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ABSTRACT

Goal percentage is key to winning a basketball game, which is closely
related to the position of the player, shooting angle and shooting velocity
of the ball. By analyzing the free throw scenario, the paper discusses how
changes of distance from the centre of ball to the centre of the hoop, the
height of centre of ball and shooting velocity influence the goal percent-
age, without the difficulty brought to the player by motion. This paper
simplifiesthe situation as a upward projection movement. It discussesthe
law of movement of horizontal direction asauniform motion, whilethe one
of vertical direction as a uniformly retarded motion with the shooting ve-
locity astheinitial velocity v and g as the acceleration. Following conclu-
sions are found: The variations of shooting angle poses more influence to
the goal percentage than the shooting velocity. When the shooting height
is between 1.8~2.1m, the shooting velocity should be higher than 8my/s.
Theangle of incidence should belarger than 33.1°. The higher the shooting
velocity, thelessthe allowabl e deviation thereis for shooting angle. While
the allowable deviation of shooting velocity increases, there is a stricter
reguirement on shooting angle than shooting velocity. When the shooting
velocity is fixed, more shooting height means less allowabl e deviation of
shooting angle and more allowable deviation of shooting velocity.
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Shooting isthemain attacking techniquein basket-
ball and the only scoring method. All techniquesand
strategies exist to serve for a better chance to shoot
and ahigher percentage. A gameis often decided by
who can manageto makemore shoots. Therefore, itis
crucid tolearn shooting techniqueand put it into prac-
tical usefor ahigher percentageof godls.

Two crucial factorsdetermining whether the shoot
would convert into agoal are shooting angle and
shooting velocity. This paper starts from the free
throw scenario, which is free from interferences
brought to player by motion, and builds arelation
model among shooting vel ocity, shooting angle and
shooting height. Thusit provides somerationd advices
on basketball training in terms on improving goal
percentage.
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ANALY SISOF PROBLEM AND ESTABLISH-
MENT OF MODEL

Model hypothesis

Supposethat bal hasno spinafter leavingthehands,
Situationinwhichtheball contactsthe board not con-
sidered; air resistance not considered;

Symbols

d Diameter of basketball, d=24.6cm

D Diameter of hoop, D=45cm

L Horizonta disancefromfreethrow positionto cen-
tre of hoop, L=4.6m

H Height of centre of hoop, H=3.05m

h Heght of theball when player shoots

v Veocity of theba | when player shoots

Analysisof problem and establishment of model

Sizeof ball and basket not considered

Inasimplesituation that the size of ball and bas-
ket are not considered, the ball isregarded asa par-
ticlein oblique projectile. Set the origin of coordi-
natesat centreof ball P, and thetrgjectory of the ball
can be solved by equations of motion of x (horizon-
tal) directionandy (vertical) direction. Therefore, the
condition that the ball goesinto the hoop can be ex-
plained by relations between the shooting angle and
shooting vel ocity, shooting height, aswell asbetween
angleof incidence and shooting angle. Therefore, for
various shooting vel ocity and shooting hei ght, shoot-
ing angleand angleof incidence can befound asshown

inFigurel.
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Figurel: Modd of shooting
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Thesizesof ball and hoop and air resistance are
not considered. Itisan oblique projectilewith P asits
origin of coordinates, x ashorizontd direction, y asthe
verticd direction. Thebdl isshot whent =0with shoot-
ing velocity of v and shooting angle of a.. Theequation
of motionisfamiliartous:

. gt?
x(t) = vtcosa; Y(t)=VtS|na—7 (1)
gisthegravity. Andthetrgectory of the centre of bal
isaparabola

)
2v? cos’ a @
Withsubstitutionsof x=L, y=H—h, thecondition
that centre of ball goes onto the centre of hoopishere:

2 2
tana—v—{lJr\/ E(H h+ ngj
gL v 2v
It can be seen that two shooting anglewill satisfy
theconditionwith shooting vel ocity v and shooting height

hfixed. Thepremisethat previousequation doeshave
solution(s)is

2q gL®
V (H h+2vj 0 (4)

y=Xxtana — x°

3

Findv:

vzzg[H—h+«/L2+(H—h)2} ©)

Therefore, for certain h, aminimum vthat bal ances
theequationisadecreasing function of h.

From equation (3) two shooting angles, &, and a,
canbefoundandlet a, >a,. It canbeseenthat o isa
decreasing function of handv. 8, whichistheangle of
incidencewhenthebdl goesinto the hoop, can befound
i
dy
dx|,_, (6)

Thederivative herecan befound by substitutionsin
equation (2)

tanf=—

tanﬁ:tana—@ )

Sofora, and o, thereare f and .. Let B, > 5,
Whenthesizesof bal and hoop are considered:
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centre of ball goes onto the centre of hoop when the
angleof incidence g istoo smal and theball will con-
tact A, asshowninFigure5:

A D B
Figure5: Mode when ball goesinto hoop

Itiseasy tofind thecondition of /4 that would make
centre of ball goesonto centre of hoop and theball go

in
. d
sinfg>—
F>5 ®
- Let d=24.6cm, D = 45cmandthusg > 33.1°. All
W 1 previouscal cul ation resultsthat don’t satisfy this should
LA be neglected.

When theball goesinto the hoop, the centre of ball
can deviatefromthe centre of hoop. Themaximum de-
viation distanceis Ax which can befound by angle of
incidence 8. From f and therel ation between x and o
inthetrgectory of ball, themaximum alowabledevia-
tion Axfor shooting angle a can befound. The maxi-
-_-_l.z..mﬂ mum alowabledeviation Avfor shootingvelocity v can
e befoundinthesameway.

Figure3: Diagram of sdeview of board and hoop Themaximum front deviation (theback deviationis
the same) distancewhen theball goesinto thehoopis:
D d

"2 2snp ©)
Themaximum alowabledeviaion of shootingangle
can be caculated by substituting L with L+Axin (1.3).
However, as Axincludes 3, so o doestoo. Therefore,

thismethod doesn’t work.
If westart from (2) and let y=H-h, thereis:

2 g
2v2cos?
Find derivative of « andlet x=L, thereis:

2. 75m

AX

1.20m|

X —Xtana+H -h=0 (10)

Figure4: Diagram of front view of board and hoop

2
When thesizesof ball and hoop areconsidered, gy '—(V —thana)
thediameter of bal isdandthediameter of hoopisD. 5, =
Itisobviousthat thebal wouldtill not goinevenif the

= (11)
da gL —v2sinacosa
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AX
Subgtitutethe derivativeontheleft with E ,the

relationship between the deviation of shooting angle Ao
and AXis:

_ gL - v2sinacosa
L(V2- gLtana )
Relativedeviation can be cal culated by Ao and al-
ready known o.
Similarly, find derivativeof vin (10) and let x=L,
the maximum alowabledeviation of shooting velocity,

Aa

AX (12)

AX
— canbefound.
Ao

V25
_ gL—-v smacosavAX .
oL

Relativedeviation of (12), (13):
2

Aa [V— —tan aj
gL

SOLUTIONSOFMODEL ANDANALYSIS
OFRESULTS

AV

Av
\

(14)

Minimum shooting velocity and corresponding
shootinganglefor different shooting heights

Whenyv istheminimum shooting velocity, v . . (5)
will bean equation. Then, theshooting angle«, can be
found by (3):

2

tang -V
0 aL (19)
Let h=1.8~2.1(m). Use the formula

V=g H=h+ L +(H 1) | tofindy,,, Thena

2

v
can be found by tana, Za. MATLAB isused to

find solutions. Resultsarein TABLE 1.

Therefore, theminimum shooting anglematchesthe
minimum shootingve ocity. They aredl decreesingwhen
the shooting height isincreasing. Theshooting velocity
should belessthan 8nv/s.

TABLE 1: Minimum shooting velocitiesand corresponding
shooting anglesfor different shooting heights

h(m) Vimin (M/9) (a degrees)
18 7.6789 52.6012
1.9 7.5985 52.0181
2.0 7.5186 51.4290
21 7.4392 50.8344

Shooting anglesand anglesof incidencefor differ-
ent shooting velocitiesand heights

For shooting velocity v=8.0~9.0(m/s) and heights
1.8~2.1(m), the formula

A 29 gL?
tanazalli\/ _V(H_h_*—ﬁj:l can be

used. MATLAB isusedtofind a, and a,.
Find all a,. And use the found a and formula

2(H-h
tanf =tana —%tocalculatedifferent angle

of incidence 8, and S, for different shooting angles o,
and a.,. Resultsasfollowing:

TABLE 2: Shooting anglesand anglesof incidencefor differ-
ent shooting velocitiesand heights

v(mis) h(m) & a B 2
18 624099 427925 53.8763 20.9213
8.0 19 631174 4009188 558206 20.1431
20 63.7281 39.1300 57.4941 19.6478
21 642670 37.4019 58.9615 19.3698
18 67.6975 37.5049 62.1726 12.6250
85 19 68.0288 36.0075 63.1884 12.7753
20 683367 345214 64.1179 13.0240
21 68.6244 33.0444 64.9729 13.3583
18 71.0697 34.1327 67.1426 7.6550
9.0 19 71.2749 327614 67.7974 8.1663
20 714700 31.3881 68.4098 8.7321
21 716561 30.0127 68.9840 9.3472

Asfoundin previouscalculations, ball would go
into the hoop when g islarger than 33.1°. Here, §, is
awayssmaller than 33.1° and thus doesn’t satisfy the
condition. Therefore, when the sizes of ball and hoop
areconsidered, theshooting anglecanonly be,, which
matchesa, . It’s obvious that at certain velocity, higher
shooting hei ght means the shooting angle should be
larger. But whenthevelocity increases, thereislessinflu-
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encefromtheheight totheangle. Theinfluenceisaround
1°. Ata certain shooting height, the shooting angle should
increasedongwith theincrease of velocity. Theinflu-
ence of shooting velocity isbetween 7~9°.

Analysis of the maximum deviation of shooting
angleand shooting velocity

Cd culatethe maximum deviation of shootingangle
gL —v2sina cosa
L(\/2 —gLtana)
andtheaready found «,. Then calculatethe maximum

Aa
Aa and 7by using Aa = AX

AV
deviation of shooting vel ocity Avand ~ with equa

tions(13) and (14). Thefollowing Tableincludesonly
resultswhen h=1.8(m) and h=2.0(m).

TABLE 3: Deviation relations between shooting anglesand
velocities

Aa AV
h(m) a (degrees) v(m/s) Aa Av — —
a Vv
624099 80 -0.7562 0.0528 1.2261 0.6597
18 676975 85 -0.5603 0.0694 0.8276 0.8167
71.0697 9.0 -0.4570 0.0803 0.6431 0.8925
63.7281 8.0 -0.7100 0.0601 1.1140 0.7511
20 683367 85 -0.5411 0.0734 0.7918 0.8640
714700 9.0 -0.4463 0.0832 0.6244 0.9243

Indl, adsarerather small. Further andysisreveals
that, the higher the vel ocity, thelesstheallowablede-
viaion of angle. Whilehigher thedlowabledeviation of
velocity is, thereisstricter requirement onanglethanon
velocity. At certain shooting vel ocity, higher shooting
height meanslessallowabledeviationfor shootingangle
and mored |owabledeviationfor shootingve ocity. How-
ever a thistime, thereisamorelenient requirement on
shooting angleand shooting vel ocity.

IMPROVEMENTSON MODEL

Whentheair resistance on horizonta directionis
considered, thetrajectory of centre of ball should be
caculated by differentia equations. Astheresstanceis
very weak, it can besimplified and calcul ated asprevi-
OUS ONes.

If only resi stance on horizonta directionisconsid-

ered and theresistanceisdirect proportional to veloc-
ity, thedifferentia equation of horizontal motion when
theproportionality coefficientiskis:

X+ kx =0, x(0) =0, %(0) =vcosa (16)
Thesolutionis.
_—kt
X(t) = vcosa 1-e 17

Astheresistanceisnot strongand tis small too
(around 1 sec), so a Taylor expansion on (17) and
omission of termsabove second order would bring fol-
lowing (asvertical resistanceisnot considered, y(t) is
still the samewith equation (18):

kvt cosa gt?

X(t) = vt cosa — - y(t)=vsinat s (18)

When sizes of ball and hoop are not considered,
the condition that centre of ball goesonto the centre of
hoop isexpressed infollowing function set:

kvt? cosa

2
vtcosa - ~L=0 vtsina—%—(H—h):O (19)

Solutions can befound in sameway in model 1)
and 2). Different shooting angelsand angleof incidence
can befound for different shooting vel ocitiesand shoot-
ingheights.

CONCLUSION

Goal percentageiscrucid inany basketball game.
Thispaper presents physical motion anays swith math-
ematica theories, and findsoptimal shooting height and
shooting velocity by differential methods. It a so points
out the shooting angleand angleof incidenceat certain
heights, aswell asthe maximum deviationsfor angle
and vel ocity by extremism principle. MATLAB tool is
used to solve complicated equations. The paper finds
that: Thevariationsof shooting angle posesmoreinflu-
encetothegoa percentage than those of shooting ve-
locity. When the shooting height isbetween 1.8~2.1,
theided shootingvelocity ishigher than8m/sand angle
of incidence should be larger than 33.10. The higher
the shooting vel ocity, thelessthe allowable deviation
thereisfor shooting angle. Whiletheallowabledevia-
tion of shooting velocity increases, thereisastricter
requirement on shooting anglethan shooting vel ocity.
Whentheshooting ve ocity isfixed, moreshooting height
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means|essallowabledeviation of shooting angleand
more allowable deviation of shooting velocity. This
model providesrationd advicesto thetraining of bas-
ketball players.
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