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Abstract— Ball dribbling is a central element of basketball
and one main challenge for realizing basketball robots is to
achieve the stability of the periodic dribbling task. In this paper
two control designs for ball dribbling with an industrial robot
are compared. For the two strategies, the ball position is deter-
mined either through force/torque or visual sensor feedback and
the ball trajectory is predicted with a recursive least squares
algorithm. The end effector trajectory for each dribbling cycle
is generated based on the predicted ball position/velocity at the
dribbling height and the estimated coefficient of restitution.
For both tracking approaches, dribbling for multiple cycles
is achieved. The vision-based approach performs better as
compared to the force/torque-based approach, in particular for
imprecise estimates of the coefficient of restitution.

I. INTRODUCTION
A. Motivation

B. Sate of the Art

The dribbling task is closely related to juggling tasks
which have been studied by various researchers. Holmes
investigated the motion of a ball bouncing vertically on
a sinusoidally vibrating table [6]. Buehlest al. studied
the stabilization of planar juggling tasks [7]. Rizai al.
followed up this work and accomplished spatial juggling of
two balls with a 3 DoF robot [8]. Schadl al. discussed open
loop stable control strategies [9] and the aspect of legrnin
control [10] for robot juggling. Ronssa al. studied juggling
based on force respectively impact time feedback and for
different types of actuation [11], [12].

The comparison of the dribbling task with thetassic
juggling task shows an important conceptual difference be-
tween the two tasks: in addition to the actuation impact,

The goal of developing personal robots capable of inthe dribbling task is characterized by a second, autonomous
teracting with humans in a natural way poses a variety Gpact with the ground. This additional loss of energy has
challenging tasks. One of these tasks is the developmentQfy effects which complicate the dribbling task: First, a
advanced sensory and motor skills: For natural interaptiomgher sensitivity towards parameter variations in corigoar
the robot has to act and react in time periods comparable J@th the classic juggling task. Second, the fact that a return
humans. Sports, in general, is one of the most challenging the dribbling height is not guaranteed and dependent on
domains for robots as it generally requires fast and highlihe estimate of the coefficient of restitutionand the precise
dexterous manipulation as well as capacious perception gfstion execution. Due to these differences, the dribblasit
the environment. On this account, several sports havedlregs an interesting example of a rhythmic task to be studied.
been investigated by various researchers: soccer as the mgs example of robot dribbling was presented by Shioleita
prominent example [1], but also dancing [2], table tennis [3y [13]. For the experiment, a ping-pong ball and a multi-
skiing and gymnastics [4] have been the subject of robotigggered hand were used. The dribbling task was performed
research. To the best of our knowledge, robotic baskethall hsolely with the center finger of the device, giving the system

not been studied in depth so far. However, basketball is 3gyr degrees of freedom. In the presented experiments, the
excellent demonstration scenario, in particular for fa®l a yyipbling could only be maintained for about 1 s.

interactive manipulation. It has a truly spatial characier

highly interactive and requires advanced sensory/moitis sk C- Contribution

as well as a high level of mobility.

This paper presents two control designs for ball dribbling

In previous works, basic skills required for robotic basketbased on force/torque respectively visual sensor feedback
ball have been investigated [5]. In this work, two control deThe dribbling task is investigated in the three dimensional

signs for ball dribbling based on different sensor modzgiti

space. Also, the specific challenges of the dribbling task

are presented and evaluated. To equip a robot with the skilte discussed: Accurate tracking of the object/ball, ttajy

of ball dribbling in dynamic environments, both the vision-prediction based on a detailed physical model and exact
based and the force/torque-based approach are essentialing and execution of the robot motions. In Sec. I, the
The use of visual sensors leads to better performance ashérdware setup, composed of robotic and vision system, is

allows direct observation of the ball's state. However, tlue

presented. A detailed description of the control design is

possible occlusions of the ball, the skill of dribbling base given in Sec. Ill. Experimental results are shown in Sec. IV.

on force/torque information is also important.

Finally, a conclusion and outlook can be found in Sec. V.
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GUI are used throughout the paper. As depicted, the subscripts 1
PC 1 Control PC to 4 denote the points in time directly before/after an impac
RTAI-Linux with the end effector respectively the ground.

Fig. 1. Open control architecture with&gibli RX90B and a control PC .
g P A. Ball Tracking Module

Il. SETUP The design of the ball tracking module depends on whether
This section briefly introduces the two main componentthe tracking is performed force/torque- or vision-based. |
of the experimental setup: the robotic system with opethe following, the two ball tracking modules are presented.
control architecture and the vision system. 1) Force/Torque sensor based:
. In this case, the ball positiom,(¢) is tracked based on
A. Robotic System the measurements of the forcégtgrque sensor. As the task
For the eXperimentS, a&ibli RX90B industrial robot with is performed without gr|pp|ng, utilizable measurements ar
six revolute joints is used. The robot is equipped with a nly available during the impact between the ball and the
DoF force/torque sensor at the end effector. For the dnigbli pjate at the end effector. These impacts have a duration of
task, a circular plate with radius 0.17 m is mounted ons to 25 ms and; . is defined by the point in time where the
the end effector. In order to implement and evaluate OWmagnitude of the contact force in vertical directibi .o, (¢)
control concepts, a PC-based controller has been developg@ches its local maximum. After compensating the actual
which works in paral|8| with the robot control unit. The end effector acce|eratione7act(ti7e) and Considering the

configuration, calibration and supervising of the robot igctual end effector orientation, q.;(:..), the ball position
still performed with the original architecture. The comtro

however, is passed over to the additional PC, which runs —My con/F- con
Matlab/Simulink in a real-time Linux (RTAI) environment. Dy(tie) = Pe(tie) + | +Macon/Frrcon | (tie) (1)
A schematic of the setup is depicted in Fig. 1. For further =T

details on the open control architecture, please see [14]. . .
P P [14] is calculated, where, denotes the radius of the batl, (¢; )

B. Vision System the actual end effector position at the point of impact and

The stereo vision system for the ball tracking consistd1® subscriptcon the contact forces and torques. For the
of two Mikrotron MC1311 high-speed cameras, two fram&alculation of the ball velocityv,(t), the physical model
grabbers and a general purpose PC with two PCle ports. TRE the collision is used: The coefficient of restitution
tracking algorithm obtains images from the frame grabbdi"ovides a quantitative measure for the loss of energy durin
for image processing. The ball position is transported & tHN€ collision. It depends on the properties of the collisiod
control PC via a TCP network connection. The two camerd§€ colliding objects, e.g. shape, stiffness and the visiati
are mounted with a baseline b = 2 m and converging axe&hich the impact occurs [15]. For a constant vertical end
The distance between baseline and fixation point is 3 m, tifdfector velocityv. ., the coefficient of restitution for the
distance between baseline and robot base is 3.5 m. z{

I1I. CONTROL DESIGN

The overall control structure of the system is depicted
in Fig. 2. It has three main modules: ball tracking, ball
trajectory prediction and robot trajectory generationthe
first module, ball tracking is performed based on either
force/torque or visual sensor information. In the second
module, the ball trajectory is predicted based on the peaVid
sensor information. In the third module, the end effector
trajectory is generated based on the predicted ball tiajgct
The three modules will be described in the following sub-
sections. As a reference, Fig. 3 shows the notations whicRg. 3. Notation of the different points in time during a driibly cycle

t
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impact with the end effector is defined as

E

1

Vze — 'Uz,b(t2)

Cre = Vap(t1) — Ve @ Gaussian
where v, (t1) and v, ;(t2) denote the vertical ball veloc- =~; Smooth
ity before and after the collision. For the setup,. was _
determined experimentally with the following assumptions :
) ; . : . [ { Conversion
First, the ball properties are invariant as the ball is kapt a :
a constant pressure. Second, for the velocity range in the D & RGB — H3V .
experiments which is from 0 to 5 m/s, there is no noticeable E.\‘/ [
dependence af, . on the velocity. In contrast, the decreasing J pH
stiffness of the end effector plate in radial direction from ‘ Threshold ‘ ‘ Look-up Tab'e‘
center to rim was considered. This results in @
cr7e(p7vapb(ti,e)> ~ Cr,e(pb(ti,e>) = Cre- (3)

Morphology
3x3 Circle Erosion
3x3 Circle Dilation

i

Detect Ball
Center (x,y)

i

Dy

At ¢; ., the relative ball velocity with respect to the end ef-
fector coordinate system is zevg , (¢;..) = 0 and Newton’s
second law can be written as

1 ti,e
0-— ,U;b(tl) = mib _/t Fz,con(t)dt’ (4)
1

With (1)—(4), the relative velocitys ,(t2) after the impact
is calculated. The ball velocity in horizontal direction is
neglected, which means ,(t) andp, ;(¢) are assumed to be
constant throughout the next dribbling cycle. With, (¢2) Fig. 4. Block diagram of the image processing
and the assumption of zero velocity in the horizontal plane

the absolute ball velocity immediately after the impact the predicted ball velocity(t,,) at the desired dribbling
height. For the free flight phases, the model

vy(ta) = (O,O,v§7b(t2) + Uz,e)T (5)

is determined and forms together with)(¢2) the output of  p,(t) =
the force/torque-based ball tracking module.

2) Vision sensor based: _ o )
The main part of the ball tracking algorithm with the visioniS Used, whergy denotes the gravitational acceleration and
system is color based tracking. First, the ball is extractedi€ indexk labels drop = 2) or rise ¢ = 4) phase. For the
according to its color information in the HSV space. Thenground contact, it is assumed that the angle of impact with
the speckle, not related edge and noise in the image di@SPect to the vertical-axis is smaller thar0°. With this
filtered out through an opening (1 x erosion, 1 x dilationpSSumption, no sliding occurs at the contact point, seg [15]
operation. Finally, by computing the first order moment otd6]. Further it is assumed that t.he rotational ve!oqty eom
the image, the center of the ball is obtained. A block diagraonents of the ball before the impact are negligible. This
of the image processing algorithm is depicted in Fig. 4. I@PProximates the horizontal ball velocity
order to increase the tracking frequency and to reduce the
tracking delay, a window searching method is used: Once the vpp(ts) =
ball is detected in the full size image (1280 x 1024 pixel),

the .s.earch area 1s reduc_ed toa 180 x 180 p|>§el Wmdov‘.".ﬂ\]ﬁhere]b denotes the moment of inertia of the ball. Inserting
position of the window is determined by a linear positio

. . T 9
prediction and the tracking is performed with 150 Hz. r‘tgeae)gi;epsjrlt?gn::ts SC%?](;;::(! fSh:éub,GSf?rbi%,emh(gr)izlf)i?asi
B. Ball Trajectory Prediction Module veloc?ties before and aﬁgr the impact. This defines the ball
velocity after the ground impact as

The algorithm for the prediction of the ball trajectory de-
pends on whether the ball tracking is performed force/terqu vy(ts) = (¢, ¢y, —crvg)T vy (t3) (8)
or vision sensor based. In the following, the two algorithms
for trajectory prediction are described in detail. Regesdl where ¢, , is the coefficient of restitution for the ground
of the used tracking modality, the output of the module is thempact. The models for the free flight and the bounce phase
predicted point in time,,, when the desired dribbling height are used to calculate the future ball trajectory based on the
hq will be reached as well as the ball positipg(¢,,) and input values of the module.

0
g | 0| (t—tr)* +vp(te)(t — tx) + Py(tx) (6)
1

DN | =

2

mpTy,
— t 7
ez (i) )



1) Force/Torque sensor based:
In this case, the input to the module is the ball posifig(t-)
and the ball velocityv,(t2) at a known point in timets.
Based on these specs and the physical model described
above, the resulting position and velocity of the ball is
determined and the values foy,, p,(tn,) andwvy(tp,) are
calculated. When the next impact occurs, updated values
for p, (t2), vy(t2) andt, are provided by the tracking module
and the ball trajectory prediction is updated accordingly. Ta R ‘

2) Mision sensor based: “hp(12) 823 vh b (t) At
In this case, the input for the ball trajectory prediction is
the tracked ball positiom,(t). Based on the measurements
and the underlying physical model, the parameters of thet the specified dribbling height
ball trajectory are determined with the following approach
If the ball position exceeds/falls short of a specified thodd

|

Fig. 5. Position erroe;, and axis of rotationr,

€x = Px,b,des (thd) - pw,b(thd)

value, the module determines the parameters of the equation €y = Pyb,des(ths) = Pyb(th,) (10)
of motion using (6) with a recursive least squares algorithm e, = [e2 4 ¢2
z Yy

based on the measurements of the last 70 ms. As (6) is only

valid in free flight, the threshold valug, . for the ball are calculated, see Fig. 5. Based on the deviatignand
position has to be chosen in such a way that the last 70 mg, the axis of rotation

of the ball trajectory have been in free flight. With known 1 -

equation of motion, the positigm, (t5,,) and velocityvy (t5,) T =— (—€y, —€z,0) (11)

€n
f the ball and th int in tim when it reaches the . . . . . . .
of the ball and the po &ha € eaches the is defined as illustrated in Fig. 5. The horizontal motion

desired dribbling height, are calculated. . .
L of the ball during one cycle can be written as sum of the
The accuracy of the prediction depends on the number of . =~ ~" .
8ntrlbutlons of drop and rise phase

measurements, the precision of the underlying model and i
specified threshold value. The dependence on the specified en = Vpp(te) (Atasz + cpAtsr), (12)

threshold is due to the fact that the rotational movement (\)/{/hich defines the required horizontal ball velocity(ts).

thriut;%” i:ﬁ r;i%'gféer(:{o?en trrgiiizcsggt’sgée?\lf tions after tr\Nith the assumption of no sliding between the contact points
g P P ' . during impact and the neglection of rotational velocitye th
vertical and horizontal ball velocity after the impact are

determined as a function @f, v, . and the known inputs.

_The inputs for the robot trajectory generation are the préxjth small angle approximation and neglection of rotationa
dicted ball position in thecy-planex(t,) andy(tp,), the velocity, this leads to

predicted ball velocityw,(¢5,) at the dribbling height, and

the point in timet;,, whenhg is reached. For initialization, ~ Vzb(t2) & —cre (V2p(t1) — vze) + (1 = cre) Pvnp(ts)
the algorithm for the robot trajectory generation depends vy, ;(t2) &~ (¢f — ¢re)@ (V2 p(t1) — Vze) + Crunp(t1).

on whether the ball tracking is performed force/torque- or (13)
vision-based. The differences for the two modalities wél b\, .. (2) and (9)-(13), the vertical end effector velocity,

described at the end of this section. Once the |n|t|aI|zat|oand the rotation angle are determined. With the inputs and

is done, the trajectory generation is independent of ﬂ}'ﬁe calculated values, the end effector trajectory is erbat

used sensor modality. During the impacts with the ba”t‘hrough 6-th order polynomial interpolation. At the point i

the module allows only end effector motions in Vert'caltime where the ball is predicted to reach the dribbling heigh

direction. Honzontallde\-natmns frpm th? desired positave hq, the desired position, orientation and velocity of the end
compensated by adjusting the orientation of the end effect ffector are

The orientation is described by angle/axis representation

C. Robot Trajectory Generation Module

with axis r, in the horizontalzy-plane and angle) = 0° Pedes(tha) = (@p(thy)s yo(thy), ha + )"
corresponding to an end effector plate facing the ground. ) N

With known ¢, , and dribbling height.4, the vertical ball Oc,des(thy) = (cos 5 Tasin 5) * O, i (14)
velocity after the impact required for a return to the dribl Vedes(tn,) = (0,0,v, )7
height h is

After the impact with the ball, the end effector is deceledat
Vs p(t) = _\/29 (ha — 1) (2, — 1) /2, (9) and returned to the initial/rest height. During the dribgli
' ’ cycle, the horizontal end effector position is adjusted to
To determine the required horizontal ball velocity aftee th match the tracked horizontal ball position. For the motion
impactwy, ,(t2), the deviationg, ande, of the ballsz- and  control of the robot, a computed torque feedforward control
y-coordinate and the overall errey, in the horizontal plane in combination with decentralized PD-controller is used.




1) Force/Torque sensor based: — PP Pas
In this case, the ball can only be tracked while in contact L2
with the plate. Due to the short time period of the impacts 1
and the inertia of the robot, suitable trajectories canret b ol f\ /\ / A /'\ /\ /
initiated and executed during the impacts. For that reason, = ‘l /l ! ;\ "\ / H \
an initial ball position and velocity has to be known. This 'z %8 / , \ / \
is realized by starting the dribbling task at a pre-specified 04 T / \ / l | \
time with the ball initially at rest on the plate. The inifid- 02 \( u L \
tion movement consists of a simultaneous translational and SRR B S ek A
rotational movement. or -

2) Mision sensor based: -0.2 : 5 5 ; :

In this case, the ball is tracked by the vision system. The
dribbling task is initiated when the predicted ball positio
p,(tr,) and velocityv, (t,,) are within a pre-specified range.
This means, the dribbling task is triggered by letting thi ba
drop in the workspace of the robot.

t[s]

Fig. 7. Tracked ball positiom, (t) (vision-based)

IV. EXPERIMENTAL RESULTS

In this section, the experimental results for the two ball
tracking methods are presented. For both methods, a desired
dribbling height ofh; = 0.9 m is specified.

A. Force/Torque sensor based tracking

With the force/torque-based approach, dribbling for 5to 10
cycles is achieved. The performance is strongly dependent o
a precise estimate ef. . /c, 4. This estimate can be provided
either through separate experiments or through execution
of the vision-based approach. Due to the fact that the end ™9 &

0.5 15 2.5 3.5

Predicted point in timey, 4 (vision-based) for reaching,

effector itself is moving and vibrating during the impadtet

0.8

. . . . —P - Xb h ,predictionl Xb h ,prediction:

measured relative forces/torques are noisy. This contplca ‘ X P WP %

the estimation ol (¢2), especially for impacts with smaller _ 07t W{”\Wﬁ ]

force magnitudes. Another decline in performance arises % fﬁ"ﬂfﬂi oo | ”{\w

from the fact that the horizontal ball velocity is assumed 2 el ’ ! A - |

to be zero. This means, the desired end effector orientation W“wj— 1 N | |

is calculated based on they-position of the last impact. I R RS ||
0.5 1 15 2 2.5 3 3.5

Consequently, an increase of the position error during the
current dribbling cycle is not considered.

Fig. 9. Predictede-coordinatep, p(tx,) (vision-based) of the ball @4

B. Vision sensor based tracking
With the vision sensor-based approach, dribbling for mulstep down will occur exactly when the ball reachks.
tiple cycles & 15) is achieved. The ball is held in a human'sAs depicted in Fig. 8, the accuracy of both approaches
hand and then dropped into a specified area of the robist almost identical while the first approach provides the
workspace to initialize the dribbling. Fig. 6 shows a seaqeen predicted value approximately 0.15 s earlier. Fig. 9 shows
of snapshots taken during a dribbling task. The time dumatiathat for the prediction of the-coordinate of the ball at the
between two snapshots is 0.16 s, the extracted sequentréobling height, the second approach is more accurates Thi
corresponds to the time span from 0.5 s to 2.9 s in thie also true for they-coordinate, which is omitted for the
following figures. In Fig. 7, the ball position tracked with sake of a compact representation. Again, the drawback of
the vision system during a dribbling task is depicted. Tehe second method is the fact that the time span until the
create the desired end effector trajectory, the ball ttajgc ball reaches the dribbling heiglit; is approximately 0.15
is predicted. As depicted in Fig. 8 and 9, the two differens smaller. Hence, the second method requires faster motion
methods described in section IlI-B are evaluated: a priegict execution of the robot. In the presented experiment, thetrob
before and a prediction after the bounce on the ground. tmajectory is generated based on the first prediction method
Fig. 8, the value of the variable changes from Gitowhen The paper includes a video attachment which illustrates
the next prediction of;,, becomes available. Accordingly, the vision sensor based dribbling. For large position error
a step down fromh, to O occurs once the predicted timee, > 0.25 m, the performance is currently limited: To avoid
ty.q is reached. This means, the wider the step, the earliekceedance of the maximum joint velocities of the robot, the
the prediction is available and for an ideal prediction, thadmissible robot workspace is restricted.



Fig. 6. Experimental snapshots of vision-based dribblinthwiitialization by human operator (sequence from 0.5 s $©s}.

V. DISCUSSION

A. Conclusions/Results

Two control designs for ball dribbling with a 6 DoF
industrial robot based on different sensor modalities wer
presented. For both approaches, dribbling for multipldesy/c
was achieved. The investigated methods for model-base
trajectory prediction showed a high accuracy for the vattic
direction. The performance in horizontal direction diéfdr
due to the fact that the rotational ball velocity was negdct
in this work. For the vision-based approach, the coefficient
of restitutionc, . /c, 4, is adapted based on the tracked ball [5]
position p,(t). For the force/torque-based approach, exper-
imentally determined, fixed values fat. . and ¢, , were
used. Hence, this approach is more sensitive to parameter
variations. However, the force/torque-based controllen c
be used to maintain the dribbling task if the vision-base
approach fails, e.g. when the ball is occluded. Also, one can
switch to the force/torque-based controller once the wabie
cr.e/cr.g have been found with the vision-based controller.

B. Future Work

When investigating the dribbling task based on different
sensor modalities, the question arises to what extent aatont[
design based on vision and force/torque will improve the
performance of the robot. To this end, experiments to fuse th1]
vision and force/torque sensor information are in prejpamat
For the goal of a robotic basketball player, ball dribblirash [12]
to be realized for changing environmental conditions. Ts th
end, future work will extend the system model with a more, 5,
detailed impact model including rotational ball velocity.
addition, experiments will be conducted evaluating desr
dribbling tasks with varying height and varying horizontal[14
position using the industrial robot as well as a dual-arm

manipulator robot.
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