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AR A, B4 @ A RAAe] WETh 4 pr FolATW, UrH diggane] WEE 14 1-
b FolA7] WRe] oWl AFAAE AFgStel Aolstel® By BAF e BUs,

F,(A,B) = E[(Q1-a)—(1-b)*= E[(b-a)?] = El(a-b)] (3)

& 7FA deol(drift branch length)E YeR= 7deleta Al = 2
Fo SAFE Jofdstels ogiset 98 AREEo & Wright' s F A% &
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o]Z F, BAZHY 7} (Additivity of Fy)olgtx &} (Patterson et al. 2012). o]¢} &
AL MRS olalsty] A= R 7HA kA el tiE olairk dasith. 2 el A
FEAF(covariance), A4 =Y A (statistical independence), H] A (uncorrelated),
A A (orthogonality), ZZAX 7]hzk(conditional expectation)e #Aol¢t mle AU (martingale)
doll disiAnt 7PE A A= st
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Oz

FRAS F guuse 43 PAS dsis gew, @ wiel gol e wa @l o
gHo2 aZuA one e, obdsh e Ao ey & .

Cov(X,Y) = E(XY) — E(X)E(Y)
SAH 5P ¥ FE

w4
FXsh Vb ek Sk W, S8 WS X, Vb BAH Sgele okd Aol BeFEed

Y.

¢

o

PX=xand Y=y)=PX =x)P(Y =y)

o714 P()= FES ovdH.

gl R BB W kel A% WAl e W@tk S, FRAb gho] 0oleh: ejmojuw
g wAle] BB W X, Yol tlslA ohel de] MaFwaow HYTh,

Cov(X,Y) = E(XY) — E(X)E(Y) = 0
~ E(XY) = ECX)E(Y)
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1T A= 47 qf Ao bj Yz FolArk. olF adE U #e] /1SS FIEd
TlA]' nBj

&4 (8)7 2ot

2 2 . 2 2
E((aj-b))") =B ((x—’ - y—’]> ) : (x—ﬁ 2 y%}) _ED)_ZEWEL) BOD

Nyj MajNpj Np; ny; NyjNpj nB]

A7 A x;, yiZ7b ZH2F Binom(my, a;), Binom(ng;, b)9F 22 o]FEiEE WES o834,
E(x) =m0
E(y;) = ne;b;
E(x?) = Var(x;) + (E(x))? = nyja;(1 — a;) + (na;0,)?
E(vf) =Var(y;) + (E())? = ng;b;(1 = by) + (ng;b))?

1% tstel Fels,
B((0 = 5)") = a7 + Lo = 2y 4 57 + "(i_b")=Fz(A,B)+J(1 ), A0h) )

Aj Bj Aj Npj

webd, dEedA W] AF ol oJd wAs: AFL AANI] skl B BADe
2RFAA 5 ol $4 (1007 o] FeojAr,

£,(A,B) :l {(a; _bj,)z _ % (naj — x;) _ ¥;(ns; _yi)} (10)
Mj:1

2 (nay — 1) np;?(ng; —1)

F3 SAIZ (F3 Statistics)

Fs TAE2 o2 2 Al I 74 (three-population test)ol&ti® &=, ol& Al 71
Aol #AE HAAsIE WHEBCIY. F3 AFES 53 F 7HA HAHSE ARREHEH, 3 WA=
AR gl 8 Ja CoF 7 FE A, B Aol #AE Fws] AWelte Wi AeTE S
T A=A oby™ B Fuel OF A 3 AJEA AR Aolal, 7 WHAe B ' CE
Fx (A A, B FFY wror MdAste AS B7F Tk A Aol F O FHA A S
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E A% (outgroup Fs statistic)o]gfar sho}.

A A, B, Col OERAA NES 24 4 b, A B W By BARE ol £4 (1) 2ol
2heks] Aol ),

F5(C;A,B) = F3(A,B; C) = E[(c — a)(c — b)] (11)
OhA AW Fo SAIFS H7IHAE dE] AnEEG)O] FHE AS B e, AvEES
7o ® e Fdo] fXg FolA F e FHdko] X FHow FuiHA AMS skl
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F;(C;D,A) = c+ a*d + p%(e + g) — aff (16)
F;(C;D,B) = c+ a?(d +f) + f%e — afig (17)
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ol F; SA 2 (Outgroup F; Statistics)
9t Fz FAIFS] AN W £ Fy TAIFY sdatth. kol Aol
yUm 2 gk A, BSF 2718 Eo F A | =5
Holth, o) F3 SAHES 1Y 39 w3 AR2 TAIT bkl o] ¢ Huo] S o C
Uz = e A9 Be] %
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S A Z (F4 Statistics)
Fy EAHFS

Fs TAIZZ o] el E3to] dojte=Ad tigh o= AA3 = Sy
1 volrt FrHa 59 WEke] gk ARE AlFetes SAA A WEeltt. Fy SAFS W A
AA (four-population test)C. 2% En, Exrl dstu EEO 3}

U A Patterson’ s D A A

=
N=s &l g Fy A% ofefl =4 (18)3 2.

O

a7

F,(4,B;C,D) = E[(a — b)(c — d)] (18)

1 M ! ! ! !
fa(A,B;C,D) = i § {(aj — bj)(¢c; —dj)} (19)
j=1

Fo SAFE FANLS Fo, F3 SAFS 713 & Aol7h =dl, AVZES 7oz 4Fd

TP T A9e Aow Addtha 47sw Asi,

F,(A,B;C,D) =0 F4(B,C;A,D)=e F,(A,C;B,D) =e

a9 6. £l gl ABFAN ARG S A F BAFE oA

[t

o

o] gl AEFolA Fy BAZFE Atetd = 0, YHA F

a1 6ol YERA A3 7ol
== Y& 7}A (internal branch)¢] Zole] zt, eES 7}xTh.

7N == (node) <} }

ol

g a7

1 a9 59 AESTE FARS W AFsd B BAH AS5E A, B, C, D479 RS £ME st 4709
Ztgle] wiRlEtE =d 2 AZbste] 4l=24702k B2 4= dvk. AR Fu(4,B;C,D) =F,(B,4;D,C) =
F,(C,D;A,B) =F, ( C;B, A= S 1#std (=67 ZFvS 1eld 4 YA ¥, F,(4,B;C,D) =
—F,(A4,B;D,0)} #o] AnZE F9 et iz &M= Fy BAFY G4, &5 Aot 9IS nHgE A

mlo
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F, BARS 19 69] A9l Fu(4,B;C,D) =0°] H= H& o83kl Folxl Hek ko] A A
2o o il fAx BE Wk e HARE st AEFoA EFo] glvkd A JEI B
Jeb kel oigfdA wrze] el ¢ FJod D FE 7he] difgfHA RE zpe|oh ¢ F]
SOl F,(4,B;C,D) 32 00 HAT, A<C, A<D, B<C, BeoD & R@A A AnZE 299
A= T At Abelel A S5 UAJTH Fu(4,B;C,D) #42 0°] of A 7| wfjio
woy FAHoR By & Fy BAF 71EAS doEtd ofgoh o).

F,(4,B;C,D) = E[(a — b)(c — d)] = Elac — ad — bc + bd]

1
=§E[(a—d)2+(b—c)2—(a—c)z—(b—d)z] (20)

= Z1Fa4,D) + Fy(B, ) — Fy(4,0) — Fy(B,D)]

Aol AN S 7o w AR, Fy $AY #hol fFeveA 7 Udvhs T2 F(4,D),
F,(B,0)°l %ol F,(A,C), F,(B,D) #kell Hlsh FejwlstAl #th= oopr|7k #HaL, o= B Hetat C
Ak Atol, H= A FHed D A Abelelld Fd4 250 glo] F e e /A4 At vE
um A el vl Tt Ae uidek (™ 7A). R By SAIF gkel felvd g ghol
U B ol K(A,0), F(B,D)Sl #k°l F(A, D), F,(B,C) &l Hls) fefuatA #rh= ofepr]7h
Ha, S, A fAdEd ¢ FJdE Aol == B A D FHY AboldlA FAA ZFC] UdES

o) ge(LY 7B).

A

F,(A,B;C,D) <0 F,(A,B;C,D) >0

a8 7. 5o AFFolA Fy(4,B;C, D) woll mE Hek Al A

S 1A, 4C/2=37] ZFS

fd
Ar)
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o
l
kD
2
f
1o,
N
N
2
<
O
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=
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f
)
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BoD Afolo] At 3Fo] EAsHA] @47] wEel, Fu A

T EF(120) F2 BoC Abolo] F14 EF(1<0)0] AMES AAFSHA
ol D Ads AAS W, Al H A, B, C Akolo] AF s 2

g By Al 0ol Hojdrar sto] Al Hetk Atolo] BAE W ATz AW

S = <k "n. A, B, C Al FHde] A 5 = Al 7HA Ths @ AlETFE U

wEl o] A JhsAel gt 3719 Fy BA%C F(4,B;C,D), F(B,C;AD), F,(AC;B,D)S& EF
S J 2~ T
T R

gl S o, A
g Alege SAEA @, Jdi £ Hads & ok (1™ 8, 9).

A E3te] Mes 94T u Hd £Fo] AW Aol Al 74A Fy SAZ] WEA] 00fA]
frojm Al BloluA &S Fosior gk (¥ 9). F¥e O7F HE A, BSE #HE Ao
=3olgtar & o, F,(4,B;C,D)=ag—pfh = FolA =, aget ph e =77 HEEe] 00l A
FrematA HeoluA] eks 4 97l wiEelnk. o] A (((A,B),0).D)9] Ale+7t ARE FE9]
At 4 e AEE 39S & dud, UHA T BAFY Fo5E oz ol
AEE as 9 Aok S, FJuk O A, B FEY 9wt Ag-olE Col nlE] A9 B7F A=
o 7137 wj&ol U A % =A% F(B,C;A D) F(AC;B,D)7F B5F %F e z2HA du (29
8). WA ok C7F A, B Alse &3 FAdAl A5 A% B Atolo] fx2A AETt A9 C, BeF C

Afelel Aelzk | Aol el WA F EAZ F(BCGADI FACGBED BF &5 @
200 57] Wl F 3

webq 9o 54
shubel ogkst F 7

©
=
ot f44 58 WPe FuE A F vk,

o,
=
-z
NS
R
=

F4(A B;C,D) 0 e>0 -e<0
F4(B,C;A, D) e>0 -e <0 0
F4(A,C;B,D) e>0 0 -e<0

a9 8. =o] 8l ASFolA s & U= R SAF] @
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Comprehensive Guide
Abstract: Traditional phylogenetic methods had a limited resolution for investigating the
phylogenetic relationship of conspecific populations due to subtle nature of between population
differentiation. However, recent advances on statistical methods, leveraging on large-scale
genome variation data, have made noticeable progress in the study of intraspecific population
relationship. Among these methods, F-statistics offer by far the simplest and most robust measures
to test the topology of population graph and thus have been widely used in population genomics
recently. Operating on a small number of populations, they test if a proposed population tree
sufficiently explains the genetic relationship among these populations by examining a correlation
between allele frequency changes along different branches. Additionally, F-statistics can
rigorously detect population admixture when simple phylogenetic trees fail to explain the
relationships between populations. This paper explains the principles of F-statistics, details the
specific calculations of Fo, F3, and F4 statistics, and presents methods for detecting gene flow and
admixture among populations using these statistics.
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