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D171 12T NN Yy

mMywn N 12 N NIXp 1o

TIYN N NN, NMMpnn X Mvnia 1NN >y mninn NN
DN DMATNAD DX NXNN DY MIYYn 1NN Nan
(Wilcoxon signed-rank) D' amonn DTN NN
(Wilcoxon rank-sum / Mann—Whitney) D217 TN D12D YNan
Kolmogorov—Smirnov 1M1 y12121-M 1NN NNXNN 2
Kendall- Spearman a7 Dy DRNN
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mayvn np 12 :N7OThn
(Hypothesis testing)
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279M D722 DMOTN DN NDXYN

IMONA IPNNN NINNA DM DY MM :Palmer Penguins 121N) o
NPLPINDINI

(D) MaAN Spwn TNX NINWN ,Gentoo ,TNX 1M1 TPNN) e
21210 DMIT P2 YNINNND DPWNI DTAN W DNN NOXRYN e
Nnapw n>2an w1 ,(4.5 NP1an) R Dy Dwwan 0nnan e

gentoo <- penguins |> filter(species == "Gentoo", !is.na(sex))
gentoo |> summarise(n = n(), mean = mean(body_mass), sd = sd(body_mass), .by = sex)
sex n mean sd

1 female 58 4680 281.6
2 male 61 5485 313.2
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DPYNN Mabann

ggplot(gentoo, aes(body_mass)) +
geom_histogram(binwidth = 100, fill = nanas_pall["grey"1]1) +
labs(title = "a1on n*1v11213°9 2w 91an 2pwn Gentoo",
subtitle = "119 7mw~ n1api11 n'1>7 ,D'V19",
x = "Body mass (g)", y = "Count")
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DPYNN NMadann

Gentoo YDn D2IMAXA SV qan dpwn
T Mapn Dot , 0o 119

Count

4000 4500 5000 5500 6000
Body mass (g)
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1" 95 Spwnn

sex_means <- gentoo |> summarise(mean = mean(body_mass), .by = sex)

ggplot(gentoo, aes(body_mass, fill = sex)) +
geom_histogram(binwidth = 100, alpha = 0.6, position = "identity") +
geom_vline(aes(xintercept = mean, colour = sex), data = sex_means,
linetype = "dashed", linewidth = 0.9, show.legend = FALSE) +
scale_fill_manual(values = c(female = nanas_pall[["accent"]], male = nanas_pall["primary"1])) +
scale_colour_manual(values = c(female = nanas_pall["accent"]], male = nanas_pall["primary"11)) +
labs(title = "yvinna paa 800-52 o 712> nw o1n",
subtitle = "nv1ap 222 vyinnn o 111 IEnn Dt1iEn',

x = "Body mass (g)", y = "Count", fill = NULL)
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1" a5 Spwnn

yxmna oaa 800-22 p»122 oMo
NX12P 921 y¥Innn DMpNpnin DMpn

. female . male

Count

4000 4500 5000 5500 6000
Body mass (g)
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DMATN WY tNan

Hy:pr = pu Hy:pr # pu

Tp—&yv _ 4679754848 8051 _ .
sy + Sy 281.6° N 313.2% p45
58 61

t.test(body_mass ~ sex, data = gentoo) |>
print(digits = 6) # a little more precision than the course default

Welch Two Sample t-test

data: body_mass by sex
t = -14.76, df = 116.6, p-value <2e-16
alternative hypothesis: true difference in means between group female and group male is not equal to @
95 percent confidence interval:
-913.113 -697.076
sample estimates:
mean in group female mean in group male
4679.74 5484.84
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VOO NN D'XMNMP TN

"5 1NIDN PN MXY 15-2 Nin DWXINNN A w1ann it = -14.76
mMapin 0MoT 1NN R D

MNOY XD wainn DT 1297, 1My v nan XD Welch df = 116.6

LYND N2 MNP I MK 120N ,NN2) Hy DN p-value < 2e-16
Hy X DMT .DANX

N> 0 77yn .0 913 TV 697-1 D12 MOp MaApan (95%) IMpn M
NN XXN)

DTN IX) NX12P D22 DN NMAdanm ,MM>N NS N1Paxn :mninn
(D1
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-N MLWY PIN RO
?2MmMMunas
(Non-parametric methods)
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Nnyan

Nnann >Y it nadann mnan (t, ANOVA ININ) NMonia Moy e
n'oN1M 551 70T ,Novnn

NYANNN Sy P51 YT Mpanon NMVNIA-N MW e

(A1 TN) DNOY ATON DY 1M DNXY D22IYN DY MNA NMIYWI N e
TIYM 1NN WY NIYWN D2D 12T 5230 NNX NLW N e
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nn"p X5 55531 nbmnnwa

NT
@)= ——, zeo,00)
(1_|_m)27 )
>0 T
= dr = oo
3 /0 (1 + z)?
1 -
Fla)=1- 17— =05 = ji=1

ADIN NN 2, NOMNN DY Mywn p11ad DYL I'N e
MOV MIYYN p1Tad IwaN) ;a0 17N NINNN e
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1NINN 510 Yy¥INN (N IND

# F(x) =1 -1/(1+x) = x =1/(1-u) -1

n <- 20000
heavy <-— tibble(

i=1:n,

x =1/ (1 - runif(n)) - 1
) |>

mutate(

“qavyn vyinn = cummean(x),
“havsn 11w map_db1(i, \(k) median(x[seq_len(k)]))

) |>

filter(i %% 20 == 0) |>

pivot_longer(c( navyn 11°¥m , naven vyvinn ), names_to = "stat")
ggplot(heavy, aes(i, value, colour = stat)) +

geom_hline(yintercept = 1, linetype = "dashed", colour = "grey50") +

geom_line(linewidth = 0.8) +
scale_x_logl@(labels = label_comma()) +

scale_colour_manual(values = c(nanas_pall[["accent"]], nanas_pall[["primary"]])) +
labs(title = "uv9u? 1 wnn vyinnn ,1-% vionn 11 30",

subtitle = "n"9101"® n2minn naw ni1az2onnn nin*aT",
x = "Sample size (log scale)", y = NULL, colour = NULL)
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1NINN 510 Yy¥INN (N IND

DALY Twwnn yxinnn ,1-> p1onn Nxnn
PODIN NOMNN NAY Dadannn nnaT

= TADXN ’XTT = 13DLXN YNIIN

100 1,000 10,000
Sample size (log scale)
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LIPY DDA PP NOXY :DNTD DNNINYI

(D2'wn 150) *?N»LDWVLD N/AMK /AN DTN PRI

D'PNINN T 170N (ordinal) MTD DDN o mxpy mv mawnn
N> mawnn "

Count
S

DMYaAN YW D'MIN YNINN WM 5-1 TiTp o © :
|
|
|
|
|
|
|

DMy
30
SN2 NN T 591 (3.2) yXInnn e
11N2 DWIX LYN INY N2IWNN
JONIN PN MDD ,NTTA Ndannn o
IND DMMINDN O2171T OV 1XNN DY DNan -
ny 0 :

NY D5D oy NT™Na n"mranmTna i nTna TN N2 NT™Na
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nmavnNIa-Xn nvwn

nmvnian nvwn

DT NAN

NONYN

DYMDNN DTN NAN L(Sign test) 1nDN 1Nan
(Wilcoxon signed-rank)

nomnn by t/Z nan

nnvYannn DN

D'w1anin Yy Wilcoxon signed-rank / 1n'Dn 1Nan

mm tinan

DM oMaATN Y

(Mann-Whitney) D217 T 012D 1Nan

DMATN WY tNan

nModn 'nHYa NPMYIIN NY

1Nan ,(Goodness-of-fit) NMMNXNN 205 Y1212 1NN
Kolmogorov—Smirnov

NN MAYannd NnnNNN

Chi-square test of) mxmnd yiana-mnan
DMATN WY Kolmogorov—Smirnov ,(homogeneity

NMAYann Ny P2 NN

Spearman’s p, Kendall’s T

T'own

D12 ODNNN

-100'000 071N NINY

DINYN Y 11 ONNN
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(Sign test) 10D 1NN
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NN DY MIywn
H() . [L = Z Hl . [L 75 A

0.5 MIANDNAWOYWIN AN z; — 2z WIaN DD ,Hy NNN

MMaxnn 1apn XN n-1,0'0Mmen (0 w1an) z-2 P71l IMNYY Naxn e
1INYIY

DMINNN DWIANN 19DN rT e
r=min(r", n —7r7) JNINN WDWLD e
Hy T Tyn vp 1 ,n/2-5 p M r-w Nax) Hy NN e

r* ~ Binomial(n, 0.5) Pir<y)=2P(r" <vy), y<n/2
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WMPN 1IYN

DYPNY 1N NN 7IWN NN R 'DNPN 1IN

P(r < Ry) —252 (Z) (;)n <a

Hy nxomT,rg < RY DN :1y1nn DO)

# Critical value of the sign test: largest r with 2 x P(Bin(n, 0.5) <= r) <= alpha
sign_critical <- function(n, alpha) {

max(which(2 * pbinom(@:n, n, 0.5) <= alpha)) - 1
}

sapply(c('0.01° = 0.01, "0.05°

0.01 0.05 0.10
3 5 5

= 0.05, "0.10° = 0.10), \(a) sign_critical(20, a))
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APl S nann 20t :anaT

20 17)T) .ms 200 X1 N2NN AT OY NNNNY y2ip MY 5w SLA-N
-TWpA

api <- read_csv(file.path(data_dir, "api_latency.csv"), show_col_types = FALSE)
api |> mutate(diff = latency_ms - 200, sign = if_else(diff > o, "+", "-")) |>
count(sign)

# A tibble: 2 x 2

sign n
<chr> <int>
1+ 15
2 - 5

ggplot(api, aes(latency_ms, @, colour = latency_ms > 200)) +
geom_vline(xintercept = 200, linetype = "dashed", colour = "grey40") +
geom_point(size = 4, alpha = 0.8, position = position_jitter(height = 0.02, seed = 1)) +
scale_colour_manual(values = c( FALSE® = nanas_pall[["accent"]], "TRUE® = nanas_pall["primary"]])
labels = c("200 2vun" ,"200-7 nmunn")) +
scale_y_continuous(NULL, breaks = NULL, limits = c(-0.1, 0.1)) +

labs(title = "15 200 2vn niwpa 20 T1nn ms", x = "Latency (ms)", colour = NULL)
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180

O = = = m = -

APl S nann 20t :anaT

ms 200 byn mwpa 20 'nn 15

@ 200-5nnnn @ 2005un

% P g0 9%° e °

0 220 240 260

Latency (ms)
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ANYIN NDN NN
r* =15 = 7o = min(15,5) =5 e
Ho INDMTND 121,56 > 341 R}, = 3= 0.01-2
D'MT 12N ,56 < 51, R} - = 5 :a = 0.05-2 e
binom.test(sum(api$latency_ms > 200), n = nrow(api), p = 0.5)

Exact binomial test

data: sum(api$latency_ms > 200) and nrow(api)
number of successes = 15, number of trials = 20, p-value = 0.04
alternative hypothesis: true probability of success is not equal to 0.5
95 percent confidence interval:
0.5090 0.9134
sample estimates:
probability of success
0.75
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2 TYIND DINNA XN AT

?a = 0.1-2 N112) NIYLN DNXN .D'LITVLD 11 1WA .80 NIN 1YY ‘2 TVINA DXN NXTY VD NXIN
grades <- read_csv(file.path(data_dir, "exam_grades.csv"), show_col_types = FALSE)
grades$grade
[1] 79 75 85 95 70 60 65 75 74 89 72
binom.test(sum(grades$grade > 80), n = nrow(grades))$p.value # sign test

[1] 0.2266
MMM AR NXMN WO 1IN rg =3 > Ri,,, =2, r" =3 o
Hy IR NMT N (MO0 NMN2) NOMN> t)Nan Da e

t.test(grades$grade, mu = 80) |> print(digits = 6)

One Sample t-test

data: grades$grade
t = -1.204, df = 10, p-value = 0.256

alternative hypothesis: true mean is not equal to 80
95 percent confidence interval:

69.3750 83.1704

sample estimates:

mean of X

76.2727
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DUANTN DNTNAD 1NDN 1NAN

Hy : ji; = 00Y ,d; = z; — y; D'PIANN DY 1NDN 1NN DX DX, Mantn M axnnwd

NN DOTIND Y 2N MN'wnd A ap N ,0pus 5.5-1 Sonnet 5.5 NN 9'OoNNY SPiw axin My AT
mna Opus = d; .NN'WN 521 (%) MXAYN NYW 12201 2mna Ny Opus DN .MnN'wn 11 1MN NN
(DTN DNY) .Sonnet

1lm_err <- read_csv(file.path(data_dir, "1lm_labelling_errors.csv"), show_col_types = FALSE)
1lm_err |>

mutate(sign = if_else(opus > sonnet, "+", "-")) |>
select(task = task_he, sonnet, opus, sign) |>
kable()
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DUANTN DNTNAD 1NDN 1NAN

sign opus sonnet task

- 6.9 8.4 mw nMa 1nM

- 3.6 4.1 mMmpra1 vINWID

- 2.1 2.3 DXaAD N7

- 9.0 11.2  DN’X2 MO N

+ 12.4 6.5 Myna 1on Nt

- 8.1 9.8 mmMmawniamiy

- 0.6 1.4 nawnr

- 11.6 14.7 DPN1971 DA MTYN

- 10.4 13.0 DMN2 D9YD D

- 6.0 7.2 X1 nMuvp

+ 22.1 15.3 Drpap N
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RN :Opus >N Sonnet

n_plus <- sum(1llm_err$opus > 1llm_err$sonnet)
binom.test(n_plus, n = nrow(llm_err)) |> print(digits = 6)

Exact binomial test

data: n_plus and nrow(1llm_err)
number of successes = 2, number of trials = 11, p-value = 0.0654
alternative hypothesis: true probability of success is not equal to 0.5
95 percent confidence interval:
0.0228312 0.5177559
sample estimates:
probability of success
0.181818

01’ D'WIann XN :Hy DPMT 109 ,p = 0.065 < 0.11,r" =2 e
mnwnn 11 inn 9-2 mna nyiv Opus e
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DUYMDNN DTN NN
(Wilcoxon signed-rank test)
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1NDN NAN Y nanan

Ho:/l:z leﬁ#z

OV 1N MIYYNN 127 .4 11°XN1N 22D NN NaX NADANNN NN
(MNP XN DN ,NOMNN D) N¥NN XINY ,NM0NDnN 1IN

DOTIA DY D) NON D'wIann Sw 1non DY p1 XD DpanNn

1D 1N2ANN AN Prn N

DUNT DTN DY DWW Y D) Drwand awan
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1NaNN 1AdY

DTN .n DX DDTYM 0-2 DMYY D'wIan Domwn .1

z = 200 :nNAnT
21PN TNN D2 MY DW NIpna .NdwY 1701 |z; — 2| DN

nmmon T |z -z zi—z oz NATN YyXINn NN
+2 5 15 205 N5 wAann Y 100N NN a7 925 DTN 2
—45 12 ~12 188
T 200 NI1TN D12 R—-1 MP21nn DTN DD X R .3
vnv) .
R = min(R", R™) N1n 1N2NN wDWLDI ,M>OWN
+4.5 12 +12 212
) 7 0 o NP *ad X ,(NYaV) R < RE,, ON Hy NN D'MT .4
)
+6 30 +30 230 PoN)
—3 9 —9 191 W n(n+1) N n(n+1)(2n + 1)
ER")=——F— V(R")=
n=6, Rt =125, R~ =85 4 24

R =min(R*,R") = 85

R"+R =% =21:mpm
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2V(R7)=- E(R™) Myan Nawn

NWNO IWwWaN abTad awp a1 "arn mnd % MDD W wIaN 92351051 ,2 22D NN D Ndannn Hy hnn
T1OW INDN DX VAIPY 1N Yavn 00N T o051 ,nwWap 1,2, ..., n DTN 72 nrdy

R"=>k-I, I~ Bernoulli($) ombn nb
k=1

n(n+1)
221NN TYA D91 1IN XN YXINN, 5 N1 MA1TN D2 D1OD :N5MnN .
& 1 nn+1) nn+1)
E(R+):Zk'%:§' 5 = 1
k=1

MaMYn MY 'K 1251 ,0M5n o2 nyavnm ,V(I;) = i MNY o

n - 2 1 1 nn+1)(2n+1 nin+1)(2n + 1
V(R)—;k.z_z.( 23( ) _ 2)4(1 )
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121NN 2N NI

signed <- api |>
mutate(diff = latency_ms - 200,
rank = rank(abs(diff)),
signed_rank = sign(diff) * rank) |>
arrange(rank)

sum(rank[diff > @]),
sum(rank[diff < 0]))

signed |> summarise(R_plus
R_minus

# A tibble: 1 x 2
R_plus R_minus
<dbl> <dbl>

1 156. 53.5

R = min(156.5, 53.5) = 53.5 < 60 = R}, ,

.a=0.1-2 Hy IN D"MT 10N
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R-1 np 12

wilcox.test(api$latency_ms, mu = 200, exact = FALSE)

Wilcoxon signed rank test with continuity correction

data: api$latency_ms
V = 156, p-value = 0.06
alternative hypothesis: true location is not equal to 200

min(R", R7) XY ,(156.5) R* \in R-1V
DN NP wNIYNA R 125, Mnr DT Y lexact = FALSE e
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D'NIDN XD DINANNYI

:Opus 211 Sonnet-> M)

c(sign = binom.test(n_plus, nrow(llm_err))$p.value,
signed_rank = wilcox.test(1llm_err$opus, llm_err$sonnet, paired = TRUE)$p.value)

sign signed_rank
0.06543 0.32031

ND D2IMDAN DTN IN2M NMTINDN INAN o = 0.1-1 e

D211TN 1NN .DapN DINANN Y ,NMLND NN IWaAN DN e
1M PN 952 701721201, 0'wann ST NIN D) OXIN DNMDNN

NIT YN NN PTI2 100N 1NAN 91,1000 NNY IWaAN IN DN e
VyNpw
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DTN D12D 1Nan
(Wilcoxon rank-sum test)
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mMM>n 'n5a MmmIYoNX nv

N=n+mam <nDY,20MDIDIINN MMAXN m-1 'K IMDIDIINN NMaXN n e
Hi : Fi(z) # Fa(z) Sn Hy : Fi(z) = Fa(z)

D12MMNN NNK NS NMaxnn 52 NN DTNNRN ((Wilcoxon rank-sum) nbwwn e
VPN DATANN NMMAXNN DY MATTN D120 T 1NANN WDIWVVD .

B(T) m(n +2m +1) V(T) = mn(n —|1—2m +1)

‘ T—E(T)

{ > Z1_qj2 ON Hy NN D'MT
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?2E(T) nyan NaNn
T =", Ri-w 12 ,)0pN DATN MPaxn bYW NN NN Ry, ..., Ry,-110D) Ap N PRY M)

DIOW ININ .NTN NMIND 12D Nraxnn N 5w 7D 52 125 ,madann nmxn myan mhaxnn 52 Hy hnn
{1,2,...,N} 5y TR MYann R; Na1T

1 X N+1

(M5N-"X2 7NMX *52) 1297, XD NOMNN

N+1 mn+m+1)
2 2

NTT2 MAT OY MNYN DX DX 22P) 71T KD

V(R = B(R?) — B(R,)* (N + 1)é2N +1) (NZ 1 N212_ 1
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?2V(T) nyan NaNn

NAMYNN MNYN NN DX X 12D .7T NN 52p5 M’ XD Maxn "Ny :nMmdn manTn

V(T) = Em: V(Ri) + Z Cov(Ri,R;) = mo® +m(m —1)c
i=1 i%

N%-1
13 AWND

(Mmvnon a1 Hab nir) ¢ = Cov(R;, R;)-1 02 =

1M m = N DY N IMKX .DAaN 1YY NIwn 199 ,1 + 2 + -« 4+ N Vap Xin 1aTn N 92 010D :pvn

2 N+1
— No? + N(N — 1 SR
0 o‘ + N( Je = ¢ N1 T
11TNa DaXN
—1 (N+1)(N—-1) n mn(n +m+ 1)
V(T) =mo? (1 - —m- : -
(T) ma( N—1) " 12 N-1 12
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XM TONN2 MW NN T

NPIANN DY N1Yannn N1IX DX NP XD XN 7PONN2 210100 Naw
mTN 3-2 NNOY NP1ann DNN .NOYN 950 NN 1 YDAN ,DMMrn
(a = 0.05) ?D12

prod <— read_csv(file.path(data_dir, "production_output.csv"), show_col_types = FALSE)
prod |> group_by(period) |> summarise(units = paste(units, collapse =", "))

# A tibble: 2 x 2
period units
<chr> <chr>
1 after 7.7, 8.1, 8.3, 8.6, 8.9
2 before 3.9, 4.3, 4.4, 4.6, 4.9, 5.8

D172 3-2 NNYY NP1ann DX NN MNKRY INaxynnn 3 01N :prvn
DYaNN NMXN DWN DNITNN Y
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NTMXRNDN ANPYAIN N7

prod_shift <- prod |>
mutate(adj = if_else(period == "after", units - 3, units),
rank = rank(adj))

ggplot(prod_shift, aes(adj, 0, colour = period, label = rank)) +
geom_point(size = 9, alpha = 0.85) +
geom_text(colour = "white", fontface
scale_colour_manual(values = c(after = nanas_pall["accent"]], before = nanas_pall["primary"11),

labels = c(after = "(3 nino) ~nx", before = "-319%")) +
scale_y_continuous(NULL, breaks = NULL) +
labs(title = "gmixnn nann 2w ni1aa7n", x = "Daily output (units)", colour = NULL)

"bold", size = 4) +

To=5+7+8+9+11 =40, E(T)=>2=30, V(T)=>:2=30

40 — 30

V30

= 1.82 < 1.96

D12 MTN 35V Maw Oy DA NN DN (Hy DYMT XD 10N
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4.0

NTMXRNDN ANPYAIN N7

TAINNT DATNN DY N1A1TH

. (3 mna) NN . 1aY

0 00 0 0 60 O 0O

4.5 5.0 5.5 6.0
Daily output (units)
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R-1 Nan 1M

after <- prod$units[prod$period == "after"]
before <- prod$units[prod$period == "before"]
wilcox.test(after, before, mu = 3)

Wilcoxon rank sum exact test

data: after and before
W = 25, p-value = 0.08
alternative hypothesis: true location shift is not equal to 3

m(m+1)

5 — 40 — 15 = 25 N\in W WPWLDN R-2

(Whitney U
MTADNY DI, MMM 3oV nNmmpNaAmu = 3 e

Mann—w0DVLD) T —

MPDNAN DAN ,ON1IN 11PN NIX XM (0.082) pnTn p-value awnn R
mhal
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TINNNN 2
(Goodness of fit)
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TINNNN 2'D5 Y1aMa-"M 1 NaAN :N1OTh

MAaxM 190NN E; = np; ,NIXIW 19000 NN O; .p1, ..., pr 10 MMIDPN k Y¥ MM1anonn :Hy

k 2
(0i — Ei)
X2 - Zl EZ ~ X%—l—m

1=

N> Hy NN LDWLDN YW NMAYanNnNn MUNIa-X 1NN AT .DNNINN DTANY DMIVNIAN 19DN NN m
91T DA™MD 111 P XN x2 NMaYannn Yax . Fy 25 T2y 1nan imN ,NMDIYIIRND YW navanina nmdn
nnn D Sw nadbannn AN NNyY KS-2 .mavp 522 E; > 5 X 125 .M ap) 'OnT) 11p by \weaw

.Nax1 Fy 535 nnn npnn H,

?2N'ONM 20ann (TN DN NdY) Palmer Penguins-1 0 an 342 52 5w quin Ypwn DRN AnaT
1 WK LE; = 342/8 = 42.75-¥ 72 ,ANNMNN N'9N70 NNN 1MI12NDN1 Iy NMMavp 8-5 0'phnn

m=2120,0

mass <— na.omit(penguins$body_mass)

bins <- gnorm(seq(@, 1, by = 1/8), mean(mass), sd(mass)) # 8 equally likely bins under H@
observed <- table(cut(mass, bins))

chisq.test(observed)$statistic #df =8 -1-2=05, not 7

X-squared
33.86

.02 NYY Y NMvN 0T 250NN Ypwnin (Hy D'MT 109 %% = 33.86 > 11.07 = X?).% 5
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Kolmogorov—-Smirnov 1Nnan

:N12VXNT NYANNN NMXPNA NX M KS 1Nan .y NTAIRN MMavpY n,dnn ,D9¥1 DMnnwa

-2 TNV IX MILPY NNAXNNN PONN ,NMAaNNN NAOANNN N1XpNA (F(x)
NNXION2 NN NN Fy-wd ,xz 935 Hy : F(x) = Fo(z) e

D = max |Fy(z) — Fo(z)]

Dy 5.0 =~ 1.36/4/n 0NTa DAY .(N520) D > D, ,, OX Hy NN D'MT e
ATNN DY DTN W NN ;) 221 D'PNA,NPA¥NN NN DIMNN T 11w e

7 n n

. 1
D = max {i — Fo(w(i)), F()(CB(Z)) - ! }
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KS ynan ,DY%pwn MmN :nnaT

TNMNLPO POND DI DYaN ,DMAaN DPYNd 1)

ks.test(mass, "pnorm", mean(mass), sd(mass)) |> print(digits = 6)

Asymptotic one-sample Kolmogorov-Smirnov test
data: mass

D = 0.1041, p-value = 0.00121
alternative hypothesis: two-sided

-7 1NaNY ONNNA ,Hy oMT 129 ,D = 0.104 > 0.074 ~ 1.36/1/342
V12112

TN DOP D2IMANN 41% D7 3,800 22D X1 M2 J1Tan pnaInn e
31% P11 N1PNO 02X 1N NONIIN ad
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NYYNI1N 1N NMMANNN NNPINAN

ecdf_mass <- tibble(g = sort(unique(mass))) |> # g: each distinct weight
mutate(Fn = ecdf(mass)(g), FO = pnorm(g, mean(mass), sd(mass)))
worst <- ecdf_mass |[>
mutate(Fn_left = lag(Fn, default = 0), # the step's value just before g
Fn_end if_else(abs(Fn - F@) >= abs(Fn_left - F@), Fn, Fn_left),
gap abs(Fn_end - F0)) |>
slice_max(gap, n = 1, with_ties = FALSE)

ggplot(ecdf_mass, aes(g)) +
stat_function(fun = \(x) pnorm(x, mean(mass), sd(mass)),
colour = nanas_pall[["grey"]l], linewidth = 1, linetype = "dashed") +
geom_step(aes(y = Fn), colour = nanas_pall["primary"]], linewidth = 0.9) +
geom_segment(aes(x = g, xend = g, y = F@, yend = Fn_end), data = worst,
colour = nanas_pall["accent"]], linewidth = 1.2) +
annotate("label", x = worst$g, y = (worst$F@ + worst$Fn_end) / 2,
label = paste@("D =", round(worst$gap, 3)), hjust = -0.1, fill = "white") +

labs(title = "o'%p D17 1121°9 "7 n1"",

subtitle = "1pn n " vo1 vYINn 1NIR DU N'2NI11 P1R1TIEN ¢ NTOC9nNR NniaZonn :2imdY,

x = "Body mass (g)", y = "F(x)")
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NYYNI1N 1N NMMANNN NNPINAN

DYYOP D2"MAIQ TN 1IN
1PN DMLY YXNINN TMKN DY N'ON7) ApNpnR - ManX Mad>ann o1n)
1.00
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DNXTN YWY KS

NManN NMadann MXpNa "NY 2 DN Fp 01 V11NN

H() . Fl(:zz) = FQ(ZE) D = mwaX ‘Fl,n(ib) — Fz,m(w)|

AT DY NXNN .MND NNYY inference MW Sw NwTN NP [ NNAT
60 17)T) "MXap“ Sy DINndnn D wnnwn SaN ,NNvn XY bynd N21NN
(DM TN D1N)) .NDW DON MYpa

set.seed(1)
latency <- tibble(

version = rep(c("v1l", "v2"), each = 60),

ms = c(rlnorm(60, log(220), 0.25), rlnorm(60, log(220), 0.65))
)

latency |> summarise(median = median(ms), iqr = IQR(ms), max = max(ms), .by = version)

# A tibble: 2 x 4
version median igr  max
<chr> <db1l> <dbl> <dbl>
1 vl 227. 63.5 361.
2 v2 225. 180. 1048.
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NIALXN NADYHNT NMINPNH NV

grid <- tibble(ms = sort(latency$ms)) |>
mutate(vl = ecdf(latency$ms[latency$version == "v1"])(ms),
v2 = ecdf(latency$ms[latency$version == "v2"])(ms),
gap = abs(vl - v2))
max_gap <— slice_max(grid, gap, n = 1, with_ties = FALSE)

ggplot(latency, aes(ms, colour = version)) +
stat_ecdf(linewidth = 0.9) +
geom_segment(aes(x = ms, xend = ms, y = vl, yend = v2), data = max_gap,
colour = '"grey20", linewidth = 1, inherit.aes = FALSE) +
annotate("label", x = max_gap$ms, y = (max_gap$vl + max_gap$v2) / 2,
label = paste@("D = ", round(max_gap$gap, 2)), hjust = 1.1,
fill = "white", label.size = 0) +
scale_x_loglo() +
scale_colour_manual(values = c(vl = nanas_pall["primary"]]l, v2 = nanas_pall["accent"]])) +

labs(title = "+na2 ni1w 11779 , 11730 1nIR",
subtitle = "ni-vyp119n "nw 1°2 N1°2 217TaN EEann sanwn 1pen',
x = "Response time (ms, log scale)", y = "F(x)", colour = NULL)
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NIALXN NADYHNT NMINPNH NV

MNAD NNV M ,)1XN NN
NIXPNAN MY "2 1012 1TAaN pRImn - NNYNIpn

—_— vyl = V2
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DTN D1ID 51 KS

vl <- latency$ms[latency$version == "v1"]

v2 <- latency$ms[latency$version == "v2"]

c(rank_sum = wilcox.test(vl, v2)$p.value,
ks = ks.test(vl, v2)$p.value)

rank_sum ks
0.95187 0.02763

AN AI2YTA MY NV NNNX NPN NAXD DN DNV DMIYTN DI1DD o
TIND DD1N DX TIND DXP D2INT D) Y v2-1 .7Mwn ND1nn

111p INWI N1TN DIODY ,MTpnN ,DNNPN YD MItann 1Y NanTn
1YY nOHMnd

IMT NI XD .NNXIN NP, PN DMADannn 12 512N 525 w1 KS e
a = 0.05-2

DYNNIYNNY NN NN (99-1 11X 95-N NNNIND) 22T )NMIN M1'W1 e
NMXNNN 1M 172D 'NTD 120 .0'wan
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Chi-square test of) n1maimnd yaaa-n
(homogeneity

0121 DMLY £ 1MKD DMNMATAN Y DX D'PYNN (1M 1K) MMAYaNN Ny IMwnb Y1 Y1212-N D)

2 x k5w nbav

N1 D100 %) - (NTNY D1DD j (0ij — E;j)*
Hy:F =F, Eij:( )]\5 ) X2=Z e (

0,J

TMNND DATNN YV DMNIYMMINN A nmMuvyp 5-5 D'p5Nn ,N21an 20T DNIN

breaks <- quantile(latency$ms, seq(@, 1, by = @0.2)) # pooled quintiles

tab <- table(latency$version, cut(latency$ms, breaks, include.lowest = TRUE, dig.lab = 4))
tab

[68.06,165.7] (165.7,212.3] (212.3,245.9] (245.9,300.4] (300.4,1048]
vl 4 17 17 17 5
v2 20 7 7 7 19

chisq.test(tab)

Pearson's Chi-squared test
data: tab
X-squared = 31, df = 4, p-value = 3e-06

NPAN N NMNXPN NMMADPN NP QTY w2 v2-5 NN D21 Ej; = 121257 Mypa 24 i awp 501 e
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KS 51 yiara-n

DTANN .NMDIYIIND DY NMAYanina nMdn XY Hy NN 0DWLDN DY NYANNN :DMLVNIA-NX DINIANN Y
1PN DXININ DA NN DN

KS yiaa-n

NNXY NMANND NXPN YNNYN .09 DMNLP D’NMY D) NN .DPMALPY D'pHNn DN
DTN

(Lilliefors NnINNX) NX19N2 NN NawX Fy wT MON NXXYINM VTN NTANA NMMvPY npydnn "MN
m,aa

VP DAY D) MPMTN MXYaL W E; > 571X )L1ban'DN nyp

KS Dma 2wy, ks.test(x, vy)

T'own

chisg.test(table(g, x)) ,mMaaMmninin

-100'000 071N NINY

mmMadvann ny
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DUYT DY DXNN
(Rank correlation)
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(Pearson correlation) 11D DXNN :NNOTH

D > S {CTE [ )
VIt - 22 Y (i - 9)

AW 1PY MNP MNPIN NN TV KN YTam ,wpn mma XN nwn -1 <r <1

MM2D 12°X OXRNN ."IWP PR NY )N wp PRI r = 0

1'D1212) N'D1AY DDAN XM, DNINWN YW 1P WP INaY 1M NN 11TN T PN N nnd
(R? = r? nuwa

2000 iy

?0MPNN D'pTA DY 0NN DY D20N (LLM-as-judge) Nay 5Tin W MmDLIN 11X DN =
2TLDIN NV MYP 1NN DY NYLN AT ONN =
27N DT DINWN DN MNM D21 MWK TYXD DMNNDN NXoN =
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170719 XD nnd

‘9AN INIDT WD PRN DX TN ND1A 1KY 1A)
DN DI WY TINN WA NN e

TV "TINN NX1IN“ 1IN ,1TD MNOID) DMOITNIN DINWND DRNN XD NN e
("NxX1IN XX

DTN ND MIOwnNYI D'RKIN XD NN @

ND 1101 WP DTN 1291, NATH DY D'DDIANY DTN NodNn
JINDD N1ONA

mMX1TN DY N'D1'a DNNN :Spearman’s p e
TINNDT IDINA N 5O NnXRDN2 Mar by opian :Kendall’'s 1
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Kendall’s T

DN x; > x; DX (concordant) NNNNNA NN (x4, ¥;), (2, y;) raxn ar
[(discordant) NAXNN DN NN NINK .y < y; DN x; < 2 WX,y > ¥,

Ne — Ng n
T — , no —
no 2

TINNXIN ADINA DT 19D ing ,  NIKXIIND TN 19PN n,. ®
—1 <7< e

(tau-b :R-2) 1Mwa 1905 MXDIA NN W e
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TAINTAD DRAN NNaAT

LN DNN (Y ,LLM-as-judge) "0mLIX LNIYM (X) WX PTIAN X 102D DIIVKN'Y DY MAwN wY
?PT12N N2 1TD 1NN MAPNN NN AT

TNO Y nN1Tnd X NX DM .1

MY "2 Wan NN Davnn nawn %25 .2
di = Rx; — Ry,; N1

(MNMY ’Kw2) MNP 0°2°¥N .3

., 6%
s = L T = 1)
6-6

,TD 1NN P1PT2 DTN PN LAIYN ONX
ps = 11 d; =050

T'own

-100'000 071N NINY

d?> di Ry Rx Y X mnawn
1 -1 2 1 52 31 A
1 +1 1 2 47 4.5 B
1 -1 4 3 61 52 C
1 +1 3 4 58 6.8 D
1 -1 6 5 74 7.4 E
1 +1 5 6 70 8.9 F
6 27D
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T2 5T)p N1

1N DTIAN DY D2DN LAWN DR DPTA T Y21 . (§) = 15 52 Sy 012w .M2wn ww Im

DMMIDN PNIAM LAYN ,ANRNNANT .+ e
NN 9N LOWN ,ANRANADIMNANT . — o

ATD1N
ne = 12, ng = 3
Ne — N 12 — 3
r=——0= = 0.6
o 15
DTAM LAIWN MY, T — 0.8 :MIwI

T
NN 80%-1 1ToN by DMNIDN

T'own

71M" N2 DM NYNN

-~ + F EDC B
1 4 + + + + — A
0 4 + + + + B
1 2 + + - c
0 2 + + D
0o - E
3 12 2"ND

PTYN LVNYN DAN B NX 9 Tvn pTan :B b A ,bund
TINNNN ADINA A 1291, 00PN XY DN A NN

Xp=45>31=X,4

-100'000 071N NINY

Y4 =52 >47 =Yg

60 / 67



TN 2N 7OV 2001000 AP NnNnaT

set.seed(2026) # own seed, so edits elsewhere in the lecture don't change this example
corr_data <- tibble(x = 1:30, y = exp(x / 6) + rnorm(30, sd = 1.5)) |>
add_row(x = 2, y = 160) # one data-entry error

stats <- c(

pearson = cor(corr_data$x, corr_datas$y),
spearman = cor(corr_data$x, corr_data$y, method = "spearman"),
kendall = cor(corr_data$x, corr_data$y, method = "kendall")

) # shown in the chart title

ggplot(corr_data, aes(x, y)) +
geom_point(size = 2.5) +
annotate("label", x = 3.5, y = 160, label = "n7%pn nx-aw", hjust = 0) +
labs(title = sprintf("Pearson = %.2f - Spearman = %.2f - Kendall = %.2f",
stats["pearson"], stats["spearman"], stats['"kendall"]),
subtitle = "nmx na*2m n-9¥n ov ,7172 "I11VIIIN QwR",

X o X , y — Ilyll)
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TN 2N 7OV 2001000 AP NnNnaT

Pearson = 0.59 - Spearman = 0.82 - Kendall = 0.81
NNX NN "aXxn oy M1 200m Wy

e [nTopn nxavy|
150 ¢

100

50

T"gwn - '00'0LD O'J1NI NN 62 /67



M9 510 NPLDWLD NNANT

AMINY "1 ONN .”2MNaD N/2MKN 7I/NK TN TR DY 1YRWI DIPYN 1PDN D2'wn 150 DN
2MNa MDD 11NXRY NV NPWVDILD

# Fixed cross—-tab (no RNG). Rows: liking statistics (same margins as the earlier Likert slide)
counts <- matrix(c( 2, 3, 5, 10, 16,

2, 3,6, 8, 6,
2, 3, 3, 2, 2,
7, 8 7, 5, 3,
18, 13, 8, 5, 3), nrow =5, byrow = TRUE)
survey <- expand_grid(stats = 1:5, literature = 1:5) |>
mutate(n = as.vector(t(counts))) |>
uncount(n)
survey |>

count(stats, literature) |>

ggplot(aes(stats, literature, fill = n)) +

geom_tile(colour = "white") +

geom_text(aes(label = n)) +

scale_x_continuous(breaks 1:5, labels = likert_levels) +

scale_y_continuous(breaks = 1:5, labels likert_levels) +

scale_fill_gradient(low = "white", high = nanas_pall["primary"]]l, guide = "none") +

labs(title = "nimo n1190 21nR? NVl Np'vo uuo anixw 'n",
subtitle = "n1atwn 917y 952 o'arwnn 19on',

x = "Liking statistics", y = "Liking literature")
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Liking literature

TINN 1271 NTNA

11171 NTNa

"Ny nmna

novIN NN

ND 550

M9 510 NPLDWLD NNANT

mMnNa MIaP NNKRD NLI) NPWDWLD AMNY N

10

N 95

MYN MY D21 DA'WNN 19PN

6 2 3 3
8 2 5 )
6 3 7/ 8

noyIm TNl I"NrianTmna 117 1TN1  TIXND 1271 11TN2a
Liking statistics
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R-2 ynann :M1ap >1n nprvvIvvo

Hy:7=0 Hy:7#0
cor.test(survey$stats, survey$literature, method = "kendall", exact = FALSE)

Kendall's rank correlation tau

data: survey$stats and survey$literature
z = -6.2, p-value = 6e-10
alternative hypothesis: true tau is not equal to ©
sample estimates:
tau
-0.4102

NMNa MNaD 11NN NL AN NPWDWLD IMKY M ,D2WN DY OINIPK T DOV tau e
WOW LI WP Y CHy DYMT 20, NN VP p-value e

DY ONIN N1pa wnnwn R 105 ,(Ninwn 525 003y 5 P1) MMy NN NN WY exact = FALSE e
(tau-b) 1PN NpPN
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TINXINTIN NNPY Nn

R-2 MUNIS-N MuvnNaa NONYN
binom.test, wilcox.test D2MDPN DT, )ND t/Z navannn D
wilcox.test(paired = DWI9NN DY 1NN 1MX taonam anm

TRUE)

wilcox.test(x, y)

DT DD

t DT IWH

n”1DMamm Y

chisq.test, ks.test

KS , 122N

nYannyh NMXNN

chisqg.test(table(g, x)),
ks.test(x, y)

NWO KS ,mmaamnd yiana-n

DMam

nmMabann Ny

cor(method = )

Spearman,

Kendall

Pearson

DONXIM

1M MYON 1N, MN7pnN 12 NMMLNIaN MMINNYI “MMIN“ KD NMLNI1a-K MOLW e

IMKX 71725 TN .(MYaNn DY MK ,IPND ,MaXY) MMIN Y NY D) e

T'own

-100'000 071N NINY
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