
!"#"$%"#&'%(%#)(*+",-.&/(*0.1(2.&
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2 Module #: Title of Module 



6($789&:&

;<2(=19.%.&>9.,#?!

@"#%989&69*%-(&

A(.=B$(-=(*"8&C988(3&

@(##988<&!9#=*9&

D#%E9*.%=<&()&>(*(#=(&

1F2GHH5"$9*8"54(*?H@"#%98969*%-(&

"#$%&'()*&#!$&!+! bioinformatics.ca 

,($-.#/!

I4! @%.-*9=9&"#$&-(#,#7(7.&E"*%"589.&

J4! K#"8<,-"8&E"*%"589&$%.=*%57,(#.&

:4! A(278",(#.&"#$&."+289.L&."+28%#?&$%.=*%57,(#&()&=19&+9"#&

M4! !(#N$9#-9&%#=9*E"8&()&=19&+9"#&

O4! P#)9*9#,"8&.=",.,-.G&#788&1<2(=19.%.&"#$&"8=9*#",E9&1<2(=19.%.L&&

2BE"879L&=<29BP&"#$&=<29QPP&9**(*.&

R4! A(39*&-"8-78",(#.&

S4! T#9B."+289&"#$&=3(B."+289&=B=9.=&

U4! >3(B."+289&2"%*9$&=B=9.=&

V4! A9*+7=",(#B5".9$&=9.=.&

IW4! 678,289&=9.,#?&-(**9-,(#&

II4! K228%-",(#.&=(&+%-*("**"<&$"="&"#"8<.%.&



"#$%&'()*&#!$&!+! bioinformatics.ca 

0.1)%/$/!2#'!3&#*#(&(1!42%.25-/1!

•! 0.1)%/$/!

&X"879.&-"#&59&-(7#=9$L&%494&"..(-%"=9&"#&%#=9?9*&%#$9Y&

94?4& &Z7+59*&()&29="8.&(#&=19&$"%.%9.&%#&=19&?"*$9#.&()&TF"3"&

•! @"%.%9.&[%#&=19&?"*$9#.&()&TF"3"\G&2(278",(#&7#%=.&

•! Z7+59*&()&29="8.G&$%.-*9=9&E"*%"589&[#7+9*%-"8\&

& &!"*&5*"#$.&%#&]7$57*<&

•! !"*.&[%#&]7$57*<\G&2(278",(#&7#%=.&

•! !"*&5*"#$G&$%.-*9=9&E"*%"589&[-"=9?(*%-"8\&

"#$%&'()*&#!$&!+! bioinformatics.ca 

0.1)%/$/!2#'!3&#*#(&(1!42%.25-/1!

•! 3&#*#(&(1!

!K#<&*9"8&E"879&%#&"&*"#?9&[-(#,#7(7.\&

94?4& &'8(($&2*9..7*9&()&(E9*39%?1=&!"#"$%"#.&&

•! TE9*39%?1=&!"#"$%"#.G&2(278",(#&7#%=.&

•! '8(($&2*9..7*9G&-(#,#7(7.&E"*%"589&[#7+9*%-"8\&

& &^%=9*.&()&3".=93"=9*&2*($7-9$&5<&9"-1&>(*(#=(&%#1"5%="#=&%#&JWIW&

•! >(*(#=(&%#1"5%="#=.G&2(278",(#&7#%=.&

•! ^%=9*.&()&3".=93"=9*&[JWIW\G&-(#,#7(7.&E"*%"589&[#7+9*%-"8\&



"#$%&'()*&#!$&!+! bioinformatics.ca 

6#2-7*)2-!42%.25-/!0.1$%.5(*&#1!

•! 89:.%.)2-!'.1$%.5(*&#1!

–! /9&+9".7*9&"88&=19&+9+59*.&()&"&!"!#$%&"'&)(*&.(+9&2*(29*=<&&

–! /9&9#$&72&1"E%#?&"&N#%=9&#7+59*&()&E"879.&

–! >19%*&$%.=*%57,(#&-"#&59&.7++"*%_9$&7.%#?&=19&=9-1#%`79.&$9.-*%59$&

%#&=19&2*9E%(7.&-1"2=9*&[1%.=(?*"+L&a\&

–! >19&2*(5"5%8%=<&()&(5.9*E%#?&"&E"879&%#&"&?%E9#&*"#?9&%.&b7.=&=19&

9+2%*%-"88<&(5.9*E9$&)*9`79#-<&

•! 6#2-7*)2-!0.1$%.5(*&#1!

–! /1"=&%)&39&-"#&$9N#9&"#"8<,-"88<&=19&$%.=*%57,(#c&

–! %494&7.9&"&+"=19+",-"8&)(*+78"&A&[Y\&d&)&[Y\&

"#$%&'()*&#!$&!+! bioinformatics.ca 

0.1)%/$/!6#2-7*)2-!0.1$%.5(*&#1!

•! !".=&"&[)"%*\&RB)"-9&$%-9L&(5.9*E9&=19&#7+59*&(#&=19&=(2&)"-9&

–! A(278",(#&7#%=.G&"88&=19&2(..%589&$%-9B-".,#?&9E9#=.&)(*&=1"=&[)"%*\&RB)"-9&$%-9&

–! @%.-*9=9&E"*%"589G&#7+59*&(#&=19&=(2&)"-9&()&=19&$%-9&

•! A*(5"5%8%=<&$%.=*%57,(#&

A&[I\&d&IHR & &A&[M\&d&IHR & &&

A&[J\&d&IHR & &A&[:\&d&IHR&

A&[O\&d&IHR & &A&[R\&d&IHR&

•! >1%.&%.&"&7#%)(*+&$%.-*9=9&$%.=*%57,(#&

–! P=e.&+"=19+",-"88<&.%+289L&&

&57=&#(=&"88&$%.-*9=9&"#"8<,-"8&$%.=*%57,(#.&"*9&".&.%+289&

! 

P x( ) =1 6, x " {1, 2, 3, 4, 5, 6}



"#$%&'()*&#!$&!+! bioinformatics.ca 

3&#*#(&(1!6#2-7*)2-!0.1$%.5(*&#1!

•! ]%#-9&=19&E"*%"589&-"#&1"E9&"#<&2(..%589&E"879&%#&"&*"#?9L&=19&

2*(5"5%8%=<&()&"&.%#?89&E"879&%#&#(=&N#%=9&

•! /9&#99$&-"8-787.&=(&-(**9-=8<&1"#$89&=19&2*(5"5%8%=<&$%.=*%57,(#L&

31%-1&%.&-"889$&'/#1.$7!;(#)*&#!

"#$%&'()*&#!$&!+! bioinformatics.ca 



"#$%&'()*&#!$&!+! bioinformatics.ca 

Empirically observed frequency 

(count the number of values observed) 

Analytical probability density 

(area under the curve) 

! 

P xa < x < xb( ) = f (x)dx
xa

xb

"

"#$%&'()*&#!$&!+! bioinformatics.ca 

<&%92-!0.1$%.5(*&#!

•! >19&Z(*+"8&%.&"&E9*<&%+2(*="#=&$%.=*%57,(#&

–! Tf9#&)(7#$&319#&+9".7*%#?&"&21<.%-"8&2*(29*=<&+78,289&,+9.&

&[E"*%"5%8%=<&$79&=(&*"#$(+&%#.=*7+9#="8&9**(*.\&

–! Tf9#&)(7#$&)(*&"#=1*(2(+9=*%-&%#$9Y9.&%#&17+"#&2(278",(#.&

–! >19&(%)!$*'+,)-%'&)(88(3.&=19&#(*+"8&$%.=*%57,(#&

! 

f x( ) =
1

" 2#
e
$
(x$µ )2

2" 2

Parameters: 

-! µ = Mean (x) 

-! ! = StDev (x) 



"#$%&'()*&#!$&!+! bioinformatics.ca 

! affects the 

width of the curve 

µ affects the 

position of the 

center of the curve 

! = 1 

! = 2 

! = 3 

The normal is 

symmetric and 

centered on µ  

µ 

"#$%&'()*&#!$&!+! bioinformatics.ca 

<&%92-!0.1$%.5(*&#!.#!+=!!

>.#'!?!@.A/#!B!

P (x < b) = … P (x < a) = … 

pnorm (x = …, mean = …, sd = …) 

a b 



"#$%&'()*&#!$&!+! bioinformatics.ca 

<&%92-!0.1$%.5(*&#!.#!+=!!

>.#'!?!@.A/#!B!
P (a < x < b) = P (x < b) - P (x < a) 

pnorm (x = xa.n, …) – pnorm (x = xb.n, …) 

Assignment: 

verify that for any mean and 

standard deviation, the 

probability of x falling within 

µ ± 2 ! is about 95% 

a b 

"#$%&'()*&#!$&!+! bioinformatics.ca 

<&%92-!0.1$%.5(*&#!.#!+=!!

>.#'!B!@.A/#!?!

P (x < …) = P1 

qnorm (p = …, mean = …, sd = …) 

Area = P1 



"#$%&'()*&#!$&!+! bioinformatics.ca 

<&%92-!0.1$%.5(*&#=!

CD/!8E/)$!&;!F799/$%7!

P (x < µ + k) = 1 - Pk 
P (x < µ - k) = Pk 

µ µ µ - k µ + k 

Assignment: test this property using qnorm () 

Pk Pk 

1-Pk 

"#$%&'()*&#!$&!+! bioinformatics.ca 

CD/!F$2#'2%'!<&%92-!

2#'!$D/!GH1)&%/!

•! >19&]="#$"*$&Z(*+"8&$%.=*%57,(#&1".&g&d&WL&h&d&I&

•! >19&_B.-(*9&%.&7.9$&=(&=*"#.)(*+&#(*+"88<&$%.=*%57=9$&

E"*%"589.&%#=(&"&.="#$"*$&#(*+"8&

–! i&)(88(3.&=19&.="#$"*$&#(*+"8&&&

–! >19&_B.-(*9&%.&(f9#&%#=9*2*9=9$&".&=19&#7+59*&()&.="#$"*$&

$9E%",(#.&)*(+&=19&+9"#&

–! >19&*9E9*.9&)(*+78"&%.&"8.(&%+2(*="#=&! 

z =
x "µ

#

! 

x = µ + z "#



"#$%&'()*&#!$&!+! bioinformatics.ca 

<&%92-!0.1$%.5(*&#=!

>.#'!B!@.A/#!?!(1.#@!$D/!F$2#'2%'!

P (x < x1) = P1 

µ x1 

P1 

0 z1 

P1 

P (z < z1) = P1 

x1 = µ + z1*! 

"#$%&'()*&#!$&!+! bioinformatics.ca 

•! >9.=&=1%.&*98",(#G&BI!J!K!L!GIMN&

&7.%#?&=19&j&-(++"#$.&<(7&1"E9&89"*#=&

# Normal 

x1.n <- qnorm (p = …, mean = …, sd = …) 

# Standard Normal 

z1.n <- qnorm (p = …) 



"#$%&'()*&#!$&!+! bioinformatics.ca 

OO:-&$!

•! >19&``28(=&()&"#&(5.9*E9$&$%.=*%57,(#&E9*.7.&=19&#(*+"8&&

&-"#&59&7.9$&=(&9E"87"=9&1(3&-8(.9&=19&(5.9*E9$&$%.=*%57,(#&

%.&=(&=19&#(*+"8&

–! >19&2(%#=&.1(78$&59&8<%#?&(#&"&8%#9&

"#$%&'()*&#!$&!+! bioinformatics.ca 

# quasi-normal 
x.nv <- c (-1.8, -1, -0.75, 

 -0.5, -0.3, 0, 0.3, 
 0.45, 0.8, 1.1, 1.6) 

qqnorm (x.nv, pch = 19) 
qqline (x.nv) 

# not normal 
x.nv <- 2 ^ (1: 12) 
qqnorm (x.nv, pch = 19) 
qqline (x.nv) 



"#$%&'()*&#!$&!+! bioinformatics.ca 

?&:(-2*&#!2#'!F29:-/!

•! ?&:(-2*&#!

&.9=&()&9#,,9.&[%#$%E%$7"8.L&(5b9-=.L&9E9#=.\&

&+9"#G &K!

&.=$9EG &N!

•! F29:-/!

&.75.9=&()&"&2(278",(#&
&+9"#G &9!

&.=$9EG &1!

"#$%&'()*&#!$&!+! bioinformatics.ca 

3&%%/)*&#!;&%!F29:-/!F$'/A!

•! A(278",(#&

•! ]"+289&
! 

" =
1

N
M(x) # x

i( )
2

N

i=1

$

! 

s =
1

N "1
M(x) " x

i( )
2

N

i=1

#

The R function sd () uses by default the second definition 



"#$%&'()*&#!$&!+! bioinformatics.ca 

?&:(-2*&#1P!F29:-/1P!"#;/%/#)/1!

•! 69".7*%#?&"&2*(29*=<&)(*&"88&=19&7#%=.&()&"&2(278",(#&%.&

(f9#&#(=&2*"-,-"8&

!&T#8<&=19&7#%=.&%#&"&.75B.9=&[%494&."+289\&"*9&+9".7*9$&

•! P)&39&-"#&(#8<&+9".7*9&."+289L&

&-"#&39&+"09&%#)9*9#-9.&=1"=&1(8$&"=&=19&2(278",(#&89E98c&

•! >1%.&%.&=19&(5b9-=&()&F$2*1*)2-!"#;/%/#)/!

"#$%&'()*&#!$&!+! bioinformatics.ca 

F29:-.#@!42%.25-/!

•! k9#9*"=9&+"#<&.%'/")&."+289.&()&"&2(278",(#&[."+289&.%_9G&Z\&

•! C(*&9"-1&."+289L&+9".7*9&"&2*(29*=<&!&!"#$"%&'(

•! C(*&9"-1&."+289L&-(+27=9&"&.=",.,-&.7++"*%_%#?&=19&E"*%"589&&

&[94?4&+9"#\&

!!&Z93&E"*%"589&[129:-.#@!A2%.25-/\&

–! Z93&2(278",(#&7#%=.G&."+289.&()&=19&(*%?%#"8&2(278",(#&

•! 0"1,*(,23*(,#(-4#$5567,

–! >19&.=",.,-&1".&(#8<&(#9&E"879&%#&=19&2(278",(#&[94?4&+9"#\&

–! @%l9*9#=&*"#$(+&."+289.&3%88&1"E9&E"879.&31%-1&-87.=9*&"*(7#$&

=19&2(278",(#&.=",.,-&&

!&D.9)78&=(&.=7$<&=1%.&=(&?7%$9&.=",.,-"8&%#)9*9#-9&&



"#$%&'()*&#!$&!+! bioinformatics.ca 

Arbitrary axis 

Values 

of the statistic 

in random 

samples 

Value 

of the statistic 

in the 

population 

"#$%&'()*&#!$&!+! bioinformatics.ca 

F29:-.#@!Q/2#!

•! F29:-.#@!9/2#&()&"&E"*%"589&YG&

&+9"#&()&E"*%"589&Y&)(*&9"-1&*"#$(+&."+289&

&[."+289&.%_9G&Z\&

–!69"#&()&=19&."+28%#?&+9"#&

–! ]=$9E&()&=19&."+28%#?&+9"#&

–! 83%2,3%!!-'(,*4,(%)!$-,(*9-,:,!"!#$%&"',(*9-6,

! 

x 

! 

µ x ( ) = µ x( )

! 

" x ( ) =
" x( )

N



"#$%&'()*&#!$&!+! bioinformatics.ca 

As N increases, the sample means of the statistic become 

closer to the population value of the statistic 

"#$%&'()*&#!$&!+! bioinformatics.ca 

F29:-.#@!Q/2#!0.1$%.5(*&#!

•! P)&=19&$%.=*%57,(#&()&Y&%.&#(*+"8L&

&=19&$%.=*%57,(#&()&&&&&&%.&#(*+"8&".&3988&

•! mE9#&%)&=19&$%.=*%57,(#&()&Y&%.&#(=&#(*+"8L&

&319#&."+289&.%_9&;,*(,(#<=*-'2$>,$%.+-,

&=19&$%.=*%57,(#&()&&&&&&%.&)*#+"&&

&[!9#=*"8&^%+%=&>19(*9+\&

•! ?".,!.%=&=%$,!#.!"(-(@,(#<=*-'2$>,$%.+-,="..-(!"'/(,2",;,A,BC,! 

x 
! 

x 



"#$%&'()*&#!$&!+! bioinformatics.ca 

F29:-.#@!Q/2#!0.1$%.5(*&#!

•! ;(3&%.&=1%.&7.9)78c&

•! /9&1"E9&"&+($98&$9N#%#?&"&`7"#,=",E9&*98",(#&

59=399#&=19&2(278",(#&"#$&."+289&+9"#&

•! P.&=19&."+289&+9"#&2*(5"589&(*&%+2*(5"589&7#$9*&=19&

2(278",(#&."+28%#?&+9"#&$%.=*%57,(#c&

"#$%&'()*&#!$&!+! bioinformatics.ca 

3&#R'/#)/!"#$/%A2-!&;!$D/!Q/2#!

•! n#(3#&

–! A(278",(#&2"*"+9=9*.G&KL&N&&

–! ]"+289&.%_9&[Z\G&S!TU&

•! k("8&

–! @9=9*+%#9&=19&*"#?9&()&

2(..%589&."+289&+9"#&E"879.&

)(*&=1%.&2(278",(#&

•! ]=*"=9?<&

–! D.9&=19&."+28%#?&+9"#&

$%.=*%57,(#&[#(*+"8\&

Sampling mean distribution: 

•!Normal 

•!Mean = µ, Stdev = 

µ 

! 

"

N

! 

x 



"#$%&'()*&#!$&!+! bioinformatics.ca 

3&#R'/#)/!"#$/%A2-!&;!$D/!Q/2#!

•! ](87,(#,

I4! ]9=&=19&2*(5"5%8%=<&,&()&

)"88%#?&"#2(*/-,=19&%#=9*E"8&

[7.7"88<&o&d&W4WO\&

Sampling mean distribution: 

•!Normal 

•!Mean = µ, Stdev = 

P = 1 - " 

µ 

! 

"

N

This is the confidence associated to 

the interval:  
•! The probability of x being outside 

the interval is " 
•! The probability of x being within 

the interval is 1 - "  

! 

x 

! 

x 

"#$%&'()*&#!$&!+! bioinformatics.ca 

3&#R'/#)/!"#$/%A2-!&;!$D/!Q/2#!

•! ](87,(#,

I4! ]9=&=19&2*(5"5%8%=<&,&()&

)"88%#?&"#2(*/-,=19&%#=9*E"8(

[7.7"88<&o&d&W4WO\&

J4! C%#$&_oHJG&A&[_&p&_oHJ\&d&I&B&oHJ&

[.="#$"*$&#(*+"8\!

Sampling mean distribution: 

•!Normal 

•!Mean = µ, Stdev = 

P = 1 - " 

µ 

P = "/2 P = "/2 

! 

"

N

We use the Standard Normal for 

reasons that will be clearer later. 
However in R we can use any 

normal distribution to compute x 
given the probability 

! 

x 

! 

x 



"#$%&'()*&#!$&!+! bioinformatics.ca 

3&#R'/#)/!"#$/%A2-!&;!$D/!Q/2#!

•! ](87,(#,

I4! ]9=&=19&2*(5"5%8%=<&,&()&

)"88%#?&"#2(*/-,=19&%#=9*E"8(

[7.7"88<&o&d&W4WO\&

J4! C%#$&_oHJG&A&[_&p&_oHJ\&d&I&B&oHJ&

[.="#$"*$&#(*+"8\!

:4! >19&!(#N$9#-9&P#=9*E"8&%.G&&

Sampling mean distribution: 

•!Normal 

•!Mean = µ, Stdev = 

P = 1 - " 

µ 

! 

µ " z# / 2
$

N
< x < µ + z# / 2

$

N

! 

µ " z# / 2
$

N

! 

µ + z" / 2
#

N

! 

"

N

Since x = Mean + z * StDev 

 x2 | P (x > x2) = 1 - "/2 
 x2 = µ + z"/2 * !/#N 

! 

x 

! 

x 

"#$%&'()*&#!$&!+! bioinformatics.ca 

3&#R'/#)/!"#$/%A2-!&;!$D/!Q/2#!

•! >1%.&%.&b7.=&"&3"<&=(&9Y2*9..&=19&

-(#N$9#-9&%#=9*E"8&%#&=9*+.&()&

=19&2(278",(#&2"*"+9=9*.&"#$&

]="#$"*$&Z(*+"8&`7"#,89& P = 1 - " 

µ 

Sampling mean distribution: 

•!Normal 

•!Mean = µ, Stdev = 

! 

µ " z# / 2
$

N
< x < µ + z# / 2

$

N

! 

x 
1

< x < x 
2

! 

P(x < x 
1
) =" /2

P(x < x 
2
) =1#" /2

P = "/2 P = "/2 

x1 x2 

! 

x 

! 

"

N



"#$%&'()*&#!$&!+! bioinformatics.ca 

# In R, 

# You can directly compute x1, x2 

x1.n <- qnorm (p = 0.025, mean = …, sd = …)  

x2.n <- qnorm (p = 0.975, mean = …, sd = …)   

# Or use z!/2 

z_a2.n <- qnorm (p = 1 - 0.025) 

x1.n <- mu.n - z_a2.n * sd.n / sqrt (N.n) 

x1.n <- mu.n + z_a2.n * sd.n / sqrt (N.n) 

# Equivalent way to compute z!/2 (symmetry) 

z_a2.n <- - qnorm (p = 0.025)  

"#$%&'()*&#!$&!+! bioinformatics.ca 

3&#R'/#)/!"#$/%A2-!&;!$D/!Q/2#!
V#W#&X#!?&:(-2*&#!?2%29/$/%1!L!Y2%@/!F29:-/!

•! n#(3#&
–! ]"+289&+9"#G&9!

–! ]"+289&]=@9EG&1!

–! ]"+289&.%_9&[Z\G&S!TU&

•! k("8&

–! @9=9*+%#9&=19&2(278",(#&

+9"#&-(#N$9#-9&%#=9*E"8&

•! ]=*"=9?<&
–! ]3"2&Y&"#$&g&%#&=19&
.="#$"*$&#(*+"8&)(*+78"&

–! K..7+9&-&%.&"&?(($&2(%#=&
9.,+"=9&()&.(

! 

m " z# / 2
s

N
< µ < m + z# / 2

s

N

By extracting samples  

and computing their m and s  

for W times,  

$ will fall in the confidence interval  

W * (1-") times  
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3&#R'/#)/!"#$/%A2-!&;!$D/!Q/2#!
V#W#&X#!?&:(-2*&#!?2%29/$/%1!L!F92--!F29:-/!

•! C(*&.+"88&."+289.&[Z&p&:W\&$9*%E9$&)*(+&#(*+"88<B

$%.=*%57=9$&2(278",(#.L&=19&."+289&.=$9E&%.&#(=&"&?(($&

9.,+"=9&()&=19&2(278",(#&.=$9E&

•! P#.=9"$&()&7.%#?&=19&.="#$"*$&#(*+"8&$%.=*%57,(#L&39&

1"E9&=(&7.9&=19&=B.=7$9#=&$%.=*%57,(#&

•! >19&=B.=7$9#=&$9#.%=<&)7#-,(#&$929#$.&(#&=19&$9?*99&()&

)*99$(+&d&Z&Q&Iq&)(*&Z&r&:W&=B.=7$9#=&%.&`7".%B#(*+"8&

! 

µ " t(N "1)# / 2
s

N
< x < µ + t(N "1)# / 2

s

N

"#$%&'()*&#!$&!+! bioinformatics.ca 

# Confidence interval using the t-student 

t_a2.n <- qt (p = 1 - 0.025, df = N.n - 1) 

x1.n <- m.n - t_a2.n * s.n / sqrt (N.n) 

x1.n <- m.n + t_a2.n * s.n / sqrt (N.n) 



"#$%&'()*&#!$&!+! bioinformatics.ca 

Z7:&$D/1.1!C/1*#@!

•! k%E9#&"&."+289&[3%=1&0#(3#&+9"#&"#$&.=$9E\L&39&3"#=&

=(&=9.=&319=19*&%=&+"<&598(#?&(*&#(=&=(&"&2(278",(#&

[3%=1&0#(3#&+9"#\&

•! /9&-"#&7.9&=19&)*"+93(*0&39&1"E9&$9*%E9$&)(*&

-(#N$9#-9&%#=9*E"8L&"#$&*9.1"29&%=&".&"&/'-/(

–! K228%-",(#&9Y"+289G&

&6(#."#=(&-8"%+.&=1"=&"&#93&-*(2&E"*%9=<&1".&"&1%?19*&<%98$&

&!(+2"*9&=19&<%98$&()&"&."+289&()&6(#."#=(e.&#93&E"*%9=<&

E9*.7.&=19&1%.=(*%-"8&<%98$&"E9*"?9&()&=19&=*"$%,(#"8&E"*%9=<&"#$&

=9.=&6(#."#=(e.&-8"%+&

"#$%&'()*&#!$&!+! bioinformatics.ca 

Z7:&$D/1.1!C/1*#@=!!

<(--!2#'!6-$/%#2*A/!Z7:&$D/1.1!

6(#."#=(&-8"%+.&=1"=&"&#93&-*(2&E"*%9=<&1".&"&1%?19*&<%98$&

!(+2"*9&=19&<%98$&()&"&."+289&()&6(#."#=(e.&#93&E"*%9=<&E9*.7.&=19&

1%.=(*%-"8&<%98$&"E9*"?9&()&=19&=*"$%,(#"8&E"*%9=<&"#$&=9.=&6(#."#=(e.&

-8"%+&

•! >9.=&]=",.,-G&69"#&&

–! @%.=*%57,(#G&=B.=7$9#=&

•! Z788&;<2(=19.%.&;WG&g&s&gW&

•! K8=9*#",E9&;<2(=19.%.&;IG&g&r&gW&&
µ: mean yield of the 

new variety 

µ0: mean yield of the 

traditional variety 

Null Hypothesis (“status quo”): 

the sample being tested could 

have been drawn form the 

population being tested 



"#$%&'()*&#!$&!+! bioinformatics.ca 

P (x < m) = 1 - p 

µ0 

t-Student 

m 

P (x > m) = p 

Z7:&$D/1.1!C/1*#@=!:HA2-(/!

•! ]9=&=19&-(#N$9#-9&%#=9*E"8&.(&=1"=&

•! 2&d&2*(5"5%8%=<&()&(5.9*E%#?&"&

2(278",(#&."+289&".&9Y=*9+9&(*&

+(*9&9Y=*9+9&=1"#&=19&(#9&59%#?&

=9.=9$&319#&$*"3%#?&)*(+&=19&

2(278",(#&3%=1&+9"#&gW&

–! 2&rr&WG&#788&1<2(=19.%.&8%098<&

–! 2&t&WG&#788&1<2(=19.%.&#(=&8%098<&

! 

m = µ
0

+ t(N "1)p
s

N

How much do we have to “stretch” the confidence 

interval to “explain” the observed sample mean? 

"#$%&'()*&#!$&!+! bioinformatics.ca 

Z7:&$D/1.1!C/1*#@=!:HA2-(/!

•! <(--!Z7:&$D/1.1G&&

–!.=",.,-"8&+($98&319*9&$%l9*9#-9.&&

&"*9&(#8<&$79&=(&*"#$(+&u7-=7",(#.&[."+28%#?\&

•! P)&39&-(78$&"83"<.&3(*0&(#&!"!#$%&"'(&(#8<L&&
&39&3(78$&#(=&#99$&%#)9*9#,"8&.=",.,-.&

•! ?HA2-(/G&

–!A*(5"5%8%=<&=1"=&=19&#788&1<2(=19.%.&+($98&&

&$(9.&#(=&9Y28"%#&=19&$"="&

!! >19&$%l9*9#-9.&(5.9*E9$&"*9&2*(5"58<&$79&&

&=(&.(+9&7#$9*8<%#?&219#(+9#(#&



"#$%&'()*&#!$&!+! bioinformatics.ca 

Z7:&$D/1.1!C/1*#@=!8%%&%!C7:/1!

•! @929#$%#?&(#&=19&2BE"879L&&

&<(7&-"#&$9-%$9&=(&.-D-=2,".,'"2&=19&#788&1<2(=19.%.&

–! ABE"879&=1*9.1(8$&)(*&*9b9-,(#G&,([-(++(#&E"879.&W4WOL&W4WI\,

–! >19*9&1".&=(&59&.7v-%9#=&9E%$9#-9&=(&*9b9-=&=19&#788&1<2(=19.%.&

&[*',23-,=.*)*'%$,2.*%$@,23-,/-4-'/%'2,*(,'"2,+#*$2>@,#'$-((,!."E-/,+#*$2>F,

–!678,289&=9.,#?&%..79.&

H0: TRUE H0: FALSE 

H0 NOT REJECTED OK 

(True Negative) 

Type-II Error 

(False Negative) 

H0 REJECTED Type-I Error 

(False Positive) 

OK 

(True Positive) 

"#$%&'()*&#!$&!+! bioinformatics.ca 

Z7:&$D/1.1!C/1*#@=!8%%&%!C7:/1!

•! @929#$%#?&(#&=19&2BE"879L&&

&<(7&-"#&$9-%$9&=(&.-D-=2,".,'"2&=19&#788&1<2(=19.%.&

–! D.%#?&=19&2BE"879&)(*&=19&$9-%.%(#&&
•! ABE"879&p&oG&*9b9-=&;W&&

•! ABE"879&w&oG&$(&#(=&*9b9-=&;W&&

&9#"589.&=(&-(#=*(8&=19&><29BP&m**(*&57=&#(=&=19&><29BPP&m**(*&

H0: TRUE H0: FALSE 

H0 NOT REJECTED True Negative 

(P = 1-" | H0 TRUE) 

Type-II Error 

(P = # | H0 FALSE) 

H0 REJECTED Type-I Error 

(P = " | H0 TRUE) 

True Positive 

(P = 1-# | H0 FALSE) 



"#$%&'()*&#!$&!+! bioinformatics.ca 

,#/H$2.-!C/1$!

P = 1 - p 

µ0 

P = p 

µ0-… µ0+… 

P = 1 - p 

µ0 

P = p 

µ0-… µ0+… 

•! Z788&;<2(=19.%.G&g&s&gW&

•! K8=9*#",E9&;<2(=19.%.G&g&r&gW&

jG&.9=&%#27=&"*?7+9#=&()&=19&=9.=&

alternative = "greater" 

•! Z788&;<2(=19.%.G&g&w&gW&

•! K8=9*#",E9&;<2(=19.%.G&g&p&gW&

jG&.9=&%#27=&"*?7+9#=&()&=19&=9.=&

alternative = "less" 

"#$%&'()*&#!$&!+! bioinformatics.ca 

CX&H$2.-!C/1$!

•! Z788&;<2(=19.%.G&g&d&gW&

•! K8=9*#",E9&;<2(=19.%.G&g&x&gW&

jG&.9=&%#27=&"*?7+9#=&()&=19&=9.=&

alternative = "two.sided" 

P = 1 - p 

µ0 

P = p/2 P = p/2 

µ0-… µ0+… 



"#$%&'()*&#!$&!+! bioinformatics.ca 

?&X/%!32-)(-2*&#1!

?&X/%&d&I!H![!

•! K..7+9&ZU!.1!;2-1/!

•! ]9=&=19&$2.-&()&=19&=9.=&

•! ]9=&\&[=19&2BE"879&$9-%.%(#&=1*9.1(8$\&

•! ]9=&K&[+9"#&()&=19&."+289&.(7*-9&2(278",(#\&

•! ]9=&N&)(*&5(=1&$%.=*%57,(#.&[(*&7.9&=19&."+289&9.,+"=9&1\&

•! ]9=&<&[."+289&.%_9\&

!! >19&2(39*&%.&"&)7#-,(#&()&"88&=19.9&)"-=(*.&

–! P=&%.&-(++(#&=(&28(=&=19&2(39*&".&"&)7#-,(#&()&gBgW&(*&Z&

"#$%&'()*&#!$&!+! bioinformatics.ca 

?&X/%!32-)(-2*&#1!

I4! C%#$&=19&$9-%.%(#&

E"879&(#&Y&3%=1&

*9.29-=&=(&gWL&

?%E9#&o&

J4! C%#$&=19&

-(**9.2(#$%#?&

E"879&)(*&g&

:4! !"8-78"=9&=19&"*9"&

7#$9*&=19&-7*E9&

[IBy\&

P = " 

P = 1 - # 

µ0 µ 

! 

µ
0

+ z"
#

N
= µ $ z%

#

N
For small samples use t-Student 

instead of standard normal (z) 



"#$%&'()*&#!$&!+! bioinformatics.ca 

mY"+289&3%=1&j&-"8-78",(#.&
•! o&[2BE"879&=1*9.1(8$\G&W4WO&

•! >*"$%,(#"8&-*(2&E"*%"#=L&<%98$&"E9*"?9G&JMWW&

•! 6(#."#=(e.&-*(2&E"*%"#=L&2*(b9-=9$&2(278",(#&+9"#G&JMJO&

•! ]="#$"*$&$9E%",(#G&JWW&

•! 6(#."#=(e.&-*(2&."+289&.%_9G&OW&

# Input: 
mu0.n <- 2400; mu.n <- 2450; s.n <- 200; N.n <- 50; a.n <- 0.05 

# 1. find the value for µ0 
x_a.n <- mu0.n + qnorm (1 - a.n) * s.n / sqrt (N.n)  

# 2. find z" 
#    x_a.n = mu.n - z_b.n * s.n / sqrt (N.n)  

z_b.n <- (mu.n - x_a.n) * sqrt (N.n) / s.n    

# 3. find power (= "-1) 

#    P (z < z(")) = 1 - " 
power.n <- pnorm (z_b.n)   # 0.5489121 

# for mu.n = 2500, power = 0.971 

"#$%&'()*&#!$&!+! bioinformatics.ca 

0.E/%/#)/!&;!$D/!Q/2#=!

F.@#.R)2#)/!A1!651&-($/!Q2@#.$('/!

•! K.&=19&"5.(87=9&+"?#%=7$9&()&=19&$%l9*9#-9&59=399#&

+9"#.&%#-*9".9.L&=19&2(39*&%#-*9".9.&

•! >19&2(39*&-"#&"8.(&59&%#-*9".9$&5<&%#-*9".%#?&=19&

."+289&.%_9&

•! '9&"3"*9&=1"=&=19&$%l9*9#-9&()&=19&+9"#&=9.=&39&1"E9&

.99#&.(&)"*&=9.=.&)(*&.%?#%N-"#-9&()&"#<&$%l9*9#-9L&9E9#&

E9*<&.+"88&

!! @(#e=&-(#)7.9&.%?#%N-"#-9&3%=1&"5.(87=9&+"?#%=7$9zzz&



"#$%&'()*&#!$&!+! bioinformatics.ca 

0.E/%/#)/!&;!$D/!Q/2#=!

F.@#.R)2#)/!A1!651&-($/!Q2@#.$('/!

•! mY"+289&

–! K&#93&$*7?&89"$.&=(&"&.%?#%N-"#=&%+2*(E9+9#=&%#&=7+(*&.%_9&)(*&

"&-(1(*=&()&OWWW&2",9#=.&

–! '7=&31"=e.&=19&"E9*"?9&=7+(*&.1*%#0"?9c&P.&%=&-8%#%-"88<&*989E"#=c&

–! ]=",.,-"88<&.%?#%N-"#=&"#$&-8%#%-"88<&*989E"#=&"*9&#(=&=19&."+9&

"#$%&'()*&#!$&!+! bioinformatics.ca 

,#/H129:-/!$HC/1$!]Q/2#!0.E/%/#)/^=!+!

•! k("8G&$(9.&=19&."+289&598(#?&=(&"&2(278",(#&3%=1&+9"#&8"*?9*H

.+"889*H$%l9*9#=&=1"#&"&*9)9*9#-9&2(278",(#&3%=1&+9"#&gWc&&&

•! P#27=&
–! j9)9*9#-9&2(278",(#&+9"#&[gW\&

–! ]"+289&E"879.&

•! K..7+2,(#.&

–! P#$929#$9#-9&
•! >19&."+289&1".&599#&*"#$(+8<&$*"3#L&&

•! >19*9&%.&#(&$929#$9#-9&59=399#&."+289&7#%=.&

–! @%.=*%57,(#&
•! ]+"88&."+289.&[Z&p&:W\G&2(278",(#&#(*+"88<&$%.=*%57=9$&

•! ^"*?9&."+289.&[Z&w&:W\G&#(#9&



"#$%&'()*&#!$&!+! bioinformatics.ca 

,#/H129:-/!$HC/1$!]Q/2#!0.E/%/#)/^=!+!

•! mY"+289&[6(#."#=(e.&#93&E"*%9=<\&

–! j9)9*9#-9&<%98$&+9"#G&JMWW&

–! ]"+289&<%98$.G&JO:IL&JROVL&JMUSL&J:VUL&JSSI&

–! K8=9*#",E9G&6(#."#=(&8"*?9*&=1"#&*9)9*9#-9&

t.test (x = c (2531, 2659, 2487, 2398, 2771),  
  mu = 2400,  
  alternative = "greater") 

# t = 2.5756, df = 4, p-value = 0.03081 
# 95 percent confidence interval: 
#  2429.151      Inf  

# output class: list, with slots: 
t.test (…)$p.value; t.test (…)$statistic&

"#$%&'()*&#!$&!+! bioinformatics.ca 

CX&H129:-/!$HC/1$!]Q/2#!0.E/%/#)/!̂

•! k("8G&$(&=19&."+289.&598(#?&=(&2(278",(#.&3%=1&+9"#&8"*?9*H

.+"889*H$%l9*9#=c&&&

•! P#27=&
–! ]"+289&{I&E"879.&

–! ]"+289&{J&E"879.&

•! K..7+2,(#.&

–! P#$929#$9#-9&
•! >19&."+289.&1".&599#&*"#$(+8<&$*"3#L&&

•! >19*9&%.&#(&$929#$9#-9&59=399#&."+289&7#%=.&

•! >19*9&%.&#(&$929#$9#-9&59=399#&."+289.&

–! @%.=*%57,(#&
•! ]+"88&."+289.&[Z&p&:W\G&2(278",(#&#(*+"88<&$%.=*%57=9$&

•! ^"*?9&."+289.&[Z&w&:W\G&#(#9&



"#$%&'()*&#!$&!+! bioinformatics.ca 

CX&H129:-/!$HC/1$!]Q/2#!0.E/%/#)/^=!+!

•! mY"+289G&6(#."#=(&-(+2"*9.&=3(&#93&E"*%9,9.&

–! X"*%9=<&{IG&JMWOL&J:SUL&JJOML&JMSIL&J:VW&&

–! X"*%9=<&{JG&JO:IL&JROVL&JMUSL&J:VUL&JSSI&

–! K8=9*#",E9G&{I&$%l9*9#=&=1"#&{J&

t.test (x = c (2405, 2378, 2254, 2471, 2390), 
  y = c (2531, 2659, 2487, 2398, 2771),  
  alternative = "two.sided") 

# t = -2.5428, df = 6.129, p-value = 0.04311 
# 95 percent confidence interval: 
# -371.123009   -8.076991  

–! G3-,="'H/-'=-,*'2-.E%$,.-4-.(,2",23-,/*I-.-'=-,"4,23-,)-%'(,

"#$%&'()*&#!$&!+! bioinformatics.ca 

CX&H129:-/!?2.%/'!$HC/1$!

•! D.9&%#.=9"$&()&=19&.="#$"*$&=3(B."+289&=B=9.=&319#9E9*&

."+289&7#%=.&"*9&1%?18<&-(**98"=9$&

–! m4?4&2",9#=.&59)(*9&"#$&"f9*&=*9"=+9#=&

t.test (x = …, 
  y = …,  
  alternative = …, 
  paired = T) 



"#$%&'()*&#!$&!+! bioinformatics.ca 

<&#H:2%29/$%.)!C/1$!]Q/2#!0.E/%/#)/!̂

•! /19#&=19&."+289&%.&.+"88&"#$&=19&#(*+"8%=<&$%.=*%57,(#&

"..7+2,(#&%.&#(=&+9=L&&

&D.9&=19&/%8-(Y(#&=9.=&["404"4&6"##B/1%=#9<&=9.=\&

–! (#9B."+289&

–! >3(B."+289.&

wilcox.test (…) 

–! >19&=9.=&3(*0.&(#&=19&#")0-&()&=19&E"879.&

–! >19&%#27=&"#$&(7=27=&%.&=19&."+9&".&=19&=B=9.=&

"#$%&'()*&#!$&!+! bioinformatics.ca 

C/1$1!_21/'!&#!?/%9($2*&#1!

•! P#&=19&2*9E%(7.&=9.=.&39&1"E9&"83"<.&=9.=9$&=19&

$%l9*9#-9&()&+9"#.&&

–! 59=399#&2(278",(#.L&&

&57=&7.%#?&8%+%=9$&0#(389$?9&)*(+&."+289.&

•! >1"#0.&=(&=19&-9#=*"8&8%+%=&=19(*9+L&39&0#93&1(3&=19&

."+28%#?&+9"#&%.&.722(.9$&=(&59&$%.=*%57=9$&

–! #(*+"8&(*&=B.=7$9#=L&$929#$%#?&(#&."+289&.%_9&

•! /1"=&%)&39&"*9L&57=&39&$(#e=&0#(3&1(3&=19&."+28%#?&

$%.=*%57,(#c&



"#$%&'()*&#!$&!+! bioinformatics.ca 

C/1$1!_21/'!&#!?/%9($2*&#1!

•! K&-(++(#&"22*("-1&-(#.%.=.&()&29*+7,#?&=19&-8"..&

8"598.&

•! "#$&-(+27,#?&=19&-(7#=&*",(&()&

–! 1(3&+"#<&,+9.&=19&$%l9*9#-9&(5.9*E9$&)(*&*9"8&$"="&%.&

"8.(&(5.9*E9$&)(*&29*+7=9$&$"="&

–! =19&#7+59*&()&29*+7=",(#.&

•! >19&*9.78,#?&%#$9Y&%.&-"889$&/9:.%.)2-!:HA2-(/!

"#$%&'()*&#!$&!+! bioinformatics.ca 

C/1$!F(992%7!C25-/1!

Large Sample 

(N " 30) 

Small Sample 

Population  
normally distr. 

Small Sample 

Population not 
normally distr. 

z-Test 

(Standard Normal) 

t-Test 

(t-Student, df = N-1) 

Wilcoxon test 

One-Tail 

Greater 

One-Tail 

Smaller 

Two-tail 

One-sample µ > µ0 µ < µ0 µ # µ0 

Two-samples µ1 > µ2 µ1 < µ2 µ1 # µ2 

ALTERNATIVE HYPOTHESIS 

TEST AND DISTRIBUTION 



"#$%&'()*&#!$&!+! bioinformatics.ca 

C/1$!F(992%7!C25-/1!

Sample units: 

independent 

Sample units: 

dependent 

Not Paired Paired 

TYPE OF TWO-SMAPLE TEST  

(T-TEST OR WILCOXON TEST ALIKE) 

"#$%&'()*&#!$&!+! bioinformatics.ca 

,$D/%!C/1$1!

•! ?%&:&%*&#!C/1$&['9*#(788%"#&A*(5"5%8%=<\&

•! >.1D/%`1!8B2)$!C/1$![JYJ&-(#,#?9#-<&="589.\&

•! ab!C/1$![JYJ&(*&8"*?9*&-(#,#?9#-<&="589.\&

•! c&-9&@&%&AHF9.%#&A![$%.=*%57,(#&%#9`7"8%=<\&

•! a&



"#$%&'()*&#!$&!+! bioinformatics.ca 

Q(-*:-/!C/1*#@!

•! A*9E%(7.8<L&39&1"E9&"83"<.&)(-7.9$&(#&.%#?89&=9.=.&

•! P)&39&=9.=&+"#<&%#$929#$9#=&."+289.&)*(+&=19&."+9&

2(278",(#L&.(+9&()&=19+&3%88&89"$&=(&=19&#788&1<2(=19.%.&

*9b9-,(#&&

•! ;(39E9*L&9E9#&%)&=19&#788&1<2(=19.%.&%.&>jDmL&&

&39&$(&9Y29-=&"&*9b9-,(#&*"=9&r&WG&

&QM\L&319*9&6&%.&=19&#7+59*&()&=9.=.&29*)(*+9$&

•! ;(3&=(&"--(7#=&)(*&=1%.c&

"#$%&'()*&#!$&!+! bioinformatics.ca 

Q(-*:-/!C/1*#@=!!

_&#;/%%&#.!3&%%/)*&#!

•! >19&'(#)9**(#%&-(**9-,(#&%.&E9*<&-(#.9*E",E9G&

&"f9*&-(**9-,(#L&=19&2*(5"5%8%=<&()&N#$%#?&"=&89".=&(#9&

)"8.9&2(.%,E9&"=&2BE"879&s&o&3%88&59&9Y"-=8<&o&

•! :`!J!Q"<!]:!M!QP!I^!

•! >1%.&-(**9-,(#&%.&7.7"88<&(E9*8<&-(#.9*E",E9&)(*&+(.=&

?9#(+%-&"228%-",(#.&[94?4&?9#9&9Y2*9..%(#&+%-*("**"<.\&

•! P=&%.&.(+9,+9.&*9-(++9#$9$&)(*&5%(+"*09*.&"#$&*%.0&
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# Bonferroni 

p.adjust (pvalue.nv, method = "Bonferroni") 

# Benjamini-Hochberg FDR 

p.adjust (pvalue.nv, method = "BH") 
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