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About this Document

Tommy Miller, arecent graduate (2001) of the North Carolina School of Science and
Mathematics, found in the biological literature' that chimpanzees are able to learn the concept of
middle. Miller was unable to find any research involving how or whether any non-primate
species understands this concept. He designed a study to test whether a single mouse was able to
learn middle and then transfer that understanding to a new context. Because the appropriate
andysis of Miller's data involves time-series analysis which is beyond the scope of the AP
statistics curriculum and because his study involved only one mouse and therefore could lead to
no inference on alarger population (it was essentialy a preliminary study laying the groundwork
for possible more in-depth research), the experiment and its results are not given here. However,
Miller' s study inspired the problem that follows. The data given in the problem are not actua
data collected from mice; rather, they were smulated to reflect various observations made in
Miller's experiment and to illustrate a number of principlesthat are in the AP tatistics
curriculum.

What follows are
two scientific questions,
the description of a pair of linked studies designed to answer the questions,
(smulated) data from the studies,
a set of questions suggested by the studies,
a set of responses to those questions as a statistics student might answer them,
and a commentary for teachers explaining the analysis and also aerting them to and
correcting common errors that students make.

This document was prepared by members of the Statistics Leadership Institute at the North
Carolina School of Science and Mathematics during the summer of 2001. We are fortunate to
have the guidance this summer of four professiona statisticians: Jackie Dietz of North Carolina
State University, Roxy Peck of Cdifornia Polytechnic State University, Jessica Utts of the
University of Cdiforniaat Davis, and Linda Y oung of the University of Nebraska at Lincoln. We
believe that other teachers will appreciate that the materials here were prepared by experienced
high school teachers and critiqued by experienced statisticians. This document is in the public
domain and may be copied.

! Rohles, F. H. and J. V. Devine. 1966. Chimpanzee performance on a problem involving the concept of
middleness. Animal Behavior, 14, 159-162, and Rohles & Devine. 1967. Further studies of the
middleness concept with the chimpanzee. Animal Behavior, 15, 107-112.
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Can Mice Learn and Transfer the Concept of Middle?

A Statistical Exploration

Introduction

Greg Martinez is a student taking a course in animal behavior research. He has learned that
chimpanzees and human children have both been studied to see how they understand the concept
of middle, but he is unable to find any such research on non-primate animals. His course includes
an individual research project, so Greg decides to study whether mice can learn—and transfer—
the concept of middle. (To transfer knowledge isto apply it to a new context.) After much
thought and discussion with his biology instructor, he designs the following study.

After obtaining permission to use micein his study, he will acquire 18 mice from a biological
supply house. Then he will take his mice through severa phases of his study:

Phase One: “Introduction to Environment”. During this phase, Greg plans to take each
mouse out of its cage and gently release it into a small wading pool (about five feet in
diameter) filled 8 inches deep with water. After 30 seconds, the mouse will be lifted out
of the water and returned to its cage. Thiswill be repeated once each day for five days.

Phase Two: “Pre-training”. Each mouse will again be released into the wading pool, but
this time there will be 5 upright glassjars lined up in the pool and evenly spaced by 6
inches, with the middle jar in the exact middle of the pool. The jarsare only 7 inchestall,
so they do not reach above the surface of the water, but attached to each jar by a rubber
band is aflexible drinking straw that extends above the surface and so is visible to the
swimming mice (Previous research indicates that swimming mice will swim to objects
that they see projecting from the surface of the water.) Additionally, the center jar has a
glass dish placed on it just under the surface of the water. Greg intends for this dish to be
invisble to a mouse swimming in the water, but easy for it to stand on. The location at
which he rel eases the mouse into the pool will be determined independently for each
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Thistime, rather than taking the mouse out of the water after thirty seconds, Greg plans
to alow the mouse to continue swimming until it climbs onto the platform in the middle,

at which time he will remove it from the pool and pet it gently before returning it to its
cage (thisisthe mouse'sreward). He will record three observations about the mouse's
swin the first drinking straw that the mouse visits (A, B, C, D, or E), how many errors
(straws other than straw C, the one in the middle) the mouse makes before finally going
to straw C, and how long (measured in seconds) it takes the mouse to get to straw C.

Phase Three: “Training”. It isduring this phase that the mice will be “taught” the
concept of middle. During this phase, Greg will release each mouse into the pool five
consecutive times each day. The pool arrangement will be identical to the one in phase
two, and the release location will be randomized in the same way as before. Greg will
repeat this for each mouse for ten consecutive days, always removing the mouse after it
finds the center platform, but he will not record any data during this period. When he
removes the mouse, he will dry it and warm it in his hand, which previous research
suggestsis areward for mice.

Phase Four: “Post-training”. This phase will be essentially identical to phase two. Each
mouse will be released exactly once into the pool at a random location, and the same
three variables will be recorded once more: first straw visited, number of errors before
going to the middle straw, and time before getting to the middle straw.

Phase Five: “New Context”. This“phase’ isrealy not so much anew phase as an
atogether new study that happens to use the same mice as before. In this study, Greg
will again release the mice into random locations around the edge of the pool, only this
time there will be two differences. First, he will remove the outer jars and straws labeled
A and E, and second, he will record only the first straw visited.

After collecting all of these data, Greg Martinez hopes to determine whether mice can learn
and transfer the concept of middle.

Happily, Greg's study is approved by his college' s biology department and by his instructor,
and he begins hiswork. Everything goes as Greg planned’, and the data that Greg collects are
shown in the table on the following page.

% Thisexploration isinspired by areal experiment conducted by high school student Tommy Miller at the
North Carolina School of Science and Mathematicsin 2001, but asit is described here, it was never
actually conducted. However, great effort has been made to make the study and simulated datarealistic,
and continuing that effort, it must be pointed out that an experiment with 18 mice isamost certain not to
go exactly as planned. Some mice, unfortunately, will die before or during the experiment. Others may not
cooperate in some way (e.g., they may simply float motionlessin the water rather than swimming, or they
may endlessly circle the edge of the pool without ever going to any drinking straws.) These complications
may make correct statistical analysis extremely difficult, which iswhy they are not included in Greg
Martinez’ s study.
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Mouse D Pre-training Post-training New context
(5 stations ABCDE) (5 stations ABCDE) (3 stations BCD)
No. Name First visit No. errors Time (sec) | First visit No. errors Time (sec) First visit
1 Scipio B 7 21 A 4 18 C
2 Zdda E 4 18 D 5 25 B
3 Bigos B 5 24 D 8 19 C
4 Tiger A 3 12 C 0 10 C
5 Jackie B 3 12 C 0 14 C
6 Linda B 9 39 D 6 46 C
7 Big Hombre E 8 25 B 14 29 D
8 Beanie E 8 17 E 2 11 D
9 Madcolm A 8 20 C 0 16 D
10 Kipling B 3 24 B 5 20 D
11  Roxy A 5 24 E 1 27 B
12 LaaCroft B 5 19 E 5 22 C
13 Dan A 6 26 D 5 18 B
14  Fry E 12 39 D 4 46 B
15 Wiggles D 3 27 A 7 29 C
16 Monger E 17 44 D 18 57 D
17 Jessica E 11 28 B 3 25 C
18 Miller D 2 18 C 0 14 C

page 4 of 20



Questions

Greg Martinez' s overall research questions are: “Can mice learn the concept of middle?” and

“Can mice transfer the concept of middle to a new context? These “big questions’ should be kept
in mind as you consider the following series of questions.

1

10.

11.

13.

14.

Before the training, do the mice appear predisposed to swim directly to the center of the pool?
Why might this question be an important component of answering one of the “big
guestions’?

Before the training, how many errors do the mice typically make before finding the center
platform? Describe the distribution of this number of errors among the mice. (i.e., givean
appropriate plot and describe in words the shape, center, and spread of the data.)

Before the training, how long does it typically take the mice to get to the center? Describe
the distribution of this time among the mice.

Before the training, does it appear that the time that a mouse takes to get to the center and the
number of errors it makes are related to one another?

After the training, do the mice appear to have a tendency to swim directly to the center of the

pool?

After the training, how many errors do the mice typically make before finding the center
platform? Discuss the distribution of this number of errors among the mice.

After the training, how long does it typically take the mice to get to the center? Describe the
distribution of this time among the mice.

After the training, does it appear that the time that a mouse takes to get to the center and the
number of errors it makes are related to one another?

Make a scatterplot of “number of errors after training” versus “number of errors before
training”. What, if anything, does this graph communicate?

Make a scatterplot of “time after training” versus “time before training”. What, if anything,
does this graph communicate?

Does it appear that the number of errors after training is lower than the number made before
traning?

. Doesit appear that the time the mice take to find the center is shorter after training than

before training?

Y ou should till be thinking about the “big questions’, one of which is, “Can mice learn the
concept of middle?” After answering the previous questions, what do you think is the answer
to this “big question”? Justify your answer. Do you have any reservations?

In the third phase of the study, Greg imposed a dightly different treatment (3 straws instead
of 5) upon his mice to see how they responded. If the mice had not learned anything about
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15.

middle but were essentialy equivaent to “fresh”, untrained mice, how would you expect
them to behave? Justify your answer.

What evidenceisthere, if any, that the mice have transferred knowledge of middle to the new
context?

The remaining questions do not deal with the data, but with the design of Greg's study.

16.

17.

18.

19.

20.

What was the purpose of phase one (“Introduction to Environment”)? How might things
have happened differently, or how might you interpret the data differently, if phase one had
not been conducted?

What was the purpose of releasing the mice at randomized locations in the pool instead of
releasing them al from the same location?

Physical, time, and budget constraints may prevent Greg from using different physical
apparatus for different mice. What effect, if any, may using the same apparatus repeatedly
have on conclusions drawn from Greg's study? If these are negative effects, are there things
Greg can do to overcome or to lessen them?

Is Greg' s study an experiment? If so, what are the treatments and how are they assigned to
the experimental units? If not, explain why it is not an experiment and what the implications
of that are for the conclusions drawn from the study.

Suggest ways that the study may be improved, considering both physica apparatus and
design issues. Try to imagine what is reasonable for laboratory research. (e.g., using 1000
mice may be possible, but would be so costly that it would not be reasonable unless the
research questions being answered were extremely important.)

Summarize al of your observations about Greg's study and his data into a short report that

addresses the two research questions Greg set out to answer.
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Sampleresponses and commentary for teachers (in italics)

1. Beforethetraining, dothemiceappear predisposed to swim directly to the center of the
pool? Why might this question be an important component of answering one of the
“big questions” ?

The following bar graph displays the locations for the first swims of the 18 mice that
were involved in our study.

First Swim Tdly Rdative First Swrmn Locations
Freguencies
A 1 4/18
B I 6/18
C 0/18
D /] 2/18
E [/ &8 | R BeEE

Since these mice never swam directly to the center location on their initia swims, we
have no evidence that mice are predisposed to swim to the center. In fact, the data suggest the
opposite. These mice seemed to avoid the center.

When wefirst heard about Tommy’ s study, we did not realize that resear chers often used
Sswimming as an activity to measure the reactions of mice. In a brief Internet search, wefound
descriptions of projects that involved swimming tests for treated and control mice that
included the study of Alzheimer’ s vaccinein Scotland, schizophrenia treatmentsin China,
and the use of performance enhancing drugsin the United States. Snce mice are not natural
swimmers and have a tendency to remain close to the walls, the platformisarefugefromthis
stressful activity. The ability of mice to improve their short-term memory, grow new nerve
cells, and improve endurance can be measured during swimming activities.

Why might it be important to know if mice are predisposed to swim to the center?

If mice were predisposed to go to the center then Greg' s observation about post-training
behavior would be hard to interpret. When mice went to the center, he wouldn’t know if it
was because of training or because of a predisposition. The absence of such a predisposition
makes the rest of the experimental design useful for detecting learning.

Some students may want to analyze these data using a Proportion Test. If thereisno
preference for the middle the proportion of visits to the middle should be about 1/5 on
average. However, the conditions for approximating the normal distribution have not been
met. (18 * 1/5 = 3.6 which violates np >10 and n(1-p) > 10.) Using a Chi-squared Test would
aso be inappropriate since expected cdll counts would be less than 5. In addition, Chi-
sguared would not address the hypothesis of mice swimming to the center, but the hypothesis
that the mice were equaly likely to swim to each of the five locations.

2. Beforethetraining, how many errors do the mice typically make before finding the
center platform? Describe the distribution of this number of errorsamong the mice.
(i.e., givean appropriate plot and describein wordsthe shape, center, and spread of the
data.)
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The following plots display the number of errors of the 18 mice during their first swim to

the platform.
0 233334 = — o
0 555678889 T
1 12 .
1 7
1/7 means 17 errors
_I_I_I :
ot 21
Summary Statistics
mean sd min Q1 Median Q3 max
6.61 3.88 2 3 55 8 17

The plots show us that the distribution for pre-training error data is skewed right with an
outlier at 17 errors. On average, mice make about six errors before they reach the center. Half
the mice made between three and eight errors.

Since we have only 18 observationsthisis probably not enough to tell the shape of the
population distribution. Since we are counting the number of errors, which are bounded on
the | eft because we cannot have fewer than zero errorsand infinite on the right, we would
expect a right-skewed distribution. Since our distribution is skewed, reporting the
interquartile range, rather than the standard deviation, is preferred

3. Beforethetraining, how long doesit typically take the mice to get to the center?
Describe the distribution of thistime among the mice.

Here are plots for the pre-training times for the 18 mice in our study.

22
7889
01444
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4
2/5 means 25 seconds
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Pre-training Times

Summary Statistics
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24.28

8.87

12

18

24 27

4

The digtribution for pre-training timesis roughly symmetric with agap in the low 30
seconds and an outlier for #16 Monster Mouse at 44 seconds. (Monster was also the mouse
that made 17 errors.) On average, the mice took about 24 seconds to reach the center. Half the
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mice took between 18 and 27 seconds to reach the platform on their first swim. All but three
of the mice were successful in less than 30 seconds.

Outliers that are of particular interest may be mistakes in measurement, elements from a
different population, or just part of the natural variability of data. Perhaps we recorded
Monster’s errors and times incorrectly, or Monster may be a different kind of mouse, or
Monster may be more careless and slower than other mice in our study.

Beforethetraining, doesit appear that thetimethat amousetakesto get to the center
and the number of errorsit makes arerelated to one another ?

The scatter plot of times versus errors for each mouse is shown below.

T Linkeg
Pre-tra:rzrlg Tirmes t o ] |=|=a:={+|._-.
a=1.3614a5299
[ B@ o ® b=-2.27v2o074133
"o oo re=, BePEA9] 225
[ © =. 3322005373
0 Pre-training Errors 20 .

From our scatter plot and correlation coefficient calculation, it appears that thereisa
strong positive relationship between the number of errors and the time it took to reach the
center platform.

. After thetraining, do the mice appear to haveatendency to swim directly to the center
of the pool?

The following is a frequency table and a histogram of the first visits of the mice after
training

Location

Tdly

Relative

Frequencies

1

2/18

I

3/18

i

4718

i

6/18

m| O O m| >

1

3/18

A R C D E

Post-training Locations

After training it appears that the behavior of the mice changed. These mice swam to the
middle more than they did in the pre-training sessions.

Some students may want to analyze these data using a Proportion Test but the conditions
for approximating the normal distribution have not been met. (18 * 1/5 = 3.6 which violates
np >10 and n(1-p) > 10.) Using a Chi-squared Test would al so be inappropriate since the
expected cell countswould be lessthan 5. In addition, Chi-squared would not address the

page 9 of 20



hypothesis of mice swimming to the center, but the hypothesis that the mice were equally
likely to swim to each of the five locations.

6. After thetraining, how many errorsdo the mice typically make before finding the
center platform? Discuss the distribution of this number of errorsamong the mice.

The stemplot, histogram and summary statistics of the after training error data are as
follows.

0 000012344 Summary Statistics

0 5555678

14 mean | sd min | Q1 | Median | Q2 | max

18 4833 | 4.82 0 1 45 6 18
— f—t o o

o

0 20

Post-training Errors

The digtribution of post training error data appears dightly right-skewed due to the two
outliers. The mean is 4.83 and the median 4.5 which are both less than the pre-training
values. Theinterquartile rangeis 5 with outliersa 14 and 18. All but two of the mice made
8 or fewer errors.

Since we have only 18 observationsthisis probably not enough to tell the shape of the
population distribution. Sincewe are counting the number of errors, which are bounded on
the left and infinite on the right, we would expect a right-skewed distribution.

7. After thetraining, how long does it typically take the miceto get to the center?
Describe the distribution of thistime among the mice.

The following boxplot, histogram and summary statistics describe the post training time
data.

Summary Statistics

mean | sd min | Q1 | Median | Q2 | max

2477 | 12.95 10 16 | 21 29 57

- 10 El1

Post-training Times
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The distribution of post training time data is aso skewed right with “Monster” mouse
floundering for 57 seconds before reaching the platform. The mean time was 24.77 seconds
and median lower at 21 seconds. The IQR was 13 seconds. All but three of the micetook less
than 30 seconds to reach the center.

Since we have only 18 observationsthisis probably not enough to tell the shape of the

population distribution. Since we are counting the number of errors, which are bounded on
the left and infinite on the right, we would expect a right-skewed distribution.

8. After thetraining, doesit appear that thetimethat a mouse takesto get to the center
and the number of errorsit makes arerelated to one another ?

The scatter plot of times versus errors and regression calculations are shown below.
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There appears to be a positive relationship between number of errors and time after
training.

Therelationship is highly dependent on one mouse, Monster , who may be influential.

9. Makea scatterplot of “number of errorsafter training” versus “number of errors
beforetraining”. What, if anything, does this graph communicate?

o
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o
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o
oooo .o
o
- . . .
—- -
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There is aweak positive relationship between errors before and after training. Mice who
made many errors before also made many errors after.

Of particular interest is the upper right point. This mouse made a lot of errors both
before and after training, which influencesthe correlation between theerrors. Without this
point the correlation would still be positive, but it would be weaker. When we add theline
y=X (whichisnot theregression line) to the graph, the pointsthat lie below the line will show
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10.

11.

adecreasein the number of errors. Thereare 11 mice belowthe linerepresenting the mice
that had fewer errors after training.

Make a scatterplot of “time after training” versus “time beforetraining”. What, if
anything, does this graph communicate?

Posp-traming Times

L]
L}

0 Pre-training Times 50

Our scatter plot indicates a strong positive relationship between the Pre-training and Post-
training Times. Mice who took along time to reach the center on their initia swims a so took
along time to on their Pogt-training swims.

Of particular interest are the two upper right points. These mice took a very long time
both before and after training, which influencesthe correlation between points. Without these
points, the correlation would still be positive, but it would be weaker. When we add theliney
= X, we see that only half of the mice improved their times. After training, the two slowest
mice spent more time floundering in the pool than they did before training.

Doesit appear that the number of errorsafter training islower than the number made
before training?

A histogram, stemplot and summary statistics for the distribution of errors (After-Before)
data follows

Summary Statistics

-0 | 6888
8 51234 mean| sd mn | Q1| Median | Q3 | max
-1.78 | 417 -8 | 4 -25 1 6
0|6
0/6 means 6 more errors
I
12 Differences of Errors 12
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12.

The digtribution of the differences of the errors is nearly symmetric and there are no
outliers. Since the t-test is robust, we will proceed with a hypothesis test.

We will define my, =the mean of the differencesin post — pre errors (After — Before)

Ho: m,, =0 (On average micewould notimprove) |1~ &=L

_ _ t=-1.210275551
Ha myy <0 (On average mice would improve) F=. 0439823351
®x="l.77frrrero
SKTE. 16473384
Fi—=

Since p=.044 we can rgject the null hypothesis at a .05 level. There is evidence that the
number of errors has decreased. On average the mice would get to the platform with fewer
errors.

When using a paired design it iseasier to detect a differencein the means because we
have reduced variability in the estimated mean difference. A student who failsto understand
that thisisa paired design may try an independent two-samplet-test. Theresult of doing this
would givet = 1.22 with a p-value of .12 which would not detect a difference. Pairingis
doneinorder toreducevariability. Inthiscase, the design of the study dictatesthat the data
should be studied as paired differences. However, one can also see here why pairing $oud
be done. Much of the variability in the number of errors after training is due to the
variability among mice, explainable by the number of errors made beforetraining. If you
don’t take paired differences, then any differ ence between the mean numbersof errorsbefore
and after training is*“ drowned out” by the variability among mice.

Doesit appear that thetime the micetaketo find the center is shorter after training
than before training?

A histogram, stemplot and summary statistics for the distribution of errors data (After —
Before) follows.

-0 | 568 Summary Statistics

-0 | 233444

0| 2234 mean | sd mn | Q1 | Median | Q3 | max
o 777 5 5.68 -8 -4 10 4 |13
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1/3 means 13 seconds
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The digtribution for the differences for the times has no outliers. We will proceed with a
hypothesis test.

H,: The average differencein timesis be zero (mice would not reach the platform faster).
My =0
H.. The average difference in timesis greater than zero ( mice would reach the platform
faster).

My <0

Since p=.643 we cannot reject the null hypothesis at any reasonable level. Thereis not
enough evidence to conclude that times would decrease. On average mice are not getting to
the platform any faster.

A student who fails to understand that thisis a paired design may try an independent
two-sample t-test. The result of doing this would give t= .135 with a p-value of .553.

13. You should still bethinking about the*“ big questions’, oneof which is, “ Can micelearn
the concept of middle?” After answering the previous questions, what do you think is
theanswer tothis“bigquestion”? Justify your answer. Doyou haveany reservations?

The andysis done in question 11 shows that the number of mice errors decreased after
training; on average the decrease was 1.78 errors. This decrease was shown to be statistically
sgnificant, and | think this shows that the mice learned to identify the middle straw. On the
other hand, the analysis done in question 12 shows that the time it took the mice to find the
middle increased by 0.5 seconds on average, which not only failed to indicate a Statistically
significant decrease in mean swim time, but in fact was, for the observed mice, an increasein
mean swim time. Based on this criterion, one might think that mice did not learn middle,
since they were not significantly faster at finding middle after training than they were before
training. The two variables used to measure how well mice can identify middle, number of
errors and time, do not “speak with one voice’, but rather lead to conclusions about learning
that are somewhat contradictory.

This question calls on students to interpret and compare the results of two statistical
tests. Based on number of errors, the data indicate that mice can learn to find the middle
straw after training. Based on time, the data indicate that mice may not be ableto learn to
find the middle straw after training. Although students do not have the advantage of having
observed the mice swimming, they can make some educated guesses about why the mice
exhibited a significant decreasein errorsbut not in time. Perhaps near the end of the study
the mice didn’t dislike the water as much as they had at the beginning of the study. If mice
wer e not highly motivated to get out of the water, they would not necessarily find themiddle
quickly. Another way to think about the two variablesisin termsof errorsper unittime. If
the number of errors went down but the time did not go down, then the mice made fewer
errorsper unit time after training. It is possible that the mice spent enough time in the water
during training that they were no longer “ panicked” and thusdid not makelotsof errorsin
guick successions. It isimportant that students recognize that these suggestions are simply
informed specul ation and do not constitute firm knowl edge about mouse behavior. Students
ability to interpret the data gathered during Greg' s study remainslimited by the fact that they
did not observe the behavior of the mice as the data were collected.

page 14 of 20



14.

15.

Inthe" new context” phase of thestudy, Gregimposed a slightly different treatment (3
strawsinstead of 5) upon his mice to see how they responded. If the mice had not
lear ned anything about middle but wer e essentially equivalent to “fresh”, untrained
mice, how would you expect them to behave? Justify your answer.

During phase 2 of the study, untrained mice presented with 5 straws never went to the
middle first. This clearly shows that mice are not predisposed to go to the middle. | would
expect that untrained mice would rarely go the middle of 3 straws. Even if they had learned
nothing during the earlier phases of the study, we expect that mice would go to the middle
straw first no more than 1/3 of the time.

What evidenceisthere, if any, that the mice havetransferred knowledge of middletothe
new context?

Before training, mice choosing among 5 straws never chose the middle first. After
training, mice choosing among 3 straws chose the middle first 9 times out of 18. If mice had
not transferred knowledge of middle to this new context, | would expect them to choose the

middle straw first a most one-third of thetime. Thetestof H,: p = %versus

H,:p> % produces a p-value of 0.0668. While this p-value does not cause meto reject the

null hypothesis a the a = 0.05significance level, it does give some evidence that mice can
learn. | would like to repest the experiment with alarger sample size, since it may be that the
effect as | measured it is real, but too small to detect with significance using only 18 mice.

This student used a proportions test of significance, which isappropriatein this case.
However, he or sheimplicitly assumed that the normal approximation to the distribution of

P wasa good onewithout checking. (Or, morelikely, he or she used a TI-83 calculator to
performthe test and forgot that the cal culator uses a normal approximation that mayor may
not be reasonable.) Infact, np =18~ % =6, whichislessthan 10, indicating that the normal
approximation is not very reasonable and should not be used.

There are two different things a student might do at this point if he or she wanted to
compute the P-value of thetest. Oneisahbinomial test. Under H, wehave X ~ Bin(18,1),

and the observed value of X is9. SotheP-valuewould be Pr(X 3 9) » 0.11. Alternately,

the student might simulate the scenario using a random digits table or a deck of cards or
dice, etc. He or shewill not be able to pin down the P-val ue exactly, but with a lot of runs of
a simulation, he or she should be able to see that it is greater than 0.05.

However, be surethat students do not attach too much importance to the number 0.05 (or
0.10) asasignificancelevel. Thebehavior of the mice clearly changed after training, and 9
selections of middle among 18 mice s very different from O selections of middle among 18

mice. While 9 out of 18 isnot formally statistically significant whentesting p =1 vs p >1,

it certainly arouses suspicions that some learning is going on and shoul d make Gregwant to
gather more data.
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16. What was the purpose of phase one (“Introduction to Environment”)? How might
things have happened differently, or how might you interpret the data differently, if
phase one had not been conducted?

The purpose of phase oneisto get the mouse used to swimming around in water. It may
be that the first time a mouse is exposed to the wading pool environment, it behaves
unusualy (e.g. by swimming around the edge for along time, etc.). If this phase were
ignored, then we would not know whether any differences we observed in mouse behavior
between the pre-training phase and the post-training phase were due to the training or to
getting over the shock of the new environment.

The response above is essentially correct. A further question students might be
encouraged to consider relating to thisis* how does an experimenter know how long to
continue phaseone?” Thisisnot at all an easy question. A scientist’sexperiencewith mice
will help himor her “ get a feel” for when mouse behavior has“ settled down” to aregular
pattern, indicating that the mouse has “ gotten used to” the new environment. Isn’'t this
somewhat unscientific? Yes. And subjective? Definitely. The implicit assumption being
made when conclusions about |ear ning are drawn fromthe study isthat the time allotted to
phase one was sufficient to eliminate the effect of “ environment shock” . Some may disagree
with thisassumption, believing perhapsthat theincreased tendency of Greg’ smiceto swim
towards the center isnot dueto learning, but to the tendency of dl miceto svimto the center
of a pool of water oncethey get used to being in water regularly—and that his phase one was
not long enough to eliminate this effect. Asit is presented in these pages, Greg’s study
provides no way to refute this claim. The response to question 19 below addresses this
problem further.

17. What wasthe purpose of releasing the mice at randomized locationsin the pool instead
of releasing them all from the same location?

If the mice were dl released at the same point in the pool, then there could be a lurking
variable that was confounded with “middie’. For example, suppose that al the mice were
released at location 2. An increased tendency to swim to the middle might not really be due
to the mice learning “middle”, but rather to an increased tendency of the mice to swim to the
nearest object they see.

Thisresponseiscorrect, but many studentswill find thisa difficult question because they
will confuse this randomization of release |ocations with the randomi zation of treatments,
whichitisnot. (Thisideaisdiscussed further in question 19.) Question 17 could leadto a
discussion of confounding variables. If, for example, the mouse were always released at
location 2, then middle would be perfectly confounded with nearest. In fact, at any fixed
release location, there may conceivably be a visual clue on the edge of the pool or in the
roomthat the mice are keying on instead of middle. Thisvisual clue (say, alight), would be
confounded with middle in the experiment if the mice were all released from the same
location. To reduce that possibility, release location is randomized.

There could be another experiment in which release location was the treatment of
interest, in which case this randomization would indeed be the randomization of mice to
treatments (although a dieroll would not guarantee an equal number of mice per treatment,
and therefore would not maximize the power of statistical tests). In such an experiment,
release location would be randomized and recorded, and a relationship would be sought
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18.

19.

between release location and someresponsevariable. Greg Martinezwas not interested in
this option.

Physical, time, and budget constraints may prevent Greg from using different physical
apparatus for different mice. What effect, if any, may using the same apparatus
repeatedly have on conclusionsdrawn from Greg'sstudy? |f these ar e negative effects,
aretherethings Greg can do to overcome or to lessen them?

The experimenter should probably replace the drinking straws after each mouse’ s swim
during all stages of the experiment. Thiswouldn't cost much, and it prevents the possibility
that the mice leave scents behind on the straws that either attract or repel other mice.

This student response addresses what is probably the most important aspect of the
physical apparatusthat needsto be controlled. The mice could beleaving scentsbehind in
the water, but it isdifficult to change the water between every mouseall thetime, and at any
rate, it doesn’t seemlikely that scentsin the water would be associated with one particular
station. Similarly, an issue relating to population of inference is that if we only use one
wading pool, then we cannot infer what mouse behavior would be likein any other situation,
not even another wading pool. Again, however, space limitations probably prevent private
pools for every mouse, and it is perhaps not an unreasonable assumption that all wading
pools are essentially the same from a mouse’ s point of view. But the drinking straws are
another matter. Supposethat in the pre-training phase, no mice left unusual scents behind,
but at some point during the training phase or even early in the post-training phase, asingle
mouse | eft behind a scent on the middl e straw that was detectable to other mice evenfroma
distance and that attracted them. Clearly such a situation is plausible and would cause the
mice to appear to have learned middle when in fact they were just following their noses.

Replacing the drinking strawswould greatly reduce this problem and should bedonein
any case, but see question 19 for a discussion of experimental design that addresses this
problem mor e thoroughly.

IsGreg'sstudy an experiment? If so, what are the treatments and how arethey
assigned to theexperimental units? If not, explain why it isnot an experiment and what
the implications of that are for the conclusions drawn from the study.

Greg's study is not an experiment. All of the mice received the same treatment, which
consisted of being rewarded for finding the middle. A true experiment must make a
comparison among groups, either by having a control group, or €lse by having groups that are
exposed to different treatments. In Greg's study all of the mice were rewarded for finding the
middle, so Greg cannot conclude that this reward resulted in changed behavior. Without a
control group, Greg cannot be sure that the effects he observed in the mice are due to the
treatment. An improvemert in the mice s ability to find the middie could be due to
age/maturity, to having gotten used to the water, to seeing the platform, or to some scent or
marker that mice left on the straws.

Even though Greg’s study has many good design features, it is not a true experiment.
Greg cannot reach any conclusions about causation without having a control group for
comparison. Thisisagood opportunity to remind studentsthat the randomization of starting
locations discussed in question 17 does not make this a randomized experiment. Thestarting
location isnot the treatment of interest in this study. The treatment whose effect Greg cares
about is the reward for reaching the middle straw.
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20.

A controlled experiment with the same basic structur e of Greg Martinez sstudywouldbe
to begin with, say, 36 mice, and to allocate themrandomly to two groups of 18. One group,
called thetreatment group, would go through exactly the process described in Greg' s study—
all five phases. The other group, called the control group, would also go through theentire
process, only with one exception: during the training phase, therewould be no platform, and
the mice would not be rewarded for going to the middle. Asan alternative, they could, say,
be removed from the water after a fixed time of 30 seconds, and given the samereward at
that time that the mice in the treatment group receive for going to the middle straw. At the
end of the experiment, the improvements in numbers of errors (pre-training minus post-
training) would bethe data of interest for the mice, and the appropriate comparison would be
between the means of two independent samples: isthe mean decreasein errorssignificantly
greater for the treatment group than for the control group? A similar question could also be
asked for the mice's swim times.

One further improvement could be made on this controlled experiment. It seems
plausiblethat the extent to which a mouse improves may be correlated with how many errors
it madeoriginally. If so, then conducting a paired differences experiment could reducethe
variability. Notethat thismeans pairing mice, not pairing pre-training and post-training for
individual mice. In this new experimental design, all 36 mice would go through the pre-
training phase, and the number of errorsthey made would berecorded. Only then would
they be assigned to treatment groups. They would be ordered from most errors to fewest
errors, and then paired, with the two mice having made the most errors constituting a pair,
etc., down to the two mice with the fewest errors constituting a pair. Within each pair, the
two mice would be randomly assigned to the treatment group and the control group (one
mouse to each group), say, by a coin flip. Then the experiment would be conducted as
described in the previous paragraph, with the only difference between the two groups being
platform/no-platform, and reward-for-middle/reward-after-30-seconds. Finally, when
analyzing the data, the scientist should look at the 18 paired differences (decreasein errors
made by control mouse minus decreasein errors made by treatment mouse) to see whether
the mean difference was significantly greater than zero.

Suggest waysthat the study may beimproved, considering both physical apparatusand
design issues. Try toimaginewhat isreasonable for laboratory research. (e.g., using
1000 micemay be possible, but would be so costly that it would not bereasonable unless
the research questions being answer ed wer e extremely important.)

The study should be a contrdled experiment with random alocation of mice to treatment
groups (reward-for-middle and no-reward-for-middle). Pairing mice by initid middle-
finding-ability would probably reduce variability in the response variables of error-reduction
and time-decrease. Additionally, drinking straws should be replaced after each mouse.
Using more mice would make the experiment better able to detect significant differencesin
behavior. Since the experiment raises the question of whether mice especialy didike being
in the water, it might be worthwhile thinking of another reward to give mice for finding the
middle (e.g., food, etc.). Although it is not mentioned in the study design, the experimenter
should randomize the order in which the mice are put in the water each day, and he or she
should either be consistent with the times of day that the swims occur, or else the times
should be randomized.

Thisresponseis pretty comprehensivein theimprovementsit suggests. Interestingly, the
study that inspired this one began as one in which mice were presented with five (dry)
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tunnels, only the middle of which led to food. The experimenter found that the mouse either
didn’t like the food hewas providing or el se was sufficiently satiated in a very short time that
food ceased to beareward. Hedid research on the Internet and found that removal-from-
water had been used successfully before asareward for lab mice. However, hisdata, like
those presented here, indicated that although the number of errorshis mouse made tendedto
decrease over a period of several days, the time the mouse spent swimming did not.

Sudents’ first reaction when asked to suggest i mprovementsto a study tendsto be“ more
data” . They should understand clearly that no amount of data can overcomethe inherent
problemwith lack of control in thisstudy asit isdesigned. Furthermore, statistics students
should be reminded that in practice, collecting data comes with a cost (in time, money,
resources, etc.), and that at some point, theincreasein power of statistical testsisnot worth
the increased cost of conducting the experiment.

The suggestion by the student above to randomize the order in which the mice swimeach
day isan excellent one. Aswith randomizing release locations, thiswould not beconsdered
randomi zation of treatments (which isaltogether impossible without more than one treatment
group). But it does prevent the mice from consistently receiving different treatment. (e.g.,
early in the session the experimenter’s hands are cooler and gentler than later, and this
makes mice #1, #2, and #3 more relaxed, etc.)

Students, of course, may come up with other improvements to the study, but the most
important oneis having some kind of control and random allocation of miceto at least two
treatment groups.

Summarizeall of your observations about Greg's study and hisdata into a short report
that addresses the two resear ch questions Greg set out to answer .

No summary is given here. There are different ways this exploration may be shared with
students, appropriate for students at different levels or at different pointsin the course (e.g.,
before or after formal inference). Some possibilities are:

Give dl of these questions to the students early in the year and have them do
exploratory data analysis without formal inference.

Give dl of these questions to the students later in the year and have them do formal
inference procedures where appropriate, checking requirements, etc.

Select only some of the questions to give to students, focusing on particular topics of
interest at appropriate points in the year.

To develop student confidence and creative thinking, give only the study design and
the data to students without any of the guiding questions and ask them how well the
experiment addresses the research questions and what answers the data provide to
those questions. Have the students provide a written report of al of their
observations and conclusions.

Have the students work on al the questions in a guided way but summarize what
they’ve learned in areport in the end.

Use this study as amode for designing a similar study or experiment with similar
related questions.
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However you use this document, we hope you will find that it helps you to grow as a
statigtics teacher asit helps your students to grow. We, the authors, all learned alot while
writing it by discussing and debating ideas with one another and with the professional
statisticians that were present to guide us and critique our work.

This document is available in pdf format from the web by following the links to the math
department and teachers' resources at www.ncssm.edu. It isin the public domain and may be
copied.

Floyd Bullard, NCSSM

Gretchen Davis, Santa Monica, CA

Julie Graves, NCSSM

Janet Hassan, Science Academy of South Texas

The Statistics Leadership Ingtitute, July 2001
The North Carolina School of Science and Mathematics

page 20 of 20



