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Scientific advances create the need to become computationally adept to
tackling problems of increasing complexity. The use of computers in
attaining solutions to many of science’s difficult problems is inevitable.
Therefore, educators face the challenge to infuse the undergraduate
curriculum with computational approaches that will enhance students’
abilities and prepare them to meet the world’s newer generation of
problems. Computational physics courses are becoming part of the
undergraduate physics landscape and learned skills need to be honed and
practiced. A reasonable ground to do so is the standard traditional upper
level physics courses. | have thus developed a classical mechanics
textbook! that employs computational techniques. The idea is to make
use of numerical approaches to enhance understanding and, in several
cases, allow the exploration and incorporation of the “what if
environment” that is possible through computer algorithms. The
textbook uses Matlab because of its simplicity, popularity, and the
swiftness with which students become proficient in it. The example
code, in the form of Matlab scripts, is provided not to detract students
from learning the underlying physics. Students are expected to be able to
modify the code as needed. Efforts are under way to build OSP? Java
programs that will perform the same tasks as the scripts. Selected
examples that employ computational methods will be presented.

1 To be published, Jones and Bartlett Publishers.

2 Open Source Physics: http://www.opensourcephysics.org/.
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Why we need computational physics? We can go beyond solvable problems. We
can get more insight. We can explore situations beyond classroom examples.

Start with the iterative Euler method.



Chapter 1 Highlights

Why we need computational physics? We can go beyond solvable problems. We
can get more insight. We can explore situations beyond classroom examples.

If we know the acceleration of an object,

[ dv=adt

If the acceleration is constant, an object’s velocity is

vit) =v,+at = Idx = Iv(t)dt = X(t) = X, + V,t +%at2

However, if the acceleration is not constant, say a mass at the end of a spring,

— X— d?x  dv
F. =—kx(t —_ — —
W.ﬁ ‘ t)  at)=—kx(t)/m= e

The analytic solution is done in a later chapter. Let’s look at a numerical solution.
MATLAB code is provided. Students are encouraged to run it and explore it.

*The Euler Method to solve a 2nd order DE: convert it to two 2nd order DE’s

dx dv
— =V(L, X —=a(t,v ,
” (t,x)  and " (t,v) So that we do

Via =Vi T AL X, =X +V,, At tobesolved on [t,t,]  with
t,, =t +At, a =-kx/m. ForNsteps At:(tf —to)/N
Given initial conditions: ~ Xy, V,

First example, by calculator (reproduced by a general force MATLAB code): let

k =1000N /m, m =5kg, X, = 0.1m, v, =0.0m/s  on time interval [0,15]

for N =10 sothat At=0.1



oCreate a table of the calculations

i t=iAt Vi, =V, +a At| X=X +Vi,; At —200x. /m
0 0.0 0.0 0.1 -20
1 0.1 -2.0 -0.1 20
2 0.2 0.0 -0.1 20
3 0.3 2.0 0.1 -20
4 0.4 0.0 0.1 -20
5 0.5 -2.0 -0.1 20
6 0.6 0.0 -0.1 20
7 0.7 2.0 0.1 -20
8 0.8 0.0 0.1 -20
9 0.9 -2.0 -0.1 20
10 1.0 0.0 -0.1 20

eCan create a plot of this rough calculation

Simple Harmonic Oscillator - rough
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Matlab Code for the above example

%hol.m

%Calculation of position, velocity, and acceleration for a harmonic

%oscillator versus time. The equations of motion are used for small time intervals
clear;

%NPTS=100;TMAX=1.0;%example Maximum number of points and maximum time
TTL=input(' Enter the title name TTL:",'s");%string input

NPTS=input(' Enter the number calculation steps desired NPTS: ");
TMAX=input(' Enter the run time TMAX: );

NT=NPTS/10;%to print only every NT steps
%K=1000;M=5.0;C=0.0;E=0.0;W=0.0;x0=0.1;v0=0.0;% example Parameters
K=input(' Enter the Spring contant K: );

M=input(' Enter the bob mass M: "),

C=input(' Enter the damping coefficient C: ');

E=input(’ Enter the magnitude of the driving force E: ");

W=input(' Enter the driving force frequency W: ");

x0=input(' Enter the initial position x0: );% Initial Conditions

vO=input(' Enter the initial velocity vO: ');% Initial Conditions

t0=0.0;% start at time t=0

dt=TMAX/NPTS;%time step size

fprintf(' Time step used dt=TMAX/NPTS=%7.4f\n’,dt);%the time step being used
F=-K*x0-C*vO+E*sin(W*t0); % initial force

a0=F/M;% initial acceleration

forintfC t x v a\n);%output column labels

v(1)=v0;

X(1)=x0;

a(1)=ao0;

t(1)=t0;

fprintf('%7.4f %7.4f %7.4f %7.41\n',t(1),x(1),v(1),a(1));%print initial values

for i=1:NPTS

v(i+1)=v(i)+a(i)*dt; %new velocity
X(i+1)=x(i)+v(i+1)*dt; %new position
t(i+1)=t(i)+dt; %new time
F=-K*x(i+1)-C*v(i+1)+E*sin(W*t(i+1)); %new force
a(i+1)=F/M; %new acceleration

% print only every NT steps
iIf(mod(i,NT)==0)
fprintf('%7.4f %7.4f %7.4f %7.40\n" t(i+1),x(i+1),v(i+1),a(i+1));
end;
end;

hol.m continued on next page



hol.m continued from previous page

subplot(3,1,1)

plot(t,x,'k-");

ylabel("x(t) (m)','FontSize',14);
h=legend(‘position vs time"); set(h,'FontSize',14);
title(TTL,'FontSize',14);

subplot(3,1,2)

plot(t,v,'b-";

ylabel('v(t) (m/s)','FontSize',14);
h=legend(‘velocity vs time'); set(h,'FontSize',14)
subplot(3,1,3)

plot(t,a,'r-");

ylabel('a(t) (m/s"2)','FontSize',14);

xlabel(‘'time (sec)','FontSize',14);
h=legend(‘acceleration vs time'); set(h,'FontSize',14)

*\We also need to be able to visualize analytical solutions — so use small MATLAB
scripts provided or modify available ones

eHarmonic M otion example: | nteracting Spring-M ass System (Computation)
(&)

Interaction mass-

spring system i
a)with walls, and b)

without walls

d2 d*x
mlT)z(i:_lxl_ko(xl_Xz) and mszzz:_kzxz_ko(Xz_XO

«Case 1: No Walls - Single Mode k1 = k2 =0

E%,
|—"r
Hh

The analytic solution is:

X (t) = Xem (t) — Xemo — L Xy (t) X, (t) = Xem (t) — Xemo T L Xy (t)

, My m, +m,
X, = Asinwt+Bcoswt, @A =V =Vy =V, B = X5 = X0 =Xy
¢ m, X; +m,X, t V. = MV, + M,V _ M,V +MyVyg
Xcm( ) — Xemo = = Vem cm m +m, m,+m,

m, +m,



eCan create a plot of this calculation  inter _sprl.html

Single Mode Spring-Mass System Without Walls
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«Case2: Full System - Bimodal m, =m, =m, Kk, =k, =k #kK,

Write the equations in the matrix form m ¥ = —k x — k0 M X

where mEKm Oj X % k = k0 M = 1
0 m X, 0 k -1

Solve using eigenvalue-eigenvector method, get two modes
X, (t) = X,, COS@tcosm, t + X,, SInwtsin .t

X, (t) = X, SInwtsinw t + X,, coswt cos w, t

Average (co1+a)2)/2 Modulation

W= _
frequency frequency ~ “m = (‘02 —a)l)/ 2

eCan create a plot of this calculation inter _spr2.html

Coupled Spring-Mass Bimodal System
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e ThreeDimensional Motion of a charged Particlein an Electromagnetic
Field (Computation) - This follows the two dimensional analytic solutions

of the charge in Electric, magnetic, and joint E& B fields
We have

F=quxB+gE=ma or

d*x d* d’z
F:q(vyBZ -v,B, +E,)/m, dtzy =q(v,B,-v,B,+E,)/m, e q(v,B, —v,B,+E,)/m

In MATLAB write these as

X—>r@), x—>r2);, y->r@3), y->r), z->r5), Z-r(6)
Obtain six 1st order equations given by

ar(t) _ ) dr(2)
dt dt

=q[r(4)B(3)-r(6)B(2)+E@)]/m

drd(t3) =r(4), drd(t4) =q[r(6)B(1)-r(2)B(3)+E(2)]/m
d;(tS) =r(6), d:j(tG) =q[r(2)B(2)-r(4)B®)+E(3)]/m

where we have the field arrays  E = (E, E,,E,)=E(,2,3), B=(B,, B,.B,) =B(12,3)
Field values example: E =[0.5x107,1x10°,-3x10°], B=[1x10"°,-1x10"°,5.13x10"°]

Charge in general E&B fields - 3D xwat
e 3 ;

® SEe

A charged particle cycloid3d.html

moving in the presence
of a three dimensional
electromagnetic field




Systems of Coordinates - Foucault pendulum (computation)

(a) (b)
a) The Foucault )

;.
pendulumandb)  _ k ‘\,r" X
the forces on it. «

T \ Foucault

Pendulum

S-frame (Earth’s center) acceleration: a = —g K +T/m=F+2@xF +@x (oxT")
Look at x-y plane motion, and ignore @ x (a‘)x f’), but keep the Coriolis term, and

-I::Txi\’+Tyj’, r’:X’i\,+ yl ]'\l’ TX,:—TSi-na:—TCOSﬂ:_TXII/L
T,=-Tsing=-Tcosa=-Ty'/L
X'=2y'w,sind—gx'/L .
w, =7.272x107rad /s

get j' = —2X'@,sin@—gy'/L  Where for Earth

Solve and get: | X (t) = Xo COS @yt COS @, + Y SIN @yt COS @yt

. with
y'(t) = —x; sin a,t cos w,t + Y, COS a;t CoS w,t

o, =+g/L <« Pendulum frequency W, = \/6012 + Cofz
o, = w,sin@ <« Precessional frequency 6 < Latitude angle

24 Hour Foucault Pendulum Precession Plot

1 Latitulde=34lDegrels u I I I 'Epl=42.91I9 hrs
naf " J
This is for a

Equations (7.8.9) for a ' _

Foucault pendulum with a 08r ]

24 hour period 04t _ - 4 Foucault
i~ / 1 pendulum with a

o of o ind
1 fomehor |
P //// \ (very long!)

See
'1-1 08 406 04 02 0 02 04 0B 08 1 FOUC&Ult htm|

-0.

R

-0.

i

086

08




Gravitation: Binary M ass

System Simulation i fm i
m Center of mass " '%
=T, __2F of a binary mass f.e"" o "
m system , Fﬂ?,f'f 7
S m _ o
I’2 :rcm—i-ﬁr '35',:
Can write an equation for each mass
2 = 2. ~
mdrl__Gmlmzr12 . dr, Gmm,r, o
1 dt2 B r3 ! 2 dtz o r3 r=r,=-h,=L-0
12 21
But can also use Center of Mass - Relative Coordinate Method
1 1 1
B ) (M/m m,/my(F and convert to an equation > —=—+—
o A 1 J\r,) forthe reduced mass Hoom
- o hose |2 1
d’r  Gmm,r Whos _
= :_% <— solutionwe=> I =— Ky .
dt r KNOwW UK, (1—[u0 L, /yKﬂ}cos 0)
ver? 1 1+e
or r= =r Then get r, and
G(m +m,) u,v°r? 1+ecosd r,. Example
cosd follows:
G(m, +m,)

Binary system f

simulation using Pl

. 2 .

analytic formulas < o} |
= |

4 M
N Using
RN astronomical
s ”‘TL\\ units
oY
{ + 6o I see
\\ K I,-'// binaryl.html
= and
S binaryl.avi
0 2I 4




Rutherford Scattering (ssmulation)

Alpha particle W =25/, Mo G =Ll
Qiarger = Z1¥e with impact —0 )
. parameter 4 L
Qorojectite = que directed at a .
target My, By = 24
Projectile
d " " kqe2 Z7Z " . equation of
m, —(v, I +V, ]) = " (xi+y]j) € motion
y 3/2 .
dt (X2 n y2) with a
fixed target
. . . d _~ _ - K ezfz K Yi\-I- Vi
Use dimensionless units:  —=(V,i +V, j) = a - (Xi+y Js),z take a, =1fm
dt m, a, m(72 +V2) _
“ K=2,Z2
and let A Ca
2 2 3 —27 15, \3 —
LA \/mka - [A0E0A0TkIO I, oo,y m=1
My % \[0x10° "™ y(1.602x10°C)>

CZ
Speed unit: Vv, =a, /7 =1x107"°m/1.695x10*s = 5.898x10°m/s = 0.01965¢

Solvethese __dx __ av, KX Sy av, Ky
numericall AT X dT (2 —2\327 4T Y AT (s  —2\3/2
y dt dt mi(x? +5°) dt dt mi(x? +7?)
= i T(F\2 | T (F)\2
NumericaISimuIatinn,rmin=52.8ab,®=1.7rad=97.2°,e=—1.33 rmin —mln(\/X(t) +y(t) )
100 f.
E,= 5e+006 &V, b=20 a,, m= 1 m,_, @
||I,:I
Numerical O
i i g0+ L
simulation of a I See
projectile alpha ~ o ther. html
particle onto a gold G LTI T EEERtEIE ruther.nimi
target ; and
D ______ ‘*___l __________ -
; ruther.avi
, + Gold Target
Co e Projectile Path
" | O Projectile Particle
! —-— Asymptotes
R a J 20 100



Motion of Rigid Bodies— Symmetric Top (simulation)

Z"=z"=3L. z, L
Usmg_ o | o G & .
Eulerian Spinning symmetric top with its 4
angles symmetry axis (), which is its .
spin axis as well as its principal ¥
¢, 0, /4 axis of symmetry, at angle from
the fixed axis -)
T = aL = aL +@"xL=mg/lsin@i"
dt ). dt
ixed rot

L=16i"+1¢sin0]"+1.ok", & =0i"+¢sind]"+@cosok”

l,(pcosf+y) = | o, o

mg/siné = 16 + | .w,psin @ — | p* cosGsin 6 solve numerically for

d L
0=1I dt(gpsme) .00+ 10¢cosd ¢(t),9(t),w(t)
ST7S
(a) (b)
Top Euler Angles ¢U:D, BU:I] a5, \yU:EI rad dcpfdtU:El, defdtD:Il wo_=2.5 radfs
3 . s Tap V,, (6): $,=0, 8,=0.85, =0 rad, dg/dt =0, deidt =0, o =25 rad's
| 1L=1, 15 kg, M=k 0.575 : . : : . ;
2 ) 8 mis?, 420.1
R=g ~= 05 s, 850,
0 0 6.6, = 0.952, 1.08 rad, E'=0.568 J
i 5 10 i 5 10 eS| 4=9.83 mie?, =0.1 m
11 05 1 1=1,15 kgm?, h=Tkg
o 08EF
- L
@ % 0 *iﬁs:
5 LT ss5 L 1 S
03 o5 ee
0 5 10 i 5 10 ussh J
. 26 top.html
20 = 0545 1
> S24
v 3 and
0 23 Ga¢ 0% 0% 1 10z 1M 106 108 .
0 5 1 i 5 10 g top aV'
t t
(c)

spinning fixed point symmetric
top a) Numerical solution, b)
| Plot of the energy and the

i - effective potential, and c) a
snapshot of the simulated
motion of the top's total angular
momentum as well as the body
2 angular momentum vs time

g=98 rnfsz‘ a=0.1m
1,1,=1,15 kgm?, M=1kg



LAGRANGIAN DYNAMICS - Double Pendulum (simulation)

¥
| //7///2 i
A
Double Pendulum . S\
Coordinates [ PaI :
X =L;sing, X, = X + L, sing, i '
y, = L, cosé, y, =Y, +L,c0s6, __
0~ -

Kinetic, potential energies

1 . . 1 . :
T :Eml(xlz +yf)+§m2(x22 +y§), Vv Zmlgl—z"‘mlghl"'ng(hl"'hz)

1 L 1 : : ..
Lagrangian —p =TV = Emﬂ-fef 5 m [ L3672 +56; +2L,L,6,6, cos(6,-6,) |

-mgL, —(m, +m,) gL, (1-cosé,)—m,gL, (1-cosb, ).

Lagrange’s
equations (m, +m,) L6, +m,L,8, cos(, -8, ) =-m,L,& sin(6, —8,)—(m, +m,)gsing,
* solve m,L,6, + m,L,6, cos(6, - 6,) = m,L, 6 sin(6, - 6,) —m,gsiné,
numerically
Double Pendulurn: 610:0.785‘ 620:1.05 rad, d(eWIdt)D:O‘ d(ezfdt)U:O Double Pendulum: 810:0.?85, 620:1 05 rad, d(eﬂfdt)D:O, d(ezfdt)D:O
T T T T T 3 -
L.L=1.2m — 8 L= 2m
NS S e; :1,%211?2 kg, g=0.8 mis? $1 See
Ty S R m, trace doublep.html
® , .- m,trace d
k My, m2=1|, 2 kgqu‘='9."8/ mis? ‘ 2r an .
I o doublep.avi
-15
2 . . . ‘ " " ‘ = .
A
1t . il ,f*”'
B fizj—_?ﬁj ;;%
qE i 0sf //
2DE -DIB -D.IA -DI2 6 DI2 D.IA D.‘B 0.8 0 w/j 1
8 3 1 2 3

1

X%

The double pendulum a) Eulerian angles plotted versus time
(upper figure) and versus each other (lower figure) b)
simulation of the pendulum for the initial conditions shown.




LAGRANGIAN DYNAMICS—Principleof Least Action (simulation)

Three possible paths 66 Hamilton’s principle
in the evolution b
process of the action | = 5‘[ Ldt=0
integral ¢
2 t1
S = I Ldt al) |-
t, 5 : ¢

Hamilton’s principle: the motion followed by a mechanical system as it moves from
a starting point to a final point within a given time will be the motion that provides an
extremum for the time integral of the Lagrangian.

Example — case of a particle in free fall, , we have thet: Lagrangian and the action:
- ~ 1 , - f f 1
L=T-V == my; —mgy s_det_j(z mv —mgy]dt

Numerically, make the approximation:

with L =L(t)~> (ykﬂA : ykj ~ mgy,

b N-1
S=[Ldt~Aty L,
k=1

and the initial guess — 'y, =y, ju(yf—_yo)(tk —t,)

(t %)

Modify the guess randomly, accept steps that lead to s decrease in  dS =S,

1 Sn—l,N—l
until dS is small. Compare numerical results against the exact solution ——

1
_ 2
Y=1Y, +Vot—§9t
MC: Hamilton's Least Action Principle (tolerance="1e-007)
18 — - Analytic

Mrals: 471, %E =0.755 T — - Init Guess
s 15;0; ?BEESDJUEB?«“/ ,/"}. +  Least Action See
Simulation of Hamilton's "o /-/ ,_,_,-f" / least action.html
least action principle for N | , , and
the case of the motion of oo e least action.avi
a single particle free 25

dy; iy G m; M; tol) = (0, 1, 0.01m; Brfs; B.Bmfsz; kg, 15)

EIN T

falling near Earth's

surface, in one dimension 35]

Action (5)

1 1 1 1 Il 1 1 Il 1
O & 100 150 200 260 300 350 400 450 &00
trial



Other Highlights

eHarmonic oscillator (undamped, damped, and forced)

*Projectile Motion (analytic and numerical)

*The pendulum (small, and large angles)

«Central Forces

-Planetary Motion (analytic, numerical, and simulations) and comparison
with data

Eulerian Angle Frame Rotation (visualization)

*More on Rutherford Scattering
--Comparison with the 1913 Geiger Marsden Data for Silver and Gold



Conclusion

*A junior level mechanics textbook has been developed that
incorporated computational physics: “Intermediate Classical
Mechanics with MATLAB applications.”

*The text makes use of the valuable traditional analytic approach
in pedagogy. It further incorporates computational techniques to
help students visualize, explore, and gain insight to problems
beyond idealized situations.

«Some programming background is expected and most
physics/engineering majors have had programming experience
by their junior year.

*The emphasis is placed on understanding. The analytic
approach is supported and complemented by the computational
approach.

«Java applications analogue to the MATLAB scripts are
available (under development) see below. They use the Open
Source Physics (OSP) library of W. Christian and co-workers.
http://www.westga.edu/~jhasbun/osp/osp.htm
http://www.opensourcephysics.org/

«Comments are welcome. Please contact J. E. Hasbun
thasbun@westga.edu



http://www.westga.edu/~jhasbun/osp/osp.htm
http://www.opensourcephysics.org/
mailto:jhasbun@westga.edu

OPEN SOURCE PHYSICS (OSP) JAVA APPLICATIONS
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|| k0 1.0
0.8 F f l ! i K 10.0
w10 1.0
ogl [ n w20 0.0
| [ ti 0.0
| trnas 39.738353063184404
0.4 4 1 MNPTS 300
diiftmax-t0WrPTS)= 01324611 7687728134
0.2 H \
oy
2
T -00f k [./
2 f
o Calculate || Reset
_|:|2 L U e W L. eeee e e e e ee e e e e e e e s e e e e el es e e e e e s s se e e e slsele s e e s s s e e e e e e
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| ! |
-0.8 L I u |
] A 10 14 20 258 an 35
time clear
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cycloid3dApp
M Charge in general E&B fields - 3D B ] B30 [ ] o cycloid3dms =10O] x|
File Edit Visual Tools Help File Edit Display Help
Input Parameters
Mame Value
I lmass 1.67E-27
charge 1 6GE-189
w0 0.0
il 5.0
il 0.0
il 0.0
z0 0.0
vzl 0.5
B doublel3]
E doublel3]
0 0.0
trmax 10.0
|Java Applet Wwindow MNPTS a00
j—_ ! = e dt{{trmax-t0kPTS)= 0.0z
‘M. black-=(t]}, bl - O] =]
File Edit Display Tools Views Help Calculate | | Reset

XY

Messanes

The upper left 30 plot is zwversus x and . The green interactive
point atthe end afthe path taken can be moved. The lower left
araph is a plot of x(t-black,

yiti-blue, and z(t)-red.
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foucaultApp

=0y T=TE
File Edit Display Help
Input Parameters
1.0 Mame Walue
0sk | |Latitude_andgle{dedgrees) a34.0
’ Pendulum_lenathirm) 32171500
Z 00 g_acceleration 9.8
*0{m) 1.0
-0.5 w(rr) 0.0
to{sec) 0.0
i 1 5 3 4 5 B 7 a tmaxisec) 264000
t 4 I+ 500
#1001 gt fitman )= 172.6
I.Java Applet Window
=10l x|
File Edit Display Tools Yiews Help Calculate | | Reset
e, T - e e e ettt e ettt e e e e et et e e e e e e e e e e e e e e e e e e e e e e e e e e
. . . . Messages
Upper left graph - black: «0); blue: ywit). Lower is v,
A Foucault pendulum traces aut a path given by wixd.
0.5 1 Frecession frequency, Feriod -= 01464 radfhr 42 919 hrs
Fendulum frequency, period -= 6.28319 radifhr 1 hrs
= 0.0} g
-0a L i
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¥ clear
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binarylApp
[ Binary Systemyvsn =Y I =TF
[ File Edit Display Help
Binary System Input Parameters
T T T T T T T T MName | Walue
Im 5.0
al | m 3.0
eccentricity 0.8
rrmin 2.5
fi - ] rerm 0.0
thi 0.0
4Lk ] thimax 6.283185307179586
HPTS 1460
delayTimelms) 25
2 1 dthi{{thmax-thOW{NPTS-11= 0.042169028907 24555
Il - m2im-mli= 2.0
il =
z 0Or 1
= Stop
2L | e e
Messages
blackrreduced mass, blue:m1, red:m2, grevcm
4 1 frminrma= (25,100 AU
tau= 6.988 taul, a= B.25 AL
-6 . (m,ml,m2)= (5.0,3.0,2.00M=
reduced mass=1.2 ks
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-10 -8 -6 -4 -2 0 2 4
XAl clear
IJava Applet WwWindow |Java Applet wWindow
| gg gr]— I.Java Lpplet Window __
| : Draw | L AgtoShapes'\\DDﬂﬂ{?ﬂ@& &vﬁvévfizgljﬁ
1z _ _ 1950:27 PM P Tune 18, 2007 |
Slide 10 of 19 Default Design A




rutherApp
3 Apha-particle projectile, gold Earget - |I:I|£| - |EI|£|
File Edit Display Help
Apha-particle projectile, gold target target Input Parameters
100 T T T T T T T T Mame | Yalue
H N [ |[projectile_energyie’) +5 000E+06
a0 - . ' 1 impact_parameter(a_h) 20.0
' H projectile_massim_alpha) 1.0
80 . ! T projectile_z 2.0
7ok .'* ! | target_z 79.0
' ' timax 2500.0
go L h ! i i 0.0
b ' MPTS GO0
50 - ! 1 delayTimeirns) &0
' H Ay wiew -x -50.0
40 ; * 1 Fray_wisw +¥ 100.0
v . rmax_view -y -50.0
= 30 .: e 1 max_view_+y 100.0
£ L R I S R dti(tm ax-t N TS-1= 4.173622704507513
10} .
0 1 . Messages
5 FPress 'start'to get the animation going.
10 ¥ 1 The simulated motion ofthe + projectile ired) interacting
ol ! | felectrically) with a + heawy target {black). Elue lines are
I asymptotes. Units follow.
-3o b : i speed=0.0196¢, m_alpha=+3.730E+059eV,
N a_b=1.e-158m, lime=1.695e-225
-40 - - E eccentricity e=  -1.3313
) rmin= 52817 a_b
-l : : : : : : | [THETA=1.744 rad, or 99.9211 degrees
-40 -20 0 20 40 60 20 100 I
}{I:Elh:l L clear
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File Edit Display Help
r Input Parameters
I T T T Mame Value
gl o 1 il 1.0
= Tl 1.0
T a 0.1
= 7 B 1.5
= = g 9.8
= 0s i phi_0 {rad) 0.0
== theta_0 (radi 08525
! psi_0 {rad) 0.0
0.0 | phi_0d {radis) 0.0
r theta_0d (rad/s) 0.0
I o ? 4 B 8 10 wis (radls) 2.50449
t trraes) 100
r |Java Applet “Windows |Java Applet “Windows MNFTS z00
T TEAT T F— ; — TR T delayTimelms) 40
[ Anole rates versust ~1o] x| ~10l x| | [stamaenPTs=_ 005
I Stop
aF T T T T - 057 F T T = e
- Messages
il & I L N - — -
2 4L ] anirmation: black trace and arrow - Lvec| ™
Il = I_UD'SE i 1 animation: blue trace and arrow - Lz"ve
E = anirmation: red arrow - Lz vector
E’; 1F 1 0.55 L 4 animation: magenta arrow - Lz"_zwvecto
= top-right: phi-black, theta-blue, psi-red
-0 W [ | bottom-left: phi_d-black, theta_d-blue, pf
bott -right: E-hl wWeff- |
a2 4 @ a8 10 1.00 1.05 — g He, Ve ares [
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doublepApp

> Dravine ~lof x| =Tk |l 2 couble =T
[ File Edit Display Help
Double Pendulum Input Parameters
T Mame | Value
| W '° il (X 1.0
L2 2.0
| &ue 1 1.0
[uk}
g: | £ oo m2 2.0
= : & g 3.5
Pl o theta_ 1 {rad) 0.7854
o =-lla theta_z(rad) 1.0472
e ] N theta_1dirad) 0.0
| ' theta_2d (rad/s) 0.0
trmaxis) 54222
2 g 1 2 e 4 2 MNPTS 125
E delayTime(ms) 40
" |Java Applet windaw |Jarva spplet wwindow dictrmax MNP TS)= 0.0434
=" 1] T — L Tt
[ thetaz vs thetar — =10 x| 1o ] Stop
Messages
Fress 'start'to begin animation —
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= incows
& E animation: black trace and arrow - mi
*E *:_‘. animation: blue trace and arrow - M2
= &= top-right: theta_1-black, theta_2-blue
= bottom-left. phase plot theta_2 vs theta_|
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. . L | st —
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File Edit Display Help

|d45—+4.895E-+08| Monte-Carlo Hamilton's principle Input Parameters
12F T T T T LB A T ] Mame | value
-“\\ " |mass 1.0
1.0 = vl 5.0
- 0 9.8
_0Er 17 ] y0 0.0
=N e y uf 1.0
— t0 0.0
0.4 -7 | i 07473
0.2 P . tolerance 5.5E-8
ool = 7, | | | | | | max change dy 0.01
delayTime{ms) an
0o (1] 0.z 0.3 0.4 0.4a 0.5 (1rg NETS 1%
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|Java Applet \Window dt[tmMPTS-13]= 00534
JT=TE Stop
Messages
T T T T T T T Fress 'start'to get the animation going.
.30 . ] Lipper left: Anakltic result-black, guess - blue,
‘.‘ If running: Monte-Carlo, Hamilton's Principle - red
@ ~r 1 1 1 1 11 Bk Lower graph: 5 versus trial number
5'3-5 B ™l 1 mnimation: Anaktic result-black, guess - hlue,
E ‘\‘ ----------- Monte-Carlo, Hamilton's Principle - red
4.0 ~ J Lower graph: S versus trial number
""'-.,_ Final Results
1 L - 1 L 1 Total trials=718, Mumber of exchanges=1830 h
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|-_|ava Applet \wWindow = |Java Applet Window

e e




