−1)(t − (p − 1)) t ≥ p

, (3)

for any t ∈ R. Note that this function is continuous, hence
locally integrable, and differentiable almost everywhere with
a locally integrable derivative.

We can now present the regions in which the original and mol-
lified curves coincide (González-Calvin et al., 2026, Theorem
6).

Theorem 3. Let f be a polygonal chain as in Definition 2
which has already been extended (that is f = f̄ in Defini-
tion 2). Let φ ∈ D(R) be an even, non negative mollifier with
support [−1, 1]. Suppose 1

2 − ε > 0, let r ∈ {1, . . . , p} and
define Vr := [r − 1 + ε, r − ε]. Then it holds that f |Vr = Fε|Vr .

Thus, the previous proposition justifies the bottom right pic-
ture of Figure 1, as it can be seen in the zones where the mol-
lification of the curve is equal to the original polygonal chain.

In addition, an explicit, easy-to-compute upper bound on
the curvature for a three-point polygonal chain can be found
in (González-Calvin et al., 2025, Equation 8). If we define
P̃1 := P1 − P0 and P̃2 := P2 − P1, the upper bound on the
curvature can be written as

1
ε
||φ||∞||P̃2 ∧ P̃1||2M(P̃1, P̃2), (4)

where

M(P̃1, P̃2) :=


1

||P̃1 s̄+(1−s̄)P̃2||
3
2

, 0 ≤ s̄ ≤ 1

max
{

1
||P̃1 ||

3
2
, 1
||P̃2 ||

3
2

}
, otherwise

.

It can be thought that this upper bound is limiting, but is it not
as long as ε ∈ (0, 1

2 ). Indeed, if that is the case, using The-
orem 3, the mollified curve coincides with the original curve
at least in neighboring sets in the middle of each segment (cf.
Figure 1). Therefore, the computation on the upper bound on
the curvature can be done pairwise, that is, for each pair of
segments.

Nevertheless, while the mollified curve can be made arbi-
trary close to the original polygonal chain via Theorem 1 (let-
ting ε → 0), as can be seen from the bottom right picture in
Figure 1, the mollified curve does not intersect the points that
define the trajectory. This is a consequence of the convex hull
confinement of the mollified curve, as stated in Theorem 1.
For this purpose, that is, to create a curve with the same con-
vergence and smoothness properties of mollifiers that intersect
the points of a polygonal chain, we introduce the directional
mollification operator.
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2.3. Intersecting points of a polygonal chain: The directional
mollification operator

To solve the waypoint intersection problem, while at the
same time keeping the smoothness, convergence, and ease
of computation of mollification, we introduce the directional
mollification operator. To do so, we need to present first the
definition of the generalized directional derivative, see (Jahn,
2007) for a complete treatment of these types of derivatives.
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Figure 2: Comparison of mollification techniques for a polyg-
onal chain (black): the conventional approach (green) ensures
convex hull confinement (shaded blue) but does not intersect
vertices. In contrast, the directional mollification (red) main-
tains C∞ smoothness while achieving exact vertex intersec-
tion and providing explicit curvature estimates. The value 0.4
stand for the parameter ε used both in the conventional and
directional mollification.

Definition 3. Let f : Rn → Rm be a function. Given x, h ∈ Rn

the directional derivative of f at x in the direction of h is de-
fined as

f ◦(x)(h) := lim
t→0+

f (x + th) − f (x)
t

,

provided the limit exists. If the limit exists for all h ∈ Rn, then
f is said to be directionally differentiable at x.

We can now present the definition of the directional mollifi-
cation, which consists of the sum of the previous mollifica-
tion, called from now on, conventional mollification, and a
new term, which we call the directional derivative term.

Definition 4 (Directional mollification). Let p ∈ [1,∞], f ∈

Lp
loc(Rn,R) and φ ∈ D(Rn) be a mollifier. Let f be direc-

tionally differentiable at any point, and for any x ∈ Rn let
f ◦x ∈ Lq

loc(Rn,R) for some q ∈ [1,∞]. For ε > 0, we
define the directional mollification of f , F̂ε : Rn → R as
F̂ε(x) := Fε(x) + Dε(x), i.e.,

F̂ε(x) := ( f ∗ φε)(x)︸      ︷︷      ︸
Fε(x)

+

∫
Rn

f ◦(s)(x − s)φε(x − s)ds︸                              ︷︷                              ︸
Dε(x)

,

which is the sum of the mollification and Dε which we call the
directional derivative term.

We can now state the main properties of directional mollifica-
tion. These can be found in (González-Calvin et al., 2026).

−1.0
−0.8
−0.6
−0.4
−0.2

0.0

u

0.0
0.2

0.4
0.6

0.8
1.0

v

0.0

0.2

0.4

0.6

0.8

1.0

w

f (t)

Fε(t)

F̂ε(t)

0 1 2 3 4 5 6 7
t

0

10

20

30

40

50

60 κFε(t)

UFε

κF̂ε(t)

UF̂ε

Figure 3: Representation of an eight-point polygonal chain
in R3, and the curvature and curvature bounds of the conven-
tional and directional mollifications.

Theorem 4. Let f : Rn → R satisfy the assumptions of Defi-
nition 4, φ ∈ D(Rn) be any non negative mollifier whose sup-
port is B(0, 1), and let ε > 0. For the directional mollification
of f , F̂ε : Rn → R, the following statements are true.

1. If f is differentiable almost everywhere, (that is, ∇ f ex-
ists almost everywhere on Rn), and ∂i f ∈ Lqi

loc(Rn) for
some qi ∈ [1,∞] for all i ∈ {1, . . . , n}, then Dε ∈ C∞(Rn)
and Dε =

∑n
i=1 ∂i f ∗ πiφε where x = (x1, . . . , xn) ∈

Rn 7→ πi(x) = xi is the projection of the i-th compo-
nent of a point in Rn. Moreover, for any multi-index
α ∈ Nn

0, ∂αDε =
∑n

i=1 ∂i f ∗ ∂α(πiφε), where ∂α(πiφε) =∑
β≤α ∂

βπi∂
α−βφε.

2. If f is locally Lipschitz, F̂ε → f as ε → 0+ pointwise.
If, in addition, f is Lipschitz, the convergence is uniform
in compact subsets of Rn. Moreover, if for each x ∈ Rn,
supu∈B̄(0,1) | f

◦(x − u)(u)| = Mx < ∞ then limε→0+ F̂ε = f
pointwise. Finally, if supx∈Rn Mx < ∞ then F̂ε → f as
ε→ 0+ in compact subsets of Rn.

3. If f is convex then F̂ε ≤ f , and Dε ≤ 0.

4. If f (x) = ⟨a, x⟩ + c with c ∈ R, a ∈ Rn, and φ is an even
function, then it holds that F̂ε = f for all ε > 0.

As can be seen, the main properties of mollification, that is,
smoothness, convergence, and ease of computation, are kept
invariant by the directional mollification, with the exception
of asking f to be Lipschitz continuous to have convergence
on compact subsets. Nevertheless, note that this is always true
for polygonal chains. Moreover, note that straight lines are
again invariant under this new operator. Thus, returning to the
polygonal chain curve, we can finally state the main results.

Theorem 5. Let f be a polygonal chain as in Definition 2
which has already been extended (that is f = f̄ in Defini-
tion 2). Let φ ∈ D(R) be an even, non negative mollifier with
support [−1, 1]. The following statements hold.
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• If ε ∈ (0, 1) it holds that F̂ε(k) = f (k) for k ∈

{0, 2, . . . , p}. Moreover, if 1
2 − ε > 0, let r ∈ {1, . . . , p}

and define Vr := [r − 1 + ε, r − ε]. Then it holds that
f |Vr = Fε|Vr = F̂ε|Vr .

• Let the polygonal chain consist of three points. Then
an upper bound on the curvature κ, for the mollifier of
Equation (1) can be found to be

|κ(t)| ≤
2
ε
φ(0)

||P̃2 ∧ P̃1||2

||s̄P̃1 + (1 − s̄)P̃2||
3
2

, ∀t ∈ R,

where s̄ = ⟨P̃2−P̃1,P̃2⟩

||P̃2−P̃1 ||
2
2

and P̃1 := P1 − P0 and P̃2 :=
P2 − P1. That is, twice the conventional mollification.

See Figures 2 and 3 for a representation of the directional
mollification of a polygonal chain in two and three dimen-
sions, respectively, and its comparison with the conventional
mollification. Since both methods create the same curve on
the same neighboring sets (cf. Theorems 3 and 5) a switch
between any of the two curves can be made without any dis-
continuity. This allows for a versatile smooth curve generator,
which can be chosen for each pair of segments to be confined
in the convex hull, or intersecting the waypoint, and in both
cases with smoothness and convergence guarantees. More-
over, the previous Theorem and Equation (4) provide curva-
ture bounds for each type of mollification, and its compar-
isons can be found in Figure 3. The left picture represents in
black the polygonal chain curve f confined in a unit volume
cube in R3, shown in blue. It also represents its conventional
Fε and directional mollifications F̂ε in dashed green and solid
red, respectively. In all mollifications, the used mollifier is the
one presented in Equation (1), with ε = 0.4. Right picture
represents in green the curvature of the conventional molli-
fied curve Fε, and as a dashed green plot, the curvature upper
bounds κFε for each pair of segment as follows. In the set
[0, 1.5] the curvature bound is computed using Equation (4)
for the polygonal chain consisting of the points P0, P1 and P2.
In the set [k + 0.5, k + 1.5] the curvature bound is computed
using Equation (4) for the polygonal chain consisting of the
points Pk, Pk+1 and Pk+2 for k ∈ {1, . . . , p − 1}. The solid and
red dashed plots represent, respectively, the curvature of F̂ε,
and its curvature upper bounds κF̂ε computed in the same man-
ner as for the conventional mollification, but using the formula
presented in Theorem 5.

3. Applications in mobile robotics

Our experimental platform, shown in Figure 4, is a rover
modelled as a unicycle, built around a Matek F765-Wing au-
topilot with an STM32 microcontroller, integrated IMUs, and
support for GNSS, compass, and radio receivers—specifically
a Matek M10Q-5883, a Futaba 7008SB receiver, and a Zigbee
Xbee telemetry radio. The entire system runs on the open-
source Paparazzi UAV framework (Hattenberger et al., 2014),
which handles autonomous operation, telemetry, and real-
time communication with the Ground Control Station (GCS).
Through the GCS, the user can issue high-level commands and
adjust waypoints on the fly, while the onboard microcontroller

recomputes the mollified path in real-time whenever a point or
parameter is modified, as illustrated in Figure 5.

Figure 4: Rover vehicle and hardware used during the experi-
ments.

3.0.1. Experimental data
We show our logs in Figure 6, where we created a polygo-

nal chain in R2. As noted above, any Paparazzi user can create
such trajectories by simply moving points in the ground con-
trol station before or during the experiment in real time. The
experiment uses a curve similar to that in Figure 5. 5.

Figure 5: Capture of an experiment using Paparazzi GCS. The
original trajectory f is shown in green, created by linearly in-
terpolating the points Li ∈ R2, i ∈ {0, . . . , 7}. The yellow curve
represents the mollification of the original trajectory where φ
is as in Example 1 and ε = 0.5. The orange line represents the
trajectory described by the vehicle.

The experimental objective is as follows: Given a desired
non-differentiable path f , mollify it with parameter ε > 0 to
obtain Fε = ( f ∗φε), where ε is a function of vehicle speed lim-
ited by maximum allowed curvature. To demonstrate potential
applications, we use a linear relationship between maximum
allowed curvature and speed. For speed v > 0, with Rmin,
Rmax, and vmax denoting minimum radius, maximum radius,
and maximum speed, respectively, the allowed radius of cur-
vature is R(v) := Rmin +

v
vmax

(Rmax − Rmin). Note this is merely
illustrative; curvature and speed need not be linearly related in
practice. We are going to consider a polygonal chain curve, as
shown in Figure 6.

The adaptation of the curve to vehicle dynamics operates
as follows: at the initial time t0, we set ε1 = 0.5 to generate the
first mollified curve Fε1 = f ∗φε1 , where f is the original curve
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and φ is as in Example 1. As the vehicle advances and reaches
each segment midpoint at times {ti}6i=1, the speed is measured
and used to compute the maximum allowed curvature, from
which the minimum permissible εi+1 is determined via (4).
This generates a family of six parameters {εi}

6
i=1 and corre-

sponding mollified curves {Fεi }
6
i=1 that dynamically adapt to

vehicle constraints. As shown in Figure 6, the resulting paths
remain close to the original trajectory where curvature per-
mits, e.g., segments four and five, while strongly constraining
the curve when necessary, e.g., the last two segments. These
experiments validate the practical viability of our approach on
real, affordable hardware.
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Figure 6: Real experiment of path following of a mollified
non-differentiable path with a rover vehicle. The original non-
differentiable path f is in black, the mollified family trajecto-
ries {Fεi }

6
i=1 to be followed at each stage are in solid red, its

initial point r0 is denoted as the blue cross, the position of the
vehicle for its corresponding εi > 0 at times t ∈ [ti−1, ti] in a
thick solid blue line. Finally, the complete trajectory of the ve-
hicle r(t; r0) throughout all the stages is the dashed blue line.

4. Conclusions

This work demonstrates that mollification operators offer
a mathematically rigorous and computationally efficient alter-
native to polynomial splines for robotic path generation. By
providing C∞ smoothness, closed-form curvature bounds, and
waypoint preservation through the directional variant, these
techniques enable real-time, dynamic trajectory adaptation
on resource-constrained hardware, as the experimental results
validate. Experimental results validate the practical viability
of the framework, establishing a robust bridge between high-
level planning and low-level control.
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