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In our talk we will use a TI-89/92 to explore the algebraic and analytic properties of a pair of
operations, an alternate addition we call circle plus (©) and an alternate multiplication we call
circle times (®). By removing the students from the environment of the addition and multiplication
they are familiar with, these operations force students to pay attention to the algebraic and analytic
definitions and structures since they cannot rely on their intuition about what is familiar.

The symbolic capabilities of the TI-89/92 allow students to explore these operations without getting
bogged down in the algebraic manipulations. In addition, the scripts we use may provide insights
into different ways the calculators can be used.

1 Defining the Operations

The circle plus and circle times operations are defined on the real numbers, although the definitions
will work for any ring with unit.

rhy=ax+y—1

rTOY=x+Yy— Y.
They can be defined on the TI-89/92 as a functions with two variables:
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e 0 la1gebralcalc other Praniolc1ear: sz, |

B lefine cplx,di=x+ug-1 Done
B lefine ctix,yi=x+y-x-y Done
" cpl(d,6) 9
(S, -2) 13
" cpla, ) a-1
" ctia, 1) 1
TIMEZO0Y DEG EXACT FUNC &8/20

By defining the functions in this way, it is clear that they are binary operations. This can lead
to a nice exploration of commutativity, associativity and the distributive properties. The last
two require students to think carefully about how the order of operations work. We did not feel,
however, that there was enough time in our talk to cover these ideas. For now, we will just assert
without proof that the both operations are commutative and associative, and that circle times
distributes over circle plus.

2 Identities, Inverses, and Inverse Operations

We are interested in considering the identities for these two operations, as well as whether or not
elements have inverses with respect to the two operations. The last two lines in the figure above
indicate that we cannot just use the identities from the more familiar operations, since a ® 0 # a
and a ® 1 # a. Instead, we will rely on the calculator’s solve command to find the inverses.

1 Fiv Fiv [_ F4v FE F6
- a AlgebralCalc Dther‘TPr*gnIDTClear a-z...]

B zolve(cpl(a,bl=2a,b)
®zolve(ct(a,b)=2a,b) b=0 or
"cpia, 1)
s ctia, )

TIMEZO0Y DEG EXACT FUNC 4/30

w

[T TR

Thus we are in the odd-seeming situation where 1 is the additive identity, while 0 is the multiplica-
tive identity. This also explains why, in the first figure, we find that a ©®1 = 1. This is a variation of
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what we know as the zero-property of multiplication: when you multiply by the additive identity,
the product is always the additive identity. Only, in this case, the additive identity is 1.

What about inverses? We can also use the calculator’s solve command to determine what the
additive and multiplicative inverses of numbers are, with the answers given in terms of our regular
operations. We see that the additive inverse of a is 2 — a, which is defined for all numbers. The
multiplicative inverse of a is —%=, which is defined for all numbers except 1. This makes sense, as

a—1"
1 is our additive identity.

[h T 5 R FE &
hd E AlgebralCalc DtherTF’r*ngDTClear‘ a-z...]

mzolvelcpl(a,b)=1,b) =-a+2
®zolue(ct(a,b)=0,b) b=a_?1
"cpig,2-a) 1
L ct[a,ral] o]
ctla,.asCa-1>>

TIMEZ 004 OEG ERACT FUNC 4730

From this, we can define two unary functions, the circle negative and the circle reciprocal.

[h T Fiw Fiv | F4v FE F&
A ﬁ Alaebral|Calc Dther‘TPr‘ngDTClear a-z...]

B Define chneg(x)=2 - x Done
8 faefine crecip(x)= -1 Done
" cp(a, cheg(a)) 1
8 ctia, crecipl(a)) o]
ct{a . creciplal)

TIMEZO 04 DEG ERACT FONC 4720

Once we have negatives and reciprocals, we can also define the operations of subtraction and
division, or rather circle subtraction (&) and circle division (@). We will define a circle minus b as

a circle plus the circle negative of b and a circle divided by b to be a circle times the circle reciprocal
of b.



i Few Fzw Fyw FE Fe
 [a1 gebralcalc|other Prantolc1ear: a-z.. |

B Define cmin(x, y)=cp(x, cneg(y)) Dore
8 Define cdivix, =ctix, crecip(u)) Done
= ominCa, b) a-b+1
" cdiv(a, b) b—f’1+rbl
cdiv<a_bh)]

TIMEZ 004 DEG ERACT FUNC 4720

Thus we could also define these operations directly from our standard operations by
aob=a—-b+1
and

b—a

b—1

aQb=

3 Isomorphism

It turns out that under these new operations of circle plus and circle times, the real numbers form
a field. Likewise, so do the rational numbers and the integers. In fact, as rings they are isomorphic
to the rings under the standard operations. The isomorphism is given by the map ¢ from (R, +, x)
to (R, ®, ®) defined by ¢(z) =1 — x.

The symbolic abilities of the TI-89/92 provide a nice way to check that this function really does
preserve the respective addition and multiplication operations. We can even extend it to look at
subtraction and division. Since these operations are defined in terms of addition and multiplication,
it makes sense that they are also respected by the isomorphism.
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rr'un‘l’ Fev Few | Fuw FE F&

 £=lA1gebraleatcotherlprantofeiear o-z. | i|r1aebra[cSTe [ofPer prantofciear az. |
. . = phi(a - k) “at+thb+1

" Define phi(x)=1 - x Done . . . .

" phica+b) ca-b+1 " criniphica), phib)) a+_b+1

» cp(phi(a), philb)) ~a-b+1 lphi[%] 241

= phica-b) “arb+1 -(a-b)

mctiphifa), phith)) catb+1 = cdiviphifa), phi(b)) B —

ct{phida’, phichd>> 5 : -

TIMEZGE nzﬁpsxnu l FUNC £720 ﬁ&izlo:-:(.phl (n?s)r:;nghl(b))ruuc o—

4 Exponents and Polynomials

To discuss polynomials, we must first discuss exponents and for this we need to look at what we
can call circle exponentiation.

In our familiar operations x? denotes - x. For our circle operations, 2 would therefore mean
r ®x = 2 — 22, Using the same notation for both expressions could cause some difficulty, so we
will define circle exponentiation (z°"), at least for whole number exponents. A recursive definition
works well here: First, 2°0 = 0 since 0 is the identity for circle times. Then for n > 0 we define
$on+1 = 2" (O .

We can write a function for the TI-89/92 that performs this exponentiation. The function is really
a binary operation that takes the base and the exponent as its arguments.

hd {—lControllI/DlUF;T-lFmd . ME'EJE'T ] vlalﬂ1gF;BraTCglchDtm;rTPrrgsnlDTClear[s a—z...]

TCexXplx,n)

: Fune = cexpla, 1) E

%’Qcaloz i " cexpla, 2) -aZ+2-a
;G*ZRetur‘n 0 " cexpla, 3) a‘[ Z_3.3+ 3]
: For i,l.n 3

ctiz, x5->z " cexpla, 4) -a(a%-4-22+6-2-4)
EhdFor
" cexpla, 9)

t EndFundl alz*-52+10-a2-10-3+5)
TIMEZOOY DEG ERACT FUNC TIMEZ 004 DEG ERACT FUNC £/30

In the second figure above, we see the first several powers of ¢ under the circle exponent. It is
possible to see a pattern that is closely related to Pascal’s Triangle. While this is an interesting
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idea to explore, our goal is to explore the derivatives of these powers.

5 Difference Quotients and Derivatives

There is a formal defintion of the derivative as a map of the polynomial ring into itself. If f(X) =
Yoo @i X" with a; € A where A is a commutative ring, then the derivative is defined as

Df(X)=f(X)=) kaX"".
k=1

In this case, if f(z) = 2°2 then f’(z) = 022°! where 022°! = @ 2. While this notation is somewhat
arkward, we need to clearly indicate that the derivative is not 2z under normal multiplication or
2 ® . In fact, 022°! denotes 2 copies of 2 being added under the addition of the ring. Following
the definition of the derivative, for the monomials, we have

Now let’s consider the derivative from an analysis approach. In calculus we define the derivative
as a limit, when the limit exists. The question is how to apply

Fe) — i LT =S )

h—0 h

in our setting using @ and ©. At first glance, we might apply the following definition
(@) =lim(f(z & h) & [(2)) @ h.

But recall that 0 is not the additive identity. Therefore, we should consider
(@) = lim(f(z & h) & f(x)) © h.

Using the TI-89/92 we can explore our conjecture.
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via Al «;:éEr*aTcglchOtfl:;rTPr'gsm I DTC 1 ear[‘ - ]

m lim cdivicmin(cp(a, h), a), h) o]
h+1

w~cdiv{cmin{cpCa . h>, a> h> h.1)|

TIMEZ00Y DEG EXACT FUNC 1730

-1a |Fl 1 JéBPaTCFaB].'CTUJI";;PTPI"FQSN I DTC 1 ear[‘ a-Z.. ]

® cdivicminicexpl(cp(a, h), 3), cexpl(a, 3)), h)
3-32+a(-3h+9)-h2+5h-6
* lin(-3-22+3(-3h+9)-h2+5h-6)
hs1
3-a2+6-a-2

limit{ans{1>_ h,.1)]

TIMEZ00Y DEG EXACT FUNC z/30

via |FI 1 JégraTC:aB{cTOJP:;rTPr;; I UTC 1 ear{‘ a=Z.. ]

®cdivicminicexplcpla, h), 5), cexpla, 50, h)

534 +35(-10-h+30)+ a2 -10-hZ+50-P

* lin[-5-a%+a3(-10-h+30)+a2(-10-h)
he1

-5.53% 420 57 -30-22+20-5-4

TIMEZ00Y DEG EXACT FUNC 2730

Based on the results from the TI-89/92 we have

via Al ééBr*aTCrakl'cTOtf}:;rTPrrg% I OTC 1 earti a-z.. ]

s cdivicmin(cexpl(cp(a, h), 2), cexpl(a, 2)), h)

2:a+h-2
" lim(2-a+h=-2) 2-a-1
h+1
TIMEZ004 BEG ERACT FUNC 2730

via Al ééBraTCra}chotfP:;rTPrrgiw I OTC 1 ear{‘ a-z.. ]

® cdivicmindcexpicp(a, h), 4), cexpl(a, 4)), h)
4-35+32(6-h-18)+a(4-hZ-20-h+28)0
® lin(4-a%+22(6-h-18)+a(a-hZ-20h)
hs1
4.5°-12-3°+12-5-3

TIMEZOOY DEG EXACT FUNC z/%0

via Al ééBraTCfa;chotf}:;rTPr;im I UTC 1 ear{‘ a-Z.. ]

8 cdivicmindcexplcp(a, h), 6), cexpl(a, 6)), h)
6-39+3% (15 h-451+3°(20 2 - 100-h P
= lin[6-a5+a*(15-h-45)+ a5 (20-h2- 1)

hs1
632 -30-3%+60 35 -60-32+30-53-5

TIMEZO0Y DEG EXACT FUNC 2/%0
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f(a) | f'(a)

02 2a — 1

a

a3 —3a%2 4 6a — 2

a® 4a3 — 124 + 12a — 3

a®® | —5a* 4 20a® — 30a® + 20a — 4

Notice that f/(a) is given in its form under normal addition and multiplication. These results match
our formal derivative as, by the definition of a°”

02z°! = 20— 1

03z°% = —3a2 4 6a — 2

o4z = 4a® — 120 +12a — 3
o5z°* = —ba* + 20a® — 30a? 4 20a — 4

We can compare these results with the results of using the normal derivative definition under normal
addition and multiplication. From before, the powers of a under @ and ® are

:E Al «;:éBr*aTCFazlvoTDtm;r*TPrrgiw I UTC 1 earts a-z.. ]

®cexpla, 1) 3
mcexpla,2) 'a2+2~a
" cexpla, 3) a-( -3 a+3]
®cexpla,d4) '3[3-43 +6-a—-4

)
®cexpl(a, )
alat-52a+10-a2-10-53+5)

TIMEZO00Y DEG EXACT FUNC E/Z0

Differentiating each of these powers of a we get

1 Fev Fiw [ Fuv FE B 1 Fev Fiw [ Fuv FE &
valﬂlgebr’-aTCalcTOt,her’-TPrngDTClear* a-z...] va Fllgebr*aTCalcTDt,her*TPrngDTClear* a-z.. |
" cexpla, 3) alac-3-3+3)

= cexpla, 1) a -%[a-[az—&aw*ﬂ] 3-a2-6-3a+3
a

da(a) mcexpla, 4) 'a-[a3—4‘a2+6‘a—4]
" cexpla, 2) -a+2:3 -%[-a-[a3-4-32+6.a_4]]

a_ -.
«l-aZ+2:3) e-at+d -4-a%+12-a2-12-a+4
dlans{1),.a>
TIMEZ00Y DEG EXACT FUNC 4/Z0 TIMEZO0Y DEG EXACT FUNC 4/%0
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We can compare the derivatives in (R, +, x) verses the derivatives in (R, &, ®)

(R, +, x) | (R,®,0)
—2a + 2 2a — 1
3a2 — 6a + 3 —3a% 4 6a — 2
—4a® 4+ 12a%2 — 12a + 4 4a® — 1262+ 120 — 3

5a* — 20a® + 30a® — 20a + 5 | —5a* + 20a® — 30a? + 20a — 4

We see that the derivatives are equal under the isomorphism ¢(z) =1 — .

6 Transforming the Plane

A natural question to ask is whether there is any geometric meaning for the derivative in (R, ®, ®).
In fact, we can consider the transformation of the plane given by sending (a,b) to (¢(a), p(d)).

Noting that ¢(3) = 3, we see that (3, 3) is a fixed point of the transformation. The transformation
produces the following graphs for z2, 23, 2%, 2% — z, along with 2°2, 2°3, 2° and z°3 © «.




Notice that the transformation is actually a rotation of 180° about (%, %) and it can be seen that

the slope is preserved under the transformation. By this, we mean that, for example, the slope of
the graph of y = 22 at a point (a,a?) is the same as the slope the graph of y = x°2 at the point
(¢(a), ¢(a)°?). We have not yet explored the question of whether or not this preservation of slopes
holds in general.

7 Conclusion

In Mathematical terms, the ideas brought forth by & and ® are not terribly deep. After all,
they just provide an alternate set of ring operations that is isomorphic to the standard operations.
Further, since the isomorphism ¢ is also an isometry, it isn’t surprising that the resulting derivatives
are closely aligned with the regular derivatives.

However, from a pedagogical standpoint, we have found these explorations very interesting. They
allow a situation where students must rely on definitions rather than intuition, and so they provide
a way for students to explore their mathematical understanding.

10

CONTS



	toabstr: 


