
kX8X o�_A�L*1a kR

kX9Xe amKK�`v Q7 o�Hm2b

h?2 7QHHQrBM; i�#H2 bmKK�`Bx2b �HH ;2MQivTB+ p�Hm2b �HH #`22/BM; p�Hm2b �M/ i?2 /QKBM�M+2 /2pB�iBQMbX

:2MQivT ;2MQivTB+ p�Hm2 "`22/BM; o�Hm2 .QKBM�M+2 .2pB�iBQM

GiGj Vij BVij Dij

G1G1 a 2qα −2q2d

G1G2 d (q − p)α 2pqd

G2G2 −a −2pα −2p2d

h?2 7Q`KmH�b BM i?2 �#Qp2 b?QrM i�#H2 �bbmK2 i?�i G1 Bb i?2 7�pQ`�#H2 �HH2H2 rBi? 7`2[m2M+v f(G1) = pX h?2
�HH2H2 7`2[m2M+v Q7 G2 Bb f(G2) = qX aBM+2 r2 ?�p2 � #B@�HH2HB+ HQ+mb p + q = 1X
"�b2/ QM i?2 /2}MBiBQM Q7 /QKBM�M+2 /2pB�iBQM- i?2 ;2MQivTB+ p�Hm2b Vij +�M #2 /2+QKTQb2/ BMiQ i?2 +QK@
TQM2Mib TQTmH�iBQM K2�M UµV- #`22/BM; p�Hm2 UBVijV �M/ /QKBM�M+2 /2pB�iBQM UDijV �++Q`/BM; iQ 2[m�iBQM
UkXReVX

Vij = µ + BVij + Dij UkXReV

h�FBM; 2tT2+i2/ p�Hm2b QM #Qi? bB/2b Q7 2[m�iBQM UkXReV �M/ FMQrBM; i?�i i?2 TQTmH�iBQM K2�M µ r�b /2}M2/
�b i?2 2tT2+i2/ p�Hm2 Q7 i?2 ;2MQivTB+ p�Hm2b BM i?2 TQTmH�iBQM- BX2X E [V ] = µ- Bi 7QHHQrb i?�i i?2 2tT2+i2/
p�Hm2b Q7 #Qi? i?2 #`22/BM; p�Hm2b �M/ i?2 /QKBM�M+2 /2pB�iBQMb Kmbi #2 0X JQ`2 7Q`K�HHv- r2 ?�p2

E [V ] = E [µ + BV + D]
= E [µ] + E [BV ] + E [D]
= µ UkXRdV

6`QK i?2 H�bi HBM2 BM 2[m�iBQM UkXRdV- Bi 7QHHQrb i?�i E [BV ] = E [D] = 0X h?Bb �HbQ b?Qrb i?�i #Qi? #`22/BM;
p�Hm2b �M/ /QKBM�M+2 /2pB�iBQMb �`2 /2}M2/ �b /2pB�iBQM 7`QK � ;Bp2M K2�MX

kX8 o�`B�M+2b

h?2 TQTmH�iBQM K2�M µ �M/ /2`Bp2/ 7`QK i?�i i?2 #`22/BM; p�Hm2b r2`2 /2}M2/ �b 2tT2+i2/ p�Hm2bX h?2B`
K�BM Tm`TQb2 Bb iQ �bb2bb i?2 bi�i2 Q7 � ;Bp2M TQTmH�iBQM rBi? `2bT2+i iQ � +2`i�BM ;2M2iB+ HQ+mb �M/ Bib
2z2+i QM � T?2MQivTB+ i`�Bi Q7 BMi2`2biX PM2 Q7 Qm` T`BK�`v ;Q�Hb BM HBp2biQ+F #`22/BM; Bb iQ BKT`Qp2 i?2
TQTmH�iBQMb �i i?2 ;2M2iB+ H2p2H i?`Qm;? i?2 K2�Mb Q7 b2H2+iBQM �M/ K�iBM;X a2H2+iBQM Q7 TQi2MiB�H T�`2Mib
i?�i T`Q/m+2 QzbT`BM; i?�i �`2 +HQb2` iQ Qm` #`22/BM; ;Q�Hb Bb QMHv TQbbB#H2- B7 i?2 b2H2+iBQM +�M/B/�i2b b?Qr
� +2`i�BM H2p2H Q7 p�`B�iBQM BM i?2 i`�Bib i?�i r2 �`2 BMi2`2bi2/ BMX AM TQTmH�iBQMb r?2`2 i?2`2 Bb MQ p�`B�iBQM
r?B+? K2�Mb i?�i �HH BM/BpB/m�Hb �`2 2t�+iHv �i i?2 b�K2 H2p2H- Bi Bb MQi TQbbB#H2 iQ b2H2+i TQi2MiB�H T�`2Mib
7Q` i?2 M2ti ;2M2`�iBQMX
AM bi�iBbiB+b i?2 K2�bm`2 i?�i Bb KQbi Q7i2M mb2/ iQ �bb2bb p�`B�iBQM BM � +2`i�BM TQTmH�iBQM Bb +�HH2/ p�`B�M+2X
6Q` �Mv ;Bp2M /Bb+`2i2 `�M/QK p�`B�#H2 X i?2 p�`B�M+2 Bb /2}M2/ �b i?2 b2+QM/ +2Mi`�H KQK2Mi Q7 X r?B+?
Bb +QKTmi2/ �b b?QrM BM 2[m�iBQM UkXR3VX

V ar [X] =
∑

xi∈X
(xi − µX)2 ∗ f(xi) UkXR3V
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r?2`2 X , b2i Q7 �HH TQbbB#H2 x@p�Hm2b
f(xi) T`Q#�#BHBiv i?�i x �bbmK2b i?2 p�Hm2 Q7

xi

µX 2tT2+i2/ p�Hm2 E [X] Q7 X

AM i?Bb b2+iBQM r2 rBHH #2 7Q+mbBM; QM b2T�`�iBM; i?2 Q#i�BM2/ p�`B�M+2b BMiQ /Bz2`2Mi +QKTQM2Mib �++Q`/BM;
iQ i?2B` +�mb�iBp2 bQm`+2bX �TTHvBM; i?2 /2}MBiBQM Q7 p�`B�M+2 ;Bp2M BM 2[m�iBQM UkXR3V iQ i?2 ;2MQivTB+
p�Hm2b Vij - r2 Q#i�BM i?2 7QHHQrBM; 2tT`2bbBQMX

σ2
G = V ar [V ] = (V11 − µ)2 ∗ f(G1G1)

+ (V12 − µ)2 ∗ f(G1G2)
+ (V22 − µ)2 ∗ f(G2G2) UkXRNV

r?2`2 µ = (p − q)a + 2pqd i?2 TQTmH�iBQM K2�MX

"�b2/ QM i?2 /2+QKTQbBiBQM Q7 i?2 ;2MQivTB+ p�Hm2 Vij ;Bp2M BM UkXReV- i?2 /Bz2`2M+2 #2ir22M Vij �M/ µ +�M
#2 r`Bii2M �b i?2 bmK Q7 i?2 #`22/BM; p�Hm2 �M/ i?2 /QKBM�M+2 /2pB�iBQMX h?2M σ2

G +�M #2 r`Bii2M �b

σ2
G = V ar [V ] = (BV11 + D11)2 ∗ f(G1G1)

+ (BV12 + D12)2 ∗ f(G1G2)
+ (BV22 + D22)2 ∗ f(G2G2) UkXkyV

AMb2`iBM; i?2 2tT`2bbBQMb 7Q` i?2 #`22/BM; p�Hm2b BVij �M/ 7Q` i?2 /QKBM�M+2 /2pB�iBQM Dij 7QmM/ 2�`HB2`
�M/ bBKTHB7vBM; i?2 2[m�iBQM H2�/b iQ i?2 `2bmHi BM UkXkRVX � KQ`2 /2i�BH2/ /2`Bp�iBQM Q7 σ2

G Bb ;Bp2M BM i?2
�TT2M/Bt UkX3V Q7 i?Bb +?�Ti2`X

σ2
G = 2pqα2 + (2pqd)2

= σ2
A + σ2

D UkXkRV

h?2 7Q`KmH� BM 2[m�iBQM UkXkRV b?Qrb i?�i σ2
G +QMbBbib Q7 irQ +QKTQM2MibX h?2 }`bi +QKTQM2Mi σ2

A Bb +�HH2/
i?2 ;2M2iB+ �//BiBp2 p�`B�M+2 �M/ i?2 b2+QM/ +QKTQM2Mi σ2

D Bb i2`K2/ /QKBM�M+2 p�`B�M+2X �b b?QrM
BM 2[m�iBQM UkXk8V σ2

A +Q``2bTQM/b iQ i?2 p�`B�M+2 Q7 i?2 #`22/BM; p�Hm2bX "2+�mb2 r2 ?�p2 �H`2�/v b22M i?�i
i?2 #`22/BM; p�Hm2b �`2 �//BiBp2 BM i?2 MmK#2` Q7 7�pQ`�#H2 �HH2H2b- σ2

A Bb +�HH2/ ;2M2iB+ �//BiBp2 p�`B�M+2X
"2+�mb2 σ2

D +Q``2bTQM/b iQ i?2 p�`B�M+2 Q7 i?2 /QKBM�M+2 /2pB�iBQM 2z2+ib Ub22 2[m�iBQM UkXkdVV Bi Bb +�HH2/
/QKBM�M+2 p�`B�M+2X

kXe 1ti2MbBQM hQ JQ`2 GQ+B

q?2M QMHv � bBM;H2 HQ+mb Bb +QMbB/2`2/- i?2 ;2MQivTB+ p�Hm2b UVijV +�M #2 /2+QKTQb2/ �++Q`/BM; iQ 2[m�iBQM
UkXReV BMiQ TQTmH�iBQM K2�M- #`22/BM; p�Hm2 �M/ /QKBM�M+2 /2pB�iBQMX q?2M � ;2MQivT2 `272`b iQ KQ`2
i?�M QM2 HQ+mb- i?2 ;2MQivTB+ p�Hm2 K�v +QMi�BM �M �//BiBQM�H /2pB�iBQM +�mb2/ #v MQM@�//BiBp2 +QK#BM�iBQM
2z2+ibX



kXeX 1sh1LaAPL hP JP_1 GP*A kj

kXeXR 1TBbi�iB+ AMi2`�+iBQM

G2i VA #2 i?2 ;2MQivTB+ p�Hm2 Q7 HQ+mb A �M/ VB /2MQi2 i?2 ;2MQivTB+ p�Hm2 Q7 � b2+QM/ HQ+mb B- i?2M i?2
iQi�H �;;`2;�i2 ;2MQivTB+ p�Hm2 V �ii`B#mi2/ iQ #Qi? HQ+B A �M/ B +�M #2 r`Bii2M �b

V = VA + VB + IAB UkXkkV

r?2`2 IAB Bb i?2 /2pB�iBQM 7`QK �//BiBp2 +QK#BM�iBQM Q7 i?2b2 ;2MQivTB+ p�Hm2bX q?2M +QKTmiBM; i?2
TQTmH�iBQM K2�M 2�`HB2` BM i?Bb +?�Ti2`- r2 �bbmK2/ i?�i I r�b x2`Q 7Q` �HH +QK#BM�iBQMb Q7 ;2MQivT2bX A7 I
Bb MQi x2`Q 7Q` �Mv +QK#BM�iBQM Q7 ;2M2b �i /Bz2`2Mi HQ+B- i?Qb2 ;2M2b �`2 b�B/ iQ BMi2`�+i rBi? 2�+? Qi?2`
Q` iQ 2t?B#Bi 2TBbi�bBbX h?2 /2pB�iBQM I Bb +�HH2/ BMi2`�+iBQM /2pB�iBQM Q` 2TBbi�iB+ /2pB�iBQMX A7 I Bb x2`Q-
i?2 ;2M2b �`2 +�HH2/ iQ �+i �//BiBp2Hv #2ir22M HQ+BX >2M+2 �//BiBp2 �+iBQM K�v K2�M /Bz2`2Mi i?BM;bX q?2M
`272``BM; iQ QM2 HQ+mb- Bi K2�Mb �#b2M+2 Q7 /QKBM�M+2X q?2M `272``BM; iQ /Bz2`2Mi HQ+B- Bi K2�Mb �#b2M+2 Q7
2TBbi�bBbX

AMi2`�+iBQM #2ir22M HQ+B K�v Q++m` #2ir22M T�B`b Q` #2ir22M ?B;?2` MmK#2`b Q7 /Bz2`2Mi HQ+BX h?2 +QKTH2t
M�im`2 Q7 ?B;?2` Q`/2` BMi2`�+iBQMb- BX2X- BMi2`�+iBQMb #2ir22M ?B;?2` MmK#2` Q7 HQ+B /Q2b MQi M22/ iQ +QM+2`M
mbX "2+�mb2 BM i?2 �;;`2;�i2 ;2MQivTB+ p�Hm2 V - BMi2`�+iBQM /2pB�iBQMb Q7 �HH bQ`ib �`2 i`2�i2/ iQ;2i?2` BM
�M Qp2`�HH BMi2`�+iBQM /2pB�iBQM IX h?Bb H2�/b iQ i?2 7QHHQrBM; ;2M2`�HBx2/ 7Q`K Q7 /2+QKTQbBM; i?2 Qp2`�HH
�;;`2;�i2 ;2MQivT2 V 7Q` i?2 +�b2 Q7 KmHiBTH2 HQ+B �z2+iBM; � +2`i�BM i`�Bi Q7 BMi2`2biX

V = µ + A + D + I UkXkjV

r?2`2 A Bb i?2 bmK Q7 i?2 #`22/BM; p�Hm2b �ii`B#mi�#H2 iQ i?2 b2T�`�i2 HQ+B �M/ D Bb i?2 bmK Q7 �HH /QKBM�M+2
/2pB�iBQMbX 6Q` Qm` Tm`TQb2b BM HBp2biQ+F #`22/BM; r?2`2 r2 r�Mi iQ �bb2bb i?2 ;2M2iB+ TQi2MiB�H Q7 � b2H2+iBQM
+�M/B/�i2 iQ #2 � T�`2Mi Q7 QzbT`BM; 7Q`KBM; i?2 M2ti ;2M2`�iBQM- i?2 #`22/BM; p�Hm2 Bb i?2 KQbi BKTQ`i�Mi
[m�MiBivX h?2 #`22/BM; p�Hm2 Bb Q7 T`BK�`v BKTQ`i�M+2 #2+�mb2 � ;Bp2M T�`2Mi T�bb2b � `�M/QK b�KTH2 Q7
Bib �HH2H2b iQ Bib QzbT`BM;X q2 ?�p2 b22M BM b2+iBQM kX9X9 i?�i #`22/BM; p�Hm2b �`2 �//BiBp2 BM i?2 MmK#2`
Q7 7�pQ`�#H2 �HH2H2bX >2M+2 i?2 KQ`2 7�pQ`�#H2 �HH2H2b � ;Bp2M T�`2Mi T�bb2b iQ Bib QzbT`BM; i?2 ?B;?2` i?2
#`22/BM; p�Hm2 Q7 i?Bb T�`2MiX

PM i?2 Qi?2` ?�M/- i?2 /QKBM�M+2 /2pB�iBQM K2�bm`2b i?2 2z2+i Q7 � +2`i�BM ;2MQivT2 Q++m``BM; BM �M
BM/BpB/m�H �M/ i?2 BMi2`�+iBQM /2pB�iBQM 2biBK�i2b i?2 2z2+ib Q7 +QK#BMBM; /Bz2`2Mi ;2MQivT2b �i /Bz2`2Mi
HQ+B BM i?2 ;2MQK2X "mi #2+�mb2 T�`2Mib /Q MQi T�bb +QKTH2i2 ;2MQivT2b MQ` /Q i?2v T�bb bi`2i+?2b Q7 .L�
rBi? b2p2`�H HQ+B- #mi QMHv � `�M/QK +QHH2+iBQM Q7 Bib �HH2H2b- Bi Bb `2�HHv i?2 #`22/BM; p�Hm2 i?�i Bb Q7 T`BK�`v
BKTQ`i�M+2 BM �bb2bbBM; i?2 ;2M2iB+ TQi2MiB�H Q7 � ;Bp2M b2H2+iBQM +�M/B/�i2X

kXeXk AMi2`�+iBQM o�`B�M+2

A7 ;2MQivT2b �i /Bz2`2Mi HQ+B b?Qr 2TBbi�iB+ BMi2`�+iBQM 2z2+ib �b /2b+`B#2/ BM b2+iBQM kXeXR- i?2 BMi2`�+iBQMb
;Bp2 `Bb2 iQ �M �//BiBQM�H p�`B�M+2 +QKTQM2Mi +�HH2/ VI - r?B+? Bb i?2 p�`B�M+2 Q7 BMi2`�+iBQM /2pB�iBQMbX
h?Bb M2r p�`B�M+2 +QKTQM2Mi VI +�M #2 7m`i?2` /2+QKTQb2/ BMiQ bm#@+QKTQM2MibX h?2 }`bi H2p2H Q7 bm#@
+QKTQM2Mib Bb �++Q`/BM; iQ i?2 MmK#2` Q7 HQ+B i?�i �`2 +QMbB/2`2/X hrQ@r�v BMi2`�+iBQMb BMpQHp2 irQ HQ+B-
i?`22@r�v BMi2`�+iBQMb +QMbB/2` i?`22 HQ+B �M/ BM ;2M2`�H n@r�v BMi2`�+iBQMb �`Bb2 7`QK n /Bz2`2Mi HQ+BX h?2
M2ti H2p2H Q7 bm#/BpBbBQM Bb �++Q`/BM; iQ r?2i?2` i?2v BM+Hm/2 �//BiBp2 2z2+ib- /QKBM�M+2 /2pB�iBQMb Q` #Qi?X

AM ;2M2`�H Bi +�M #2 b�B/ i?�i 7Q` T`�+iB+�H Tm`TQb2b- BMi2`�+iBQM 2z2+ib 2tTH�BM QMHv � p2`v bK�HH �KQmMi Q7 i?2
Qp2`�HH p�`B�iBQMX �b �H`2�/v K2MiBQM2/ BM b2+iBQM !`27UO2TBbi�iB+@BMi2`�+iBQMV 7Q` HBp2biQ+F #`22/BM;- r2 �`2
KQbiHv BMi2`2bi2/ BM i?2 �//BiBp2 2z2+ibX h?Bb Bb �HbQ i`m2 r?2M HQQFBM; �i i?2 p�`B�M+2 +QKTQM2MibX >2M+2
/QKBM�M+2 p�`B�M+2 �M/ p�`B�M+2b Q7 BMi2`�+iBQM /2pB�iBQMb �`2 MQi mb2/ p2`v Q7i2M BM T`�+iB+�H HBp2biQ+F
#`22/BM; �TTHB+�iBQMX
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Histogram of vec_sum_10
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Histogram of vec_sum_100
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Histogram of vec_sum_1000
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6B;m`2 kXj, .Bbi`B#miBQM Q7 amKb Q7 .Bz2`2Mi LmK#2`b Q7 *QKTQM2Mib

kXd :2M2iB+ JQ/2Hb

AM i?Bb +?�Ti2`- r2 ?�p2 b22M ?Qr iQ KQ/2H i?2 ;2M2iB+ #�bBb Q7 � [m�MiBi�iBp2 i`�Bi r?2M � bBM;H2 HQ+mb �z2+ib
i?2 i`�Bi Q7 BMi2`2biX q2 +�HH i?Bb � bBM;H2@HQ+mb KQ/2HX q?2M b2p2`�H HQ+B ?�p2 �M 2z2+i QM � +2`i�BM i`�Bi-
i?2M r2 i�HF �#Qmi � TQHv;2MB+ KQ/2HX G2iiBM; i?2 MmK#2` Q7 HQ+B �z2+iBM; � +2`i�BM T?2MQivT2 i2M/ iQ
BM}MBiv- i?2 `2bmHiBM; KQ/2H Bb +�HH2/ BM}MBi2bBK�H KQ/2HX

6`QK � bi�iBbiB+�H TQBMi Q7 pB2r- i?2 #`22/BM; p�Hm2b BM �M BM}MBi2bBK�H KQ/2H �`2 +QMbB/2`2/ �b � `�M/QK
2z2+i rBi? � FMQrM /Bbi`B#miBQMX .m2 iQ i?2 +2Mi`�H HBKBi i?2Q`2K- i?Bb /Bbi`B#miBQM Bb �bbmK2/ iQ #2 �
MQ`K�H /Bbi`B#miBQMX h?2 +2Mi`�H HBKBi i?2Q`2K b�vb i?�i i?2 /Bbi`B#miBQM Q7 �Mv bmK Q7 � H�`;2 MmK#2` Q7
p2`v bK�HH 2z2+ib +QMp2`;2b iQ � MQ`K�H /Bbi`B#miBQMX 6Q` Qm` +�b2 r?2`2 � ;Bp2M i`�Bi Q7 BMi2`2bi Bb i?Qm;?i
iQ #2 BM~m2M+2/ #v � H�`;2 MmK#2` Q7 ;2M2iB+ HQ+B 2�+? ?�pBM; � bK�HH 2z2+i- i?2 bmK Q7 i?2 #`22/BM; p�Hm2b
Q7 �HH HQ+B iQ;2i?2` +�M #2 �TT`QtBK�i2/ #v � MQ`K�H /Bbi`B#miBQMX 6B;m`2 UkXjV b?Qrb i?2 /Bbi`B#miBQM 7Q`
� bmK Q7 Ry- Ryy �M/ Ryyy +QKTQM2Mib 2�+?X h?2 ?BbiQ;`�Kb b?Qr � #2ii2` �TT`QtBK�iBQM iQ i?2 MQ`K�H
/Bbi`B#miBQM i?2 H�`;2` i?2 MmK#2` Q7 +QKTQM2Mib +QMbB/2`2/ BM i?2 bmKX

kXdXR JQ/2H lb�;2 AM _QmiBM2 1p�Hm�iBQMb

h`�/BiBQM�H T`2/B+iBQM Q7 #`22/BM; p�Hm2b #27Q`2 i?2 BMi`Q/m+iBQM Q7 ;2MQKB+ b2H2+iBQM Bb #�b2/ QM i?2 BM@
}MBi2bBK�H KQ/2HX q?2M ;2MQKB+ b2H2+iBQM r�b BMi`Q/m+2/ r?B+? i�F2b BMiQ �++QmMi i?2 BM7Q`K�iBQM 7`QK �
H�`;2 MmK#2` Q7 HQ+B- ;2MQKB+ #`22/BM; p�Hm2b �`2 2biBK�i2/ mbBM; � TQHv;2MB+ KQ/2HX



kX3X �SS1L.As, .1_Ao�hAPLa k8

kX3 �TT2M/Bt, .2`Bp�iBQMb

h?Bb b2+iBQM b?Qrb ?Qr i?2 ;2M2iB+ p�`B�M+2 BM 2[m�iBQM UkXkRV Bb +QKTmi2/X

σ2
G = (BV11 + D11)2 ∗ p2

+ (BV12 + D12)2 ∗ 2pq

+ (BV22 + D22)2 ∗ q2

=
(
2qα − 2q2d

)2 ∗ p2

+ ((q − p)α + 2pqd)2 ∗ 2pq

+
(
−2pα − 2p2d

)2 ∗ q2

=
(
4q2α2 − 8q3dα + 4q4d2)

∗ p2

+
(
q2α2 − 2pqα2 + p2α2 − 4(q − p)pqdα + 4p2q2d2)

∗ 2pq

+
(
4p2α2 + 8p3dα + 4p4α2)

∗ q2

= 4p2q2α2 − 8p2q3dα + 4p2q4d2

+ 2pq3α2 − 4p2q2α2 + 2p3qα2

− 8p3q2dα + 8p2q3dα + 8p3q3d2

+ 4p2q2α2 + 8p3q2dα + 4p4q2d2

= 4p2q2α2 + 4p2q4d2

+ 2pq3α2 + 2p3qα2

+ 8p3q3d2

+ 4p4q2d2

= 2pqα2 (
p2 + 2pq + q2)

+ (2pqd)2 (
p2 + 2pq + q2)

= 2pqα2 + (2pqd)2

= σ2
A + σ2

D UkXk9V

6`QK i?2 H�bi irQ HBM2b Q7 UkXk9V Bi 7QHHQrb i?�i σ2
A = 2pqα2 �M/ σ2

D = (2pqd)2X Ai +�M #2 b?QrM i?�i σ2
A

+Q``2bTQM/b iQ i?2 b[m�`2/ #`22/BM; p�Hm2b iBK2b i?2 �bbQ+B�i2/ ;2MQivT2 7`2[m2M+B2bX "2+�mb2 i?2 2tT2+i2/
p�Hm2b Q7 i?2 #`22/BM; p�Hm2b Bb x2`Q- σ2

A Bb 2[mBp�H2Mi iQ i?2 p�`B�M+2 Q7 i?2 #`22/BM; p�Hm2bX

σ2
A = V ar [BV ] = (BV11 − E [BV ])2 ∗ f(G1G1) + (BV12 − E [BV ])2 ∗ f(G1G2) + (BV22 − E [BV ])2 ∗ f(G2G2)

= BV 2
11 ∗ f(G1G1) + BV 2

12 ∗ f(G1G2) + BV 2
22 ∗ f(G2G2)

= (2qα)2 ∗ p2 + ((q − p)α)2 ∗ 2pq + (−2pα)2 ∗ q2

= 4p2q2α2 +
(
q2α2 − 2pqα2 + p2α2)

∗ 2pq + 4p2q2α2

= 8p2q2α2 + 2pq3α2 − 4p2q2α2 + 2p3qα2

= 4p2q2α2 + 2pq3α2 + 2p3qα2

= 2pqα2 (
2pq + q2 + p2)

= 2pqα2 UkXk8V

AM i?2 �#Qp2 /2`Bp�iBQM BM UkXk8V Q7 i?2 p�`B�M+2 Q7 i?2 #`22/BM; p�Hm2b- r2 r2`2 mbBM; i?2 7�+i i?�i i?2
2tT2+i2/ p�Hm2 E [BV ] = 0X h?Bb +�M #2 b?QrM KQ`2 7Q`K�HHv �b 7QHHQrb
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E [BV ] = BV11 ∗ f(G1G1) + BV12 ∗ f(G1G2) + BV22 ∗ f(G2G2)
= 2qα ∗ p2 + (q − p)α ∗ 2pq + (−2pα) ∗ q2

= 2p2qα + 2pq2α − 2p2qα − 2pq2α

= 0 UkXkeV

aBKBH�`Hv iQ UkXk8V r2 +�M b?Qr i?�i σ2
D +Q``2bTQM/b iQ i?2 b[m�`2/ /QKBM�M+2 /2pB�iBQMb iBK2b i?2 7`2[m2M@

+B2b Q7 i?2 +Q``2bTQM/BM; ;2MQivT2bX h?�i Bb i?2 `2�bQM r?v σ2
D Bb +�HH2/ /QKBM�M+2 p�`B�M+2X

σ2
D = D2

11 ∗ f(G1G1) + D2
12 ∗ f(G1G2) + D2

22 ∗ f(G2G2)
= (−2q2d)2 ∗ p2 + (2pqd)2 ∗ 2pq + (−2p2d)2 ∗ q2

= 4p2q4d2 + 8p3q3d2 + 4p4q2d2

= 4p2q2d2 (
q2 + 2pq + p2)

= 4p2q2d2 UkXkdV
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