Charlie 5: A Robot Ping Pong Player using a novel Vision System
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Abstract

This paper presents the results of a novel attempt at
machine vision using a series of rotating mirrors. Itsusein
robot ping pong player, Charlie V, is described. This robot
came second in the 1992 World Robot Ping Pong Contest.

Further enhancements to the successful system are
discussed in detail.

1Introduction

Robot Ping Pong was first suggested by John Billingsley
in 1983. The rules were published in 1984 [1], and the first
contest washeldin 1984, withthefirstinternational contestin
1985.

Thefirst attemptswerenot very successful, and thecontest
was seen as providing more entertainment than serious
research.

However, withtheentry of largeinternational corporations,
suchasAT& T Bell LabsintheUSA, along with thereducing
cost of machine vision systems, the research potentials were
soon recognised.

In1988theseminal work onrobot ping pongwaspublished
by Russell Andersson at AT&T [2]. Since then, the idea of
ping pong playing robots hasfired theimagination of most of
those working with machine vision.

Raobot ping pong differs in many ways from human ping
pong. First, thetableissmaller, being2mlongand 0.5mwide.
The'net'inthemiddleof thetableisawireframe0.25highwith
another frame0.5mhighontop. (Fig. 1). Theball mustbeserved
from the centre by a special mechanism as robots have no
hands! Theball must passthrougha0.5x 0.5mframeat theend
of thetablebeforeit can behit. Therobot must not occupy any
space beyond the egde of the table.

Scoringissimilar to normal tabletennis.

Thetimetaken for theball to traversethewholetableisin
the order of 1 sec, although ball speedscanbeashighas8m/
sec. This means that there is a small and finite time for any
camerasystemto pick upthetrajectory of theball, estimateits
flight characteristicsand positionthebat for areturnhit. Unlike
a human most robots cannot retreat from the table to give
themselves longer processing time!

Many different techiques have been tried to overcome
these problems. Most have used ccd camera systems with
much display processing. Thisrequireslotsof computer pow-
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Fig 1. Configuration of robot ping pong table

er. Another approach isto use rotating mirrors, as described
in this paper.

2 Charlie5'sancestors

Charlie5isthelatest in aline of ping pong playing robots
built at Highbury College that go back to 1985.

Charlie 1 had what can now be called a traditional
configuration; an XY plotter up-ended and placed squarely up
against the end hoop. The bat was spring loaded, cocked by
a Beldon cable and released using a solenoid. The main
carriage moved in the X axis (width-wise) and this in turn
carriedthebat carriagewhichmovedintheY axis(vertical). In
addition to the bat carriage the main carriage also carried the
camera, which was perched on thetop, some 70 cm abovethe
table[3]. Thecamerawasmobilesothat thefield of view could
be reduced and consequently the background interference
also reduced. It also ssimplified the X axis tracking control
system. When play started the camerawas centred and from
therethewholewidth of thetable couldjust be covered. Once
theball had been sighted thecontrol system movedthecamera



sothat theball remained centrecameraandindoing soensured
the alignment of the bat and ball in the x axis.

The camera used photosensors and revolving optics. It
provided 3 fixes per revolution, which, by the use of mirrors,
wereeffectively from different view points. Thesewere used
toget asequenceof fixesontheball intheY and Z axes(Z axis
being down the table). These were then used to predict the
intercept pointintheY axis. Finally alight curtainwasusedto
release the bat.

Theoverall performance was reasonable and it won afew
contests. It's best feature was its x axis tracking and its
resistance to background interference, but it's capacity to
predict the height of theball onintercept could have been out
performed by arandom number generator!

Charlie 2 retained the basic configuration of Charlie 1 but
adopted adifferent approachtothe Y axisintercept problem.
Thetracking technique had been successful for the X axison
Charlie1lsoCharlie2wastoretainthetechniquefor theX axis
andalsoapplyittotheY axis. Y axistrackingisdifficult because
of the high speedsin the Y axis, pre and post bounce. The
solution adopted wasto usealight bat carriagefreely running
on avertical track. Instead of being driven by a motor the
carriage rested at table height up against a cocked spring.
When the ball was “heard” to bounce by a microphone the
spring wasreleased and the bat carriage sent skywardsinfree
fall. Astheball isalsoinfreefall thetwo maintained asimilar
height as long as the following conditions were met.

1 The ball and carriage have a similar resistance to
vertical movement

2 Theball and carriage have similar initial heights and
they both start to decel erate at the same time.

3 Theball and carriageboth havethesameinitial vel ocity
(post bounce).

Condition 3wastheonemost difficult to meet. Thecamera
was used to detect the maximum height that the ball attained
onitsincomingflight. Thisisproportional to the post bounce
vertical velocity and could beused to adjust thetension onthe
springusedtolaunchthecarriage. Theresultswerequitegood
and anotableimprovement on Charlie 1.

Charlie 3 used exactly the sameprinciplesas Charlie 2 but
aimedto executethembetter. Themicrophonewasreplaced by
amore sophisticated vision system, designed to predict when
theball would bounce. Inthat way condition 2 above could be
better met. By knowinginadvancewhenthebal | wouldbounce
the bat carriage could be held below table height and rel eased
early. If all went to plan the carriage would be at the right
velocity and at table height by the time the ball actualy
bounced.

Theresult of all thisadded complexity wasonly amarginal
improvement on Charlie 2. Charlie 4 did not get beyond the
design stage!

3. Ping Pongphysics

Theflight of aping pong ball isessentially affected by two
forces- gravity andair drag. Theequationsof theball'smotion
have been well documented [2], [4] and [5].

Basically, given the velocity vector v, the ball accelerates
at a, where

a=-C,|v|v-g @

The vector g isthe acceleration due to gravity. The drag
coefficient, C,, issuchthat theterminal velocity comesout to
be9.5m/sec[4].

The position of the ball at any time can be found when the
initial velocity vector is given using classical techniques.

Themostimportant problemfromarobot'spoint of viewis
what happenswhentheball hitsthetable. Theoretical work [4]
estimatesthat, without spin, around 40%of theinitial horizontal
velocity should be lost. Spin will cause the velocity to
increase.

Inthevertical direction, deformation at bouncewill absorb
some of the energy. At the same time some of the origina
kinetic energy will heat up the ball and induces vibrationsin
the ball, table and atmosphere.

Theseforces have been derived [6] and can be defined as:

Vi, = l:lviy )
where v, is the vertical velocity before bounce, v, isthe
vertical velocity after bounce and O is the coefficient of
restitution.

In the horizontal plane

fo = Vix - l"l Viy (1 + D) (3)

where v, is the horizontal velocity after bounce, v, the
horizontal velocity before bounce and 1 is the coefficient of
friction.

Initial experiments carried out by Knight showed that, for
asingle table surface and ball combination the reduction in
horizontal vel ocity wasaround 50%. Further work by Bradbeer,
using different surfaces and balls showed similar results.
Experimentsby both authorsal so confirmed the coefficient of
restitution.

The results shown only refer to those carried out with
different surfacesand different balls. Theinitial experimental
resultsfrom Knight are within the same ranges.

From Fig 2, it can be seen that the vertical velocity before
bouncewasdirectly proportional tothevertical velocity after
bounce. Theslopeof the best linewasfoundto be-0.875. The
outer l[imitswerefoundto be-1.143 and -0.668. Thereforevfy
=-(0.875+/-0.268). Thisresult agreeswith the coeffiicient of
restitution from previous theoretical work carried out on



Pl (m/s)

3.5

3 /
2.5

. v, (m/g8)

ﬂ =
Z.Z //_::4./ =

0 il 1 ! 1 1 1 I
0 0.2 0.4 0.6 1 1.2 1.4 1.4

0.8
vk(m/s)

Fig 2. The graph of vertical velocity before
bounce against vertical velocity after bounce.

tournament table tennistables.[7].

Fig 3 shows relationship between vfxlviy and viX/viy, .The
slope of the best line was found to be 0.124, the x-intercept -
2.6. The outer limits of the slope were found to be 0.140 and
0.122. Theouter limitsof thex-intercept werefoundtobe-2.9
and-2.2. Thereforethe slopewas 0.124 +/- 0.016, and the x-
intercept -2.6 +/- 0.4. From equation (3) the coefficient of
friction was calculated as 1.387. Again, this was within the
range of previous theoretical results.
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Fig 3. The graph of _folviy against - vixlviy

Fig 4 shows the velocity before and after bounce. This
result shows that the velocity after bounce decreased by a
factor of 2.03+/- 0.22, ieabout 50%, which wasin agreement

Fig 4. The graph of horizontal velocity before
bounce against horizontal velocity after bounce

with theoretical results.

Similar experimentshavebeen carried out to determinethe
position of the bat with reference to the point of bounce.

Upto Charlie 3, themain problemwastointercept theball;
now it wasto play the stroke. Charlie 3used Y axistracking
which could result in the bat carriage having a high vertical
velocity at intercept. A higher velocity infact thanthe Z axis
velocity of thebat when thestrokewasplayed. Thecombined
movements gave the bat a direction of stroke that was often
inappropriate. Charlie5 wastoaddressthisproblemby giving
the bat carriage an extra degree of freedom, so that it could
moveback fromthetableend and play thebal | whenit attained
post bounce maximum height (PBMH). This is when the
vertical velocity isat aminimum. It would not be possible to
hitall ballsinthisway assomewouldreach PBMH beforethey
had passed through the end hoop while others would be
through the end hoop and a metre or more beyond before
reaching PBMH.
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Fig 5. Bat/ball intercept point



A compromise was looked for and research by Knight
established an envel opewithin whichtheball could be struck
at or near PBMH - Fig 5. In the course of the research it was
found that ideally the ball should be stuck after PBMH at a
point wheretheball’ slineof flight coincided withthelinethe
bat shouldtaketo play thestroke, normally between20and 30
degreesto the horizontal . The envel ope turned out to be quite
flat, suchthat with alittle more compromisetheareacould be
reduced to a straight line. This opened up the attractive
possibility that thebat carriagewould only havetomoveinone
plane, an inclined plane approximately 40 degrees to the
horizontal. Thefamiliar XY plotter mechanismwouldtherefore
do thejob, but now laid back at an angle of 40 degreesto the
horizontal.

Further work by Bradbeer has shown that, for different
surfaces and balls, the envelope could be better described as
an arc at 40 degreesto the horizontal with a subtended angle
of 10 degrees.

4. Thecamera
Attheheart of thesystemisan array of 16 lenstubes, at the

focal point of eachispositionedaTIL 78 phototransistor - Fig
6.
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Fig 6. The lens array

The lenses are plain single element fresnel lenses with a
focal length of 110mm. Thesethin plastic lenses have agood
transparency at the 800nm wavelength and can be cut simply
tofitthelenstubes. Thelenstubesare square asshowninFig
1 permitting the maximum aperture for the lensand giving a
good packing density. Each tube has anarrow angle of view,
sensing the ball only when two-thirds of the ball iswithin 2
degrees of the tube's axis.

Eachlenstubeisthereforeahighly directional ball sensor
witharangeof 1.5mto2m. A closely packed array of suchtubes
formsacurtain whichtheball cannot get through undetected.
When this array is positioned horizontally at the end of the
tablethecurtainfitstheplaying spaceinwidth and length. To
cover thewholeplaying space, thatiswidth, lengthand depth,
thearray must scanthespaceandthat isdoneby reflectingthe
curtain through arevolving mirror, asshownin Fig. 7.

Themirror isdouble sided and coversthefull width of the
array, measuring 7cmby 51cm. Themaximumscanangleis105
deg. andthemirror speed of 1300rpm. givesascanevery 23ms.
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5. Thecontrol system

The X and Y tracking system had proved effective for
Charlie 3 and it was decided to retain the X tracking system
which had survived from Charlie 1 but to try another new
systemfor theY axis. The camera slow resolution madethe
prediction of an intercept point by analysis and modelling a
poor candidate while the camera’s ability to cover the ball
through alarge part of it’s flight meant that a system which
could use that information could give Charlie an edge. An
empirical system could do that and to my knowledge the
technique had not been applied to a ping pong playing robot
before, that was the technique selected.

The method chosen uses a database containing Track
Records, these are sets of data describing known flight
trajectories for incoming balls . Each track record is a set of
bearings on the ball’ s position for one incoming flight. The
bearingsarenot Cartesian data, they aresimply theanglethat
the ball’ s apparent position makesto areference point.
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Fig 7. Typical track record

First the machine must go into Learn mode. 20 of these
bearings are recorded for each flight, the operator entersthe
best position for the bat and the timethat the stroke should be
played to return that or a similar incoming ball. These two



parameters arethen stored as part of the samerecord. Oncea
range of trajectorieshave been stored in thisway the machine
canenter Play mode. In Play modethedatabaseissearchedfor
a similar set of bearings to the set it is collecting from the
camera. The retrieved record should then contain a suitable
position for the bat and atime for the stroke to be played.

Otherinformationtoberecordedinthetrack record must be
entered manually. This'openloop' system isonereason why
the bat can only track and hit about 50% of the balls. This
informationincludestheestimated PBM H, theestimated del ay
in firing the bat mechanism, the time to hit the table and the
‘quality’ of the information. All these parameters have to be
estimated by the operator.

Theangleof bearing and track record systemisinherently
avery powerful one. It lends itself to both fuzzy logic and
neural network approaches in determining the firing and
positional informationfor thebat. However it doeshavesome
disadvantages, which current work aimsto overcome.

6.Currentwork

Thefirst problem isthat the track records are not unique
enoughfor closely related but critically different trajectories.
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A number of attempts have been made to overcome this
problem. A moredefinedlook-upalgorithmhasbeentried, but
does not seem to yield the unigeness required, even when
faster computers are used, so that more information can be
processed before the bat is committed.

Using morethan onemirror isclearly theway to go, and a
number of different ideas have recently been tested.

First, asecond, stationery, mirror was placed low down on

thetable, Fig 9.
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Fig 9. Position of lower mirror

Thiswasnot very successful! A stationery mirror at thetop,
however, has proved far more useful, and provides one extra
bit of key information. Evenif twotrgjectorieshavevery similar
bearings, the bearing, and thus the time, at which the ball is
momentarily inview of the upper sensorsisdifferent. Thisis
showninFig 10.

Upper Mirror

Upper lens arra;ﬂ

Lower lens array/A_ «Rotating Mirror
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Fig 10. Position of upper lens array

Theupper lensarray hasonly six phototransistor detectors
asitsonly function isto detect when the ball passes through
itsvery narrow angleof view. Initial resultsfrom thissystem
indicate that it has the potential to overcome the problems
identified.

One other area of research isto make the whole operation
of learning moreclosed loop. Itisplanned to haveanled light
curtain around thefront frame of therobot so that an accurate
x-y coordinate can be obtained to reduce any errors in the
detection system.

Another area of interest isthe control of the bat platform.
Atthemoment thismovesal ongthe40 degreeplaneidentified
above. The current wooden frame is not adequate to support
the curved motion necessray to refinethe bat hitting position,
soalight metal framewith better feedback mechanismsonthe
bat and carriage postions is being constructed.

7.Conclusions

The original concept behind Charlie 5 has proven itself in



competition, so the basic concept is correct. However there
aresomefundamental problemsthat haveto be overcomefor
it to hit the ball more than 50% of thetime.

The rotating mirror approach is clearly well suited to this
type of application and has potential in others. The addition
of extramirrorsto provideacrosscorrelation and moreinfor-
mation to the computer meansthat less'guesswork' isneeded
in the software. With the addition of fuzzy logic software,
maybeallied with aneural network approach, the slownessof
the look-up table algorithm should be overcome.

The rotating mirror approach to following fast moving,
small ojectsisalesscostly, and morerobust method that that
traditionally using video cameras and video signal process-

ing.
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