Class 6: Sleuth Chapters 3 & 4

Chapter 3: A Closer Look at
Assumptions [of the t tests]

Chapter 4: Alternatives to

the t tools [2 full classes]

2/18/09 W

Slide 1 Chapter 3: A Closer Look at
Assumptions [of the t tests]

Chapter 4: Alternatives to the t tools [2 full
classes]

NOTES:

HW 4 due Fri 2/20/09 Noon

Submit as Myname-HW4.doc (or *.rtf)

® Finish Ch 3 for Weds’ class
» Chapter 3: A closer look at assumptions
» Read
= Hayek & Buzas (1997, on sampling)
= Hurlbert (1984) on Pseudoreplication

= Post one comment and one reply to issues raised in
Hayek & Buzas or Hurlbert (1984)

® Chapter 3 problem due Weds 2/18
> 3.28 Pollen removal
® Read all of chapter 4: Wilcoxon rank sum,
signed rank tests, Fisher’s sign test,
Welch'’s unequal variance t test

Slide 2 HW 4 due Fri 2/20/09 Noon

NOTES:

HW 5 due Weds 2/25/09 9:50

Submit as Myname-HW5.doc (or *.rtf)

® Finish Chapter 4 Wilcoxon rank sum,
signed rank tests, Fisher’s sign test,
Welch’s unequal variance t test

e Comment on Chapter 4 conceptual
problems in Blackboard Vista4

e Computation Problem 5
» Problem 4.31 Effect of group therapy on breast
cancer patients.

Slide 3 HW 5 due Weds 2/25/09 9:50

NOTES:
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Class 6: Sleuth Chapters 3 & 4

HW 6 due Monday 3/1/09 9:50

Slide 4 HW 6 due Monday 3/1/09 9:50

Submit as Myname-HW5.doc (or *.rtf)

o Read Chapter 5 Comparisons among
several samples

e Comment on Chapter 5 conceptual
problems in Blackboard Vista4

® Computation Problem 6
» Problem 4.30 Sunlight protection factor

NOTES:

Slide S Chapter 3: A closer look at
assumptions

Chapter 3: A closer look at
assumptions

NOTES:

Case study 3.1

Slide 6 Case study 3.1

Cloud seeding to increase rainfall — A randomized
experiment

e52-day experiment

®Random selection each day
to seed or not to seed a
cloud; pilot ‘blind’ to
treatment

e®Rainfall measured

eData highly skewed ., s,

Ruinfall (scre-foet) for days with snd without cloud seeding

NOTES:
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Class 6: Sleuth Chapters 3 & 4

Display 1.2 ] Slide 7
Baz plon of ralafall smounn, ia sateral snd rasiformed wales
u.é {A) On the acre-feet wale
"1 .| Ceemmsene  Statistical inference
[Median or geometric NOTES:
o T mean] volume of rain
| o B gz, after seeding was 3.1
e St times unseeded
! movaeumane  (39%C11.3107.7).
oy T T [} “oatme= Since randomization
| 3 used, seeding caused
- . % a larger rainfall
iy . b amount.
! Unseeded Seeded "
Slide 8
——— : NOTES:
Inde;gnt;::\t Samples Test e 95% Confidence
t-test for Equality of Means Interval of the
Mean Std. Error Difference
) t df Sig. (2-tailed)  Difference  Difference Lower Upper
Baintal) 25 50 014 1.14 450 241 2.047

Exp(1.14)=3.1;exp(0.241)=1.3;exp(2.047)=7.7
[Median or geometric mean] volume of rain after
seeding was 3.1 times unseeded (95%Cl: 1.3 to 7.7).
Since randomization used, seeding caused a larger
rainfall amount.

Randomization doesn’t solve
problems with unequal variance

eRandomization is often superior to the
nominal p values from the t-distribution
for 2-sample problems, but
randomization does not remedy the
most important problem with the t
distribution: unequal variance

oThe most common problem with

Student’s t test is the so-called Fisher-

Behrens problem, testing the difference

between averages from distributions

with different variances

> This is an open question

> Neither nonparametric approaches (see Chapter
4) nor randomization provide a clear solution

EEOS611

Slide 9 Randomization doesn’t solve
problems with unequal variance

NOTES:
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Class 6: Sleuth Chapters 3 & 4

Case 3.2: Dioxin study

Differences between veteran dioxin concentrations

could be due to qh nce

i Vi v Y

0646 Veterans who served in
Viet Nam during 1967 & 1968 in
areas treated with Agent
Orange

097 other veterans served
between 1965-1971 in US or
Germany

eSerum dioxin levels measured

e Statistical Summary:
> No evidence that the mean dioxin
levels differ (1-sided p value=0.4) I
» Extrapolation speculative; dioxin- = - 2

affected vets may not have
EEOS611

participated in the survey

Slide 10 Case 3.2: Dioxin study

NOTES:

Robustness of the two-
sample t tools

Slide 11 Robustness of the two-sample t
tools

NOTES:

Assumptions of t test

® Two major assumptions
» Both samples are independent samples from normally
distributed populations
» Both samples have identical standard deviations

® The t tests are usually robust to modest violations

of the assumptions

» These assumptions are never strictly met, but the t test is
remarkably robust to violations of the assumptions

» Robust means the conclusions from test — e.g., p
values, confidence limits — are valid even when the
assumptions aren’t strictly met, especially if sample sizes
nearly equal

» Transformations of the data are often used

EEOS611

Slide 12 Assumptions of t test

NOTES:
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Class 6: Sleuth Chapters 3 & 4

Violations of assumptions that
matter

e With equal sample sizes, the t-test is affected moderately
by long-tailedness (leptokurtic or peaked distribution) and
very little by skewness (the symmetry of the distribution)

» Kurtosis: peakedness, platykurtic (flat distribution), leptokurtic
(peaked)

> Skewness: symmetry
If the two populations have the same standard deviations
and approximately the same shape, with unequal sample
size, the t tests are affected moderately by long tailedness
(leptokurtic) and substantially by skewness

o |f the skewness differs considerably, the tools can be
misleading with small and moderate sample sizes

EEOS611

Slide 13 Violations of assumptions that
matter

NOTES:

Monte Carlo simulations of
violations on p values
) really matter?

P s aac e ot s w30, st rosstourte. AR eI
sites); each pereentage is based on 1000 computer simulatians N
T populations are

the same shape
with equal n, the
results of the ¢
test affected
moderately
(conservative for
leptokurtic

[peaked]
\_ distributions) J

Dinplay 3.4

Slide 14 Monte Carlo simulations of
violations on p values

NOTES:

Different standard deviations &
sample sizes
Robust if sample sizes the same, nonconservative if
i e |ger s.d.
. P (Type | error) >>
stated value (e.g.,
0.05) if sd of smaller
group larger than
larger group

P (Type | error) <<
stated value (e.g.,
0.05) if sd of smaller
group smaller than
larger group

EEOS611

Slide 15 Different standard deviations &
sample sizes

NOTES:
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Class 6: Sleuth Chapters 3 & 4

Departures from independence

Cluster, serial & spatial effects can be serious and are
more difficult to account for in statistical analysis
o Cluster effects
» Mice from litters
» Copepods from net hauls
» Technician-to-technician variability in sample
analysis
e Serial effects (an explicit time or space term)
» Temporal autocorrelation

e Spatial effects: positive autocorrelation
(Ellen Douglas’s research on flood
frequency, Chen & Ferguson on MCAS
scores) EEOS611

® Check residuals (observed-expected) for

Slide 16 Departures from independence

NOTES:

spatial or temporal pattern

®_Nferences based on Students [ 1ests can be

verv misleadina or wrona if there are spatial

MWRA Benthic Sampling Stations

8 Stations, May & Aug
3 replicate 0.043-m? Ted Young grabs; 300-um sieves

oT1: Deer Island

Slide 17 MWRA Benthic Sampling
Stations

The analyst
can not ignore
these effects
and perform a
regression as if
these residuals

EIRiich: ANOVA test for linear . are
trends independent

1991 1993 1995 1997 1999 1991 1993 1995 1997 1999

Fig. 40. The change in In(abundance) at Quincy Bay(T07). There is a
significant lack of fit in both the spring and summer data to lincar
regression. The p-values reported are from the One-way ANOVA test.

Banik 2003 UMB M.Sc.
Problems with serial autocorrelation

(confounded with spatial effects) create a
problem called ‘lack of fit' in OLS and

oT2: Governor’s Island Flats B < NOTES
oT3: Long Island ANl i 3
®T4: Savin Hill Cove e 1ipe
oT5A: Presidents Road 2
oT6: Peddocks Island Lpag
®T7: Quincy Bay p T R
oT8: Hingham/Hull Bay o 3 :
oNI: Nut Island
oDI: Deer Island Ls .
Slide 18
Spring Summer The residuals
* after fitting the
° regression should
»ge — M be identically
° =] o ° i
PR 0 e B e || NOTES:
o distributed, but
Eies 200 Povaluec 001 they are not.

Page 6 of 28




Class 6: Sleuth Chapters 3 & 4

Log transform of rainfall

See Case 3.1 movie

Diplay 13 o

The b i iramformation werd In arTee ol favarable cansiams for
the fua-sample 1anabyuts

oThe antilogarithm of the me
of the log values, the il
geometric mean, is the
median on the original scal(
of measurement

eCalculate the 95% CI’s on tt

Slide 19 Log transform of rainfall

NOTES:

log scale and back transfori
they will be asymmetric

w1 Senbe (V)

EEOS611

3.5.3 Transformations

® Log (x+1) transform
» Most biological data, but not usually diversity
» Needed when there is a multiplicative process in action: growth, bank
account interest
» Marine pollutants: polynuclear aromatic hydrocarbons, fecal coliform
bacteria, but not usually metals
» Calculate the mean and 95% CI and then back-transform. For symmetric
data, the mean of the log-transformed data =median. Label as the geometric
mean
® Many other transforms
» Arcsin (V') for frequency data ranging between 0 and 1 (but the logit
transform may be better)
» % silt clay, but the data must be on the interval 0 to1
> Logit transform: log [Y/(1-Y)]
» Square roots for counts, reciprocal for waiting times, logit transforms for
proportions between 0 and 1 (log (P/(1-P))
» “... itis recommended here that a trial-and error approach, with graphical
analysis, be used instead.”

Slide 20 3.5.3 Transformations

NOTES:

Display 35 pes

Two-sample Lanalysis and statensent of conelusans after logariihmie
tramsformation — cloud seeding cuample

(Y Traniorm the data )

Do the test and
 calculate the 95%
Cl on transformed
data and then
back transform the
effect size and
confidence limits.
Report as ratio of
geometric means
(Sleuth: ratio of
medians).

(G U the rwsample -

ooy n the bog rainfull

Stte the conrleinns
an thy sriginsl wale

Slide 21

NOTES:
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Class 6: Sleuth Chapters 3 & 4

Slide 22

Hational Report on Human
S Exposure to Environmental Chemicals

NOTES:

http://www.cdc.gov/exposurereport/

Slide 23

Tabde 16. Load in blood

e mear ane L darme LIS 1 your and sise,
Hiationai eath ard Murion Examination Surey, 15566.2000

e

o
Total, age 1 andokder w0
G NOTES:
Aga groep. .
15 yeun ]
ez
B11 yoars Ly
e
12:1% yeam oo
o
20 e an citer o
o
Comrter
[ )
e
Femaes woa
oz
Mot fmmcar, won " s e
Y 1im F 1 e
Hondispenis st i e T e
e 148 fre—
Nontepenicwhies  wos e U Tmmra MSemeam 860 s

http://www.cd?:‘.;g6;/e>£p6;Jrlé-re;pl;(“)‘r't'/'éra'/lpxaqf/tﬁirjé‘rgpgrt.pdf

Figurs £ Lead in biood Slide 24

S et i % Gty v of Ukt oo e | gL e T LT e st T e ae
ar, Moo e 30 hecmin s Survey. 1603000

55

¥ =

L T‘M " A NOTES:
z !_’ ’”‘ !)! !" 1! I_ _

i }

H { i
g‘..‘ IT U *l *.'
g’ 1 Yy
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Class 6: Sleuth Chapters 3 & 4

Outliers and resistant procedures

A procedure is resistant if it doesn’t change much
when a small part of the data changes, perhaps
drastically.

t tools are based on averages and are strongly
affected by outliers

» Chapter 4 introduces tests based on ranks, which protect
against outliers (but not against unequal variance)

Practical strategies

> Do side-by-side box plots to analyze departures from
assumptions
= Check for patterns in residuals with box plots

» Consider & test for serial spatial and cluster effects
= Analyze spatial patterns in the residuals, use more sophisticated tools
= Legendre & Legendre: if pos. Spatial autocorrelation, decrease the p

value. Test for differences at the 0.001 level instead of the 0.05 level

Slide 25 Outliers and resistant procedures

NOTES:

Display 1.6 166

Examinarion Smasegy

ENCLUDING LNCLLDING
e wpret | wprt

Soded ik | [ Stk sasbah |

r—'—\

(T

Beport revaies
ERCLUING vesyr—
e apen;

Slide 26

NOTES:

Disp

Iy 1.7 .67

Outlier analysis for Agent Orange Data; effect of ouiliers on the pvaloe for
equal population means

* [W Report results,

Oty wal @

wutliers

eteran # 844 reported ro epo

#845: reported 150 a

Slide 27 Identifying outliers with boxplots

NOTES:

« vith and without
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Class 6: Sleuth Chapters 3 & 4

Practical strategies for outliers
Be wary of outlier deletion!

e OQultlier strategy
» Run analysis with and without outliers
» Throw-out outliers only if there is very compelling
evidence to do so, and document this data paring
or culling
e Note that outlier removal has created
tremendous problems:
» POC flux to the deep sea
» The ozone hole
» Mendel’'s data: 1:2:1 ratios and the chi-square test;
documented by Fisher
» Milliken’s study of the charge of the electron

Slide 28 Practical strategies for outliers

NOTES:

Is the datum at 30 an outlier?

— [

EEOS611

Slide 29 Is the datum at 30 an outlier?

NOTES:

Lognormal distribution
Mean 18.6, Standard deviation 5, n=1000

| generated the data
from a parametric
lognormal distribution
with y=18.6 and o = 5.

| EEOS611

Slide 30 Lognormal distribution

NOTES:
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Class 6: Sleuth Chapters 3 & 4

Outliers & Black Swans

eTaleb argues that many
events are characterized by
extreme events i

eMandelbrotian grey swans are BLACK SWAN
events that can be partially
characterized through
transformations ﬁ

(earthquakes, etc.) But these
require data NIGHLY 1N PRONARLE

el uddian falacy is the belief
that all events can be
characterized by probabilistic Nassim Nicholas Taleh
models

T : EEOS611

Slide 31 Outliers & Black Swans

NOTES:

Chapter 4: Alternatives to the t tools

Note: Sleuth has MANY errors and omissions!
o Permutation tests [Not a solution to unequal variance]

o Wilcoxon’s Rank Sum Test (same probability model as
Mann-Whitney U test)
» Ties corrections not in sleuth & exact p values

® Repeated Measures Tests based on ranks: Wilcoxon
Sign Rank & Fisher’s Sign Test

e Parametric vs. Nonparametrics
» Power efficiency not an issue, ties not that much of an issue
» Dealing with covariates & estimating effect sizes can be an issue
= Hodges-Lehman estimators
o Unequal variance (Welch’s) t test: some theoretical and
practical problems

o Supplemental material
» Two-sample binomial test (covered in Sleuth Ch 19)
» The Fligner-Policello test, a rank-based test for samples with
unequal variance

Slide 32 Chapter 4: Alternatives to the t
tools

NOTES:

Case 4.1: Space Shuttle O-Ring
Failures

See Case 4.1 Movie, solved in Matlab™ & SPSS
Display 4.1

Numbers of O-ring incidents on 24 space shuttle flights prior to the
Challenger disaster

Launch

Temperature Number of O-Ring Incidents

Below 65° F 1.1 13

Above 65° F 0000000000000 0000 112

Summary of Statistical Findings

There is strong evidence that the number of O-ring incidents
was associated with launch termperature in these 24
launches ...

p- value = 0.009 from a permutation test on the  statistic

Slide 33 Case 4.1: Space Shuttle O-Ring
Failures

NOTES:
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Class 6: Sleuth Chapters 3 & 4

Slide 34 Case 4.2: Cognitive Load

Display 4.2

Cognitive load experiment: conventional method of instruction (for finding
the slope of the line that conneets C to the midpoint between A and B)

Solution: The coordinates of N are
olirlon: The qur:;gu.nlul.;a_a,f e NOTES:

Cl6) N ( 72 )

¥ -
= 15.2)

4 The Slape of NC s
Bi&.3) 246

m = Ly
-4
A1) = 1

W

£ Ina conventional worked )
example, algebra and diagran ]
L are separated, giving students

extraneous cogniive load of
\, Jurving ro assimilae the nwo, J
e = -

Slide 35

Display 4.3

Cognitive load experiment: modified method of instruction (for finding the
slope of the line that connects C to the midpoint between A and B)

NOTES:

Cld.6)

A2 = i
X La \

A modified worked exanple
integraves algebra and pictire,

allawing the student 1o mare
easily acquire a schema for
solving such problems

Slide 36

Display 4.4

Numbrers of seconds to solution of a problem in coordinate geomelry, for
students instructed with eonventional and modified materials

MODIFIED I 0 CONVENTIONAL NOTES :

(= 14) ! =14 Statistical Summary
z There was convincing

evidence that a student
could solve the problem

more quickly if taught with
the modified method (1-
sided p-value = 0.003 from

the rank-sum test). The
modified method
shortened solution times

by an estimated 152 s
I Legend |26 |5 represents 268 seconds | (95% Cl 58 to 159 S)
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Class 6: Sleuth Chapters 3 & 4

Wilcoxon’s rank-sum test

Analogous to 2-sample t test
Same test as the Mann- Whitney U test

Frank Wilcoxon of American
Cyanamide [See Salsburg,
2001, The Lady Tasting Tea]

Slide 37 Wilcoxon’s rank-sum test

NOTES:

Display 4.5

Rank-sum test statistie, T, for the cognitive load experiment

Record the tied
group membership
patterns: [2, 5

P-values
identical to
Mann-Whitney U
test, different
equations to
obtain the same
result,
mathematically
equivalent

Slide 38 Wilcoxon Rank Sum Statistic

NOTES:

Display 4.6

Facts about the randomization (or sampling) distribution of the rank-sum
statistic—the sum of ranks in group l—when there is no group difference

PERMUTATION
DISTRIBUTION OF
THE RANK-SUM (T}

Correct the standard
—_— s deviation SD(T), based

A on the pattern of ties [2,
SPREAD 5]

Slide 39

NOTES:

o CENTER gl
- - nns
E - SOyTI 5 ,{'._'l_
Mean(T) = mR & gt

where R and sy are the average and the sample standard deviation
for the combined set of ranks fe.g. the 4th colunm of Display )

Note: Sleuth doesn’t include the ties
correction for the variance of Wilcoxon T

Page 13 of 28




Class 6: Sleuth Chapters 3 & 4

Display 4.7

Finding the p-value with the normal approximation to the permutation
distribution of the r. statistic: caleulations for the cognitive loa
data continued from .

Calenlate the average ond sample stadard devieiinn
af the ranks from the combined sample fcolumn 4
of Display )

Slide 40

NOTES:

= ©)
- i =3%.202
R=14.5 g = 8.202 Correct the standard
deviation SD(T),
Compute the theoretical “mdl hyporhesis” mean and based on the pattern
stanedersd deviation af T. using the forumlas of ties [2, 5]

21,70

Mean(T) = (140 14.5) - 203;  SINT) B.ZUE/HJ 3

(137 - 203)

© Tz SRR SR

Find the p-vafue from a
stamclard noraal fable

» one-sided p-value =.00118

Ties Correction for Rank Sum

From Hollander & Wolfe (1999); ties reduce Var(W) and
nroduce a more nowerful & acecyrate test

Ties

B there are tiex, give tied obwcrvations the aversge of the Faniks for which those obasrvations
are compesing. Afier computing W using average rarks. use proceduses (441, (4.5) or (4.6}

Slide 41 Ties Correction for Rank Sum

NOTES:

and refer the vakue of W 10 Tuble: A6 Neww, hawrves, the scst i spprovimate rather thas exsct.
(o ges 2 exact test, even i the thed case, see Comment 5.

When scplyieg the Laege-sample approrimation, the following modiScation sbould be
made. When there are tacs, the: ull mean of W is snaffected. b the null veriance is reduced
o

g=tied

R SO » XUl AT [N i
- | CEETr e tj = |items
prea— " ’ In each
vanlW) = fm"iz = {uw':; - l,'lz_-:"‘ T + ]'}' ha tled group

T apply the large-sample spprosimation when tics are present. compese W using average
Fanks, and compute
e W lmtm + a4 1120
Tang W3

where varsiW) is given by dieplay (4.13). With this modified value of W*, spproximations
(4100 (4.1) and (4.12) can be applied

EEOS611

Mann-Whitney U test
Wilcoxon (1945), Mann & Whitney (1947)

® The statistic U can be computed as

follows (Hollander & Wolfe 1999)

» For the two groups X; and Y; with m & n cases,
consider each of the mxn pairs

> For each pair of values X; and Y, observe which
is smaller.

> If the X; value is smaller, score a 1 for that pair.
If the Y; value is smaller, score a 0 for that pair.

» Mann & Whitney showed that in the case of no
ties:
= T=U+[n(n+1)/2], where T is the sum of ranks from the

Wilcoxon rank sum test

= Thus, the tests are exactly equivalent

> When, X; and Y; are tied, score 2

EEOS611

Slide 42 Mann-Whitney U test

NOTES:
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Class 6: Sleuth Chapters 3 & 4

SPSS’s Mann-Whitney U test

C\nraaram filacleneclhalnlalanrithmelnnar tacte ndf

Slide 43 SPSS’s Mann-Whitney U test

Mann-Whitney U Test
Calculation of Sums of Ranks
The combined data from both groups are somed and ranks assigned 1o all cases, .
with avernge rank being used in the case of ties, The sum of rmnks for each of the NOTES .
ok, (5, and S:) it calculated, a5 well s, for ticd observations, 7y =~ | <.
where ¢ is the number of observations tied for rank 7 .
The average rank for each group is
5 =5 /n
where n; b5 the sample size in group § .
eEEUS011
.
Test Statistic and Significance Level Slide 44
The L pean for gromp 1 12
U
VI €400 and w2+ minln, 0, )220 the exsct sigmficance level =
based on £ algonchim of Dineen sad Blakesley (1973). =
 The st stativic coneced fo s 8 number of
. {t7 =y /2 items In
e LA each tied
S |:|_ 12 Z'. group
which s distributed approximately as a standard normal. A rwo-tailed

stenificance level is prnted

Exact p values tabulated (no ties)

If no ties, exact P values tabulated

® CRC Handbook of Tables for Probability and
Statistics
» Tabulated values of Mann-Whitney U statistic
» Can readily convert from sum of ranks of smaller group to
U statistics
® Or, Hollander & Wolf's (1999) tabulated values of
the Wilcoxon T statistic

e Note: the p values for tabulated exact tests are not
appropriate if there are any tied ranks; but an exact
p value can be calculated using all combinations of
data (Gallagher provides a Matlab m.file
implementing Hollander & Wolfe algorithm)

Slide 45 Exact p values tabulated (no ties)

NOTES:
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Class 6: Sleuth Chapters 3 & 4

Other alternatives for two
independent samples

4.3.1 Permutation tests

Slide 46 Other alternatives for two
independent samples

NOTES:

Ties and Case 4.1

Sleuth argues that rank tests inappropriate because of

B ties. The real nrohlem is uneaual variance (Rehrens
Display 4.1

Numbers of O-ring incidents on 24 space shuttle flights prior to the
Challenger disaster

Launch
Temperature Number of O-Ring Incidents

Below 65° F 1113
Above 65° F COO000000000000O0O00DT1 12
Sleuth argues that tied values pose problems for the
Wilcoxon rank sum test, but Siegel argues that the
Wilcoxon rank sum test is robust in the presence of ties.
The test is only approximate with ties, and the normal
approximation is conservative. There is an exact test with
ties (computer intensive but Gallagher has programmed).

Slide 47 Ties and Case 4.1

NOTES:

Display 4.1

Numbers of O-ring incidents on 24 space shuttle flights prior to the
Challenger disaster

Launch
Temperature Number of O-Ring Incidents
Below 65° F 1.11:3
Above 65° F 0000000000000 0OD0OD0O0T112
b
Independent Samples Test 95% Confidence Test Statistics
Interval of the Incident
Difference Whit
t g Sig.(2talled) Lower  Upper :'v'v?l"" Wh"w"eyu 6.000
Equal variances ilcoxon 216.000
assumed 0 2 -00079 g4 20
z -3.301
Equal variances 25 334 07690 .25 28 . .
not assumed Sl g . Asymp. Sig. (2-tailed) .000963
Exact Sig. [2*(1-tailed a
. .005082
Sig.
Note the 100-fold ol

a. Not corrected for ties.

b. Grouping Variable: Temperature

difference in p values

Slide 48

NOTES:
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Slide 49 Wilcoxon rank sum test

Wilcoxon rank sum test assumptions assumptions

Nonparametric tests distribution-free, NOT assumption

free
® The observations of X, ..., X are a random

sample from population 1, independent and
identically distributed. The observations of Y, ..., .
Y., are a random sample from population 2, NOTES:

independent and identically distributed
® The X’s and Y’s are mutually independent

® Populations 1 and 2 are continuous [i.e., no ties]

® “Robustness of level: The significance level of
the rank sum test is not preserved if the two

populations differ in dispersion or shape.
This is also the case for the normal theory 2-

sample t test.” Hollander & Wolfe, p. 120

Display 4.10 Slide 50

A summary of the t-statistics calculated from all 10,626 rearrangements of
the O-ring data into a “Low™ group of size 4 and a “High”™ group of size 20

mber of re-

ith Tatal number af rearrangements into NOTES .
IS p-statistie .

nve groups of size 4 and 20;
10,626

2,380 -1188

.:.-W[! 'U'j{;" Nuntber of reavrangements with 1-sta-
040 D25k istics greater than or equl fa 3858
1530 0,939 105
855 1716 "
L 2.643 I-sided pevalue from a. permsiation
b5 3.858 tesi af the t-stariste.
10 5952 .

105/10626 = 00988

This approach is invalid. The underlying t test
assumes equal variances, and that problem is

not corrected by using permutations. See
Manly

Slide 51 nCr=24 Choose 4=241/((24-4)!*4)

nCr=24 Choose 4=241/((24-4)!*41)

Display 4.10

A summary of the t-statistics calculated from all 10,626 rearrangements of
the O-ring data into a “Low™ group of size 4 and a “High™ group of size 20

NOTES:

Mumber of re-

arrangements with Total nuwrher of rearrangenents ino
identical t-statistics  pgaristic two graups of size 4 and 20,

10,626

2,380 -1.188
3.400 -0.463 Number of rearvangements wieh 1-sta-
2010 0.231 ristics greater than or equal to 3 838
1530 0,939 e

855 1.716 -

1,;';' §g£ I-sided pvalwe from a permutation

0. 595 st af fhe fstaistic
Which test'is approp’rlazte? 10510626 = .00988

Independent samples t test: exceptionally strong evidence against

null ((p=0.00038); Wilcoxon’s rank sum test (0.000963, very strong
evidence); Permutation test (strong evidence 0.0098); Unequal
variance t test (some evidence, 0.038)
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Matlab solution, normal approximation with ties
correction & exact test

Randomization test: p-value = 0.00988

>>[pvalue,W,U]=Wilcoxranksum(X,Y,0)

pvalue = 9.6335e-004 [With ties correction;

identical to SPSS approximation]

W= 84U= 74

Gallagher’s exact Wilcoxon rank sum test in

Matlab [algorithms from Hollander & Wolfe (1999)]

>> [pvalue,W,U]=Wilcoxranksum(X,Y,1)

2-tailed pvalue = 0.0038 or 9.4 times Wilcoxon rank

sum with ties correction; but 75% of SPSS value,
not ties corrected(0.00508)

Launch
Femperature

Number of O-Ring Incidents

Below 657 | 1113

Slide 52 Matlab solution, normal

approximation with ties correction & exact

test

NOTES:

Above 65° F BO0OO0O00O0D000DDO0O0D0ODN )2 EE08611
Slide 53 SPSS solution with Wilcoxon
Test Statistic® .
Rank sum test, not conservative
Incident
Mann-Whitney U 6.000
Wilcoxon W 216.000
z -3.301
Asymp. Sig. (2-tailed)  .00096 NOTES:
E?(actSig. [2*(1-tailed .005083
Sig.)]
a. Not corrected for ties.
b. Grouping Variable: Temperature
All versions of SPSS, including Version 14:
The exact tests in SPSS are not corrected for ties!

Non-parametric tests are
distribution-free, not assumption
free

® No specific distributional assumptions, like
normally distributed errors, but all
nonparametric tests have some assumptions

e Mann-Whitney U, Underwood 1997, p. 131,
“MW/Wilcoxon has nearly identical
assumptions to Student’s t test”

® Zar (1999, p. 49) the test is not particularly
sensitive to differences in dispersion

» Gallagher: Not true in my experience
» Matlab simulation program available EEOS611

Slide 54 Non-parametric tests are
distribution-free, not assumption free

NOTES:
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Randomization doesn’t solve
problems with unequal variance

® Randomization is often superior to the ¢-
distribution for 2-sample problems. It
does not remedy the common problems
with the t distributions though.

® The most common problem with

Student’s ¢ test is the so-called Fisher-
Behrens problem: testing for differences
in the average if the distributions have
different variances

» This is an open question

> Neither Wilcoxon Rank sum tests nor
randomization provide a clear solution

EEOS611

Slide 55 Randomization doesn’t solve
problems with unequal variance

NOTES:

Neither randomization nor permutation
tests solve the unequal variance problem

Manly (1997, p. 141)

® “The randomization test for the difference
in two means can be upset if the samples
come from sources that have the same
mean, but different variances. This is
apparent because the null hypothesis for
the randomization test is that the samples
come from exactly the same source,
which is not true if the variances are not
constant”

> A variety of modifications have been proposed,

but all require further study.

e O-ring data may not be a test between
mean failure rates!

EEOS611

Slide 56 Neither randomization nor
permutation tests solve the unequal
variance problem

NOTES:

Gallagher’s Matlab Case0401b.m

Exact tests based on Student’s t test
Why not just use a 2-sample binomial test?
>>X=1113Y=00000000000000000112

The observed mean difference in O-ring failures was 1.3 incidents per launch
with 95% Cl of [0.6 2.0]; The t statistic was 3.9 with 22 df and 2-tailed p of
0.00079;

Exact tests: The total number of ways of selecting 4 items from 24 items is
10626; The 1-tailed probability of observing a t statistic greater than observed
(3.9) is 0.009881; The exact 1-tailed p value is: 5/506; The 1-tailed probability
of observing a difference greater than observed (1.3) is 0.009881; The 2-tailed
probability of observing a t statistic with abs value greater than observed (|3.9])
is 0.009881...The exact two-tailed probability for the Wilcoxon rank sum test is
0.003764 The normal approximation for the 2-tailed probability for the
Wilcoxon rank sum test is 0.000963;

The probability of an 0 ring incident if cold (<65F) was 4/4=1.00; The
probability of an 0 ring incident in warm (>=65F) was 3/20=0.15; The two
sample binomial test for equal proportions (0.29) of failure has a 2-sided
p value of 0.000640

Slide 57 Gallagher’s Matlab Case0401b.m

NOTES:
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Matlab Case0401b.m

Summary of conclusions
The exact two-tailed probability for the Wilcoxon rank
sum test is 0.003764 (Can’t use: not robust to unequal
variances)
The normal approximation for the 2-tailed probability
for the Wilcoxon rank sum test is 0.000963 (but this
result should NOT be used — it is a large sample
approximation)

Binomial test:

The probability of an 0 ring incident if cold (<65F) was
4/4=1.00

The probability of an 0 ring incident in warm (>=65F)
was 3/20=0.15

The two-sample binomial test for equal proportions

Slide 58 Matlab Case0401b.m

NOTES:

Parn s P . c 4
(P=U.2J) 0T aliurc Tids d £=35IUcU p vdaiutT Ul'U.UuuUOSU

Fligner-Policello test

Wilcoxon-rank sum test for unequal variances
Matlab m.file available, p<3x10™* for O-ring data!

% Trujillo-Ortiz, A., F. A. Trujillo-Rodriguez, R. Hernandez-Walls, M. A.
Fligner and S. Perez-Osuna (2003). FPtest: Non-parametric Fligner-Policello
test of two combined random variables with continuous cumulative
distribution. A MATLAB file.

% [WWW document]. URL
http://www.mathworks.com/matlabcentral/fileexchange/

% loadFile.do?objectld=4226&objectType=FILE

% References:

Fligner, M. A. and Policello, G. E. (1981), Robust rank procedure for the
Behrens-Fisher Problem. Journal of the American Statistical Association,
76(373): 162-168.

Hollander, M. and Wolfe, D. (1999), Nonparametric Statistical Methods (2nd
ed.). New York: John Wiley & Sons, Inc. p. 135-139.

Slide 59 Fligner-Policello test

NOTES:

Asymptotic Power efficiency

Ratio of sample sizes required to obtain the same p

® For normally distribut\é?jltclj%ia, the power efficiency
of the Wilcoxon rank sum test is 95.5% of the
Student’s t test.
» For other distributions (e.g., exponential distributions), the
power efficiency can be >> 100% (300% for exponential)
= Hollander & Wolfe p. 140
e Strengths of Wilcoxon’s Rank-sum test
» Resistant to outliers
» Can handle censored data

® \Weakness: generality, determining effect sizes &
confidence limits

EEOS611

Slide 60 Asymptotic Power efficiency

NOTES:
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Measuring effects sizes

Difficult with nonparametric procedures

Display 4.8

Using a rank-sum test to construct a confidence interval for an additive
treatment effect; cognitive load study

Confidence
Hypothesized 2-sided Interval

Slide 61 Measuring effects sizes

NOTES:

Effext (seconds) pevalue Inclusion?
50 0286 No Try several hypothesized values for &
-6 D800 Yes to identify those that have 2-sided p-
-85 0403 No values 2 03
=58 0502 Yes
-1350 1227 Yes
160 0476 No A 93% confidence interval is - 139 sec-
=155 0589 Yes onds to -58 seconds,
=158 0530 Yes
=159 0502 Yes

EEOS611

Hodges-Lehman estimator for 95%
Cl

Add a fixed amount to one of the groups: Sleuth’s
Display 4.8 o

Using a rank-sum test to construct a confidence interval for an additive
treatment effect; cognitive load study

Confidence

Hypothesized Z-sided Interval

Effest (seconds) pevalue Inglusion?
-50) 286 No Try several hypothesized values for
=60 JBO0 Yes to identify those that have 2-sided p-
.55 0403 No values 2 .05
=58 0502 Yes
=150 4227 Yes
-160 D476 No A 93% confidence interval is -159 sec-
-15% D589 Yes onds to -58 seconds.
-158 0530 Yes
-159 0502 Yes

eEecud>011

Slide 62 Hodges-Lehman estimator for
95% CI

NOTES:

Unequal variance t test

Welch’s t test with Satterthwaite approximation
for d.f.

Slide 63 Unequal variance t test

NOTES:
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Slide 64 Recall the equal variance t test

Recall the equal variance t test

Pooled estimate of the standard deviation

EP T
[ 5= %‘% af. = nybmy-2. ' NOTES:

The degrees of freedom going into this cstimate are the combined degrees of freedon from
the individual estimates: (ny — 1) 4 (g = 1) = my +nmy = 2

Standard Error for the Difference

The standard devistion for the dilfcrence between averages from two independent samples
is given in Display 26, If the twe populatioes have equal spread, the commen value of the

variance factors from the rwo terms uader the radical can be removed from ander the radical
as the common standard deviatbon. Using the pooled standard deviation as its estimste, the
standand error for the difference in sample averages is

( SET2=R) = s fom b o - J EEOS611

Slide 65 Recall Display 2.8, page 40

Recall Display 2.8, page 40

Caleulation of the pooled estimate of SD and the standard ervor far the

difference between twao sample averages: Bumpas® data

o IIETTID NOTES:

Sample

[ " Averaze (in) 5

11 Died M
2 Survived

[:j THE POOLED 5D )

SE of
d fference

o

used for
95 % Cls

T4
T
Boz41 hes
» i z .

RO W EECSE

Slide 66

The of Interval
A confidence interval with confidence level 100(1 — )% is the following:

100(1- @)% Confidence Limits for the Difference Between Means
(Fa-Fp) ¢ 1y(1-aw2)SE(T,-F)).

NOTES:

Display 2.8 Consiruct._n of a 95% conlidance interval for the difference between the mean
harmars longths of sparrows that died and thess that sunvived

Group " Average (in.) 8D (in.) |
1: Died 2 072792 002354 [
I:Survived 35 073800 00194 | |

Fi-F, = 0.73800-0.72792 = 0.01008
SE(F;-F)) = 0.00567 inches «- —

Degrees of freedom = 24 + 35 -2= 574 -
tgy( 975) = 2.002 +- 1 tidrriution with

A From Display 26 |

\ 37 degrees of freedom
Half-width = (2.002)(0.00567) = 0.01136 o icat L
Lower 95% confidence limit = 0.01008 - 0.01 136 = - 0.00128 inches

Ilﬁ-r 95% confidence limit = 0.01008 + 0.01136 = 0.02144 inches
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432 The Welch +Test for Comparing Two
Normal Populations with Unequal Spreads
Welch's rtest employs the individual sample stasdand deviations ms separsic caimates of
theis repective popelation sandand deviation, rather L pooliag W obtain 3 singht citi-
mate of & popelation stssderd deviation. The reuslt is 3 different formuls for the andand
wervor of the difference im averages

[ SET, - T = ;F<.‘,E. )

Thin becomes the denominstor in the 1-stmistic for comparing the means of populataons
spreacs. | nomal, bowever,

distribuation of the Welch 1-ratio i uskaiwn. I can be appeurisated by 8 f-distribution

with (Ll o deprees of freedom, known & Samertbwaite's appeosimstion

Slide 67 Welch’s t test, p. 97 in Sleuth

NOTES:

Aty = [SEy (F; - T1*
SE(F SE(Y .
where s
SE(Y)=—L and SE(V,) = —2
ar (¥2) NCE
Display 4.11 Sllde 68

The conceptual difficulty with comparing population means when
population spreads are not the same

Lifettmes of Breoed B
Light Bults
O everage " Brond A
bulhs last langer; but there
ix alsor a greater ehance of
ey burnont with oA
Liferimes of Srand A

Light Buths

NOTES:

Problems with unequal variance t
tests (Welch t test)

e Conceptual difficulties interpreting difference in
central tendency if variances unequal

e Exact distribution of test statistic unknown, the
Satterthwaite d.f. is an approximation, Usually
non-integer d.f.

® Test isn’t necessarily conservative
® Doesn’t generalize easily to more than 2 groups

® There are alternate procedures to Welch
» Variance-stabilizing transformations
» Nonparametric tests based on ranks: Fligner test
= Note that this uses the large-sample normal approximation
= Probably not appropriate for small sample sizes

Slide 69 Problems with unequal variance t

tests (Welch t test)

NOTES:
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Example: Stream temperatures

Unequal variance t test not necessarily conservative

® Temperatures taken from different portions of a
stream:
» Portion 1: 15.8, 16.9, 17, 17.1, 18, 18.7
= mean = 17.25, variance = 0.995
» Portion 2: 18.3, 18.5
= mean = 18.4, variance = 0.02
® Obviously the variances are unequal and an equal
variance 2-sample t test may be inappropriate
» Welch [unequal variance]: t=2.74 w/ 5 df p = 0.037.
» Pooled [equal variance]: t=1.54 w/6 df p=0.17.

e Why is the equal-variance t-test giving a lower t-
value and a higher p value?

Slide 70 Example: Stream temperatures

NOTES:

The avg temp different: Exact test
P=3/28, 1-tailed

There are only 28 ways the 8 temperatures can
be arranged into groups of 6 and 2 [8 Choose
2], and in only 3 of these arrangements would
the difference in means be equal or greater than
the 1.15 °C difference observed. These 3
arrangements include the observed data and

Slide 71 The avg temp different: Exact test

NOTES:

two others: {18.3, 18.5}, {18.3, 18.7}, {18.5, 18.7}.

P=3/28~0.107

This is the appropriate p value, unless you H
argue that the variances are different between ™
the 2 portions of stream, but there are too few
data to provide strong evidence for this

Levene’s test, Section 4.5.3

Three different tests in the literature
® Sleuth’s Levene’s test on page 102-103 is
not the same as the Levene’s test used by
SPSS in Student’s t test.
» Sleuth: squared deviations from the mean used as
the variables in a t test
» SPSS: absolute values used
= SPSS: |observations-mean | used in an F test

= Other Leven tests |observations-median| used in t or F
test

® The results can often be quite different

® |evene’s tests have largely replaced the
F.., and Bartlett’s tests for equal variance

max

Slide 72 Levene’s test, Section 4.5.3

NOTES:
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Slide 73

Temperature

NOTES:

e .. . .. .. EEO0S611

Slide 74 4.4 Alternatives to the paired t
test

4.4 Alternatives to the

paired t test

Wilcoxon sign-rank and Fisher Sign tests

NOTES:

Slide 75 Schizophrenia data

Schizophrenia data
Sleuth n. 99

[isplay 2.2

Differences in volumes (em®) of leht hippocampus in fifteen sets of

IIIMllﬂi':\'zﬂ!'N‘ .rninin.htrrdn.\- twin is affected f!,\'.\chifnph renia NOTES :

2 : Av )
% 1 1.27 08 2 Samph 1%
2 [ 3 0,19 ila . 1
0,09 r
019 o | 214m
1 | ose e
1
1o
s |
1k N
0,59 :
002
)

Legend: | 6 | 7 represents 0.67 em” Test Statistics’

AFFECTED -
UNAFFECT

Paired t test, p=0.006

. Binomial distribution used.
b. Sign Test
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Wilcoxon signed rank test

Display 4.12

h:iguc:i-'r;'m'l'a fest statistic com puml‘i:‘m.‘: Mﬁﬁnphmﬁiﬁ :Iusf_u'
SPSS:
Discard
sample

pairs with

equal
»s  values®

Vi __Unaffecsed Ranky _-Hanks
K]

144
1.56

Correct the standard
deviation SD(T), based
on the pattern of ties [2,
5]

Slide 76 Wilcoxon signed rank test

NOTES:

Dealing with tied pairs

Two sorts of ties in the signed rank test

There are two sorts of ties with the signed rank test. If you have identical values in
in both pairs, Wilcoxon recommended that those paired observations be dropped
from the analysis. That is still the standard recommendation. There is another sort
of tie resulting after the absolute values of the differences between paired
observations are ranked. You could have two or more differences with the same
absolute values. Those ties are not discarded, and the variance formula is adjusted
to take into account the number of tied groups [See next slide]

Hollander and Wolfe’s Nonparametric statistics, 2nd ed (p. 46) covers the problem
of dropping ties of the first sort. If there are many ties, H & W recommend using
another test. They also state that you could leave the tied samples in, and use a
random number generator to randomly assign positive or negative differences. This
apparently is discussed in Pratt (1959). If you want a more conservative 1-sided
test, assign all of the tied differences to the group that would make it less likely to
reject the null. For example, if you are testing lipitor's effects on cholesterol and a
patient had identical cholesterol levels before and after, then assign that difference
as if the lipitor blood sample had the higher cholesterol or the placebo value had
the lower cholesterol. If you still reject the null, your conservative test would be less
likely to result in a Type | error, but of course the probability of Type Il error
(accepting a false null would be increased). Pratt (1959), cited in both Lehmann
and Hollander & Wolfe, provides a more thorough review. Lehmann cites a couple
of more recent papers on dealing with the 1st sort of ties in paired rank tests.

Slide 77 Dealing with tied pairs

NOTES:

SPSS algorithms, signed rank test

Thara ara avant tacte if na tiad —anks

nlin{.S'P“S‘”) —(n(n+1)/4) L=tied
Z= ' - groups
( = item
n(n+1)2n+1)/24=Y (13 -1) /a8 }Jn e;‘zhs
J=1 tied group
_ Asymptotic relative efficiency>0.864,
where 9559, for normally distributed data
n Number of cases with non-zero differences
! Number of ties
t Number of elements in the j~th tie, j=1..... !

Slide 78 SPSS algorithms, signed rank test

NOTES:
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Fisher’s sign test

Straightforward application of the 2-sample binomial

Frequencies
test
N

eGiven that the probability of a + sign = AFFECTED - UNAFFECT :““::‘"’DD_;:'“"’“:’ 11‘
probability of a minus sign = 0.5, . B N

eWhat is the probability of observing ) 15
exactly k positive signs in n Bernoulli 2 AFFECTED <UNAFFECT
(binl)mial) trials b. AFFECTED > UNAFFECT

.P(X:k): n Choose k * pk (1-p)"'k ©. AFFECTED = UNAFFECT
» X has a binomial distribution ety
+ Must sum probability for observed value of k, Test Statistics’

and all more extreme values of k. AFFECTED -

e Statistical sleuth provides only the UNAFFECT
normal approximation to the binomial, Exact Sig. (2-tailed) .00102
b:;OSPSS will provide the exact test for a. Binomial distribution used.
s b. Sign Test

Slide 79 Fisher’s sign test

NOTES:

Sign test in SPSS

® Aflocted [afecled] - |
% Diference [difeen] Eanta
Besat
I—I Cancel
ralp
Cumant Salsesons Tem Typs
Variagle 1 [ Wicaran [ Gign [ MecMemar
Vanable 2
Dptioes

Slide 80 Sign test in SPSS

NOTES:

Conclusions (1 of 2)
Chapter 4 Alternatives to the t tools

e Consider using alternatives to the t
tools if
» The assumptions are grossly violated or
» The sample sizes are too small to test
distributional assumptions

® \Wilcoxon rank sum test

» Appropriate for small sample sizes

» Appropriate in the presence of outliers

» Ties are not a problem if the ties-
correction used

» Not appropriate for samples with unequal
variances (try Fligner-Policello if the EEOS611
sample sizes are large)

Slide 81 Conclusions (1 of 2)

NOTES:
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Conclusions (2 of 2)

Chapter 4 Alternatives to the t tools

® Permutation test
» Appropriate for small sample sizes, when
the Student’s t distribution might not be
appropriate
» Does not protect against the problem of
unequal variances (the Fisher-Behrens
problem)

® Paired data: tests based on ranks
» Wilcoxon signed rank test: high power
efficiency
» Sign test, simple application of the 1-
sample binomial

EEOS611

Slide 82 Conclusions (2 of 2)

NOTES:
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