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January 6, 1947: Additional Notes.

Since witing the manuscript five years ago, sone additiona
facts have cone to light, and should be nentioned here.

At the bottomof the page, page 26, it is concluded that the
cue ball initial velocity, in the nine-cushion shot, is no nore
than in the break shot. This is wong. Hoppe and Cochran both
say that the nine-cushion shot takes a much harder stroke. Al -
t hough | have never nanaged to nake this shot, ny attenpts at
it force ne to agree.

| went wong in ny analysis by assumng that the flash interva
inthe Life photographs was the sanme for all shots. As it turns
out, the apparatus (which | have |learned was built at Bell Lab-
oratories by a former student of mnel) was adjustable: for any
8ne shgt, the best flash interval for recording that shot could
e used.

On page 39, | stated certain conclusions about the bridge, and
tightness of the bridge. Since studying neuromnuscul ar phenonena,
and after recording ny own stroke and anal yzing it, | conclude
that the nost inportant function of the professional's tight
bridge is to furnish a constant resistance to cue novenent. This,
inturn, requires himto shoot tetanically. That is, the stroking
nmuscles are in a constant state of contraction while accelerating
the cue. M theory is that only inthis was can one naster the
"velocity" part of the gane, and reliably inpart to the cue bal
the desired velocity, in order to play position.

Wth an open bridge, the amateur's cue neets with very little
frictional resistance as it goes forward. | believe that there-
fore, he shoots ballistically. H's nuscles yank quickly on the
cue at the very start of the stroke. The accelerating phase is
over in avery short distance; and thereafter, his hand is ridin%
with the cue at nearly constant velocity until the cue strikes the
ball. | maintain that no one can hope, with ballistic contraction
of the nuscles ﬁa qui ck yank), that he can control cue velocity
at inpact as well as can be done by using tetanic contraction.

A D More



FOREWORD.

According to WIllie Hoppe, the gane of billiards attracts sone
10, 000, 000 pl ayers in the United States alone. Four factors com
bi ne to make the present tine a notable one in the long history of
the ganme. This is especially true of three-cushion billiards.

First, of the several billiard ganes, three-cushion billiards

has becone t he choice of the public and the professionals in recent

ears. Second, at the peak of a career unequalled in any sport,

oth for Iength of career and consistency in w nning chanﬁionships,
Wl lie Hoppe adopted three-cushion as his game. Third, photographic
records of Hoppe's play have recently becone avail abl e, through the
repetitive flash phot ographs taken for Life Magazine by Gon M1i.
Fourth, Hoppe recently published his excellent book, "Billiards as
it_ﬁhﬁ;ld e played", and thereby nade a wealth of information

avai |l abl e.

In spite of the fact that scientists and engineers are fond of
the gane, it does not appear that analysis of the game's phenonena
has been nmade. Such an analysis is |ong overdue.

The studies presented herein are thensel ves an outgrowth of several
favoring factors. First, the witer has played three-cushion bill -
lards for perhaps 35 years. Second, the witer had the rare prive-
| ege of playing an exhibition ?ane with WIlie Hoppe at the Univers-
ity Aub, Ann Arbor, inthe fall of 1941; and |ater at di nner, he
took full advantage of the opportunity to put nmany questions to
M. Hoppe. Third, the witer was already acquainted with a nunber
of Life Magazi ne executives, through working with themon the
M chi gan-Life Conference on New Technol ogies in Transportation in
1939; it was therefore easy to persuade M. \Wsley L. Bailey of
the Life Executive (Ofices to lend the witer Life's file of 36
M1i flash phot ographs of Hoppe's shots.

These studies began in the usual innocent way. The phot ographs
made it appear that a little casual study, in odd nonents, would
reveal sonething about the stroke notions of the cue. The witer
had no intention of Iettinﬂ hinself in for all that devel oped, as
one discovery pointed to the next. But one thing did lead to another
and there was no nental peace possible until the several major
puzzl es had been solved. The witer has long been in debt to the

ame for the fine recreation it has furnished. He is now still
urther indebted for the Bleasure deri ved from anal ysi ng sone of
t he ganes puzzl es and probl ens, fromthe nechanics standpoint.

In order to anal yze Hoppe's stroke, it was necessary to solve the
cue-to-ball inpact problem but in order to do that, it was first
necessary to neasure the coefficient of restitution. This is why,
in the paper, the coefficient is covered at the outset. The paper
Is in five sections:

Experimental Determ nation of the Coefficient of Restitution.
Que-to-Ball Inpact: Solution of the Problem

Anal ysis of WIIlie Hoppe's Three-Cushion Stroke,

The Course of the Ball: Analysis of sonme of the Phenonena.
Furt her Not es.

<<~~~



SECTI ON |. EXPER MENTAL DETERM NATI ON CF THE CCEFFI A ENT CF RESTI TUTI O\
Coefficient of Restitution.

Wien there is inpact between two bodies, and in such manner that
the line of action passes through the centers of the two masses, it
is called Drect Central Inpact. |If both bodies were perfectly el ast-
ic, there would be no | oss of energy; and it has | ong since been shown
that the relative velocity after inpact equals the relative velocity
before inpact,- irrespective of the anounts of the two nasses.

Wth inperfectly elastic bodies, there is a | oss of energy, and
relative velocity after inpact is less than that before inpact. If
the objects are nunbered 1 and 2; if their velocities are u; and u;

before inpact and are v; and v, after inpact, the so-called Coeffic-
ient of Restitution is defined as

Uz —Us
Aly = Ads

The coefficient nust be determned experinentally. Very few
coefficients have been published. A search of the nechanics liter-
ature reveal ed only four sources*, and they collectively gave only
these coefficients: glass, 0.94to 0.95; i1vory, 0.81to 0.89; cast
iron, 0.50to 0.65; steel, 0.55 (certainly, not hardened steel!);
cork, 0.55; wood, 0.5; lead, 0.15to 0.20; putty and clay, zero.

=

The sources are: "Handbook of Engineering Fundanental s," Eshbach;
" Text book of Mechani cs", Martin; "Applied Mechanics", Poorman; and
"Anal ytical and Applied Mechanics", denents & WI son.

A cue is a wooden shaft, with a piece of bone at the front end, and

a leather tip ahead of that. |If wood is at e = 0.5, and if |eather

I's assuned to be no better that cork (0.55), then, even though ivory
is around 0.85, one inclines to the guess that the cue-to-ball com

bi nati on may be no better than 0.5. This turns out to be far short

of the true value. As a matter of fact, a good professional tip, as
Hoppe states, is quite hard. A so, the inpact is inline with the
grain of the wood: furthernore, it is hardwood.

Experi nental Set - up.

At any rate, the witer experinentally determned e for the case
In hand. The set-up was made and the readi ngs were taken in one
afternoon (11-25-1941). The sinplicity of the set-up, the ease of
maki ng observations, and the accuracy secured indicate that soneone
could, without much effort, add greatly to our list of coefficients.

The cue and ivory ball were hung by light steel wires beneath a
hori zontal 10-inch board. String was w apped around the ball, and
held in place with Scotch tape. Loops inthe string permtted two
wires to be attached. The wres went to screweyes put in the edges
of the board, across fromeach other. S mlar pairs of wires (two
pai rs) suspended the cue for direct central inpact, The vertical

radii were all 20 inches. Wen both bodies were at rest, they grazing-
| y touched.



~ The witer's brass-jointed cue was used. |Its length is 57.5
i nches (which is over an inch too long, by the way!), wth the
"bal ance" at 16.5 inches fromthe butt end. It had just returned

fromthe factory, and had a new hard professional -type tip, in
perfect condition.

Cue weight, 1.390 Ib. Ball weight, 0.455 |b. Tenperature, 72 F.
Met hod.

The cue was pull ed back to a backstop, then rel eased. Four val ues
of backswi ng were used. The horizontal values of backsw ng, and of
forward swing of cue and ball after inpact, were neasured. These
nmeasur ements were nade by | ooking vertically downward at scales laid
hori zontal ly. Readings for anY one condition were taken only after

ractice, and after consistently repeating sw ngs were observed.
abl e X gives t he data.
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InFig. 1, v; and v, are plotted on |og paper against u; . ldeally,

the two [ines would be straight, parallel, and sloped at 45 degrees,

The lines were so drawn, and they show excel | ent a?reen'ent anmong t he

data. Wing the lines as drawn, ani these values fromthe |ines:

up = 1.00, v; = 0.54, v, = 1.35, a suitable value of e is found by ..
e: 4=t _ 135-0,5Y . 0.8/

..-'uf f.eo
The data are so consistent that high accuracy nust have been
obtained, Swing |losses were looked into. Wth cue swinging freely,
an anplitude of 8 inches decayed to 7 inches in7 swings. It is con-
cluded that e was determned to within 4% Furthernore, the velocity
range used covers a large majority of three-rail shot velocities.
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SECTION I'l . QUE-TO BALL | MPACT: SCLUTI ON OF THE PRCBLEM

After consulting a nunber of experts in the field of nmechanics
and searching a good deal of the nechanics literature, the witer
found that no one appears to have published any solution for the
of f-center inpact problemarising when a ball is cued. It was
t hen necessary to work out the solution. As far as we know, this
is the first solution made for the case of a rod, going endw se,
striking a sphere with Direct Eccentric |npact.

Inthe fol |l owi ng pages, the general solution is given, followed
by nurmerical solutions and derived pertinent data for the whole

range of cases normally occurring in billiards. For the nunerica
solutions, strictly typical basic data, as they occur in typical
billiard cues and balls, were used.

A summary of inportant findings will be given here, rather than
at the end of the Section

Summary.

Atypical billiard ball is 2.4 inches in dianeter. It is typically
cued at a point anywhere between dead center (h = zero) to a usual
extrenme of 0.6 inches fromcenter (h = 0.6). The distance from
dead center is not measured around the curve of the ball. For this
of f-center distance, h, see Fig. 2.

As h is varied through the above range, starting fromzero, the
followi ng statenents are true:

1. Ball energy in %f cue energy drops from66.7 to 51. 7%

2. It isalowloss inpact: loss, in %of cue energy, ranges from
10.0 down to 7.4% (Table I11)

3. Rotational energy in %of total ball energy ranges fromzero,
up to 38.4% (Table I1)

4. The ration of post-inpact cue velocity to ball velocity ranges
from0.373 to 0.720 (Table I1)

5. The ratio of post-inpact to pre-inpact cue velocity ranges from
0.483t0 0.643 (Table I1)

CGeneral : the high possible content of rotational energy is all-
inportant in determning the behaviour of the ball in flight,- as is
brought out in Section IV

The value of e as found experinentally, 0.81, is used inthe
solutions. It was determned within a range of velocities that
covers nost of the velocities used in three-cushion shots. The
follow ng solutions and data should therefore apply quite closely
to billiard situations in which good cues, tips and balls are used.



Bone L eather
@
A, Vs our N b2
= (%=

M-- center of )narru.:l:f-nﬂ

NV==center of gpontaneovs rotation

-k
Ui = "—f:ﬁ --~-*x;=3-%v:

wrh = X; il_

LV Xa

d

x

i

|

1

L“_‘-ﬁ’"

/

U,V stmultaneous <= occur .:fur‘.rnj impact when camman .,r..:f.m:r.fy s

E:h.a-evef‘ ar Jaw;:f o7 confact

-
W=

F19-&



_.___.___—Qéﬁcz_fcc:m‘z[c_éqwr
ﬂ,fr:cf Eecentric ﬂHFddr Cue meving i fine with jfs cwn cenfer Jmc bup

hr#in} the bl ¢ center
Wetation . mueh @s in Martin, " Texthook of Méthanies!

A= Hﬁrj ry forces of Ean}prn:un

A= # v presfifufien i
V= common frﬁ::ﬁy'fﬁrﬁ.ﬁﬁ Center of pertvssion 81 fhd of compression
LT = anquiar velocity oF ball Simuliarecvs with- Vo

s foErTreient off restrivfean

o« = radivs ef Jyratien
ther symbols Gs tn Fl9. <
COMPRESSION
b
(ﬁ"‘ -ﬁpdf'rmrfi-;ﬂ‘l; mr(V'—'{i"J iR SRS eSm e O R TR -.—a_._,__,,ﬁ)
7-h
3‘3}? Tfﬁn:ﬂf}ﬁr .-ffdﬁ¥m;{i‘7wa__ ?__. g Et:ﬁ b Bttt e R Tm =T R e i) B (3)
o
Eolf Fotal -= Fh =1 m A, - o
. — o m— w— o —
-’iﬁ”ﬂ’hﬁ‘fmijﬂ =xima T, [P - -"—f-f—- - (3)
JFESTITOTION
— — =)

tve - - [Rat = m,a{]v - m (G-T) —
i
=Xy . %i’(fl_?) i e,

Ball Transfat - fﬁdf s _]ﬂirp— =
bt A1 ft sy R ) fte - 57 o) ===~

A"Exf' re-fist the £ ffu.w‘mn_s, SulsHilure Foro, L ;,,-’;,.“:51_, sighs n 0) *W(‘?_’)

fr?.:‘.?’:- e m, (T-05)
Sret s my EE (0T) ==~ ~F)

/mﬁ = M -‘“f('xi-??j‘) G = *'('-’-‘-j
hi

JPIE =, (4 T) —===()
Jrats m, Sy = —2)

fo‘EmCJ:‘; P. =t _(-g)
- i 4
TRV < 7 prom () and ) -
(E‘ﬁ)$=”=. Fo b= vsed dafer _ (?)
Fromm () and (&), mpaa, -m, 7 =M, -‘%ﬁ?’; cie TPE ._.’1%-——- _____ f@
My -'l-E-— + iy,
h N
From(and (), mT-mi < my Pty om Gy e MEIIRE — — — = )
Py, =3
e e e ﬁ?)

From () and (3), mtt, s me Sy ke

"f’%ﬁ y Qa2 Ng=ef | Mpr i dQuf — = — — f'f_)
'

Now & Takres Fhe rform -




My 4, = im; ‘%ﬁ’t’(ﬁ'”"ﬂJ F AL e = gy EE"’u;-.-—ema ;‘;‘4"} o+
-4 *
(m.-fﬂ"lg z‘j];.{! ;{fﬂ, 7 1y ?-‘-; ur
{-h
iz T
Ady = . = L f’;-z)
mf -'EI'I"'I'? {E—

CASE. Selve For #e fos¢: bati curd at- such G valup oF A FAGr, JF Srruck
directly abeve conior Hhe spenfoncovs cenfor o rotation ¢35 ¢F POIAF o
ball conFacr wirh Fafie 7hen, -

I-h sradivs = L2 . ﬁ"jf.r;_? (.'?JJ ang .’far{ﬂf“iﬁﬁf‘rf . ;453'3 'g*é‘%}’ﬂ-i?dd

2-he K
4o (0. 3R)F e =078

Zr tEF
(/?""U a5

g0 8, From Secrion L

My r {, mgs@ 5 = r‘Ffﬁ‘ff;ff b ey

Suhsity Fotm g valoes m (12),

4k L9 raHS AR .
¢ astosifusy T AvE T

My AR WL = S .-{1-.:-"?.;""}.{’

- -

= U +0.8) (148 ) =/ »h3L)

M= 23U
Us Aol cenier rf;i:-‘if‘y, /5

')

o

3= feF U ~-—- U, r0.5797 ¢

a7 EN fi‘fjffl. T f"'sf mﬂff é:a #a head bere /5. W!"A"(ﬁ"_ ThHE rosylrts

are _5”-;'4'-"1 n Table




j?'i‘-"dyn_f rrﬂnin‘??‘h':ﬁnfiﬂ ﬁ'nf’df{&ﬂ#f -EJ":'-'-"'J'_".FH'J, ff#!;"l# .ﬁ_’. M)?r_

Xy J3 Phe Fots) ﬂ."a-’a{.f'l“y a¥x (Fﬁg}

V.= X2 '{f&- A 6:-:;51 Fransiafrone | WAH}‘; orf Laf Conier

X;t‘t‘" ss the refatrong) Compinenit oF Nt dbouf bajl center.

Z
“.r)]-’ .'l’;. 'IEL
Xz
L) =2 =
? *
Tota/ wmetic Energy oF lalf, £, /5
£ = {;u # D3RS here I, moment OF Mertra, sphere, 15 I z:‘_‘r '?"';_;ﬁ‘? =0 ST my
=" - &
0. 576 Mt - my [ 2=h . My
- R oy S S M
£ ? i o :/ £z
z
- drep Xz

Eaca.*:w.(j f!é

ar.:'?i /g.,r,]

mmgfs..x* —— = (7)
g fx0.87€
. i 7E
" . ?'.F'l = E?i_""

Fna}:;.f.;‘s eneray radims, losses , and veleciFy rities Con hew Be Compultes’ The

tesults are gnterca ia Tadles I and IT




Table I Lacrises , Vel dy Fetios.

SPele v Polves o my, mp w3

bBlues cré €5 Fo ret) energres
h=o0, ba/f cved a7 dlesd cenior ot tion | Translar | Eoth Fatia Fy Ratn
h=a b8, #he cGs2 wovwed m 5 - ) Velecily Ratres
detar! cbove Tt
as | N A
R 2-h ;55 1 2 |(7) RAT | & | A
& &9 oo £ a5 0 jeve | oo 7 3725 | vE2F
0.1 57t Tk &3 | .on& LFLT | .95y | pr70%5 | 3F3 457
0.2 287 F07 225 | .ot/ B 925 |.pess | w2 508
a.3 PR 222 ] AIE il T84S | .Jas 74 IIE
0.5 vy P 282 | 170 A Vi 2tE .525 SEE
&, ¥8 420 SEE S =4 S s 2FL 593 TS
3 P ] &FE | .20 HEPE | a7 503 £rs Los
c.6 o2& 15€ 15 | .25e 379 KI5 28Y | Tz R

leble JT  Further Encray Sivaies | A4 volues & 70 sefvs/ ehorgres

X o
@))%

cme 4T

f!{; ~ l‘rI

cue .-"ﬂ-'Ff'-"ﬂ-'-'J Ehﬁ}';’l oC P, AT oo, =S8

lprtoern/ Energy o 8 2

\ii'z?f? Hzns

. T
\E:;;JE Fnita/ c—‘rﬂrcij)f 9({"5:?:’;’ .ﬁwhﬁfafmma(’ '7—':')
Lo ﬁﬂr.-j f’!:f‘gﬂf o M,L’Ilfﬂ.‘riﬁz
\/ 7oia/ Loss o | Loss m 84/
Firal encidy | gh off |Cheryy
% 5)«-‘_-; Feri (ffmm -4 cue tn e
o Faneies .f-’ﬂﬂa-’""i‘ﬂ:; fngred foe it
7, ereryy | corve ) energy | energy
‘o 1292 | LbTE LL72 SF=2 2255 250 o8 | L&,7
6.1 127K LEBL | Lgd G .58 22558 L2Y0 AL L5
02 A23Y LEEY | f430 LY 2.274 229 7.2 {53
6.3 S I6E L3508 | p54e S 2,275 Z1E &7 tz. 5
o, 4 LOE! /170 A YRy it 2.702 204 g 32 SEY
o558 | 1ee3 | food Sy0¥ EFS | 2297 SEE 2.9 543
Iy 953 P46 /358 G5 2,303 194 7.8 F5.5
0.4 95 | .727 | 423/ |se3z | 232y | 15y 7% Sh7

10



SECTION I'I'l. ANALYSIS OF WLLI E HOPPE S STRCKE

Inbilliards, the stroke is of suprene inportance. For a snal
fraction of a second, the cue is in contact with the ball. After
that brief contact at inpact, the player is out of the picture:
physical |aws take over. If a player knows the shots and handl es
the cue properly, hewns. |If not, he | oses. Hoppe's handling of
the cue is superb. An analysis of what this nmaster player does with
the cue is of great interest. An analysis, as conplete as is now
possible, is presented in the follow ng pages.

Wiat t he Phot ogr aphs Show.

Inthe MIi-Life Magazine flash photographs of Hoppe's play, the
total flight of the ball is flashed, or pictured, fromperhaps 25
times at the least to perhaps 70 tinmes at the nost. Thus, a wealth
of information about the course of the ball is available. Sone of
it 1s used in Section IV.

But as to the cue - the stroke takes up only a brief part of the
total tine used to record a given shot. Relatively few positions of
the cue along its stroke are therefore available. In fact, only
13 of the photographs yield reliable infornmation on cue position; and
in all these, only the positions after inpact are available. No
pre-inpact parts of the stroke (except the start) are shown wth
certainty.

As to yielding up their information, the photographs are rather
reluctant. A job of work had to be done to dig out the facts. Al
of the photographs are, of course, portrayals in Perspective. The
rul es of perspective had to be applied, so that all dinensions
could be corrected for foreshortening effect. The presence of the
di anonds along the rails and the known di nensions of the table
permtted the actual distances to be conputed. Mst of the neasure-
ments cited in Tables IV and V are correct to within 3% In fact,
in ﬁeve;§I cases, the known dianeter of the ball was checked to
wthin 2%

The sketch in Fig. 3 shows, in general, what nay be seen and
nmeasured in the 13 photographs. In 8 of the photographs, only one
flash of the cue showed, between inpact and end of stroke. But
fortunately, in one photo?raﬁh, three flashes showed; and in each
of two other cases, two flashes were caught.

The Shots Anal yzed.

Data on five selected shots are grouped in Table IV. These five
shots were so grouped because S;', the stroke after inpact, was
withinthe fairly narrow and very usual range of 0.70 to 0.94 feet.
The other inportant feature common to all five shots was that h,
the distance off-center of cueing the ball, was in the nei ghborhood
of 0.48 inall five. Table IV also includes notations on ease or
hardness of stroke; and it refers to the diagrans of the shots, as
found in "Billiards..." by Hoppe. Data on the renaining 8 shots are
l'i kewi se given in Table V.

In both tables, the distances frompoint of inpact of cue or ball
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are actual distances. The direct neasurenents made on the tracings
of the phot ographs, uncorrected, are not included in this paper.

Que Average Vel ocity.

If the photograPhs had been taken at a known flash frequency,
it would be a SIHP e matter to conpute the average velocity of the
cue, frompoint of inpact to wherever the flash catches the cue, -
provi ded, however, that the cue was flashed exactly at inpact. The
provi so would, of course, be fulfilled only by rare accident. It
t hen beconmes necessary to use ball velocity in order to find cue
velocity. But the ball velocity, which is v, innediatelg after
iﬂpact,dbegins to drop off within the range needed for this part of
t he study.

In Shot 1, ball velocity dropped rapidly, as conpared with the
ot her shots. By nmeans of a special study (not included here) it was
found where the ball would have gone to, had it retained its initial
velocity, inthe sametine. |In Table IV, S, is given as measured
(corrected for foreshortening) and also as corrected for decay of
bal | velocity. In Shots 2 and & the rates of ball velocity decay
were alnost the same. These rates were averaged, and applied as
corrections to all of the shots except Shot 1. Hereafter, in dis-
cussion, S, will refer to the finally corrected val ue.

If, in every case, v, were 1 foot per second, then the ratio
Si/'S, would give the average cue velocity, frominpact to where the
cue is, infeet per second. But it is seen (in Section Il) that
for a given condition of inpact (h fixed) the several velocities
U, vy and v, are infixed ratios to each other: if cue velocity is
doubl ed just before inpact (for instance) then the other velocities
are doubl ed.

Therefore, for the purpose inmnd, it is permssible to consider
all cue ball velocities to have been 1 foot per second.

Shot 1 gives us three positions of ball and cue, and therefore
three values of S/S,. |If these are plotted against S;, a curve
of cue average velocity results. This problemis then posed:
what accel erati ons can be adopted for the cue, before and after
I mpact, that will nmake the cue notion fit this curve and also fulfil
all other requirenents? The witer nmade three different kinds of
aPProaches to this Problen; and carried out Perhaps 18 solutions in
all. Only the final nethod, and the better-fitting solutions, are
gi ven here.

Theoreti cal Cue Behavi our.

For the tinme being, we nowdrop consideration of actual cue be-
haviour and turn to theoretical cue behaviour.

Take the case of a ball cued at h = 0.48 (Section Il). If ball
velocity v, is taken as 1.00, the pre-inpact cue velocity u; is
0. 996, and post-inpact cue velocity v; is 0.593. These are narked
on the vertical axis, Fig. 3.

A study of the "bridge" used (see "Billiards...") shows that for

I
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Shots 1to 5 the cuetypically is accelerated, before inpact, through
a distance of 6 inches, or 0.5 feet. It is a sinple matter of mech-
anics (not included here) to work out the u-curve, cue velocity
ver%ugggi stance, Fig. 3. During acceleration, it changes fromzero
to O. .

Dur i ngf_ | npact the cue |oses energy, and cue velocity drops to

0. 593. hen, if we assunme that the sanme accel erating force continues
to be applied for a while, the cue velocity rises along the v-curve,
ABD... . Let the force be applied until D1I1s reached, 0.2 feet after

| npact .

Suppose next, that a constant negative force is then a‘opl led to
the cue, of such a value that it nust stop the cue in a sl ow down
space of 0.7 feet. Again, the falling curve of velocity, DE, is
easily worked out. The post-inpact velocity curve for the cue is
t hen ABDE.

Wth that done, data becone available for finding the total
post-inpact tinme taken by the cue, up to any value of S;. D vide
S, by its total tinme, and we get the average cue velocity up to
that point. The curve ADE' is the result. These curves were care-
fully conmputed, and are correct to within 1%

Q again, if the post-inpact accelerati n? force is continued for
only 0.15 feet, then constant decelerating force for the next 0.7
feet to stop, the post-inpact stroke totals 0.85 feet; the cue
velocity curve is then ABC, and the corresponding curve of average
cue velocity is AB'C . (Qoviously, any nunber of assunptions Tike
these could be made, thereby leading to any nunber of sets of curves
li ke the two sets described. Qur interest lies with such sets of

curves as best fit all of the requirenents.

Strokes - Actual and Theoretical.

Turn next to Fig. 4, and first consider the average cue velocity
curve described by the three points of Shot 1. The witer was
quite unable to work up a theoretical curve to fit these points,
and still stick to the idea that once accel erati on ended, decel erat -
ion should at once begin. Thereupon, a newfactor was put into the
case: let the cue coast, without force applied, for a brief period
after acceleration ends and before decel erati on begi ns.

So, we will now let acceleration continue after inpact for 0.075
feet; permt coasting for 0.075 feet; then decelerate in 0.7 feet:
total post-inpact stroke, 0.85 feet. Before inpact, sane conditions
as first described above. It is seen that we get an excellent fit
with the Shot 1 points. ABFGis the velocity curve, and AB F G
is the average velocity curve that fits this particul ar Hoppe stroke.

The reader can now interpret for hinself the other set of curves,
ABCDE and AB'C D E' ; the accel erating hangover is a little |onger,
the total stroke is longer. The average velocity curve fits quite
well with the two points of Shot 3, and is very close to the points
for Shots 4 and 5.

Passing to Fig, 5, first note that the two points of Shot 2 have
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been included here again, and that a very good fit with themis
obt ai ned by | eaving out the coasting space.

Also note that in spite of diversity of kinds of shots, ease
or hardness of stroke, total stroke, etc., the points for Shots
6 to 11 fall closely along the upper curve of Fig. 5 or the upper
curve of Fg. 4.

Short Strokes.

Shots 12 and 13 give lowpoints, Fig. 5 But these are both
short-stroke points. Note that the short-stroke theoretical curve
in the lower set, Fig. 5 accounts well enough for these points.

DI SCUSSI ON

The basic data are scant; and even t hough theoretical curves
mght be worked up to fit all of these "Hoppe points" exactly, it
does not followthat they would be entirely correct. However, be it
remenbered that the points were fitted quite well; that the assunpt -
ions underlying the theoretical curves were sinple rather than com
pl ex; and that the spaces covered by the stroke, both before and
after inpact, were essentially correct.

Const ancy of Force.

Does Hoppe use a nearly constant acceleratin% force, prior to
i npact”? The witer believes that he does, and believes so for two
reasons. First, the expert adopts techniques that are sinple,
reliable, and such as can be accurately |earned and execut ed. | t
woul d then seemthat a constant force woul d be adopted by the expert,
even thou?h t he adoption be unconscious. Second, the witer has nade
a study of his owm reactions; and as nearly as he can tell, he favors
constancy of force.

Accel eration after |npact.

Next, does Hoppe naintain, for a while after inpact, the same
accelerating force he uses up to inpact? The answer is that he can-
not do anything else, and achieve reliability. The pre-inpact stroke
stroke nust furnish the right cue velocity at inpacts Any attenpt
to cut off the force immedi ately after inpact woul d soneti nes cause
it to be cut off before inpact. And here, perhaps, lies the main
secret in the "followthrough" stroke. In all ganmes of skill requir-
ing a stroke, the professionals teach the necessity of having a
followthrough. The necessity for having at least a brief follow
t hr ough has been nade cl ear above.

Coasti ng Peri od.

As to the coasting period, the necessity is not clear. Fromthe
evidence, it appears that Hoppe usually inserts a coasting peri od,
when all is clear ahead and there is no reason to cut off the stroke
abruptly.
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Long Fol | ow Thr ough.

This brings us to the surprisingly long and apparently unnecessary
decel erating part of the stroke: it ranges fromO0.7 feet to well
over a foot. A good player can use a very short post-inpact stroke
and yet put plenty of energy into the ball, when he has to. But on
the majority of shots, when there is plenty of roomahead and he is
free to use the long foll owthrough, he uses it. Wy? This amazi ng-
ly long stroke - which has not the slightest effect on the ball -
cangpt_be waved aside as a mannerism a W despread custom or useless
tradition.

Two tentative explanations of why it is a real factor in the game
will be offered. First, an expert Is a man who does one thing at a
time when the technique permts - and does it very well. By not
having to worry about giving the cue a quick stoR, FbPPe is able to
concentrate on the one inportant thing: cueing the ball correctly.

The second proposed expl anation grows out of watching the "body english"
t hat nang amateurs exhibit: after cueing the ball, they swing the cue
and the body in a cheer-the-boys-on manner, Psychologically, "body
english” is a whol ehearted gesturing amounting to a prayer for success.
And t he professional ? Have we any right to think that he is free
fromhaving the sane desires and enmotions? C course not. And if

not, then it may be that his |ong post-inpact stroke is his dignified
brand of body english - polished, perfected, and unconsciously used

as an urging-on and a prayer for success.

Facts the Expert Cannot Supply.

It is idle to ask Hoppe to describe the forces he applies to the
cue. He does not know H's right forearmand wist and hand have
| ong since been devel oped into several pounds of habits,- several
pounds of bone and nuscle that do the job autonmatically. In response
to the question as put by the witer, M. Hoppe said that in play,
he hardly knows he has a right arm it feels dead to him- alnost asif
it were paral yzed.

Decel erati ng Force.

Does Hoppe use a constant decelerating force? The evidence is
that the force is reasonably constant, at least over a large part of
t he sl owdown space. Near the very end of the stroke, Fbpﬁe usual |y
cl oses his hand around the cue; and he uses this |ate-in-the-stroke
grip to stop the cue when an abrupt stop is in order. Until then,
his grip consists only of snugly encircling the cue by thunb and
forefinger only.

Pendul um Swi ng versus Side-Arm Stroke.

The average anmateur's play discloses many faults, e of themis
in failing to swing the forearmvertically fromthe el bow, with the
el bow fixed in space. The cue is not then driven straight ahead at
the ball. Now, in terns of pure nechanics, it is not at all necess-
ary for the cue to travel straight ahead. If its line of action is
correct at inpact, if it cues the ball at the right spot, and if the
velocity is correct, the shot will be made. Yet it is true that
the amateur seldomlearns to play well until his stroke goes straight



ahead, Yet it is also true that a few anateurs master a stroke
having a side-swing to the cue, and do very well with it.

In "Billiards...", Hoppe strongly insists that everyone's stroke
shoul d go straight ahead, even to the end of the stroke. It is
therefore nost interesting to find fron1the_photo%Laphs, that Hoppe
hi meel f never nakes a long stroke of that Kkind. cannot nake It.
He is a "side-wheeler", a "sidew nder", a side-armplayer. As a
boy, playing a good gane at age five, he had to raise the arm out
sidewise in order to play at all. He still raises the aam H's
forearmdoes not hang vertically fromthe elbow Wth such a sw ng,
it is inpossible to achieve a straight-through stroke. Every photo-
graph_that yi el ds any evi dence shows that Hoppe's cue tip wanders

efinitely to the right in the post-inpact travel. Fpre told the
witer that he believes he hinself should use the pendul um sw ng,
and woul d probably by now have changed over —but for the time it
woul d take to re-learn. He nentioned one professional who did
change over. It took himeight years to do so.

Many have ascribed a part of Hoppe's success to hi s unorthodox
sw ng. Hoppe does not agree. But the witer feels that when the
worl d's greatest billiard nmaster uses a side-armswing, a fact is
presented that should not lightly be passed by. There is just the
possi bility that the advantages of the straight-through stroke
shoul d be sacrificed, in favor of the possibly greater advantages of
a side-armswing. W cannot forget that Hoppe's right armhandl es
the cue in nuch the sane way that a violinist handles his bow And
again, a dual possibility may be the answer. Perhaps it is that
to becone a good amateur, reliable cueing can only be attai ned by
usi ng the pendul um swi ng; and perhaps, it takes a nmaster player
to be able to naster the nore uncertain side-arm swing and thus
reallylmring fromit the advantage of greater delicacy of touch and
contro

Concl usi ons.

The onIK way in which Hoppe has conplicated his technique, is by
retaining his side-armswing. By retaining it, he has avoided the
possi bly greater conplications to be encountered over a period of
years if he changed over to the pendulumswing. A so, by retaining
It, he is alnost certainly achieving greater delicacy of stroke.

G herwi se, every elenent of Hoppe's stroke is of the sinplest
possi bl e character: application of a constant or near-constant
force before, during, and for a period after inpact; a coasting
period usually introduced; and a |long sl owdown with constant or
near-constant force,- a perfectly natural running-dow process that
requi res no thought and which therefore does not, by virtue of
having to anticipate it, get in the way of executing properly the
pre-inpact accel eration.

Sinplicity is further achieved by adjusting the pre-inpact space
to get a change in cue velocity. Hoppe could use a fixed bridge
di stance, and vary his accelerating force; and on occasion, he does
vary the force when it has to be done. But within the limts
of fered by good play, he varies the bridge distance and achi eves
sinplicity by using the sane force applied over |onger distances.
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SECTION IV. THE COURSE OF THE BALL: ANALYSI S OF SOVE OF THE
PHENOVENA.

The e_xPert pl ayer makes the cue ball do sonme things that fascinate
and nystity the observer. They also fascinate and nystify the ex-
ert. As In every sport, the expert masters the phenonena, and knows
ow to produce them even though he does not understand them The
purpose of this part of the paper is to take the nystery cut of sone
of the major phenonena exhibited during the conplete course of the
ball. As far as is known, this is the first tine that acne of the
bal | ' s queer behavi ouri sns have been expl ai ned.

The Break Shot.

Fig. 6 shows the "break" shot. It is Shot 7 of the photographic
studies of Section III. EverF/ gane starts with the break shot. The
witer has worked out the ball velocities along the course of the
cue ball and of the first object ball.

In order to work out these values, it was necessary to know the
total tinme taken by sonme one ball during its roll fromone cushion
to the next. To establish tines for several parts of these courses,
the witer repeatedly nade parts of the break shot, and tined the
paths with a stop-watch. Anong the nunerous trials, sone were
nearly enough dugl icates of the Hoppe break shot (when velocities
were such that the balls rolled to about where they did for the
Hoppe photograph) to warrant the tinmes taken on them

Ball Vel ocities.

This timng was done on the large table at the University d ub,
only a few weeks after Hoppe nade exhibition shots en that table.
At the time, he included (and nade) his fanous ni ne-cushion shot.
It is concluded that this table was in good condition. It is further
believed that the ball velocities (the nunbers spotted al ong the
course, Fig. 6) are correct to within 5% As conpared wth each other,
they are for the nost part correct to within about 2% That is,
they may all be slightly high, or all slightly low The velocities
are in feet per second.

The velocities are plotted along the entire course of the cue
ball inFig. 7. InFg. 7 (whichis lettered to correspond to
Fig. 6) note the short marks across the line ABat P and Q These
mar ks nmean that along path AB, the photographic flashes caught
pictures of the cue ball at Pand Q The real distance fromP to
Q along with detail ed conputations not included herein, enabled the
P-Qvelocity of 9.08 to be found. This velocity was arbitrarily
plotted at the mddle of the PQ span. This procedure is not strictly
correct, but it is accurate enough for these studies. The B span
gives the next velocity, anounting to 8.38 feet per second.

The sharp vertical breaks in the curve occur when the ball strikes
the cushions. The end of the course, F, is the point to which the
ball would have rolled, had it not encountered the second object ball.

The path DE at once stands out as peculiar. For about two feet;
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the ball rapidly | oses velocity; for the next three feet or so, its
velocity is nearly constant. The reasons for such behaviour wl|
be found nost interesting.

Pass to Fig. 8, which shows velocities along the course of the
obj ect ball; we note the sane peculiarity show ng up in path HK

Cushi on Factor.

W nowinterrupt the study of the ball inflight, to note what
happens when it strikes a cushion. The velocity curves enabl e us
to find the velocities obtaining just before and just after the
I npact with the cushion. A "cushion factor” has been adopted, and
given the synbol Fc Fc is the ratio of the two velocities. The
cushion factors have been noted on the breaks in the velocity curves
inFigs. 7 and 8. The two charts include five cushion factors in

all. The lowest is 0.728 and the highest is 0.854. The factor, as
defined and conputed, takes only translational velocities into
account, and ignores ball spin (rotational velocity). It cannot

then be used to conpute "cushion efficiency", but It does give
a fﬁ!r indication of howmuch or little of energy is lost at the
cushi on.

The N ne-Cushi on Shot.

Passing to t he ni ne—ushion shot of Fig, 9, the opening remnark
should be that it is amazing that anyone can nake a ball go far
enough, hitting so many cushions, as to nmake such a shot at all.

If the fact itself is surprising, the explanation is even nore so.
Everyone seeing this shot or hearing of it, naturally assunes that
the cue ball nust start off with very high velocity. The witer

hi nsel f started out with that assunption. The assunption is contrary
to fact. This is areal surprise. In fact, when the witer first
extracted fromFig. 9 sone of the facts about the ball's behavi our,
he did not believe them he started |ooking for mstakes in the

wor k, and even suspected that for once, Gon MIli's flash timng
nmechani sm had been acting up and had allowed the flash intervals to
vary. But the findings turned out to be true, nonethel ess.

In order to work out the cue ball velocity curve, a velocity some-
where along t he course had to be known. To get an approxi nati on, we
may observe that in the break shot, Fig. 6, on the path KL, the bal
aﬁproached L at about 3 feet per second. It was therefore assumed
that on path HK of Fig. 9, the ball approaches K at somewhat nore than
3 feet per second. There will be some error thus introduced, but it
Is not large. Then, the cue ball velocity curves of Fig. 10 were
wor ked out. As conpared agai nst each other, these velocities are
about right. They all may be a little highor all a little |ow

D scoveri es.

Three startling di scoveries demand attention. First, the cushion
factors (see Fig. 10) average 0.874, and the one at Jis nearly
unity. Second, the initial cue ball velocity at A (which is nearly
t he sane as when the ball was cued) is only about 10 feet per seoond, -
no nore than Hoppe used for the break shot! Third, after the ball
| eaves cushion contact C and starts on its "natural" flight, certain
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pat h vel ocity curves show a drop in velocity, follow ng by a rise.
Inbilliard termnology, such a flight around the table is called
a "natural". Woever gave it that nanme nmade a fine choice of terns.
The remarkabl e sel f-sustaining qualities of the ball flight wll
be investigated bel ow.

Pat h CQurvat ure.

One nore characteristic, seenin Fig. 9, nust be nentioned: sone-
where along a path fromcushion to cushion, shortly before the vel -
ocity begins to rise, there is a curve in the path. Looklng al ong
any one of these paths (looking the way the ball goes) the ball
swerves to the left. The two parts of the path before and after
curylnP are often straight or nearly so. The path deflection is
typlca ly fromone to several degrees, in ordinary shots. (Note:
of course, if the shot is reversed and nade to go naturally around
the table the other way, the path will swerve to the right.)

Opposite Path Curvatures.

Frombilliard experience, the witer had | ong known that when a
bal I goes fromcushionto cushionas inFig. 9 and is therefore
spi nni ng counter-clockw se, it sonetinmes curves to the left. But

it was disturbing to possess another bit of know edge: iT aball is
cued with right english, thereby making it spin counter-clockw se
as did the previous ball, it curves to the right. Two balls: both

SEinning counter-cl ockwi se; one |eaving a cushion and curving |left;
the other leaving a cue and curving right. Adilema.

A typical test of the cued ball, nade by the witer, nay be cited.
Cue the ball at h =0.48, right side, and at about 3 feet per second:
the ball's path will drift rightward by 2 inches in 6 feet.

Intrying to reconcile the opposite behaviours of the two balls, the
witer wasted many experinmental shots, intrying to cue a ball as
above and nmake it curve to the left. Every effort failed. But if
"cushi on" english would do it, why not cue english? The witer had
to extend his observations before he was able to start on the right
i nes of analysis.

The observations were nmade by startin? a ball, then trotting al ong-
side the table to observe the position of the spin axis. At ordinary
velocities, the spin axis can be quite well observed. The behavi our
Is brought out in Fig. 11.

The Ball Qued with English.

Consider the cued ball, Fig. 11. If cued with right english at
the belt line, it would be given aforward velocity; and, if it were
a free body, it would spin about a vertical axis. As far as the
human eye cantell, the ball alnost at once selects the axis shown
at (1), instead of the vertical axis.

Let us adopt the terns tilt and | ean, in describing the departure
of a spin axis fromthe vertical. bservation shows that in the first
few inches after the ball is cued, the axis is tilted across the path
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about 45 degrees, and al so | eaned ahead by perhaps 10 degrees.

Bal I behavi our now begins to clear up, and it does so interns of
such matters as table friction, action of the ball on the table,
transfer of energy fromrotational to translational formor the
reverse, and gyroscopi c acti on.

The Ball as a Gyroscope.

VWhen the billiard ball spins, it is a gyroscope: its spin axis
tends to remain fixed on the sane distant point in space. Next, if
aforceis applied that tends to shift the axis, two things happen:
the force is resisted, and there is precession of the axis. Precess-
lon neans that instead of the axis shifting the way the force tries
to shift it, it shifts instead at right angles to the force tendency
and continues to do so as long as the shift force is applied.

Anot her description of precession is tosay that if the force
wer e applied | ong enough, the axis would shift so that the spin
woul d FS the kind of spin the applied force itself would produce if
it could.

Return, then to cueing the ball, Fig. 11. Exactly what happens
during i npact and imedi ately after, we cannot know, for undeterm ned
table friction enters in. But apparently, friction is high at the
outset, as friction often is in getting sonething started. The
frictionforce tends to shift the bottomof the tenporarily verti cal
axis tothe rear. Precession occurs, and tilts the axis across the
pat h about 45 degrees. But along with that, a second effect takes
pl ace. As the successive bottompoints of the ball are skidded
to the right against table frictionduring that tilt, a secondary
crosswi se force acts on the ball bottom and this causes a second
precession: it |eans the axis ahead.

It must be presumed that now, with the ball well started, table
friction drops to a nornmal value. The backward force of friction is
reduced, and further tilt of axis occurs slowy. The ball is now
at (1), perhaps an inch fromwhere cued. As it noves along to
positions (2, 3, 4, 5) - amtter of from1lto 4 feet in many shots -
sone ot her things happen for which we turnto the correspondi ng
views of Fig. 12.

Anal ysi s of Forces.

~InFg. 12, we look down through the ball and see certain vel oc-
ities and forces laid out on the table. These vectors are all con-
cerned with t he point of contact.

At position (lI), the vector Rrepresents the spin velocity of the
bal | at point of contact. Vector T is the translational velocity

of the ball. The vector sum V, is the net velocity of the ball's
poi nt of contact, with respect tothe table. The frictional force
acting on the ball is vector W opposite to V.

The frictional force Whas several effects. Be it noted that this
force arises because the ball contact is sliding on the table, and
this inturn derives fromthe fact that two velocities T and R are
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not matched. Note further that T and R could be made to nmatch as

to amount (if not as to direction) by carrying out any one or all of
three processes: first, slowdown the ball, thereby reducing T; second,
make the ball spin faster, thereby increasing R third, let the ball
keep the sane spin (sane revol utions per second) but give nore tilt

to the axis, thereby laying a larger and faster spin circle of the

bal | surface onto the table.

The effect of force Wis to carry out all three processes at once.
It slows down the ball; it causes it to spin faster; and by trying to
shift the axis, causes gyroscopic precession ... axis tilt across
the path of flight is increased, and a |arger spin circle of the
ball is placed at the point of contact. course, the force Wal so
accounts for sone frictional |oss of energy. |In the foregoing process,
sone translational energy is converted into rotational energy.

Phase X This slow ng-down, spin-increasing, axis-tilting behaviour
occurs in what we will call the Phase X period. As the ball continues
in Phase X, it reaches (3) inFig. 12. as show in (2), T has been
reduced, Rhas increased, the axis has been further tilted, Vis
reduced, and the force Whas swung sonewhat nore crossw se of the
path, The ball at (3), Fig. 11 and 12, is at the end of Phase X
Velocities T and R are now natched in anmount, but they are out of
line. Velocity Vis, like W now crossw se of the path.

Phase Y: Path CQurvature.

The ball now enters Phase Y, wherein its path is curved to the
right. The main force acting on the ball no longer retards the for-
ward velocity; instead, Wis crosswise. It acts to accelerate the
ball tothe right, and curve the path, |In fact, a rightward conmpon-
ent of Wexisted all through Phase X, and a snall acceleration to
the right nust al ready have been built up in Phase X

Wien the ball ends Phase Y, it is at the and of the nore obviously
curved portion of the path; it will be clear that this is about when
force Wdisappears,- which is when V disappears. But V disappears
when Rand T are in line. But that, inturn, is whenthe axis is
finally tilted directly across the path, without |ean. See (4).

There is a secondary effect in Phase Y nowto be nentioned. The
force W being crosswise, attenpts to increase tilt of the axis;
precessi on ensues, resulting in a slight decrease of the forward | ean
of the axis. This causes the cued ball to have Tess curvature in
Phase Y than woul d ot herw se occur.

Phase Z.

At the end of path curvature, Phase Z follows. Since the ball
was given sone rightward velocity across the path in Phase Y, it wll
tend to continue to nove rightward; the ball wll attenpt to execute
a slight conponent roll to the right in Phase Z To whatever extent
this happens, it places a snaller spin circle onto the table, making
Rless than T, The main effect is to slowdown the ball slightly, |let
it pursue a nearly straight path, and let it maintain the axis tilt and
| ean of position (4) until the ball hits a cushion.
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Inthe light of the foregoing, it seens clear that Hoppe's
explanation (in "Billiards..") of the curvature of the cued ball's
path, based on a sinple frictional argunent, should be abandoned.

Bal | Leaving a Cushion.

~In anal yzing the behaviour of a ball |eaving a cushion, we wll
find effects simlar to those just studied for the cued ball, and
al so sone effects that are different.

In Fig, 11, theball is in natural flight, going fromone cushion
to the next, through positions ABCL2345.

The ball at position (A), having left a cushion, approaches the
next cushion with a spin axis about as shown,- provided its path
| ength fromthe last cushion is fairly long and the velocity is not
high. Onits next short path, position (B) shows the condition of
spin axis. The spin axes for the next long path are shown at posit-
ions (1, 2, 4, 5). These axes are all drawn in terns of the witer's
repeat ed observations, made within the general velocity range of
fromlto 3 or 4 feet per second. The reader will at once note
t hat these axes | ean backwards, whereas the axis of the cued bal
| eans ahead. ThereinTies the secret of the opposite path curvatures.

Action at the CQushion

As to cushion effects, two things are certain, First, fromthe
verK hi gh cushion factors (see Table, Fig. 10) we can be sure the
cushion is a high-efficiency device. Second, the cushion rapidly
and violently acts as an energy converter. As the ball pushes into
the cushion, sone or nost of Its energy may be stored in the cushion
as elastic energy of deformation; but the cushion redirects and re-
spins the ball and gives back nost of the energy, as it pushes out.

The unai ded eye is not fast enough to observe the action at the
cushion. Therefore, the witer's speculations are offered for what
they may be worth. Wen the ball has reached the point of greatest
deformation of the cushion, the instantaneous axis would seemto be
as shown in position (Q, Fig. 11. The reason for thinking so
(seeFig. 11a) is that then, the ball is gripped at points P and Q
by cushion and table. Its real axis of rotation is then PQ Its
conponent notions would then be a translational notion along the
cushion, plus a spin about the spin axis parallel to PQ

As the ball is pushed out by the cushion, its center follows a
short curved path, shown at (C). In springing back, the cushion's
last act is to attenpt to reduce the tilt of the axis. Gyroscopic
effect would cause a rapid precession, causing the axis to |ean
ahead of the positionit had at (C), Position (1) shows the axis
| eani ng nore ahead than it did at the cushion, but still |eaning
behind as far as the path is concerned. (Cbservation shows that
at (1), thetilt is about 30 degrees, and the | ean backwards is
per haps 10 degr ees.

Vel ocity Increase in Phase Z

Along the first straight part of the path, positions (I, 2) the
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ball is in Phase X (see correspondi ng di agrans, Fig, 13), wherein
the processes are the sane as for the cued ball: loss of velocity,

I ncrease of spin, axis precessing to tilt further, until velocities
Rand T are equal but not in line. The ball then passes through
Phase Y, with force Waccelerating the ball across its own path

and curving the path. Position (4) is at the end of Phase Y.

And now, a new phenonenon: the leftward crossw se vel ocity gai ned
in Phase Yw | cause the ball to continue to have a slight roll
tothe left. This will continually present larger and |arger spin
circles to the table. Velocity Rcontinually attenpts to grow | arger
t han velocitg T. This neans that the ball's rotational ener?y IS
driving the ball, furnishing the | osses, and increasing its forward
velocity T. This is Phase Z of the ball-fromcushion path.

The phenonena of Phase Z sound nuch |ike getting sonething for
not hing, but that is not the case. It is true that forward velocity
T can and does increase in Phase Z, and that translati onal energy
s increasing. However - because of the fact that axis tilt is
increasing and laying larger spin circles onthe table - the spin
revol utions per second and the rotational energy are decreasing,

A sinple nunerical solution carried out by the witer shows that
all this can happen, along with the furni shing of sone energy for
| osses, within such a range of tilt as from40 to 65 degrees. As
a check, visual observation shows that the axis does tilt through
approxi mately this range in Phase Z

There is a secondary effect to be nentioned. In Phase Y, the
force W in addition to noving the ball across the path and curv-
ing the path, tends to shift the axis gyroscopically by increasin%
the tilt. Precession occurs, and the net result is to increase the
| ean of the axis backwards. The effect of this is to increase stil
further the curvature of the path; whereas, the tendency of this
secondary effect in Phase Z of the cued ball was to reduce the
curvature.

Return nowto Figs. 9 and 10, where sone interpretations of be-
havi our can be nade interns of the above anal yses. The velocity
curves EF, FG GH, JK in the range of from5 to 2 feet per second,
all exhibit Phases X, Y, and Z, the slowdown, the flat-velocity
region, and the speed-up region. Cbserve, Fig. 9, that these paths
are distinctly curved.

Fourth Phase: Rolling to Stop.

The last long path is JK The speed-up region, Phase Z, covers
t he renmarkabl e range fromthe second to the seventh foot, or about
5 feet. Then the ball begins to lose forward velocity. It then
enters a fourth phase: the axis tilt has becone so great (about 70
or 75 degrees) that, even though further tilt due to cross-w se
roll of the ball does lay larger spin circles on the table, they
are not enough larger to have much effect. It is then (unless a
cushion is encountered) that the axis lazily tilts over to becone
parallel to the table, and the ball makes a sinple roll to standstill
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Phase Overlap; other Conplications.

~ Inthe above descriptions of the three Phases, they were sharply
di stingui shed to keep the analysis clear. But it nust be recogni zed
t hat Phase X overl aps Phase Y, and Phase Y nmay overl ap Phase Z

Anot her conplication enters: change of gyroscopic effects al ong
w th change of spin velocity. To have a good gyroscope, rotational
speed or spin should be very high. 1In the earlier paths of the nine-
cushi on shot (BC CD, DE? the ball spins fast enough to nake it a
(];ood gyroscope; but the [ater the path, the less the spin, and the
ess Wl be the effects due to gyroscopi c action.

Changes in frictional forces bring in other conplications. Static
frictionis, in general, greater than sliding friction. In Phase Z,
there is no sliding. Ohnce the ball enters Phase Z, static friction
of higher val ue has taken over; it tends to gear the ball to the
tabl e, and di scourage any new tendency to slide.

Sliding occurs in Phases Xand Y. As a general proposition found
by tests and experience, the higher the sliding velocity, the |ower
Is the frictional force. This 1s beautifully shown in the first
three paths of the nine-cushion shot. Those are high-speed paths
(BC, CD, DE) and they showvery little | oss of velocity. Belng high-

speed paths, they are all in Phase X It nmay also bo that these

pat hs ﬁresent an optinmumconbi nation of velocity, spin, and axis tilt
such that air is trapped under the ball, and that the ball glides
artly onair and partly on cloth fibre tips. At any rate, the

|a|f| Is able to approach its third cushion (E) with plenty of velocity
ert.

The path EF is sli ?htly curved, and appears to be about unifornly
curved. Also, its velocity curve is quite flat. Apparently, EF

I S an exceptional case in which a whole path from cushion to cushion
I's made up of Phase Y.

The exceptional path EF can be used to bring forth another comment
on Phases X, Y and Z. Renenber that the witer's observations of
axi s positions had to be nade within the range of noderate velociti es.
At high velocity, such as 8 feet per second, the ball noves too fast
for close observation. W therefore do not know nuch about axis
tilt, lean and shifting at the high velocities. Renenber also that
Invarious shots, different angles of approach to the cushion occur,
al ong with varyi ng conbi nations of forward velocity, spin, and axis
tilt and | ean. When these variables are conpounded with variations
in friction and variations in gyroscopi c behaviour due to variations
of spin, it becones evident that a ball nmay | eave a cushi on and
al nost at once take up Phase X, or Phase Y, or possibly even Phase Z

D fferent Rates of Loss of Velocity in Phase X

In contrast with the remarkabl e conservation of energy displ ayed
I n the nine-cushion shot, a severe loss of velocity shows up in the
break shot, Fig. 6, 7, 8 inthe earlier Phase X periods of both cue
bal | and object ball. This happens in spite of the high speeds and
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the (presumably) lowfrictional effects. Wat then? dose study of
t he Ehotographs seemto yield the answer. In the nine-cushion shot,
the ball I's being cued with considerable english (apparently h = 0.5)
and it nmay be given sone foll ow effect (above center cue|n%). The
presunption then is that between the cue ball's inpact with the
object ball and the first cushion, and between first and second
cushion, ball spin yeIOC|tg and forward velocity fR and T) are well
mat ched. \Wereas, in the break shot, the cue ball was cued al nost

at center. Inits path to the object ball and fromthere to cushion
the ball is slipping considerably, losing velocity rapidly, acquiring
spin, and losing energy in table | osses. The object ball starts
frominpact with alnost no spin; and its story for its first two paths
I's much the same as for the object ball.

The Ball in Natural Flight.

The properties and tendencies of the ball in natural flight are
of the greatest inportance in three-cushion billiards. Many tines,
the. "leave" fromthe [ast shot presents a situation which may be
shot intwo or three different ways. (As an extrene, the witer is
able to take care of one certain |eave by shooting it in about 14
different ways). Wen he can do so, the player strongly tends to
play that shot which is a natural - in which the cue ball wll follow
a natural or nearly natural path. Reasons: the ball carries well,
and its natural flights are nore easily learned and standardi zed than
are nost unnatural flights.

The properties of natural flight enable a player to go |ong distances
and still make his shot. The casual observer tends to give the ﬁlayer
great credit for sone of the spectacul ar |ong-distance shots. The
pl ayer smles to hinself, for he knows they are often far easier
than sonme short little unnatural shots that may |ock sinpler and
easier. Al this is made clearer by considering the nine-cushion
shot, in which the cue ball travels over 40 feet; or a very ordinary
seven-cushion shot, when it nmay easily go 30 feet. The severa

tendencies of the ball in natural flight, at cushion and on table,
tend to iron out slight initial errors nade in judgment or execution
when cueing the ball. In contrast, think of an inaginary straight-

ahead 40-foot shot on atable 40 feet long. Put the object bal

at one end, and the player and cue ball at the other. Al the player
has to do is to shoot straight ahead for 40 feet and hit the ba

at the far end. Well, nothing will happen in this cue ball's flight
to correct any error. It has to be shot right, or it will be a
clean mss. It is doubtful if Hoppe hinself could nmake the shot

nore than half the tine.

Natural flight is an optinmumcondition, in which greatest reliabil-
ity and sinplicity of a long course is conbined with |east energy
losses. It is a very renarkabl e conbi nation.

The D anond System

The D anond Systemis based on the sinple properties of natural
flight. The markers, or "dianonds", are placed 14 inches apart
(very nearly) on the standard full-size table. They are put there
to be used. By neans of a sinple nunerical system the expert can
predict the course of the ball with very good accuracy; and the
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amat eur can do far better with it than without it. |n any case,
one nust standardize the speed of stroke and the amount of running
english used. The systemis conpletely explained in Hoppe's book

When t he phrase was used above,- "the sinple properties of natural
flight",- the reader may have renenbered the conpl ex argunents about
Phases X, Y and Z and found hi nsel f puzzled. The point is, that the
bal | can and does do sone rather conplicated things within a single
pat h of a natural course. It is all the nore interesting, therefore,
to knowthat because of these very conplications, the lines and
angl es and cushi on contact points of the paths thensel ves boil down
to a sinple nunerical system of over-all behaviour.

Cushi on Hei ght .

The height of the cushion edge is, of course, vitally related
to natural flight phenonena. The cushi on touches the standard bal
at apoint 1 7/16 Inches above table surface, or about one-fourth
i nch above center. The witer has not been able to unearth any
reason as to why this height was adopted. The known history of the
gane does tell us that the cue evolved by a painful trial-and-error
process. No doubt, cushion ed%? height did also. One suspects that
t he ﬁresent hei ght has been worked out by experience, to be the best
height for natural flight. At any rate, this is true: a player
who is used to using standard balls will mss many shots when he
has to use over- or under-size balls. The natural course of the
bal | is changed.
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SECTI ON V. FURTHER NOTES.
The Bri dge.

The word bridge has two neanings in billiards. It neans the
mechani cal support and %U|dance given to the cue by the left hand's
fingers and thunb; it also neans the distance fromthe bridge hand
to the cue ball,- or the pre-inpact accelerating part of the stroke.
The experts lay great stress on both factors.

Sonme shots have to be played wth an open bridge (as in shooting
over a ball) in which case the cue slides over an open V between
thunb and forefinger. But M. Hoppe has told the witer that he knows
of no expert who ever uses an open bridge when it is possible to
use a closed bridge. In the closed bridge, the forefinger is curled
around the cue; and it, together with the thunb and the flesh of the
hand and the cue contact with the mddle finger, makes a snugly
fitting flesh-lined hole through which the cue nust slide. There
are several variations of arranging the bridge hand, depending on
ci rcunst ances.

The bridge affects the nechanics of the gane in several ways. It
has three obvious functions. First, it enables the player to fix
qun the point at which he will cue the ball; this is when he "addresses"
the ball with some trial strokes. Second, the bridge is a guide

whi ch hel ps to nake sure that the stroke wll be going straight
ahead at the tine of inﬁact. Third, changing the bridge distance
changes the space for the accelerating part of the stroke - thereby
permtting the player to change the cue velocity at inpact wi thout
much variation in accelerating force.

There may be a fourth function, concerned with vibration due to
the initial shock of inmpact. In nmechanics, it is known that elastic
bodi es, during inpact, exhibit vibration due to the initial shock
The initial shock probably tends to knock the cue tip away fromthe
ball, when the cueing is off-center, and to cause a mscue. The
fl esh surrounding the shaft of the cue should help to danpen out
crosswi se vibrations of the front end of the cue due to the initial
shock. As inpact proceeds, the cue then has a chance to "get its
teeth” into the ball, to drive the ball straight ahead. The witer
suspects that this fourth function of the bridge nmay becone recog-
Qizgd as the main reason for using the closed rather than the open

ridge.

As the cue slides through, there is frictional force at the
bridge; furthernore, at the start, the bridge encl oses a shaft
di aneter of one-half inch —and at the finish of a long stroke, the
encl osed shaft dianeter is about one inch. Wat wll all this do
to the nechani cs anal ysis of Hoppe's stroke, made in Section 1117?
In the witer's opinion, it does very little. The bridge is not
tight; it is merely snug. Little frictional force is present.
And as to the cue getting larger as it slides through - the player
soon learns all about that, and automatically rel axes the snugness
of the bridge as the stroke progresses.
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Onhe-Handed Bi | i ards.

Wien the cue ball is within a foot or less of the cushion, it
I's possible to nmake many three-cushion shots w thout using the bridge
hand. The cue is sinply rested onthe rail. Wile the studies
cited in this paper were in Progress, the witer began to experi nent
W t h one-handed shots,- partly out of curiosity, and partly to
| earn nore about cue-to-ball Inpact. The results were nost surpris-
ing. Proper handling of the cue was very quickly learned. Making
bank shots (sending the cue ball alone to touch three cushi ons
before it touches the two other balls, which are usuaILy cl ose
toget her for such a shot) turned out to be nore successful, under
certain circunstances, with one hand in use than w th two.

Two strong arguments support the one handed bank shot. First,
one stands erect, thereby being better able to judge the angles
and the expected course of the ball. Second, one Is forced to
use a standard stroke: too easy a stroke, and the ball dies on the
course: too hard a stroke, and a mscue results. Plenty of other
ordi nary shots can be reliably performed one-handed. This variation
of the gane is nost fascinating.

To secure reliable results, the cue nust be gripped an inch or
two back of the balance, or center of gravity of the cue. The
reason for this wll appear bel ow

Qip Location.

The pl ace where the right hand grips the cue affects the nechanics
of the gane. A cue is nade with a large dianeter butt. Approxinmately
the last foot of the butt is sonmetinmes covered with leather, or a
thread wapping. The amateur naturally thinks that this covering
is put there to be used by the grip. It is well to renenber that
t he man who nakes a cue may not hinself be a player; and even if he
is, he is probably an amateur who grips the cue in the wong pl ace.
On nost covered-butt cues the witer has seen, the covering does
not reach forward to the pl ace where the grip should nearIY al ways
be |ocated. Hence, the witer is very nuch puzzled about | ocation
of grip coverings.

As Fbpﬁe makes clear in his book, the grip should nearly al ways
be an inch or two behind the bal ance, or even at the bal ance for
sone shots. The amateur nearly always is too far back. The main
reason for using proper grip location has to do with inpact. Wen
the ball is cued off-center, a conponent of inpact force tends to
throwthe shaft out sidewise fromthe ball. The closed bridge, in
part, helps to danpen out this effect. But also, if it is desired
to have the action occur with the least shivering of the cue shaft,
t he cue hand shoul d be supporting the cue at the center of spont-
aneous rotation; and that will be at a place not far behind the

bal ance poi nt.

As an instance, a certain player who plays a very good gane, saw
the witer making three-cushion follow shots: the cue ball hits the
object nearly full, then follows on goes all the way around the table
because it was cued above center, and nakes the shot. The player
wanted to know howto do it. The witer observed the player as he
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t ook his usual stance and grip. The cue hand was several inches too
far back. The witer (who only that day had read Hoppe's advice on
this point and hinself was just in the act of mastering it for the
first time) nerely had the player shift his cue hand forward to near
t he bal ance point. The player at once began naki ng these shots - for
the first tine in his 25 years of play.

Magnus Effect.

The Magnus effect nust be mentioned. It is the effect of the air
upon a spinning ball in flight, that either does or does not cause a
basebal | to curve. The baseball controversy will not be argued here,
but we can settle the billiard argument before it even gets started.
The theory has been worked out for cylinders, and cylinders have
al so been tested experinmentally. The case of the sphere apparently
has not been worked out or tested. Using data fromthe cylinder, and
maki ng assunptions to fit the sphere, the witer conputed the Magnus
effect for these conditions: ball noving ahead at 3 feet per second,
with a spinvelocity at its equator of the sane anmobunt. The figures
show a possi bl e val ue of around 0.0005 | bs. crossw se force. The
witer's conclusionis this: Mgnus affect is certainly present, but
no conditions ever occur in billiards in which the effect is large
enough to be worth taking into account.

Sone readers in the field of aerodynamcs may be inclined to suggest
that "ground effect” may add considerably to the force one otherw se
gets, That is, the ball noves over a plane, and is not a free body
Inair. To test that possibility, the witer hung a rubber ball up
by a long thread. Pre-twisting the thread gave the ball a good spin
as it noved back and forth as a pendulum A gently curved pi ece of

Masoni te was noved against the path of the ball. [|f Magnus pl us
round effect were ﬁresent i n consi derabl e degree, the ball woul d
ave tried to hug the curve. It did not. Wereas, with the Masonite

renoved, sinple Magnus effect did sonmewhat curve the path of the light
rubber ball.

Finally. -

This question will occur to many: will a better understandi ng of
t he nechanics of the gane inprove a player's performance? In the

witer's opinion, the answer is unequivocally "Yes". However, this
paper was not witten with the hope of raising the general standards
of billiard play. But there actually is a great deal of curiosity

abroad as to why billiard balls behave the way they do. It is hoped
that the paper will satisfy that curiosity inpart, for those who
happen to read it.
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WILLIE HOPPE AT THE UNIVERSITY OF MICHIGAN
Nine cushions and the coefficient of restitution.

Poolroom Science

In an amphitheater at the University of
Michigan, the eyes of 200 scientists were
focused on a billiard table. The greatest
billiard player of them all, Willie Hoppe,
dressed in a dinner jacket and cool as a
master surgeon about to operate, stood
ready. But first there was a lecture from
Engineering Professor Arthur Moore, a
billiard player for 30 years, on his sx
years' experiments to make a science out
of a sport. Willie Hoppe's English on the
ball was not less understandable than
Professor Moore's English on the theory.

The professor, author of a 41-page
thesis on the subject, defined bouncibility
as the "coefficient of restitution,” and
divided al players into two groups: ama-~
teurs, who use a "ballistic" or shoving
stroke, and professionals, who use a
smooth, controlled stroke, with a follow-
through.

High spot of the evening was Willie
Hoppe's famed nine-cushion shot, in
which the ball travels more than 40 feet.
What baffled Professor Moore was that on
the sixth and eighth cushions, the ball
-both lost and gained velocity. The fact is,
Professor Moore discovered, that when
Hoppe cued the ball with English—as any
poolroom fan could have told him, though
not in so many words—he gave the ball
rotational energy as well as its usual trans-
lational or rolling energy. When the ball's
spin slowed, the energy was turned into
forward roll.

With facts & figures, Professor Moore
demonstrated that the technique most
good players use is scientifically superior:
the pendulum stroke, with forearm swing-
ing vertically from the elbow. Unfor-
tunately for Professor Moore's thesis,
Willie uses a side-arm stroke. It was a
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habit he picked up lying belly-to-billiard-
table as a boy of five. Sad 59-year-old
Willie Hoppe: "It's too complicated for
me. | guess this analysis came too late
to help my game.”



