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Vadelling Microwave Popcorn

INTRODUCTION AND RATIONALE

The applications of mathematics in real-life have always fascinated me. As an aspiring engineer, [ am
often motivated to discover how I can practically apply the theory that I learn in the classroom to real-
life. I became highly enthusiastic recently when I stumbled across something that not only I could use
to demystify the elusive uses of maths in the world, but was also highly personally relevant: popcorn.

My affinity to popcorn manifests whether I am watching a movie or simply looking for a light snack.
Too many a time have I also taken a break from futile attempts on a challenging maths question to make
popcorn, simply to take some time to consider the problem from a different perspective. Yes — popcorn
is inspirational.

Being such an important part of my daily life, I have concocted and perfected a method to cook popcorn
kernels on the stove. Being quite the popcorn connoisseur, I have always insisted that fresh, homemade
popcorn beats any pre-packaged, or microwave popcorn. This changed after last summer when I entered
6" year. I was thrilled that the microwaves that for so long had been kept from us at school became at
our disposal. A few weeks in, the packaged popcorn in the vending machines simply wasn’t cutting it
for me —I wanted, fresh, hot, popcorn, even if it wasn’t of ideal stovetop quality.

[ tried to take full advantage of the new opportunity to cook my favourite healthy snack in the
microwave, but very quickly, a problem arose. The transition from stove to microwave was not without
tribulation, as it seemed that no matter for what length of time I microwaved it for, the popcorn would
always either be undercooked (largely unpopped) or overcooked (mostly burnt). Since popcorn is my
snack of choice when doing maths, I thought it would be appropriate to strengthen the relationship
between my favourite healthy snack and my favourite school subject by using maths to solve this
enigma.

And since cooking food in the microwave only has one variable, time, I simply needed only find a
mathematical model that I could use to work out for exactly how long I should microwave my popcorn. : A good introduction
A consideration in this exploration is that my peers and classmates don’t seem to share my enthusiasm, ;’;’\Z?C:anr;;ggnaglso
despite my willingness to share, for popcorn, and do not appreciate the lengthy time that it takes to lengagement to follow.
cook. I don’t want to eat a bowl full of unpopped kernels, but at the same time, I don’t want to keep my
fellow microwave regulars waiting in line. I could use maths to make the perfect maize treat in the least
amount of time.

In other words, reflecting the engineer that I am ambitious to become, I would use a theoretical model
in context and with real-life considerations to conclude the optimal duration for which to microwave
popcorn.

AIM AND APPROACH

As established in the introduction, the aim of this exploration will be to determine the length of time to
keep popcorn in the microwave by tailoring and interpreting a mathematical model. This model will
relate the percentage of popcorn popped to time under the typical conditions under which I make
popcorn — the exact bowl, number of kernels, brand of popcorn, and microwave.

Because I wanted the model to correspond to the conditions under which I make popcorn, I of course
needed to collect first hand data through experiment. There is no secondary data available, and certainly

no data from an experiment using the exact same specific conditions. \ D: Preliminary reflection
to justify the collection

I decided to approach the problem by seeing if relationship between the total amount of popcorn that|of data.
had popped and the time elapsed described as an equation. I realised that I would first need to create a
plot for the percentage of popped kernels vs. time.
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My first instinct was to record the exact time of each pop, and then plot the total number of pops at each
of these instances in time. I soon realised however that the number of popped kernels is discrete but
time is continuous so the time would need to be accurate to the number of decimal places the time
measuring device I used, and that the data extraction would be highly laborious.

Instead, I decided to take the approach of dividing the duration for which the popcorn was in the
microwave into discrete intervals and counting the number of pops in each interval. I could then plot a
cumulative distribution graph and the ogive would represent the percentage of popped popcorn vs. time.

Intuition suggested that the number of popped kernels would increase over time and that the number of
popped kernels could not exceed the number of kernels that were placed into the microwave, i.e. the
proportion of popped kernels could not go over 100%. From personal experience and observation, it/\\_
seemed that this pops occurred very quickly at first, then slowed down until very few pops are heard. I

also noticed that kernels only begin to pop a short time after the microwave is turned on. These indicated

an increasing curve with a horizontal asymptote, decreasing slope, and horizontal offset — this sounded

to me like an exponential relationship. If this were the case I expected the base to be e as this is often

the case in a relationship seen in the real world.

D: Good reflection even
before starting the data
collection.

The expected observed relationship was p = a + be®, where p is the percentage of the kernels popped, e
is Euler’s number, t is time elapsed, and a,b, and ¢ are constants (transformation factors) that either
dilate or translate the graph.

To test my hypothesis, I conducted the experiment. I chose to use 100 kernels exactly in the experiment
because this number reflected my typical serving amount. It would also mean that the percentage of
popped kernels would be equal to the actual number #f popped kernels, and that the percentages would
only be whole numbers. f

DATA COLLECTION AND RESULTS

Exactly 100 kernels were placed into the bowl that I use to make popcorn and the accompanying lid
was placed on top. The popcorn was microwaved and measurements were taken for 5 minutes (300
seconds) starting from when the microwave was turned on. This reflected just over the amount of time
after which the popcorn would start to burn, and the people queuing to use the microwaves would begin
to become exceedingly disgruntled. A sound recorder was used to record the pops.

The recording was then analysed manually and the total number of pops in each 10 second interval,
starting at 0 seconds, was counted. This sized class width was chosen as it was deemed sensible: it
divided the total amount of time (300 seconds) evenly into 30 groups so that each interval could be of
the same width, was large enough to count manually, and was small enough to give a good
representation of the data with minimal loss of fidelity, allowing for easy interpretation.

|E: Understanding
shown.

Each class, except for the first one, excluded the lower class-boundary but included the upper class-
boundary for time, e.g. the second boundary was 10s < time < 20s, or (10, 20]. If a pop occurred exactly
on a boundary, it would be counted towards the class where the pop occurs on the upper boundary.

The data obtained is summarised on the following which shows the time interval, frequency of pops,
and cumulative frequency of pops (calculated by adding the frequency of the class interval to the
cumulative frequency for the previous class interval). Since the number of kernels is 100, the frequency
is also equal to the relative frequency (percentage), and the cumulative frequency is equal to the relative

cumulative frequency (percentage).
\A: The setup is very
carefully and clearly

lexplained
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Time (s) Number (or Cumulative Time (s) Number (or Cumulative
percentage) of number (or percentage) of number (or
pops percentage) of pops percentage) of

; pops pops
0-10 0 0 150-160 S5 42
| 1020 1 1 160-170 6 | 48 |

20-30 0 1 ~ 170-180 5 53
30-40 1 |2 180-190 | 6 | 59
40-50 1 3 | 190-200 5 | 64
50-60 1 4 200-210 6 | 70
60-70 2 6 | 210-220 4 74
70-80 3 1 9 220-230 4 78
80-90 3 |12 230-240 2 80
90-100 3 | 15 | 240-250 1 81
100-110 4 19 250-260 1 | 82
| 110-120 4 23 | 260-270 0 82
120-130 4 27 270-280 1 83
| 130-140 5 | 32 280-290 0 | 83

140-150 5 37 290-300 0 83

Table 1 (Relative) cumulative frequency distribution table of the times at which the kernels popped

From these data, I could then plot a histogram:

Histogram of number of pops in each time interval

N

B: Good representation
of data.

QoW

Number of pops within time
interval

Time intervals (s)

Fig. 1 Histogram of the amount of time taken for each of the 83 kernels to pop

A cumulative frequency graph could also be plotted on a scatter-graph. By convention, the cumulative
frequency for an interval is represented by the point at the upper boundary of that interval.

Cumulative frequency plot of total pops at each upper class boundary
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Fig. 2 Cumulative frequency plot of the number pops (blue) with a horizontal asymptote of y = 83 (orange)
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A horizontal asymptote of 83 kernels (83%) is also shown for clarity. The significance of this was that
the microwave was kept on for a minute after data collection (to check the asymptote, but there were
no new pops after that time. This is strictly not an asymptote however, as the graph not only approaches,
but can reach 83(%). It is often the case that no matter for how long some of the kernels are heated, they
will not pop. In this case, such kernels account for 17% of the total number kernels. In an ideal case
where every kernel can pop, the asymptote would be 100(%).

MODELLING AND MATHEMATICAL MANIPULATION OF RESULTS

Exponential model
From the hypothetical exponential relationship: p =a + be®, we can define a function of time, E, where

E(t) = a + be® and equals to both the number and percentage of kernels popped. When graphed, t, the
independent variable goes on the x-axis, and the dependent variable E(t) goes on the y-axis.

From observing the plotted graph, a few assumptions can be made, presuming that the ogive/line of best
fit of the relationship between time elapsed and number/percentage of kernels popped follows the
hypothesised exponential relationship.

1. The exponent, ct, is negative: as previously asserted, the number of popped kernels cannot exceed
the number of kernels placed in the bowl: 100. The presence of an asymptote indicates that the y value
must approach a certain number as x — 0. This can only occur if the power of the exponent is negative,
i.e. ct <0. This effectively reflects the graph of e* in the y-axis.

2. The vertical stretch factor, b, is negative: this can be inferred from the fact that y approaches a
number as x increases. This means that b < 0. This effectively reflects, in the x-axis, the graph achieved
from the first assumption.

3. The horizontal asymptote is 83: without a vertical translation factor, the curve would approach 0
as x — o. This would indicate that the vertical shift factor would be 83 to ascertain a horizontal
asymptote of E(t) = 83. This is not strictly an asymptote, however, as the plot does reach this value for
E(t), but for the purposes of modelling, this can be condoned.

4. When t = 0, the number of pops also equals 0: The Y-intercept and X-intercept are both (0,0); the
graph goes through the origin.

Assumption 4 states that when y = 0, x = 0. From assumptions 1-3, it can be conjectured that function
P will be such that E(t) = be®+ 83 to model a relationship with such attributes, where b is the vertical
stretch factor prior to the translation, and c is the horizontal stretch factor.

To find the constants b and h, figures from the data can be substituted into the equation. The fourth-to-
last data point, (270,82), was used along with the origin. The last 3 data points cannot be used because
the number of pops equals the value of the asymptote; no solutions can be found by using these points
as substitutions.

0= be'+ 83 (0,0) | 82 =be" + 83 (270,82)
b=-83 be?™e =]
-83e%7% = substituting b into be””" = -1
2210 = 1
8
2700y — 1
In (&™) =In (5
270c (Ine)=In1—1n 83 log rules
270c=0-In 83
__ing
270

AN
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Ina3
Substituting the values for b and h into the function E results in E(t) = -83e 270 ' + 83. When graphed,

the function produces the following curve:
90 [
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Fig. 3 Exponential model (orange) compared to cumulative frequency plot (blue)

a
300

| Total (or percentage) popcorn kernels popped‘l

Without doing any mathematical analysis on the curve produced from the model, it can be seen by eye
that the curve deviates significantly from the data points — particularly the centre-portion where the
curve shows values much higher than the data points.

Though I only mainly needed to look at the right-hand-side portion of the graph to determine the amount
of time to keep the popcorn in the microwave, [ decided that the model was not sufficient to model the
relationship. I want to use the model for any time shorter than ~220, the data will deviate significantly
(more than 10%) from the actual data.

After looking at the plot and failed attempted for some time, I noticed that the ogive of the scatterplot
resembled a cubic curve, so I tried to find an equation of such a model to fit the data...
/N

\
\/

Fig. 4 General cubic function

Cubic Model

For a cubic model, I suspected that the leading coefficient was a negative
number, and that the shape of the plotted popcorn data approximately
corresponded to the portion of the function shown in the blue rectangle
(right). From this, a few characteristics could be derived for a function C.

1. When t =0, y = 0. The curve passes through origin

D: Reflects and
comments that there is
no need for
mathematical analysis
to realize that the model
is not good.

N

E: Although this does

with negative leading coefficient/not sound right, it is

2. There is a double root and local minimum at the origin (0,0): image from Wikipedia

condoned because
andidate goes on to

A cubic equation must have 3 complex roots, and since complex roots come in conjugate pairs, the
function in question must either have 3 real roots or 1 real and 2 imaginary roots. In this case, the right
portion of the graph will tend to negative infinity as the x value, t, increases and tends to infinity. Since
the maximum turning point occurs where the y value is greater than 0, the right portion of the graph
will cross the x axis.

It would also seem that the origin, (0,0), is the minimum turning point of the function, as the plot seems
to have a derivative/slope of approximately 0 at this point. If this is the case, it would mean that (x + 0)
is a root, and has a multiplicity of two as it is the repeated rotynis means that (x + 0)(x +0), i.e. X* is
a factor

3: The local maximum is (300, 83):

C’(t) = 0 at the local maximum, (300, 83), and at the local minimum, (0,0) - the turning points have
derivatives (slopes) of 0.

explain how a cubic
must have at least one
real root.
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C’(0)=0and C’(300) =0, so (t—0) and (t— 300) are factors of C’(t).
C’(t) = q(t)(t — 300) where q is a constant factor of C’(t), resulting in C’(t) = qt* — q300t

2. Then substituting in the values for (0.0)
C(0) =G (0)* ~ 150(0)* +¢) =0
c=0

1. Integrating this expression:
qf t? — 300t dt

q(-;-tz — 1508 + ¢)
C(H) = qG 3 - 150+ ¢)

3. Substituting ¢ = 0 into the function
C(t) = qG x* - 150x%)

4. Then substituting the values for (300, 83)
C(300) =q(§ (300)3 - 150(300)%) = 83
q(9000000 - 13500000) = 83
q(-4500000) = 83

83

83 1 s
e - 2
20000 G X~ 150x")
Plotting this in Matlab gives the following result in relation to the original data:
— 90

Resulting in the final function: C(t) = —
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Fig. 5 Cubic model (orange) lative frequency plot (blue)

P

This model seemed to be much closer to the data points, especially for the first few and last few data
points, despite some discrepancy in the left portion of the graph where the model is consistently higher
than the data, and in the right portion where the model is lower.

There was a problem with this model however. There is a max turning point instead of an asymptote at
(300, 83) which means that the modelled curve starts to decrease after 300 seconds. This would mean
that when extrapolating to account for a longer time more time, the model would be incorrect.

Furthermore, though prevalent in digital applications, cubic relationships are quite rare in nature.
Considering this, [ noticed that the data points seemed to resemble a curve that is commonly observed
in nature: a sine function.

Sine Model
The model would be in the form: S(t) = a sin (b(t + ¢)) +d

The plot has a range of 83 (83-0), so it has an amplitude of 41.5 (83/2), which becomes the vertical
stretch factor: a=41.5

After being vertically stretched, the graph must be translated up by the value of the amplitude, 41.5, so
that the minima of the sine graph occur aty =0: d =41.5

v4

D

B: Good representation
of data.

D: Reflection.

E: But a sine function
also has a turning point
so isn't it futile to try
out?

AN
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The period of the function dictates the horizontal stretch factor. The period of the function is equal to
271:. Half of the period is 300, so the period is 600.

=2 =T
600 = - -2 =00

The horizontal phase shift (translation factor) is 1/4 of the period, and to the right, so ¢ = 150.

This gives the function S(t) = 41.5 sin (5= (t - 150)) +41.5

When graphed, it gives the following curve in relation to the data:

-]
[=]

T T T T T

80 -t -
70 - 4 .
60 [ . -

50 |-

10 -4

LTotal (or percentage) popcorn kernels popped l

A R 5 . . . L . " D: Meaningful
o 50 100 150 200 250 300 350 400 .
Time in Microwave (s) reflectlon.
Tig. 6 Sine model (orange) compared to cumulative frequency plot (blue)
More likely to be the actual underlying relationship, but was further from the data then the cubic model,
and had the same problem that the curve decreased after t =300 and so the model cannot be extrapolated.
It was then that it hit me. Could it be that the number of kernels that popped in each time interval
followed a normal distribution?
Cumulative Normal Distribution Model
Recalling the chapter on probability distributions, I noticed that the plot very closely resembled the
ogive of a cumulative distribution function for a normal distribution. Despite some skew on the graph,
I felt that this was likely the actual relationship because of the nature of popping popcorn and because
the data fit many of the characteristics a normal distribution — for example, the true x-variable, time, is
continuous just as it is in the normal distribution. The histogram plotted also resembles a bell curve that 5 oal
" , . P o e : Some critical
is approximately symmetrical about a mean value, indicating a normal distribution. \reflection here to justify
The expression for a normal cdf (cumulative distribution e ’ = - the model.
function) was not on our course, but it was known that it could
be found by integrating the normal equation (the cdf of a value - —f—l L
is equal to the area under the pdf (probability density function) =T [ [/ )
between zero and that value). After some research, [ came across .|| —} /|| |} |
the error function which describes a related expression: T
2 rz 2 - :
erf(2) = —= [Te " dt I T .
v fo Fig. 7 Graph of the error function, erf (x),
. - . . x i from Wikipedi

The error function has a sigmoid (s) shape, just as in the cdf of g Nom Jriapedia C: The student has

the normal distribution, and approximately resembled the shape of the data plot. /_ carried out research to
obtain a better model.

Its relationship to the standardised cdf of a normal distribution is F(z) = a [1 + erf (:/E'E) ] where F(z)

is the curve of the cdf, a is the vertical scale factor, and z = If:", the standardized normal variable,
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where X is a specific x value, p is the mean, and o is the standard deviation in a normal distribution (X
~N(, 6%).

With this knowledge, it meant that I could simply find the mean, p, and standard deviation, o, of the
data and find z in terms of x and set it as the input for the error function to hopefully produce a curve
to model the plot. p would be the horizontal translation factor, and ¢ would be the horizontal stretch

E/B: Excellent use of
spreadsheet that
enhances the
exploration.

factor.
Time Midpoint m = Frequency flm) m;xf(m)) (my—p)? (mi— p)? x fim))
0-10 5 0 0 22212 0
10-20 15 1 15 19331 19331 |
20-30 25 0 0 16650 0
30-40 35 1 35 14170 14170 |
40-50 45 1 45 11889 11889
50-60 55 1 55 9808 9808
60-70 65 2 130 7927 15855
70-80 75 31 225 6247 18740
80-90 85 3 255 4766 14298
90-100 95 3 285 | 3485 10456
100-110 105 4 420 2405 9618
| 110-120 115 4 460 1524 6095
120130 125 4 500 | 843 3372
130-140 135 5 675 | 362 1812
140-150 145 5 725 82 408
| 150-160 155 5| 775 1 5|
160-170 165 6 990 120 721
170-180 175 5 875 439 2197
180-190 185 6 1110 959 5753
190-200 - 195 5 | 975 1678 8390
200-210 205 6 1230 2597 15584
| 210-220 215 4 860 | 3717 14866 |
220-230 225 4 900 5036 20143
230-240 235 | 2 470 | 6555 13110 |
240-250 245 1 245 8274 8274
250-260 255 1 255 | 10194 | 10194 |
260-270 265 0 0 12313 0
270-280 275 1 275 14632 14632 |
| 280-290 285 0 0 17152 0
290-300 295 | 0 0| 19871 0
Totals Efim)=83 Emf(mi)=12785 I (mi—p)? - f(mi) = 249722.9
Mean (}1) =5-=154  Variance(0?) T =3083
Table 2 Calculation of mean and standard deviation Sndas /3083 =55.5

Deviation (G)
Accuracy of calculations kept to a large multiple decimal places, calculated values shown to 1 (for final
calculated values) or 0 (for non-final calculated values) decimal places.

Substituting in the resulting values for p and o into z= % yields z= 1;51:4
’ : ; - _ x — 154
Which when substituted into F gives F(z) = a [1 + erf (—55_5 ﬁ) ]

Since the original graph of erf(z) has a range 2 and the plot has a range of 83, the vertical scale factor,
a, will be equal to 22, yielding the result of F(t) = Z[1 + erf (:=232) |.

ceefs

AN
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This gives the graph:
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Fig. 8 Cumulative normal model (orange) compared to cumulative frequency plot (blue)

This graph seemed to fulfil all the expectations and requirements for a model for the amount of popcorn
popped over a certain amount of time and could be used as a model for the relationship. In addition to
having the correct asymptote at y = 83, the curve is very close to the data points, with only some small
discrepancy in the right portion where the data is first lower, then higher than the curve. A possible
explanation for this slight skew is that the kernels are still heating up to popping temperature prior to
approximately 120 seconds. Nevertheless, the normal cdf curve seems like a good model for the ogive.

ANALYSIS AND CONCLUSION

To compare the goodness of fit of each of the models, the regression analysis method of looking at
residuals was chosen. This would allow how far each value predicted by the model is from the observed
value for each time to be seen. The residual, r is defined as: (observed value — predicted value). To find
overall how far the data is from the model, the residuals cannot simply be added because they have
different signs. To mitigate against this, the r value was first squared and the values for r> were added
to find a value which we will call R. The calculations are summarised on the tables below. Figures are
shown correct to 2 decimal places.

| Data 1. Exponential model 2. Cubic model 3. Sine model 4. Cumulative Normal \_
model

Value r r? Value r r2 Value 3 [ Value r r2
0 0.00 0.00 0.00 0.00 0.00 @ 0.00 0.00 0.00 @ 0.00 0.23 -0.23  0.05
1 12.53 | -11.53 | 132.95 0.27 | 073 | 0.53 023 077 0.60 039 061 037
1 23.17 | -22.17 | 491.48 1.06 -0.06 0.00 0.91 0.09 | 0.01 0.65 035 012
2 32.20  -30.20 912.16 232 -0.32 | 0.10 2.03  -0.03  0.00 1.06 094 0.89
3 39.87  -36.87  1359.46 | 4.03 -1.03 1.07 359 | -0.59 @ 0.35 166 ' 134 1.80
4 46.38 -4238 1796.24 | 6.15 @ -2.15 4.61 556 @ -1.56 2.43 2.53 | 1.47 | 216
6 5191 -4591 2107.76 8.63 -2.63 6.93 7.93 -1.93 | 3.71 3.75 225 5.07
9 56.60 -47.60 2266.13 11.45 | -2.45 | 599 10.66 -1.66 2.75 5.40 3.60 1295
|12 60.59 @ -48.59 @ 2360.89 14.56 | -2.56 | 6.55 13.73  -1.73 ' 3.00 7.57 443 19.62
15 63.97 -4897 2398.29 17.93 | -2,93 | 8.57 17.11  -2.11 4.44 10.33 4.67 21.84
19 66.84  -47.84 2289.14 | 2152 -2.52 6.34 20.75 -1.75  3.06 13.72 | 5.28 27.89
23 69.28 -46.28  2142.20 25.29 | -2.29  5.26 24,62  -1.62 2.63 17.76 | 524 27.48
27 71.35 -4435 1967.33 29.22 | -2.22 | 491 28.68 | -1.68 2.81 2242 458 2102
32 73.11  -41.11 | 1690.25 | 33.25  -1.25 | 1.56 32.87 -0.87 0.76 27.62 438 19.23
37 7461 -3761 141417 37.36 -0.36 0.13 37.16 | -0.16 0.03 33.24 376 1417
42 75.87 -33.87 1147.36 41.50 050 0.25 41.50 | 0.50 0.25 39.12 288 832
a8 76.95 -2895 @ 838.03 4564 236 5.55 4584 216 @ 4.67 4507 293 857
53 77.86  -2486 618.13 49.75 325 10.56 50.13 | 2.87 | 8.25 50.92  2.08 @ 4.35
59 78.64 -19.64 385.65 53.78 522 2721 |[5432 468 2186 |56.46 254 6.44

A: Well explained.
E: Good understanding
shown.

N
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64 79.30 -15.30 @ 233.98 5771 629 3961 |5838 562 3159 |61.56 244 | 594
70 79.86 -986 | 97.13 6148 852 7257 |6225 7.75 6006 |66.10 3.90 | 1520
74 8033 -633  40.07 65.07 893 79.71 |65.89 811 6572 |7001 3.99 | 1591
178 80.73 | -273 | 7.47 6844 956 91.37 |69.27 | 873 7623 |7327 473 | 2234
80 81.08 -1.08 116 7155 845 7137 |7234 | 7.66 5867 |7591 4.09  16.74
81 8137 -037 | 013 7437 | 663 4398 |75.07 593 3512 | 7797 | 3.03 | 919
82 8161 0.39 0.15 76.85 | 515 26.50 | 77.44 456 2079 | 7953 247 | 611
82 81.82 | 0.18 0.03 7897 | 3.03 | 9.20 79.41 | 259  6.70 80.67 133 | 177 |
83 82.00 1.00 1.00 80.68 | 2.32 540 80.97 2.03 | 413 8148 152 231
83 82.15 0.85 0.72 8194 | 1.06 112 82.09 | 091 | 0.82 82.04 096 | 0.93
83 82.28 | 0.72 0.52 8273 027 0.07 82.77 0.23 0.05 82.41 059 | 035
26699.99 537.03 421.48 299.12

Table 3 Calculation of R for each model

The R values decrease from the exponential model to the cumulative normal model, suggesting that
each model was an improvement over the last in terms of goodness of fit. The cumulative normal model
has a R value of 299.12, a relatively low value, suggesting that this is comparatively the best model.

To investigate further whether the data followed a normal distribution, the normal curve could be found
and then compared to the histogram of the observed data. The equation of the normal-shaped curve
could be found by using the data to assume points on the curve to form multiple simultaneous equations
from the general formula for a normal curve and then solve for the constants of the formula, but another
method of simply substituting figures into the formula for a normal distribution curve found on the HL
o\ 2
Data Booklet was deemed to be more efficient; —— e_:(T#)
ovzm

X ~N(154, 3083) 3 (—t—e 352 g, where q ;

. (55_ = z )q, where q is the vertical stretch factor.
To approximate q, the approximate value of the pdf function was found by finding the value of the
function for each value of t. The maximum was found to be (150, 0.004045). In the histogram in Fig.

1, the highest number of pops in an interval seems to be 6. 6 + 0.004045 = q = 1483.33, giving the
1 _1(:—154)2
expression ( e 2\ sss )1483.33.

55.5v2n

Histogram of number of pops in each time interval and derived normal-shaped curve
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Fig. 9 Histogram of data compared to normal curve of model

By eye, it seems that despite some negative skew, the calculated curve models the histogram quite well
which also supports the conjecture that the data does follow a normal distribution. For a more reliable
indication however, a quantitative test would have to be used. After some research, various normality
tests were found. These are used to determine whether a data set is well modelled by a normal
distribution. It just so happened that one such test was to simply compare the histogram to the normal
curve. Another test however was to compare the data to the empirical (68-95-99.7) rule.

*  68% of the data should lie between one standard deviation either side of the mean:
Between p— o= 100 and p + ¢ = 210, there were 55 pops. 55 + 83 = 0.66 = 66%.
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*  95% should lie between two standard deviations either side of the mean:
Between p — 20 = 40 and p + 20 = 270, there were 80 pops. 80 = 83 = 0.96 = 96%.
*  99.7% should lie between three standard deviations either side of the mean:
Between 1 — 30 =-10 = 0 and p + 20 = 320 = 300, there were 83 pops. 83 + 83 = 1 = 100%.

The data very closely follows the empirical rule which is strong evidence that the popcorn followed a
normal distribution. Despite being a completely different model to what I expected (“P = a + be®”), the
model could still be used to fulfil the original aim of the investigation: to determine for how long I
should keep my popcorn in the microwave.

From Fig. 8 (page 9), the optimal time can be decided qualitatively from three main factors:

1. Where the rate of popping begins to decrease — this corresponds to the point of inflection on
the cdf (where the curve changes curvature from concave up to concave down)
- The point of inflection occurs at approximately t = 170s

2. The actual rate of popping - indicated by the slope of the tangent to a point on the graph
- The slope decreases to a particularly low value (approximately 0.2) at t = 240s

3. The percentage popped at each time - shown on the y-axis
- Approximately 80 out of the 100 (80%) of the kernels are popped by t = 240s

Taking these three aspects into account, it seems most reasonable that the lowest acceptable time is
approximately 240 seconds (4 minutes) — it is at this point where more than 4/5 of the kernels have
popped and the rate of popping begins to slow drastically. In other words, after this point, additional
time spent waiting on the popcorn will yield continually diminishing returns of popped kernels as well
as anger other queueing microwave-goers.

I am also satisfied that this investigation has fulfilled personal aim of seeing how maths can be used in
real-life. In this exploration, 1 have directly seen and participated in the use of integrals, continuous
normal probability distributions, statistics, logs, and Euler’s number. This, for me, has indeed helped to
demystify the elusive uses of maths in our daily lives.

EVALUATION AND EXTENSIONS

o The histogram cannot be compared directly to the vertically stretched normal curve. This is because
the class width is not infinitely small (i.e. continuous) due to the nature of the way the data was
collected. In a future experiment, my original proposed method of recording the exact time of each
pop could be used to produce a series of continuous data.

o The R-squared test cannot reveal any biases in the data. This could be mitigated against by
examining the residual plots for each model.

e Many of the comparisons are made on a qualitative basis (by visual inspection and comparison of
patterns and trends). If the investigation were to be extended, a variety of complex analysis methods
could be used.

¢ The law of large numbers states that the more data is collected, the closer the data will be to its true
expected value. This means that the experiment could be repeated with more kernels to allow more
resolution and precision in the data and lead to a more accurate model.

e Though not done in this investigation, the experiment could be repeated for different brands of
popcorn, different powered microwaves, different ambient temperatures etc. and constants (stretch
and shift factors) could be further derived to modify the expression for these different parameters
to make the model more versatile and applicable in a wider variety of conditions.

e The concept of a skewed normal distribution was encountered during the investigation, though it
was too advanced to include in this investigation. Over the course of my further study of maths,
perhaps I could revisit this and produce an even more accurate model considering the skewing of
data.

e Other ontimisation techniaues involving calculus could be used to determine the optimal time.

|

D: More reflection to
justify conclusion.

N
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