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Bat Planner: Aggressive Flying Ball Player
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Abstract—In this paper, an aggressive quadrotor Ball plAy-
ing sysTem called BAT is proposed, whose goal is to intercept a
flying ball and volley it towards a designated target. Aggressive
means Bat operates the quadrotor aggressively to intercept
balls that are far away and hit them to distant positions in
ways that are beyond the reach of existing methods. The
trajectory prediction of the ball is achieved by integrating
forward the current position and velocity estimates using an
extended kalman filter, and implementing cubic interpolation
at the time resolution to calculate the continuous gradient
for optimization. Facing the challenge of finding feasible hit-
ting actions under extreme circumstances, we propose a two-
stage planning approach, including transition point design and
hitting primitive generation, with a simplified expression of
uncoupled hitting actions. To obtain the best hitting motion,
a trajectory optimization method is proposed, which can
jointly optimize the hitting terminal states and time cost,
considering dynamic feasibility and anticollision constraints.
To avoid pathological hitting, a defensive rule constraint and
its constraint transcription method are proposed. The largest
difference from the existing methods is that Bat Planner can
independently decide how to execute more aggressive keyvol-
leying maneuvers. A large number of simulation and real-world
experiments are conducted, which prove the flying ball player
can hit arriving balls from different directions and distances to
arbitrary targets. To the best of our knowledge, Bat is currently
the closest a quadrotor ball player has approached to human
ball players’ volleying ability.

Index Terms—Aerial systems: applications, motion and path
planning, task and motion planning.

I. Introduction

OBOTIC ball sports and juggling are popular re-
search topics since they exhibit robots’ abilities
to perform ornamental and dexterous tasks. Examples
include using robots to play table tennis [1], badminton
[2], tennis [3], baseball [4], soccer [5][6] and so on. It
is extremely difficult for robots to complete such tasks,
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Fig. 1: The overview of Bat Planner. The mission goal is to hit
a flying ball into the target box which is marked by orange lines.
The green lines mark the pitching machine. The yellow box is
the starting position of quadrotor planning. The trajectory of
the ball is drawn in red. Traj. is short for Trajectory.

especially for highly under-actuated quadrotors, because
such problems require fast response, adaptive motion
planning, accurate prediction and robust control of robots,
each of which is a challenge.

This article focuses on a quadrotor playing ball where
the quadrotor must volley a ball with an attached racket
towards a target. This is like a prototype of a quadrotor
tennis match. The main problem of planning how to strike
the ball involves various aspects: 1) Deciding when, where
and how to hit the ball, and to what target; 2) Motion
prediction of the ball; 3) Dynamic analysis of the hitting
action; 4) Motion planning of the quadrotor. Existing
methods [7][8] solve these four problems separately and
piece them together into a system, but have three limita-
tions. First, the height of impact is manually configured
and fixed. After predicting the motion of the ball, the
hitting position and time of the quadrotor can be uniquely
determined, which degenerates the motion planning into a
state-to-state planning. However, excessive simplification
leads to a lack of flexibility. For example, the quadrotor
could have caught the ball at a lower position, but the
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calculated results are dynamically infeasible, resulting in
missed opportunities. Second, any two decoupled velocity
components of hitting must be fixed, which is a prerequi-
site for obtaining a trajectory. However, it is impossible to
set a parameter to make it applicable to any scene. Third,
existing methods need to assume that the highest point
of the ball’s post-impact trajectory is at a fixed height.
Under these assumptions, the unique impact action can
be calculated. The intuitive manifestation of the above
problems is that the quadrotor can only handle a single
scene and hit a ball that falls in a small range around it,
but can’t do anything about a ball that falls further away.
This greatly hinders expansion of the hitting system to a
real ball game.

For a real ball game, an excellent “player”, which means
the quadrotor, should be able to run back and forth to
catch the ball and hit it far away from the opponent
in the field. These requirements can be summarized into
four aspects: 1) Rationality: The hitting action cannot
make the trajectory exceed actuator constraints. 2) Ag-
gressiveness: The quadrotor can quickly intercept balls
far away from itself, and strike balls toward any target.
3) Adaptability: The quadrotor should have the ability to
make independent decisions about where, when and how to
hit the ball without manual specification. 4) Lightweight:
The whole system must run in real time. Unfortunately, it
is difficult, even internally contradictory, to achieve these
four aspects at the same time. Rationality is guaranteed
by two aspects: the trajectory is dynamically feasible and
the hitting action is not pathological, which means that
the roll, pitch and angle between the normal vector of the
racket and the ball’s velocity should be within a reasonable
range. This requires that the quadrotor’s hitting speed
should not be too large, which is against Aggressiveness.
Adaptability is difficult to achieve, because the required
terminal states and time of hitting are highly coupled,
resulting in a highly nonlinear problem which is hard to
solve. The expansion of the solution space and nonlinearity
lead to a higher complexity of problem solving, which
turns Lightweight into a challenge. This is why existing
works cannot satisfy these four requirements at the same
time.

In this paper, an aggressive quadrotor Ball plAying
sysTem called Bat is proposed to meet the above demands.
A two-stage hitting primitive is generated to provide a
guiding trajectory for the quadrotor. A transition point
is designed to provide an opportunity for preparing and
adjusting the hitting pose. To obtain the best impact, a
terminal-flexible trajectory optimization method is pro-
posed, jointly optimizing the terminal hitting states and
time. In order to prevent pathological hitting, defensive
rule constraints, terminal direct constraints and their
constraint transcription methods are proposed. We also
propose a differentiable trajectory prediction method to
form a complete system. A large number of contrast
and ablation experiments have been completed in the
real world and simulation. The results show that Bat
Planner can return balls arriving from different directions,

Fig. 2: Quadrotor with attached badminton racket head whose
radius is 11em. The centroid of the racket ¢(t) is [ = 6¢m from
the paddle plane and on the plane’s normal vector.

different distances and different angles, and impact them
to any target. As far as we know, this is the closest
quadrotor hitting system to a real human tennis match
at present. This article is an extension and advancement
of our previous work which requires quadrotor catching
flying targets [10]. The main contribution is Bat Planner,
which includes:

o State estimation and trajectory prediction of a flying
ball, which is in a differentiable form.

o Two-stage hitting primitive generation, which pro-
vides guidance for hitting by calculating transition
points and a solid initial value for optimization.

o Terminal-flexible trajectory optimization for impact,
jointly optimizing the hitting states and time of
impact, where defensive rule constraint and direct
terminal constraint are proposed to prevent patho-
logical hitting.

II. Dynamics

The quadrotor is modeled as a rigid body with six
degrees of freedom: linear translation p € R? and rotation
R € SE(3). Translation depends on gravitational acceler-
ation g and the control input thrust f. Rotation takes the
body rate w € R? as input. The model is [11]

7 = fRes/m,
j)::T—geg, (1)
R = R,

where 7 denotes the net thrust. e; is the i-th column of
I3, which means Cartesian coordinates in Euclidean space.
 is the skew-symmetric matrix form of the vector cross
product.

The ball’s flight is modeled as a point mass under the
influence of gravity and aerodynamic drag Fy. We ignore
the ball’s spin, as in [10]. The ball’s motion is expressed
as

Sy =g — Kp S]] $p, (2)

where s;, denotes the ball’s position. K p is drag coefficient.
|I|| refers to the Euclidean norm.

The racket is rigidly mounted on the quadrotor, as
shown in Fig. 2. The centroid of the racket can be
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expressed as c(t) = p(t) + lz(t), where [ is the height of
the racket from the propeller plane, z,(t) is the quadrotor
attitude in time t. The impact between the racket and
the ball is modeled as an impulse acting in the direction
of the racket normal z;. We use the restitution coefficient
B=—[(87)T2)/[(s; ) 2] for p = 0 to measure the ball’s
speed loss when hitting a static racket, where the change
of ball’s velocity tangential to the racket face is neglected.
The ball’s post-impact velocity with a moving racket is
calculated by

s =8, —(1=B)((5, —p) z)20. (3)

III. Trajectory prediction of the incoming ball
A. State Estimation

The hitting task requires accurate flight state estimation
and trajectory prediction of the ball. We use the simplified
model [10] for state estimation. The ball’s linear equation
of motion sp(t) can be expressed as

. g
So + —
Ki kit-1_ 8
t) =sg — ———+ T =t 4

s(t) =so e e o (4a)

where the proportionality coefficient K; is decoupled in
es3, Sg is the initial ball’s position each update. Then an
extended kalman filter [14] (EKF) is used to optimize the

observation value. The kalman state estimate at time ¢ is
si°" = s} + K,(Z — Hs}), (5)

where the observation matrix H = [I3x3 03><3]T. st is
the transformed state. K, denotes the kalman gain. Z
denotes the motion capture observation. To make K;
more accurate, we use a nonlinear least squares method
(LSM) [15] to minimize the discrete integral of the square
difference between s;°" and s;. Then the estimated ball’s
position and velocity at time ¢ can be calculated.

B. Motion Prediction

For Eq. 2, the drag coefficient Kp is a fixed value theo-
retically in Euclidean space. Taking the time derivative of
the ball’s specific mechanical energy Ej = 1/2]|8]>+g7 s,
yields the specific power extracted from the system by the
drag force

Ey=—Kp|s®, (6)

where s, can 136 obtained from estimated s;{°". Then a
measurement Kp can be approximated as [7]

- Elk] - E[k -1

fp o (BW-Eb-1) -

Gr(5 (0lk] + o[k —1]))?

where (j, is the step size of a discrete time system. E[k] is
the estimate of ball’s mechanical energy at time t;. Then
the measurements are used to form an estimate of K D
using a recursive least squares (RLS) estimator [13].

Pl Pl
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N

Fig. 3: Process of cubic interpolation. The ball’s flight path
is drawn in blue. The interpolated curve is drawn in red with
the unit weight as ordinate.

Po

Fig. 4: Design process of the transition point. (a) Calculation
of the position p¢. (b) Calculation of the normalized thrust e-.

C. Gradient Calculation

After obtaining the stable drag coefficient Kp online,
ball states can be predicted by numerically integrating
forward. To provide the gradient for trajectory optimiza-
tion in Sec. V, we use cubic interpolation [12] to smooth
discrete states. A discrete state table is constructed as a
vector G € R3y; with time resolution #. The interpolation
function is designed as

1.5 x> — 2.5 2> + 1, lz] <1,
—0.5 x> + 2.5z —4]z|+2, 1<|z|<2,
0, |z > 2,

W(x) =

(8)
whose first order derivative is continuous. Then we take
four adjacent discrete positions P, € R34 uniformly
spaced in time for interpolation. The position calculated
by cubic interpolation P.(T) at time T' can be expressed
as

Pe(T) =P, W, (9)

where
P.=[G(l5] -1 G(5) G(F]+1 G(lg]+2)],
(10a)
W=[W(l+u) W) WL-u) WE2-u)]", (10b)
u=7 1], (100)

The continous velocity can be obtained in the same way.
The interpolation process is visualized in Fig. 3.

IV. Two-stage Hitting Primitive Generation
A. Design of Transition Point

It can be seen from Eq. 3 that the state of the
post-impact ball is directly related to the velocity of
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the quadrotor, which is required to be not too large.
Considering another requirement, when hitting a ball far
away from itself, the quadrotor needs to maintain enough
thrust and speed to reach the hitting point in time. The
above two requirements may be contradictory, bringing
difficulty to the trade-off between velocity control and
mobility. To solve this problem, we propose a method to
divide the hitting process into two stages by calculating a
transition point which provides smooth guidance for the
trajectory and ensures reasonable velocity and attitude for
hitting.

As shown in Fig. 4, the quadrotor moves from the
current initial position pg, passes through the transition
point p¢, reaches the hitting position pj, and hits the ball
to the expected target landing position s;. The transition
point can be calculated by the following steps. The initial
position sy means the intersection of simulated ball state
integrating backward and the ground. We can project a
ray l. with endpoint s,,;q, which is the midpoint of sg
and s;. A temporary point p, is calculated by offsetting a
distance alj, from pg towards py,, where I, = ||pn — pol2.
Then p, projects perpendicularly to ray [, to obtain
p.. Finally, p; can be calculated by offsetting distance
nl; from p,; towards p,, where Iy = |pL — Pall2
The quadrotor’s thrust 7 at the transition point can
be determined by using the normalized direction vector
e, and 7o, = g+ 2(r, — §)/3 where 7, is the thrust
component of hitting on the z-axis, as shown in Fig. 4.
The transition velocity p; is calculated from the velocity
of hitting pj, as p: = wpp, where w = (1/2,1/2,1/3) is a
three-dimensional decoupled coefficient vector. To avoid
the computational burden of constructing optimization
problems with equality constraints, we generate the trajec-
tories in each stage separately. So far, we have obtained the
initial transition states, which will be used for optimization
in Sec. V.

B. Impact Dynamic Simplification

Proper simplification can help reduce the decision vari-
ables involved in optimization. By decoupling motions
in Euclidean space, the required terminal state of the
quadrotor at impact can be calculated using Eq. 3 as

pyo S ’
“O ST "
1

VJ_,des = (ST(T))Tzd (BS; + élj)Tzd7 (12)

1+8
where V| 4.5 is the racket’s desired velocity in the direction
of the desired hitting attitude zy. We simplify that the
ball is influenced by gravity only after being hit. The
ball’s pre-impact velocity s, can be obtained by the
trajectory prediction. The target s; is determined by
users. The unknown variables of the quadrotor ball hitting
problem include the ball’s flying time after being hit
tpost € R4, the ball’s post-impact initial velocity S;r,
the quadrotor’s hitting velocity py, = (P, Dy, D-) and its

hitting thrust 7, = (7, 7y,7.). The quadrotor’s hitting
position pp = (pz,py,p-) can be analytically calculated
from the pre-impact flying time ¢,,.. € Ry. According to
Eqg. 11 and Eq. 12, we decouple motions in Euclidean space
and it can be calculated that

. Tz . . o
s;; = fT—U(sby — sz;) + 8y, (13a)
&y(1ys,, — Tasy,)
e x y 1
*b §aTy — &§yTa ’ ( 3b)
LG =) 429008 — €) + 05y, - 5, )6
e 206, — 26 ’
(13c¢)
Tz
b= ?7 £:St_Ph~ (13d)

For decoupled velocity and thrust when hitting, any
component can be calculated from the other two compo-
nents which are py,p., 7., 7. in our practice as follows.

(Bs, + é;')T ‘Th DyTy +P:T:
b

'x = 14a
p (1+8)7 Ta (14a)
iy~
Ty = - ﬂf+ T, (14b)
Sbw — 81)1

which is simplified as 7, = F(r,7,15), D =
P (7w, Tz, Py, Pz, Ti). These will be used for subsequent
primitives and trajectory optimization.

C. Hitting Primitive Generation

In order to obtain a smooth trajectory from the hover
state to the hitting terminal state, the minimum jerk
criterion is imposed on the optimal trajectory generation
problem to minimize the cost function from the start of
the maneuver at ¢ = 0 to the hitting time t =T as

I TIPNTE:
JMP=T/ @) at.
0

Following [9], the optimal state trajectory is generated
by employing Pontryagin’s minimum principle [14] and
introducing a Hamiltonian function as

1o t5 + Lt 4+ 243 4+ Bog? 4 pot + po

(15)

s*(t) = Q4 B3 1 342 4 o+ Po , (16)
93 + 212 4yt + Po
with
a , [607* =360 720 ] [Ap
Bl == |—-24T° 1687% —360T| |Ap|, (17)
5 4 3 2
5 37 24T 6072 | |Ap

where Ap(® = p)(T) — pél). To sum up, we plan two
primitives, which are divided by a transition point. It can
be seen from Sec. IV-A where the quadrotor’s transition
states can be calculated from terminal hitting states. After
setting decision variables py, p., 7z, 72, the hitting time T,
and using F(-) and P(-) in Sec. IV-B, we can obtain the
unique hitting primitive s*(¢), which is used for trajectory
optimization as an initiation po(t).
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V. Trajectory Optimization for Hitting
A. Problem Formulation

The basic requirements of the trajectory p(t) include
dynamic feasibility and safety. Meanwhile, it is preferable
to minimize the control effort. As for playing ball, a quick
reaction time is necessary due to the ball’s rapid land-
ing speed. For best performance, appropriate constraints
should also be imposed. In conclusion, the requirements for
optimal hitting can be expressed as a sum over separate
trajectory sections i with durations T; as the following
problem.

T;
i = (8) /4112 A
min ZJ—D/ 1602t + T,
+WD72“J

velocity, acceleration and body rate limit

IID 7)1 -

Dmam)

+ We— Z L (Znin Hegpz( T)I%)  (18a)
ground collision avoidance

st. T >0, (18b

) =py Y, (18¢

pgs—l) (Tz) o (s—l), (18d

p0) = p (1) = p Y, (18e
Hopin < H < Hyasz, (18f
ph < Vimazs (18g

where D = p(l),pg ) ,w, Eq. 18a is a form that trades

off smoothness, aggressiveness, dynamic feasibility and
safety, which is the same as our previous work [10]. In this
paper, i = 1,2 due to the existence of transition point.
p is the weight of time regularization. Wp and W, are
penalty weights. £,[x] is a logistic penalty function. The
constraint Eq. 18b, which requires the strict positiveness of
T;, is eliminated by explicit diffeomorphism in Euclidean
spaces by substituting 7; = e'i. Eq. 18c represents the
initial state of the quadrotor, where i=1. Eq. 18d and 18e
provides a guarantee for hitting constraints, where i=2.
Hitting constraints include defensive rule constraint 18f
and the direct terminal constraint 18g, only restricting
the trajectory in the hitting stage. The transition states
are optimized which aims to minimize the cost J without
other constraints. Note that the hitting model is implicitly
considered in the hitting constraints.

The polynomial trajectory class Tyvinco [16] is adopted

for trajectory representation,
TMINCO = {p(t) [0, T] — R™ ‘ c=M(q,T), 19)
19
qeR™M-1 ¢ R%},

where an m-dimensional trajectory p(t) is represented by
a piece-wise polynomial of M pieces and N = 2s — 1
degree. In this paper, we use s = 4 for enough freedom

Fig. 5:

Trajectory optimization process.
hitting state (pn,Phn,Pr) and time T; are jointly optimized
to obtain the best impact. The ball’s pre-impact trajectory is
drawn in yellow. The blue post-impact trajectory, whose high-
est point H meets the defensive rule constraint, is calculated
by pr and s;.

The quadrotor’s

of trajectory. All trajectories in Tpinco have compact
parameterization by only the intermediate waypoint vec-
tor q and time vector T via the linear-complexity for-
mulation ¢ = M(q, T). Furthermore, any cost function
J(q,T) = F(M(q,T),T). The mapping also gives a
linear-complexity way to compute 0J/dq and 97 /0T
from OF/0q and OF /OT. We achieve an evenly distributed
time for the segmented trajectories, so we only need to
decide one T € R variable to determine T. Then q can be
easily obtained by using po(¢) and T. In this way, we have
completed the reparameterization of the trajectory. After
that, a high-level optimizer can optimize the objective
efficiently.

B. Trajectory Joint Optimization

We transform the problem Eq. 18 into a nonlinear
optimization problem as

where 7, denotes the cost with defensive rule constraint.
J: denotes the cost with direct terminal constraint. W,
and W, are the weights.

1) Main cost J: J includes the control effort, time,
dynamic feasibility constraint and collision avoidance
constraint. The constraint transformation and gradient
calculation methods of J can be found in our previous
work [10] and will not be described here.

2) Defensive rule constraint J,.: We propose the defen-
sive rule constraint to limit the ball’s flying area, while
preventing the occurrence of pathological hitting motions.
Pathological hitting motions mainly include the two cases:
1) Roll/pitch angle is too large, leading to too small or
even negative post-impact ball’s velocity component on
z-axis (in Euclidean space). This requires large velocity
components on z-axis and y-axis when hitting. 2) Desired
<—é;, ph> is large, although the roll/pitch angle is within
the safe range. This requires the quadrotor to provide large
Pr to meet the expectation of velocity component in zg
direction. The above pathological situations often make
trajectories infeasible. A defensive rule constraint is put
forward to prevent them by constructing a virtual roof
and a virtual floor, as shown in Fig. 5. It ensure that the
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post-impact ball’s flight apex is neither too high nor too
low. The cost is represented by

jr - Eu [gr(TwaTsz)] 5
Hmin_H7 H<Hm7,n7
H_Hmaw7 o > Hmawa

0, else,

gr(Tza’rz’T) = (21)

where H is the post-impact ball’s greatest height in the
flight. £,[x] can be found in [10]. H is calculated by

(34,)°
29
It can be seen that defensive rule constraint essentially

limits the decoupling velocity. The gradient can be calcu-

lated using Eq. 11, 12, 13 as

07, 03,06, _ 0J. _ 03,09, 0H s,
dc; 0G, Oc; 0T  0G, OH dsy, 0T’
0J, 87, 0G, 0H

od — 0G, OH 0d’

3) Direct terminal constraint J;: Direct terminal con-
straint is another powerful guarantee against pathological
hitting. By constraining the decoupled velocity of hitting
v = (Ug, vy, v,) less than Umagz;, the desired hitting
attitude z4 can also be indirectly adjusted using F(-) and
P(-). The cost J; and its gradient can be expressed as
follows.

H= +p-. (22)

(23)

=Ty Tx-

T = Zﬁu [HUJ'HQ - Umaxj] ) (24a)
J
N 0Jy  0J:, | 0Ty, Ov,
dc;,  Ovu.  Ov, Ov, Ov,’ (24b)
07, _ 07, 00, 0T 0T 0uv0s
ad ~ Ov, od’ 9T _ Ov, Osy, OT’ ¢
j=xy,2, r=y,2, d=Tg, T, (24d)

It is worth noting that they are calculated with the
terminal states decoupled. We set initial values as po(t) in
Sec. IV. The problem is then efficiently solved by using a
Quasi-Newton method (i.e. L-BFGS [17]).

VI. Experiments
A. Experimental Setup

To validate the feasibility and capability of our proposed
method in handling various quadrotor ball playing scenar-
ios, we conducted simulations and real-world experiments,
comparing success rate (SR) in the quadrotor hitting balls
to the target against the state-of-the-art approaches [7] in
which the planner was replaced by [8] as a comparison,
called Juggle. In addition, ablation study is performed.
The key two elements of our approach includes front-end
primitive generation in Sec. IV and trajectory optimization
in Sec. V. We replace the frontend by [11] and use
our backend, then a degraded version of Bat Planner
called Bat-Lite is obtained, which is taken as another
comparison. More detail results and analysis can be seen
in the website!.

Thttps://github.com/YuHuan1021/bat_ planner
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Fig. 6: (a) Simulated court, where dead zone is drawn in
red. (b) Real-world experiment in S.6(LtoF’) (Bat). A and B
represent the transition and hitting position. The yellow and
blue lines represent the ball’s pre-impact and post-impact flight
path. The planned trajectory is visualized in green. (c) Hit
using Bat-Lite. (d) Hit using Juggle.
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Fig. 7: Trajectories generated by Bat (Blue), Bat-Lite (orange)
and Juggle(Red), including hitting height z, body rate w,
velocity v and thrust ||7||. Ball’s trajectory is visualized as
green.

We set pg,i,)m = bm/s, pgt)u = 15m/s%, Zmin = 0.25m,

Wmaz = brad/s for feasibility and safety constraints,
Hpaw = 6.2m, Hpin = 2.2m, e = (4,3,4)m/s for
defensive rule constraints and direct terminal constraints,
and ¢ = 1/2, n =2/3, a = 1/2 for calculating transition
point. The restitution coefficient S between the ball and
the quadrotor is identified offline as approximately 0.7.
The required attitude z4 can be analytically determined
when the post-impact ball’s velocity is 60° from the
horizontal. We set 7, = 1.1g, so that 7,7, are obtained.
The primitives’ initial time Ty = 0.7s,7; = 0.5s. p, can
be calculated by setting p, = 0,p, = Im/s using Eq.14.

B. Simulation Experiments

To quickly and extensively validate the motion planning
module, we conduct simulations and compare planning
success rate (PSR) of Bat, Bat-Lite and Juggle. Planning
success refers that the planned trajectory is dynamically
feasible and satisfies the equation constraints for hitting
the ball to a specific point. In other words, assuming there
are no real-world errors, such as ball prediction errors,
trajectory tracking errors, communication delays etc., the
quadrotor will definitely be able to hit the ball to the
desired target. A 5m % 10m court C is constructed and
divided into two halves, including the hitting half on the
quadrotor’s side Cy, and the service court on the opponent’s
side Cs, as presented in Fig. 6(a). The quadrotor needs to
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TABLE I: Planning Success Rates of Simulations (%)

Scenario® NNN NNF NNL NFN NFF NFL® NLN NLF NLL NLR FNN FNF FNL FFN FFF FFL FLN FLF
Juggle[7] 24.9 0 7.9 41.9 0 0 33.9 0 9.5 0 22.1 3.9 19.4 423 0 0.6 382 04
Bat-Lite 48.6 425 53.6 54.6 17.0 21.6 487 30.3 424 287 259 771 768 777 396 495 518 55.0
Bat 66.5 771 781 828 625 835 708 83.0 839 802 484 8.7 813 821 854 896 618 86.2
Scenario FLL FLR LNN LNF LNL LNR LFN LFF LFL LFR LLN LLF LLL LLR LRN LRF LRL LRR
Juggle[7] 21.7 0.3 23.2 1.9 104 121 40.1 0 0.2 0.3 36.7 0 128 0.1 34.1 0.2 0 16.8
Bat-Lite 61.8 60.6 33.2 53.0 549 668 634 259 322 352 464 458 51.7 451 554 447 519 534
Bat 81.0 854 538 80.7 776 819 843 757 79.2 838 594 842 831 8.5 680 829 8.4 851

* Scenarios are marked by Serve-Land-Target regions. For example, NFL means the ball is served in N-region of Cs and will land in F-region
of Cy, if without hit. The target is set in the center of L-region of Cs.

Fig. 8: Real-world experimental process. (a)(b) S.1. (c)(d) S.2. (e)(f) S.3. (g)(h) S.4. (i)(j) S.5. (k)(1) S.6. S.2 to S.6 is symmetric.
The images were captured from the experimental video and stitched together. The trajectory of the quadrotor is visualized by
the ghost images at 0.3s intervals. The image of the moment of hitting the ball is partially enlarged.

start from a hovering position in Cp, hit the ball from
Cs to the target in Cs, and then return to the initial
position. Each half is divided into four subareas, N(ear),
F(ar), R(ight), L(eft) besides the dead zone. According
to different positions of service, landing and target, as
well as the elimination of repetition (such as left and
right symmetry), 36 scenarios are arranged and combined.
1000 experiments are done in each scenario to verify the
capability of the methods. The position and velocity of
the service are randomly generated under the conditions
of the designated service and the landing subarea. Each
target is set as the center of subarea. The ball’s motion
is simulated using Eq. 2.

The results listed in Tab. I show that the PSR of Bat is
far greater than Bat-Lite and Juggle, demonstrating that
Bat can handle a wider range of ball hitting scenarios
with high aggressiveness. Due to the lack of guidance
on transition points, Bat-Lite is more likely to fail than
Bat, especially in extreme scenarios when the quadrotor
turns through a large attitude change and hits the ball
to a faraway target. Nevertheless, Bat-Lite still performs
better than Juggle. Juggle loses its adaptability due to the
manually determined hitting height and any two velocity

components. Bat-Lite and Juggle perform passably in a
few scenes, such as down the line shots. The examples
contain NFN, where the quadrotor is more readily able
to reach the desired velocity than in other scenarios using
Juggle, and generate a primitive similar to Bat although
without transition point using Bat-Lite.

C. Real World Experiments

To validate the feasibility and capability of the entire
system, we conducted real-world experiments. The exper-
iments are completed in a motion capture gym, which
integrates Bat, as shown in Fig. 1. A quadrotor with a
badminton racket head rigidly mounted is designed, as
shown in Fig. 2. The output trajectory is converted into
the control command by using the differential flatness
output model [18] and executed by an SE(3) cascade PID
controller, which uses Hopf fibration [19] to avoid singular-
ities and align the attitude calculation. The quadrotor’s
state is estimated by an EKF of the pose from Vicon
and the IMU data from a PX4 Autopilot. All modules
can run below 20ms on an NUC with Intel-i5-1135G7
CPU. Approximately covering all simulated scenarios, 6
real scenarios are constructed as:
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o S.1: Hit the ball from different distances,

e S.2: Serve the ball from different directions,

e S.3: Hit the ball from different directions,

o S.4: Hit straight & shoot sideways,

e S.5: Hit & shoot sideways to the same side,

e S.6: Hit & shoot sideways to different sides,
where S. is short for Scenario. Serve means the ball is
served by a pitching machine. Straight, sideways and side
are relative to z-axis. The first three require the quadrotor
to hit the ball to the same target. The last three require
different targets.

The quadrotor performed 100 ball hitting attempts in
each scene, allowing for a comprehensive evaluation of its
performance. The Bat’s SR of the ball landing within 0.5m
and 1m of the target after being hit by the quadrotor are
drawn as Fig. 9. The PSRs are used to compare with
Bat-Lite and Juggle. Note that we specifically optimized
Juggle’s parameters to the best of our ability for each
scenario, which greatly improves the PSR. If we were
to use the original parameters, Juggle’s PSR would be
less than 5% for all scenarios. The results demonstrate
that our method can handle a wider range of ball hitting
scenarios. The main reason for successful planning but
failed hitting to the target region is the cumulative error
in trajectory prediction. In our experiments, the maximum
prediction error for the ball’s launch and descent below a
height of 1m is (15, 5, 25)cm. Re-planning is not performed
because even minor updates in the terminal state could
lead to drastic deformations of the trajectories, which are
unfavorable for control. Snapshots of 12 experiments in 6
scenarios are shown as Fig. 8.

The quality of the trajectories is also evaluated. Fig. 7
provides an example of trajectories planned by Bat, Bat-
Lite and Juggle for the same hit in S.6. Note that the
dynamically feasible constraints of Bat-Lite and Juggle
are relaxed to avoid failed planning. We can observe that
the dynamics of Bat are well bounded and change more
gradually. On the contrary, Juggle and Bat-Lite have more
oscillations and exceed feasible constraints. One intuitive
visualization is Fig. 6. For Juggle, the quadrotor dives
first and then accelerates up suddenly which is control-
unfriendly. The main reason is the improper manual
assignment of terminal states. In fact, it is impossible to
set only one group of parameters to fit all scenarios for
Juggle. As for Bat-Lite, the lack of transition points may
lead to poor initial solutions, causing the optimization to
get trapped in local minima.

VII. Conclusion

In this paper, we propose Bat Planner, a novel quadro-
tor ball playing system, which allows the quadrotor to run
back and forth and hit the ball aggressively like a human
player. The key of the system is the motion planning mod-
ule, including a front-end two-stage primitive generator
and a back-end optimizer. Transition points are designed
to provide guidance for hitting and make the higher-order
control quantity change gradually. Primitives are gener-
ated by solving optimal state problems, with simplified
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100 PSR y(m)
3 1mSR
=1 0.5m SR 1
~4- Bat
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Fig. 9: Results of real-world experiments. (a) Success rates
for 6 scenarios, including Bat’s PSR, hitting SR 0.5m-near
(0.5m SR) and 1m-near (1m SR) from the target. The polylines
represent the PSR of Bat, Bat-Lite and Juggle. (b) The hit
balls’ landing points for 100 attempts in S.1.

hitting dynamics used. To obtain the best impact, highly
coupled hitting states and time are jointly optimized, con-
sidering dynamic feasibility and collision avoidance. The
defensive rule constraint and direct terminal constraint
are proposed to prevent pathological hitting motions.
Moreover, a differentiable trajectory prediction method
is proposed to calculate gradients for the optimizer. To
traverse almost all scenes in a human ball game, real-
world experiments are designed to verify the robustness
and a large number of simulation experiments have been
constructed. Results show that Bat Planner can hit the
ball from different directions, distances and angles to
different targets. In the future, we plan to incorporate a
residual term into the ball prediction model and use neural
networks for online parameter identification to reduce
trajectory prediction error.
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