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s AEHEREREE (Hypothesis Testing)

o B3R B3R

n p-1H

n BES B E (BE—1RAtUEE)

s ERFEEZ 21T (One-way Analysis of
Variance, ANOVA)

s RAME (chi-square test)
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BIA1):

" & & Z N (Massachusetts) AL F 19— M1 & A5 M (regular unleaded gas) B2 $2.5 7"
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BB LREL IS REFIIEEB32.27T.
s B30 ERZMEHE R (chance variability) W4ER - BZ
R AREAE?
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68, 64, 58, 68, 55, 52, 51, 52, b4, 57, 59, 62, 53, 58, 61

EBRAMER LMRET T S8 ZE%5758.13333" - MEREHDERNEEE Tss, - BEAT]
AERHESEL NS - AR/ FRESE  BEETEBEEE: " FIOREEZE
RIER  EHRFRERZBREREMS ., (TRE] - R BEZRUEZE 60 2 (B) LlL) -
FRESHESMBHAMEN 2 v - BEEEMETEESRE BELONRESHNIEZF T
§I55 BE ({Eggﬁ:ﬂ%gﬂﬂgﬁgijﬁﬁ - BEE K E (a) A 0.05  t-value: t(0.05,14) = 1.7613515(0,05115) =
L7530, t(0.025,14) = 2.1447, {(0.025,15) = 2.1314 - Tl TEEEEE  BEPNE—ETE (Ho Ha. - .
Conclusion) &Y )
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E#ZE R (Null hypothesis):
= Hy p=2.5. (the average price of a gallon of gas is $2.5)

E—i% (alternative hypothesis):
= H,: p>25. (gas prices were actually higher)
u Ha' n < 2.5.
s H,p =25 (BRRE)

#Z K E (significance level )(alpha):
. BELRE -

» Alpha = 0.05: the probability of incorrectly rejecting the null

hypothesis when it is actually true is 5%.

(EEBREZ T BREERRIOER)
(SRR IE 4B R IR R RV R)
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= = Hy: Not Pregnant
R a1 E HE (Truth)

Type I error Type II error

HO H.Z (false positive) _ (false negative)
B You’re not

Reject H,  Typel Error Right 5 : E‘ [ pregnant _
SRE (o) Decision =+ P A
(Decision) (false positive) (true positive)

Fail to Right Type Il Error

Reject Decision (B)

H, (true negative) (false negative)

https://effectsizefaq.com/category/type-i-error/

"B AR E R BRERRVIRE

HMERRE WEEE

H, is true ERIHRR —— H, is true EBEHRR ——

e Y

{ \ .

! \ H,is false ! \ H,is false
/Q \\\s i ’f” ‘\\ ’
e N AN %77 """"""""""
B SE B—= BEINESN B gE B BRINEH

https://taweihuang.hpd.io/2017/01/11/poorpvalue/
http://www.hmwu. 1dv.tw




Harry Potter,
53 ¥E18(Sorting Hat)

EE  BEEHORA)NMEREA T - BEEA) Hy(ERAER)WER/NEEK

|

# - (Reject Hy | Hy true)
n EHH, RE - AlREMRTELIRERRIEA)W g -

(Bp-valuet/)\ - FRRHIKIE AW ACIBELIR - FILHEANEREE - IBAEH,) -
=  p-value : PURABRMIRFIETRIE - o/8EIC type | error BITEER -

(Ep-valueiti/)\ - FRRIBABH AKX OIEESE - EULEEH,) -

http://blog.udn.com/nilnimest/84404190
HENERE2016F10HE+EFE _H

A Sefa= S
R 7
% 4 JI\ o SHES
m E#8H, % p-valuetbalpha) Ak
m P<0.05commonly used.
(?E,%@Ho ’ ?ﬁ’fﬁﬁ%?ﬁﬁ%ﬁ’ﬂ(signiﬁcant) H, is true
m The lower the p-value the more
significant. . _ ,
https://taweihuang.hpd.io/2017/01/11/poorp¥EIER A 7 & ¥
BEGTE
"REZFERAERNESR - p-valuelil)RBRRE - REFERRAE - FEREE
WER W ES BT pﬁﬁ@ﬁ% Bt BuMtEEY - AB/model#iEMHRIRp-value f—1x - Z{EHp-valuefFia

E - ZIETRaIMALEE - FIABEARZp-value - T2Ea ° FE faZ& - 7
MEEREAERE - ERI—EEBENERUE  LABREASRGERER
WEE - ilEmodel B ¥R RE - EhiAZEp-valuet] LIEFIRAY - "
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The hypothesis tests provided in the base installation include':

Hypothesis tests

L.lest
wilcox.test
var.test
cor.test
binom.test
prop.test
chisq.test
fisher.test
friedman.test
kruskal.test
ks.test

one and two-sample t tests
one and two sample Wilcoxon tests

SPRIMGER BRIEFS IN STATISTICS

one and two sample F-tests of variance

Correlation coefficient and p-value (Pearson’s, Spearma
Sign test of a binomial sample

Binomial test for comparing two proportions
Chi-squared test for count data

Fisher’s exact test for count data

Friedman’s rank sum test

Kruskal-Wallis rank sum test

1 or 2-sample Kolmogorov—Smirnov tests

Mike Allerhand

100 STATISTICAL
TESTS IN R

N.D.LEWIS

Easy R Series
Heather Hills Press

http://www.hmwu. 1dv.tw

 ATiny Handbook of R

N.D Lewis, 100 Statistical Tests in R, Publisher: CreateSpace
Independent Publishing Platform (April 15, 2013)
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Hypothesis | One Sample Two Samples > two Groups

Testing - Paired data Unpaired data Complex data
Parametric t-test t-test One-Way Analysis of
(variance t.test (x-y, t.test(x, v, Variance (ANOVA)
e ual) var.equal = TRUE)| var.equal = TRUE) aov (x~g, data)

q oneway. test (x~g, data,
t.test(x, vy, var.equal = TRUE)
paired = TRUE,

t-test var.equal = TRUE)
Parametric t.test (x, Welch t-test Welch t-test Welch ANOVA
(Variance mu = 0) t.test (x-y) oneway . test (x~g, data)
t.test(x, y)
not equal)
t.test(x, y,
paired = TRUE)
Non- Wilcoxon Wilcoxon Wilcoxon Rank-Sum | Kruskal-Wallis Test
Parametric Signed-Rank Signed-Rank Test (Mann-Whitney
(=B HRE) Test Test U Test) Persrelel e (e, T
wilcox.test (x,| wilcox.test (x-y) wilcox.test(x, y)
mu = 0) wilcox.test(x, vy,
paired = TRUE)

pairwise.t.test {stats}: Calculate pairwise comparisons between group levels
with corrections for multiple testing
TukeyHSD {stats}: Compute Tukey Honest Significant Differences
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- HIRE ,b\TﬁE’ﬁEE%tE’Jﬂ‘T‘FJﬂ:
REEFEZ20 0 =NERE , E41E
f?

- WREEERKEE—RE -

Ho: p = o
© EREa

o UWREER: xq,x0, 0, Xy 0
- BEiHRER -

. ETEYFI9E -
- ETEEE; %EETE o
- BpE-

- RS

p-value approach

Critical value approach

One sample t-test

Hy = pg /
Hy : o # po (two-tailed).

J: population mean.

a: significant level (e.g., 0.05).
Test Statistic:
X —pu
S//n’

X — Ho

= NG

to -

X: sample mean.
S sample standard deviation.

n: number of observations in the sample.

e Reject Hy if [to| > tajon—1.

e Power =1 — j.

e (1 —a)100% Confidence Interval for p:
X —topS/Vn <p < X +t40S/\/i

e pvalue = PHU(|T| > to), T~ t, 1.

p-ya.‘fuc/Q

- BEEE

(two-tailed test)

BEETE
Hy:pn>n
£ 0-HMH = Mo
(Lower tail) | /1o : ft < Jlo
HR | Ho:p <
(Upper tail) H, - 1> o
THIFHAEE 74

(sampling distribution)

p-value /2

L T
Reject Hy | Reject Hy
. . B X — o
“u b=
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BRXEEERIHHBUNEKES

(BRSNS ER
FEEcEFR )
X, =X+ +X,)/n
2 1 = ‘__ 2
Sn _n—lg(X“ X")
X, —
T = H t
Sn/\/m (n-1)

0.40

0.35}
0.30}
0.25}

Z0.20}
0.15}
o0.10}
0.05}

0.00

* William Sealy Gosset, a chemist
working for the Guinness brewery

in Dublin, Ireland.
his pen name.
* 1908, Biometrika.

http://www.hmwu. 1dv.tw

"Student" was

tDMEE KSR
BERE) M (EBHE).

7 -3 2 -1 0 1 2 3 4
X

1 degree of freedom

Wiliam Sealy Gosset, who

developed the "tstatistic" and published
it under the pseudonym of "Student".

on]

=27 i (Normal)

n ERMEREEDM
(BERHE - A—LARERIHES
BARRA - @5
MRF TREHRE, -)

n IR ER LA
m Plots: Histogram, Density Plot,
QQplot,...

m Test for Normality: Jarque-Bera
test, Lilliefors test, Kolmogorov-
Smirnov test, Shapiro-Wilk test.

[FE ¥ (Homogeneous)

s (BRAURTE) MEIENEER
ZAEE -
m Test for equality of the two

variances: Variance ratio F-
test.

m Testsin R:var.test,
bartlett.test,
ansari.test, mood.test,
fligner.test,
leveneTest.
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s "EL
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-

ey — . — ERMS 5H(50%)
HO. u=20 H;:u+20a=0.05 _ _— o
N —| pasd e — | : e = S
3lREEEENELE S E(RE): " o LS 7
20.70, 27.46, 22.15, 19.85, 21.29, 24.75, 20.75, 22.91, 25.34, 20.33, 21.54, 21.08, AR 3.5%
22.14,19.56, 21.10, 18.04, 24.12, 19.95, 19.72, 18.28, 16.26, 17.46, 20.53, 22.12, REE 1585
25.06, 22.44,19.08, 19.88, 21.39, 22.33, 25.79 O 2
Normal Q-Q Plot i ] 2%
Histogram of protein e o

> kz.test{log(protein), "pnorm™)

One-sanple Kolmogorov-Smirnov test

data: log(protein)
D = 0.99735, p-value = 3.331le-16
alternative hypothesis: two-sided

Frequency
Sample Quantiles

> ghapiro.test(protein)

T T T T T T 1
16 18 20 22 24 26 28

Shapiro-Wilk normality test

Pratein {gram
@ ) Theoretical Quantiles data: protej_n

W = 0.%7¢8, p-value = 0.71591

> t.tezt(protein, mu = 20)

One Sample t-test j:E r$i’]$|§|mﬂ\%§fl EA 20J E/JEIE.I-LA\\1EX
T ERENALE  BEOEASHEE
t = 3.0668, df = 30, p-value = 0.004553 |3;,-\ MUK 20 -

alternative hypothesis: true mean is not egqual to 20
95 percent confidence interval:

20. 46771 2233225 SREMESEN - R RRENE - U

sample estimates:

nean of x ' BELTIIE 20 R EHERIBEER

21.4
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||§ t.test {stats}

o
o
C
()
-

Description: Performs one and two sample t-tests on vectors of data.
Usage: t.test(x, y = NULL,
alternative = c(""two.sided", "less', ''greater'),
mu = 0, paired = FALSE, var.equal = FALSE,
conf.level = 0.95, ...)

> x <- iris$Sepal.Length | S

> y <- iris$Petal.Length © |

> alpha <- 0.05 3

> (vt <- (var.test(x, y)$p.value <= alpha)) -4 B

[1] TRUE ——

> t.test(x, y, var.equal = vt ) ~ - —— Bl
Welch Two Sample t-test o - —

T | | |
Sepal.Length  Sepal Width  Petal.Length  Petal Width
data: x and y : :

t = 13.098, df = 211.54, p-value < 2.2e-16
alternative hypothesis: true difference iIn means is not equal to O
95 percent confidence interval:
1.771500 2.399166
sample estimates:
mean of x mean of y
5.843333 3.758000
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B-statistic

statistic t = M

Lonnstedt and Speed, Statistica Sinica 2002: parametric empirical Bayes approach.

e B-statistic is an estimate of the posterior log-odds that each gene is DE.
e B-statistic is equivalent for the purpose of ranking genes to the penalized t-

Vatsh)/n’ where a is estimated from the mean and standard
-8 n
deviation of the sample variances s°.

ng'#gao'g ~ N(#ga 0'3

Penalized t-statistic
Tusher et al (2001, PNAS, SAM)
Efron et al (2001, JASA)

t — L
(ats)/vn

P(uy # 0|M,;)
B =1 g gj
9708 P(ug = 0|M,;)

Lonnstedt, I. and Speed, T.P. Replicated microarray
data. Statistica Sinica , 12: 31-46, 2002

Penalized two-sample t-statistic

(Lonnstedt et al 2001)

_ b
t = s*x Sk

multiple regression model

General Penalized t-statistic

Mi—M
t = A B . _ 5
S*X\/l,fn,q 1/ns s  where s va-+t s

Robust General Penalized t-statistic

http://www.hmwu. 1dv.tw
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= ANOVA can be considered to be a generalization of the t-test, when
m compare more than two groups (e.g., drug 1, drug 2, and placebo), or

m compare groups created by more than one independent variable while
controlling for the separate influence of each of them
(e.g., Gender, type of Drug, and size of Dose).

= One-way ANOVA compares groups using one parameter.

m Assumptions
m The subjects are sampled randomly.
= The groups are independent.
= The population variances are homogenous.
= The population distribution is normal in shape.

= As with t-tests, violation of homogeneity is particularly a problem when we
have quite different sample sizes.

http://www.hmwu. 1dv.tw



Xij - | X T = T} X = X5 Xe
j=1 5 xen
Xk - o “
J (X _X) 1 1
S% = Y 1 2
Xnij ZZ N—1
Jj=1li=1 B
(X55 — X) = (Xij

k
ANOVA Table
Source | SS df MS F p
Between | SSp p—1 MSp MSp/MSy < 0.05
Within |SSw N —p MSw
Total | SSr N —1

http://www.hmwu. 1dv.tw

Deviations

SSTotal = SSWithin + SSBetween

= M SBetween
MSwithin

Reject Ho, if Fope > Flop—1, Nk}




Welch’s F Test

= Use when the sample sizes are unequal.
m  Use when the sample sizes are equal but small.

zy Yo wiX
Ej:le'
ZJ le(XJ_XI}Q
” 1
1+ 262 5ok - kaL_)z
j=1"i
2 _
L o g
7=1 nj—1 Zj:le
we —
I Reject Ho, if Fop > Flok—1,4)
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cDNA Microarrays I — —

& Table exp01

ene001 | D48
ened02 | -0.39
enel03 087
enel04 157
enells | -1.15
enelDE 0.04

n #Samples: 63
four types of SRBCT of childhood:

M
o
o
5
5
o
o
o
5
gene003 | 073
= Neuroblastoma (NB) (12)
! yenentt | 050
5
gene013 | 016
gened1d | -0.36
o
5
5
o
o
o
5
5
5

ened1s | 072
enel16 | -076

= Non-Hodgkin lymphoma (NHL) (8),
= Rhabdomyosarcoma (RMS) (20)

expl2 expl3 exp0d explS expees exp 4]
042 087 082 O0E7 -0.38
058 108 121 052 -0.58
025 017 018 -013 -0.13
103 122 03 0.16 -1.02
088 121 162 1.12 -0.44
012 0.3 016 07 0.08
045 | 040 -0B6 -059 -0.76
074 134 150 063 -0.55
-1.08 | -079 D02 018 0.03
040 013 058 009 -0.45
042 066 105 0BG 0.01
-0.29 ) 042 046 030 -0.63
029 017 -028 -002 -0.04
-0.03 | -003 008 023 -0.21
085 054 104 084 -0.64
052 026 020 048 0.27
-0.55 | 0.41 045 018 -1.02
087 013 010 038 0.05
084 077 180 053 -0.38
076 108 150 074 -0.70
042 103 135 064 -0.40
013 | 0.4 060 023 0.19
0584 213 175 023 0.66

= Ewing tumours (EWS) (23).
m #Genes. 6567 genes

Interests:

these four groups.

More on SRBCT:
http://www.thedoctorsdoctor.com/diseases/small_round_blue cell tumor.htm

neural networks. Nature Medicine 2001, 7:673-679
Stanford Microarray Database

http://www.hmwu. 1dv.tw

6567 x 63

Khan J, Wei J, Ringner M, Saal L, Ladanyi M, Westermann F, Berthold F, Schwab M, Antonescu C, Peterson C
and Meltzer P. Classification and diagnostic prediction of cancers using gene expression profiling and artificial




& khan {made4}: Microarray gene expression dataset from Khan et al.,
2001. Subset of 306 genes.

m  http://svitsrv25.epfl.ch/R-doc/library/maded4/html/khan.html

= Khan contains gene expression profiles of four types of small round
blue cell tumours of childhood (SRBCT) published by Khan et al. (2001).
It also contains further gene annotation retrieved from SOURCE at
http://source.stanford.eduy/.

IT (IrequireNamespace(''BiocManager', quietly = TRUE))
install .packages(''BiocManager')

vVvVvV+++++VVVYVVYV

library(made4) BiocManager: : instal I (""'made4™)
data(khan)

# some EDA works should be done before ANOVA

# get the p-value from a anova table
Anova.pvalues <- function(x){
X <- unlist(x)
SRBCT.aov.obj <- aov(x ~ khan$train.classes)
SRBCT.aov.info <- unlist(summary(SRBCT.aov.obj))
SRBCT.aov.info["Pr(GF)1"]
+
# perform anova for each gene
SRBCT.aov.p <- apply(khan$train, 1, Anova.pvalues)
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> # select the top 5 DE genes
> order.p <- order(SRBCT.aov.p)
> ranked.genes <- data.frame(pvalues=SRBCT.aov.p[order.p],
+ ann=khan$annotation[order.p, ])
> top5.gene.row.loc <- rownames(ranked.genes[1:5, 1)
> # summarize the top5 genes
> summary(t(khan$train[top5.gene.row.loc, 1))

770394 236282 812105 183337 814526
Min. :0.0669 Min.  :0.0364 Min. :0.1011 Min. :0.0223 Min.  :0.1804
1st Qu.:0.3370 1st Qu.:0.1557 1st Qu.:0.3250 1st Qu.:0.1273 1st Qu.:0.4294
Median :0.6057 Median :0.2412 Median :0.7183 Median :0.2701 Median :0.6677
Mean :1.5508 Mean :0.3398 Mean 1.1619 Mean :0.5013 Mean :0.9640
3rd Qu.:2.8176 3rd Qu.:0.3563 3rd Qu.:1.5543 3rd Qu.:0.5104 3rd Qu.:1.3620
Max . 5.2958 Max. 1.3896  Max. 5.9451 Max. 3.7478  Max. 3.5809
> # draw the side-by-side boxplot for top5 DE genes
> par(mfrow=c(1, 5), mai=c(0.3, 0.4, 0.3, 0.3))
> # get the location of xleft, xright, ybottom, ytop. (E%HE) #FKey (gene.row.loc)
> usr <- par(“usr®) K@% BB R (train, annotation) °
> myplot <- function(gene){
+ # use unlist to convert "data.frame[lxp]" to 'numeric"
+ boxplot(unlist(khan$train[gene, ]) ~ khan$train.classes,
+ ylim=c(0, 6), main=ranked.genes[gene, 4])
+  text(2, usr[4]-1, labels=paste(''p=", ranked.genes[gene, 1],
+ sep=""), col="blue™)
+ ranked.genes|[gene, ]
+ }
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> do.call(rbind,

> # print the top5 DE genes info

lapply(top5.gene.row.loc, myplot))

> do.callirbind,

770394 4.720366e-21

236282 4.139954=-20

812105 Z.636711=-18

183337 8.458011=-18

814526 6.632142e-17
FCGRT

Pt 2036600607 65.-21

770304 Hz.111903

236Z82 Hs.21537

812105 Hs.75823

183337 Hs .351279

814526 Hs .Z236361
WAS

p=4.13995404788033e-20

— a

— e S

http://www.hmwu. 1dv.tw

T T T T
EwW3  BL-MHL NE RIS

lapplyitop.gene.row.loc, myplot))
pvalues ann.CloneID ann.UsCluster ann.Symbol ann.LLID ann.UGRepRcc ann.LLRepProticc ann.Chromoscme

FCGET 2217

WAS 7454

AF1Q 10962

HLA-DMA 2109

RNEC1 55544
AF1G

AKO074734
BM455138
BCOZZ2448
AKO55186

NM 017495

p=2.B367 1127797 515e-18

NP 004098
NE_000368
NE_ 006809
NP 006111
NP 906270

HLA-DMA

f;10;5

ann.Cytoband
19 1913 .3
X Xpll.4-pll.Z1
1 1gz21
Bpzl.3
20 20gl3.31

RNPC1

p=0.459011027 02717 e-18

= —_ =

p=0.63214192616039e-17

EwWS  BL-MHL NE RMZ

EwWZ  BL-NHL NE RIS




chisg.test

KFHRE: chisq.test

m ESEMTE (test of goodness of fit): EE R EE TS FEE AR H Sl FEE =R
vANIiTIe

n  E—M1#7E (test of homogeneity): 1 E 241 A B3R5I PRILEHIREHREE —E -

s JEITHEE (test of independence): i EME D RS 2B EE G HEIT -

chisq.test {stats}: Pearson's Chi-
squared Test for Count Data

Description:

chisqg.test performs chi-squared contingency table
tests and goodness-of-fit tests.

Usage:

chisg.test(x, y = NULL, correct = TRUE, p =

rep(1/length(x), length(x)), rescale.p = FALSE,
simulate.p.value = FALSE, B = 2000)
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Hy: In the population, the two
categorical variables are independent.

S

‘O

o
_{.\

For testing independence in / x J contingency tables

Hy: mij = mjymy; foralli and j

Wij = nmi; = nm; w4 ; as the expected frequency..

Table 2.5. Cross Classification of Party Identification by Gender

Gender Total

Females H W?w 468 1557
0 (533?}‘

Males 484 477 1200
(542.3) (246.4) 411.3)

Total 1246 566 945 115

Note: Estimated expected frequencies for hypothesis of independence in parentheses. Data
from 2000 General Social Survey.

estimated expected frequencies.

) (%)

The Pearson chi-squared statistic for testing Hy is

2
2 o (i — pij)

nj4
n

ﬂ,_|.j
n

NNy
n

flij = npi+p+j =n (

The X? statistic has approximately a chi-
squared distribution, for large n. (WHY?)

> M <- as.table(rbind(c(762, 327, 468),
c(484, 239, 477)))
> dimnames(M) <- list(gender c(C""F'", M),

+ party = c(''Democrat",
"Independent”,
"Republican'))
> M
party
gender Democrat Independent Republican
F 762 327 468
M 484 239 477

> (res <- chisqg.test(M))
Pearson®s Chi-squared test

data: M
X-squared = 30.07, df = 2, p-value = 2.954e-07
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