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Introduction

Because of its price, small size, and power, the T1-89 is quickly becoming the graphing calculator of
choice for students majoring in applied mathematics, engineering, and science. All of the activitieswe
describe can aso be done on the T1-92 with a Plus Module installed, but the screen sizeis alittle
different. It is necessary to get all calculatorsin aworkshop in the same mode settings. Please move to
the MODE screen in the HOME application, and make your settings match those listed below.
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Press ENTER enough timesto save these settings. It is also suggested that you create a new folder to hold
the work for thisworkshop. That way there will be no conflicts with variables you may have defined in
your main folder. Of course if you are using a “loaner,” a 2nd MEM F1 (RESET) might be more

appropriate with no need for a new folder.

Too 5| 18bra|Calc|0kher|Frami0|Clean U MEFMOEY

Ft0ie 1Uar
J: ClrGraph
&:ClrI0
7= Enldn
= H
9
A

Framsasm 4968 Hisbore ]
Fictur« 948 Feckern  BPFEL

strind " EEMEres 1901%E
Archive Free  ZR320Y
HewFold a3d € Enter=OE__»

TWFE OF UZE €314 # [ENTEE] DE [ESC] MAIN KEAD AUTO =0 020 MAIN EAD AUTOD =0 030

Basic 3D Graphing Features

Moveto the Y= Editor, and type in the following sample function of two variables.

z1(x,y) = (-3*x"3+125*x-13*y”~2+750)/ 250
The strange coefficients are designed to give a“nice” plot in the standard viewing box. Press F1 (Tools)
and make sure that you have the graph formatting options selected as below (axes OFF, labels OFF, and

style WIRE FRAME). Then select ZoomStd.
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For the benefit of those who have not yet fully explored the 3D capabilities of the T1-89, we will quickly
review these features. While looking at a 3D plot, press F3 (Trace) and move the cursor keys to see a
blinking cursor point on the surface and the associated coordinates of that point. No matter what the
orientation of the plot, you need to think that the cursor pad is orientated as atraditional xy-plane. Pressing
the right cursor key increases the value of x regardless of what direction the blinking cursor moves on the
screen. In our ZoomStd orientation, pressing the right cursor key moves the blinking point forward and
totheleft. Similarly, the up cursor key increases the value of y. Press ECSto turn this tracing feature off.
Press the multiplication key to toggle back and forth between the regular view and amagnified view. With
the trace off, pressing a cursor key will cause the plot to be rotated. Holding down a cursor key long
enough, the rotation will continue even after you let up.

zci - 271137
woi 8. 97143 gt 0.
FRIN EAD AUTD 0 FARIN AL AUTD ) FRIN EAD AUTD 0

Trace (F3) Magnified (x) Rotated (<, six times)

Y ou can speed up or low down the continuous rotation by pressing the addition key (+) or subtraction key
(-). Thiswill change the angle increments used in the rotation. To stop a continuoudly rotating plot, press
any of ESC, ENTER, ON, or diamond ¢ (space). Press one of the keyslabeled X, Y, or Z to have the plot
rotated so that you look directly down the axis labeled with that letter. Finaly, press zero (0) to have the
orientation return to the settings before al of thisinteractive rotating (here ZoomStd).

HMialW EAD AUTD ] HMAlW KAl AUTO ;] HMialW EAD AUTD ]

X Y Z

If time permits, explore the alternative 3D graph formatting options to have axes AXES or BOX, or to have
the style with a HIDDEN SURFACE plot, a CONTOUR LEVELS plot, or both WIRE mesh and
CONTOUR levels together in aplot.
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Under standing the 3D Window Settings
Return to the ZoomStd plot orientation. We will briefly explain the Window settings and explore how

changing them affectsthe plot. Thefirst three settings give the orientation of the viewer relative to the plot
(or the “eye” location). We shall work with these angles in more detail later.
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Obvioudy xmin, xmax, ymin, ymax, zmin, and zmax specify the viewing box. The variables xgrid and
ygrid determine the number and spacing of the grid lines in each direction. For example, the spacing
between grid lines along the x-axis is delta-x = (xmax - xmin)/xgrid. Thusone grid line corresponds to x
= xmin, and there are 14 other grid linesfor x = xmin + j*delta-x, ] = 1, 2, ..., 14, ending with x = xmax.
The variable ncontour determines how many contour lineswill be attempted in a contour plot. Of course
the function many not take on values equal to all of the levels, resulting in less than ncontour curves, but
here we do get five different contour lines for this function in the wire-mesh/contour plot above.

In the FULL screen plotting that we have been doing, the axes are not equally scaled. The plot is stretched
horizontally to more fully use the space available. We get a more equally scaled plot if we change the
MODE setting to asplit screen LEFT-RIGHT way of looking at aplot. Also change the graphing format
to axes AXES, labels ON, and style WIRE FRAME. Thiswill speed thing up and show the coordinate
axes. To further investigate the meaning of the “eye” angles, we wish to plot only the axes. To “fool” the
calculator into doing this, we ask it to plot Z1(x, y) = 11 in the standard viewing window. No part of the
graph of this function will appear in the viewing box. Note that this standard window looks very much
like the traditional orientation for the axes in textbooks. We toggle back and forth between the two parts
of the split screen using 2nd ___ (above the APPS key) so that we can see both the window settings and the
3D plot of the axes.
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If we changeto eye8 =0, eyep= 0, and eyey = 0 or where the eye angletriple (6, ¢ ) = (0, 0, 0), we will
find that the “neutral” orientation has us looking straight down the z-axis (with positive z up) with the
positive x-axis down and the positive y-axisto theright. Wewill consider the eye angletriple (0, O, 0) as
the screen coordinate system, and label it the UVW system with unit vectors along each of the screen axes
asu, Vv, w. Thedesired XYZ system will be thought of as being “rotated” from the UVW system. The
word “rotated” implies movement (when therereally isn’'t any here). Both the UVW and the XY Z can be
still, but we visualize how one would need to “move” a set of axes from the UVW orientation into the
XYZ orientation.

Suppose we have athree-vector p = ai + bj + ck (inthe XYZ system) or p =ru + sv + tw (in the UVW
system). We seek atransition matrix to describe how to go from (a, b, ¢) to (r, s, t).

a r oy | a r

Albl=ls| or |x ¥ z|b|=|s
t t

Fq ¥ Z3 || C

wherei = XU + XV + XaW, | =yiu + yov + ysw, k = ziu + zv + zzw. We know that A is a proper
orthogonal matrix, i.e. A* = AT and det(A) = 1. The following special rotation matrices correspond to
rotation about one of the UVW axes. The sign convention for the angle of rotation isthat of aright-hand
system in that if the thumb of the right hand points in the direction of the positive axis of rotation, the
fingers of the right hand curl in the positive angle direction.

1 0 0 cosff 0 sinfi cosy —siny 0
Ala)=|0 cose -sina|, A(B)=| 0 1 0 |, Af{y)=|siny cosy 0O
0 sine cosa —sinff 0 cosfi 0 0 1

An arbitrary rotation can be represented as a sequence of three rotations about one of the UVW coordinate
axes. Thefirst rotation in the sequence can be about any axis, the second about a different axis, and the
third about a axis different from the second. Since the order in which we multiply matrices matters, the
order in which we perform the rotations matters.

W The angles are called an Euler angle sequence.

Claim: Theeye angletriple (6, ¢ ) specified in
the Window editor corresponds to the transition

A=A (w)4 (-0) 4 (-0)
matrix
giving a 3-2-3 Euler angle sequence (-6, -¢, ).

This information can be used in the following
way. If we know the coordinates (a, b, c) for a
point on the surface of our 3D plot, then we can
compute
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a a ¥
Al b= A(p)A4(-e)A-8)| b= 5
o “ t

and then plot (r, s) inthe UV system in the plane of the screen to get the desired projection.
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Further we can interpret the rotation of the XY Z system by a press of one of the cursor keys in the notation

by investigating the same effect.
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We can check this by confirming that the rotation is recorded in the eye angles by (-90°, 6°, -90°).
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[0 1 0][cos6® 0 —sin6°][0 -1 0
-1 0 0 0 1 0 1 0 0
i 0 0 1| =n6® 0 cos6® ||0 0 1

1 0 0
=10 cos6° sin6° [=A(-6°)

0 —siné® cose®

Ay (=90°)A4,(~67)4;,(90%)

It isalso easy to define functions al, a2, and a3 on the TI-89 to give these special rotation matrices. That
makes the checking straightforward. For example,

Define a3(x)=[cos(x),-sin(x),0;sin(x),cos(x),0;0,0,1]
gives one of these matrix functions.

The three eye angles we set in the Window can give us any rotation as a 3-2-3 Euler angle sequence. We
can a'so move to any rotational orientation using the cursors keys by effectively using a 2-1-2 Euler angle
sequence or a 1-2-1 Euler angle sequence. For more information about rotations, the UMAP Unit 652,
“ Spacecraft Attitude, Rotations and Quaternions,” by Dennis Pence (1984) is recommended. Given how
the eye angle settings change to some standard (no matter what you set them), | strongly suspect that the
machine is using a different representation for the rotation internally. Asdescribed in this UMAP Unit, an
excellent choice would be the quaternion representation. [Obvioudly thisrather dated UM AP module needs
to be rewritten with activitiesfor aTI1-89!] We give a brief introduction to the topic of quaternions next.

Beginning Quaternions
The CAS capabilities can be used to study the topic of quaternions. A quaternion has the general form
g=agi+aqjt+ak+q,

where
V(d)=gi+agjtgk
isthe vector part and

5(G) =4,
isthe scalar part.

Y ou can add (or subtract) quaternions by adding (or subtracting) like components. Two quaternions can
be multiplied in the following fashion.

B4 =(pi+pi+rk+r)igitaitrak+a)
= pgii+ pyagij+ pigaik + pigi + pag i+ pogadit pags K+ padad
+pgki+ pmakjt+ pgkk + pogk+ pgi+ pa i+ pgk+ pyg,

Pence: Exploring 3D Rotationswith the T1-89 Page 6
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where
ii=jj=kk=-1 ij=k, jk=i, ki=}
ji=-k, kj=-i, ik=-j

Thus
Pg= (plg4 TPy — P —I—p4g1)i+ (_plg3 TPt P +p49’2)j
+ (plgz — Do TPyt P ) k+ (_plgl TPy T P +F4g4)

On the T1-89, we will store the four components of a quaternion as amatrix with four rows and one column.
Unfortunately the variable names p1 and g1 have other meanings on this calculator, so we avoid these.
There are severa ways that we can implement quaternion multiplication. One of the more interesting ways

isthe following. Wefirst form a special matrix using the components of a quaternion.
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U
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We can computefs = Q(8)f using amatrix multiplication.
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The norm of a quaternion, denoted by § |q| , iIsthe same as the norm of a4-vector, so we can use the matrix

norm command. The conjugate of a quaternionis § = -V (§) +S(q) , very much like the conjugate of a
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complex number. This could be programmed as afunction. The quaternion product of aquaternion f and
its conjugate is the square of its norm, also much like with a complex number.

] [[110-r2]1 r*3][r*4]]:I ] 0 O " 1 r3][r4]])
FAD AUTD 1’8 EHD AUTO 1’8

. , T - 1=
We can confirm that any non-zero quaternion has a multiplicative inverse. Ft= ﬁjﬁr

In particular, for aunit quaternion (one with norm 1), the conjugate is the inverse.

Fi=| F2~= |[F3~] F4= ] FE Fa- Fir| F&= |Fi=] F4= ]| FE Fig= Fi=| F2~= |[F3~] F4= ] FE Fa-
Tools|AT3cbralCalc|Other |Fr3mi0jClean e Taei 15 13 ebra| Calc|Dther |Fr3mld)Clean U T s|A T3 cbiralCalc|Dther |Fr3mi0 l:1-zun U
-1 Dore

ri ) 1 “r2 ?
. "Define s=———="|

® efine r= Do =g ] r3 B gustprodir, =)
3 | a
4 Dore 1

Define r=[rlzrZ:r3zrd]] P20k [ rl: r22 r3zrd]

AzD FAD AUTO =0 1730 AzD KEAD AUTO =D 2 Z0 AzD FAD AUTO =0 30

The Quaternion Rotation Oper ator

We define the following family of operators on the space of al quaterions.

M, (5)= 455 = [Q }f pa= [gIJ {E\]

Although we can index this family with any quaternion, we get exactly the same operator using a unit

guaternion “in the same direction” or using the negative of that quaternion. It is easy to verify the following
properties for this family.

M, (a7 + 55) = aM, () + 6M, (3), (linearity)

M, oM, =M, (composition)

(Mq)‘l = M{é'lj’ (inverse operator)
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A quaternion with zero scalar part is called a pure vector. Restricting this operator to the subspace of pure
vectors, we find that the image space is also the space of pure vectors. In fact,

(arl
M, (a +bj +ck) = A%E for some rotation matrix A.

Thus, aquaternion (in particular, a unit quaternion) becomes another way to parameterize arotation viathis
operator. For agenera rotation about an axis specified by aunit vector n = nyi + nyj + ngk through an angle
a measured by the right-hand orientation, the operator M, gives the same rotation when the unit quaternion

is

& = sin [%j (nli +#,j+ nak) + cos [%j

Using the composition property, the unit quaternion corresponding to the eye angletriple (6, ¢ ) in the
3D window setting on the T1-89 will be

g= sinﬁk+cos£ sinjj+cos_— sin &k + cos &
2 2 2 2 2 2

The following function-type program implements this quaternion rotation operator .

Fi-| Fe- |Fe5{F4+ F5 | FEr Fi-| Fe- |F3<F44 F5 | FE= Fi-| Fe= |Fe=| Fa= | FE FE-
Tools|ContraT)l/D [Var]Find...[Hese Teals|Contral|l’D [Par|Find.. jrede Teols|fil3ebralCalc|Dther|PramiDjCican e
mrolis,rd r[4, 111+r1 ]
:Func . =qua£prnd(quatprndir1,5},F )
iLocal ro,ri,tt Lt 4 12 2
tnormir - Eern :If ro=l Then _
:[-r[1,117 +I2,11: r[3.11, : Peturn it — N R 3
rl4, 117401 ] iEl=e retl —z 7| 102 l
:quaiprnd(quatprud(rl,sb,P : Return ttarn
1 EndLf fa 12 ]
:If ro=l Then : EndFunic] -
HED EAD AUTD 0 e AL AUTD 1)
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