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AbVWUacW 
We pUeVenW ARCHeV, a faVW and accXUaWe haploW\pe-baVed appUoach foU infeUUing an indiYidXal¶V 
anceVWU\ compoViWion. OXU appUoach ZoUkV b\ modeling haploW\pe diYeUViW\ fUom a laUge, 
admi[ed cohoUW of hXndUedV of WhoXVandV, When annoWaWing WhoVe modelV ZiWh popXlaWion 
infoUmaWion fUom UefeUence panelV of knoZn anceVWU\. The UXnning Wime of ARCHeV doeV noW 
depend on Whe Vi]e of a UefeUence panel becaXVe WUaining and WeVWing aUe VepaUaWe pUoceVVeV, 
and Whe infeUUed popXlaWion-annoWaWed haploW\pe modelV can be ZUiWWen Wo diVk and XVed Wo label 
laUge WeVW VeWV in paUallel (in oXU e[peUimenWV, iW aYeUageV leVV Whan one minXWe Wo aVVign 
anceVWU\ fUom 32 popXlaWionV Wo 1,001 VecWionV of a genoW\pe XVing 10 CPU). We WeVW ARCHeV 
on pXblic daWa fUom Whe 1,000 GenomeV PUojecW and HGDP aV Zell aV VimXlaWed e[ampleV of 
knoZn admi[WXUe. OXU UeVXlWV demonVWUaWe WhaW ARCHeV oXWpeUfoUmV RFMi[ aW coUUecWl\ 
aVVigning boWh global and local anceVWU\ aW Uegional leYelV UegaUdleVV of Whe amoXnW of 
popXlaWion admi[WXUe.  
 
 

InWUodXcWion 
Admi[WXUe haV pla\ed an impoUWanW Uole in Vhaping paWWeUnV of geneWic YaUiaWion among hXmanV 
and oWheU VpecieV. IW iV of inWeUeVW aW boWh popXlaWion and indiYidXal leYelV and haV moWiYaWed a 
laUge bod\ of UeVeaUch inWo popXlaWion demogUaph\​1​, ​2​ ​and popXlaWion VWUaWificaWion ​3​ in 
aVVociaWion VWXdieV. IW haV alVo fXeled pXblic inWeUeVW in diUecW Wo conVXmeU (DTC) VeUYiceV WhaW 
pUoYide eVWimaWeV of anceVWU\ pUopoUWionV. In VXch applicaWionV, a conVXmeU W\picall\ VXbmiWV a 
DNA Vample WhUoXgh a ValiYa collecWion kiW and UeceiYeV an indiYidXal-leYel UepoUW of WheiU 
anceVWUal make-Xp baVed on genoW\pe daWa. 
 
OYeU Whe paVW decade, man\ WoolV haYe been deYeloped Wo infeU indiYidXal-leYel anceVWU\. One 
VeW of meWhodV onl\ infeUV global anceVWU\ pUopoUWionV, Vome of Zhich model Whe pUobabiliW\ of 
Whe obVeUYed genoW\peV XVing anceVWU\ pUopoUWionV and popXlaWion allele fUeTXenc\,​4​ Zhile 
oWheUV XVe ​clXVWeU anal\ViV and pUincipal componenW anal\ViV (PCA).​5​ AnoWheU VeW of meWhodV 
infeU anceVWUal oUigin foU genomic VegmenWV, Zhich aUe When aYeUaged oYeU Whe enWiUe genome. 
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TheVe meWhodV XVe eiWheU SNPV (Single NXcleoWide Pol\moUphiVmV) oU a VeTXence of SNPV 
(​i.e.​ haploW\peV) aV Whe obVeUYed YaUiableV, and eVWimaWe anceVWU\ in each VegmenW of Whe 
genome (called local anceVWU\). CompaUed Wo SNPV, haploW\peV conWain UicheU infoUmaWion, and 
can be eVpeciall\ poZeUfXl in diffeUenWiaWing geogUaphicall\ cloVe popXlaWionV.​6​ Among e[iVWing 
haploW\pe-baVed meWhodV, boWh ChUomopainWeU​6​ and HAPMIX​7​ XVe Whe Li and SWephen¶V 
haploW\pe cop\ing model,​8​ ZheUeaV RFMi[​9​ XVeV a Uandom foUeVW appUoach, WUaining claVVifieUV 
on haploW\pe feaWXUeV in a UefeUence panel and XVing a lineaU-chain condiWional Uandom field Wo 
model Whe condiWional diVWUibXWion of local anceVWU\ giYen obVeUYed haploW\peV.  
 
AV Whe Vi]e of pXblic and pUiYaWe genoW\pe daWaVeWV gUoZV (​e.g.,​ AnceVWU\ haV pUoceVVed oYeU 
15 million hXman genomeV), WheUe iV an incUeaVed need foU meWhodV WhaW can efficienWl\ and 
accXUaWel\ peUfoUm anceVWU\ infeUence on a laUge nXmbeU of VampleV. HeUe Ze deVcUibe 
ARCHeV (​A​nceVWU\ infeUence XVing ​R​efeUence labeled ​C​lXVWeUV of ​H​aploW\p ​HV ​), a meWhod WhaW 
leYeUageV UefeUence panel labeled haploW\pe modelV Wo eVWimaWe diploid anceVWU\ locall\ 
WhUoXghoXW Whe genome. ARCHeV fiUVW XVeV a laUge VeW of Xnlabeled haploW\peV Wo leaUn 
BEAGLE haploW\pe-clXVWeU modelV,​10​ Zhich aUe efficienW aW phaVing and meaVXUing haploW\pe 
fUeTXenc\. TheVe BEAGLE modelV aUe When annoWaWed ZiWh Whe pUobabiliW\ WhaW genoW\pe 
VeTXenceV fUom a giYen UefeUence popXlaWion UXn WhUoXgh a paUWicXlaU VWaWe. FoU a giYen WeVW 
indiYidXal, ARCHeV calcXlaWeV Whe pUobabiliW\ WhaW Whe obVeUYed genoW\pe VeTXence comeV fUom 
a giYen paiU of popXlaWionV, folloZed b\ a genome-Zide hidden MaUkoY model Wo aVVign diploid 
anceVWU\. TheVe WUained modelV need onl\ be compXWed once, and can be VWoUed WheUeafWeU, 
alloZing ARCHeV Wo efficienWl\ eVWimaWe Whe anceVWU\ of an\ nXmbeU of VXbVeTXenW WeVW 
indiYidXalV fUom WheiU genoW\pe daWa. 
 
PUeYioXV VWXdieV haYe VhoZn WhaW RFMi[​9​ oXWpeUfoUmV ADMIXTURE​4​ in boWh global and local 
anceVWU\ eVWimaWion.​11​ RFMi[ geneUall\ peUfoUmV Zell aW aVVigning anceVWU\ aW conWinenWal leYel 
bXW can VWUXggle aW Uegional leYel aVVignmenW, ZheUe popXlaWionV ma\ noW be YeU\ diffeUenWiaWed. 
ARCHeV iV capable of diffeUenWiaWing neaUb\ popXlaWionV and peUfoUming anceVWU\ infeUence aW a 
mXch fineU Vcale. We WUain boWh ARCHeV and RFMi[ on UeVeaUch-conVenWed indiYidXalV 
UepUeVenWing 32 diffeUenW UegionV and WeVW VelecWed indiYidXalV fUom 1000 genomeV​12​ and 
HGDP,​13​ UepUeVenWing 15 diffeUenW UegionV. We compaUe Whe peUfoUmance of anceVWU\ 
aVVignmenWV foU indiYidXalV ZiWh Vingle anceVWU\ aV Zell aV VimXlaWed indiYidXalV ZiWh admi[ed 
anceVWU\ in WeUmV of boWh global anceVWU\ pUopoUWionV and diploid local anceVWU\ aVVignmenWV Wo 
WhoVe of RFMi[.​9​ OXU UeVXlWV demonVWUaWe WhaW ARCHeV oXWpeUfoUmV RFMi[ in boWh global 
anceVWU\ and diploid local anceVWU\ aVVignmenWV aW Uegional leYelV.  
 

MaWeUial and MeWhodV 

OYeUall ARCHeV meWhod 
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OXU appUoach beginV ZiWh diYiding Whe genome inWo a laUge nXmbeU of Vmall ZindoZV​ ​(​e.g., ​3-4 
cenWimoUganV each), VXch WhaW, in a UecenWl\ admi[ed indiYidXal, each of Whe maWeUnal and 
paWeUnal haploW\peV in a giYen ZindoZ aUe likel\ Wo each come fUom a Vingle popXlaWion. FoU 
each ZindoZ, Ze conVWUXcW a BEAGLE haploW\pe-clXVWeU model ​10​ fUom a laUge, Xnlabeled 
WUaining VeW of haploW\peV. ​A ​BEAGLE ​haploW\pe-clXVWeU model iV a diUecWed ac\clic gUaph ZiWh 
haploW\pe UepUeVenWed aV a paWh WUaYeUVing Whe gUaph. Each node of Whe gUaph UepUeVenWV a 
clXVWeU of haploW\peV. A BEAGLE model iV ofWen inWeUpUeWed aV MaUkoY model ZheUe Whe VWaWeV 
aUe Whe nodeV (SXpplemenWal FigXUe 1), and WhXV aV an ³aUbiWUaU\ oUdeU MaUkoY model´ of SNPV 
along a haploW\pe. UVing a UefeUence panel of genoW\peV fUom indiYidXalV ZhoVe anceVWU\ iV 
knoZn in each ZindoZ, Ze When ​annoWaWe each VWaWe in Whe haploW\pe modelV ZiWh Whe pUobabiliW\ 
WhaW genoW\pe VeTXenceV fUom a giYen popXlaWion belong Wo Whe haploW\pe clXVWeU UepUeVenWed 
b\ Whe VWaWe ​(FigXUe 1)​. 
 
GiYen a neZ poWenWiall\ admi[ed genoW\pe VeTXence , Ze aVVXme WhaW Whe anceVWoUV of  aUe 
all XlWimaWel\ fUom Whe  oUigin gUoXpV, and WhaW  iV admi[ed UecenWl\ enoXgh WhaW UelaWiYel\ 
long haploW\peV (on Whe Vcale of Whe genomic ZindoZV menWioned aboYe) fUom each gUoXp aUe 
inWacW. ​We UXn a genome-Zide hidden MaUkoY model (HMM) ZhoVe hidden VWaWeV aUe Whe WUXe 
aVVignmenW (popXlaWion label paiUV) in each ZindoZ. The emiVVion pUobabiliWieV aUe Whe 
pUobabiliW\ diVWUibXWionV of diploid popXlaWion aVVignmenWV foU each ZindoZ aUiVing fUom Whe 
annoWaWed BEAGLE modelV and Whe WUanViWion pUobabiliWieV (Whe pUobabiliW\ WhaW Whe popXlaWion 
aVVignmenW Zill change aW an\ poinW along Whe genome) aUe leaUned WhUoXgh an 
E[pecWaWion-Ma[imi]aWion (E-M) algoUiWhm. We aVVign diploid anceVWU\ Wo each ZindoZ and 
eVWimaWe Whe global aVVignmenW baVed on Whe ViWeUbi paWh WhUoXgh WhiV HMM. We alVo Vample 
paWhV WhUoXgh Whe HMM Wo eVWimaWe Whe XnceUWainW\ of aVVignmenW amoXnWV. 
 
We deVcUibe oXU deWailed meWhod in Whe folloZing VecWionV, and pUoYide pVeXdo-code in Whe 
Appendi[.  

AnnoWaWing haploW\pe clXVWeU modelV 
 
We folloZ BUoZning and BUoZning ​10​ in bXilding haploW\pe clXVWeU modelV. BUiefl\, Ze diYide Whe 
genome inWo  paUWiall\ oYeUlapping ZindoZV ZiWh appUo[imaWel\ Whe Vame nXmbeU of SNPV. 
WiWhin each ZindoZ, Ze bXild a haploW\pe clXVWeU model fUom a laUge, Xnlabeled VeW of WUaining 
phaVed haploW\peV. FoU VimpliciW\, Ze UeVWUicW Wo biallelic YaUianWV, and code Whem aV 0 and 1. 
BXilding WhiV haploW\pe clXVWeU model fUom a laUge, Xnlabeled VeW of indiYidXalV pUoYideV a 
³backgUoXnd´ of haploW\pe diYeUViW\ againVW Zhich Ze can meaVXUe Whe infoUmaWiYeneVV of 
diffeUenW haploW\peV.  
 
WiWh a haploW\pe clXVWeU model bXilW foU each ZindoZ, Ze can When annoWaWe popXlaWionV XVing 
Whe haploW\pe clXVWeU model. Recall WhaW each paWh WhUoXgh a BEAGLE model coUUeVpondV Wo a 
Ueali]aWion of a haploW\pe, and each node aW a giYen SNP UepUeVenWV a clXVWeU of haploW\peV WhaW 
aUe VimilaU neaU WhaW SNP. FoU Whe genoW\peV of a UefeUence indiYidXal in ZindoZ , , Ze 
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compXWe Whe pUobabiliW\ WhaW Whe indiYidXal¶V WZo haploW\peV paVV WhUoXgh WZo Vpecific nodeV in 
Whe gUaph,  and , aW SNP ,  
 

 
 
ZheUe Ze compXWe  and  XVing a modificaWion of Whe foUZaUd-backZaUd 
algoUiWhm foU hidden MaUkoY modelV, WUeaWing Whe node aV a hidden VWaWe (Vee Appendi[ foU 
pVeXdo-code). In Whe folloZing, Ze Zill UefeU Wo Whe HMM XVed Wo anal\]e Whe BEAGLE modelV 
aV Whe ​haplotype HMM​, and iWV pUopeUWieV aV ​haplotype emission probabilities, ​and ​haplotype 
probabilities​. ThiV conWUaVWV ZiWh Whe ​ancestry​ ​HMM​ Ze XVe Wo VmooWh anceVWU\ eVWimaWeV acUoVV 
Whe genome, Zhich iV deVcUibed in Whe VXbVeTXenW VecWion.  
 
We When maUginali]e oYeU one of Whe haploW\peV of each diploid Wo cUeaWe a haploW\pe poVWeUioU 
pUobabiliW\ WhaW Whe genoW\peV  in ZindoZ  paVVeV WhUoXgh node  aW SNP , 
  

 
 
Finall\, Ze annoWaWe a node  b\ iWV aYeUage haploW\pe pUobabiliW\ in a VeW of indiYidXalV 
belonging Wo a UefeUence popXlaWion ,  ZheUe  iV Whe WoWal 
nXmbeU of UefeUence VampleV in popXlaWion . Then, Ze compXWe 
 

 
  
ThiV eTXaWion giYeV XV Whe pUobabiliW\ WhaW an indiYidXal dUaZn fUom popXlaWion  Zill paVV 
WhUoXgh node X aW SNP  of Whe haploW\pe clXVWeU model foU ZindoZ . 

AnceVWU\ emiVVion pUobabiliWieV foU WeVW indiYidXalV in ZindoZV 
 
WiWh ETXaWion (1) in hand, Ze can compXWe Whe pUobabiliW\ WhaW a WeVW indiYidXal¶V genoW\peV in a 
giYen ZindoZ  deVcend fUom a Vpecific paiU of popXlaWionV. LeWWing  be Whe XnphaVed 
genoW\pe of oXU WeVW indiYidXal, Ze fiUVW compXWe Whe pUobabiliW\ of  giYen WhaW Whe WZo 
haploW\peV in ZindoZ  belong Wo clXVWeUV X and Y of Whe haploW\pe clXVWeU model aW SNP ,  
 

, 
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ZheUe  iV compXWed XVing Whe haploW\pe foUZaUd-backZaUd algoUiWhm and  
iV obWained b\ mXlWipl\ing Whe WUanViWion maWUiceV of Whe haploW\pe clXVWeU model Xp Wo SNP  
(eTXiYalenW Wo UXnning Whe haploW\pe foUZaUd algoUiWhm Xp Wo SNP  ZiWh all haplo ​W\pe emiVVion 
pUobabiliWieV VeW eTXal Wo 1). 
 
We When ZanW Wo knoZ Whe pUobabiliW\ WhaW Whe indiYidXal¶V WZo haploW\peV come fUom popXlaWionV 

 and  XVing Whe infoUmaWion aUoXnd SNP . We compXWe WhiV TXanWiW\ b\ fiUVW compXWing Whe 
pUobabiliW\ WhaW a haploW\pe paVVeV WhUoXgh nodeV  and  and SNP  of ZindoZ  giYen 
XndeUl\ing popXlaWionV  and  b\ aYeUaging oYeU Whe eTXall\ likel\ combinaWionV of ZheWheU 
node  coUUeVpondV Wo popXlaWion  and node  coUUeVpondV Wo popXlaWion  oU Yice YeUVa, 
 

. 
 
NoWe WhaW WhiV UeVXlW iV eTXiYalenW Wo aVVXming WhaW Whe WZo haploW\pe clXVWeUV WhaW make Xp a 
diploid Vample aUe independenW, and WhaW Whe WZo popXlaWionV WhaW make Xp WhoVe haploW\peV 
aUe alVo independenW. 
 
NoZ, Ze XVe Whe laZ of WoWal pUobabiliW\ Wo aYeUage oYeU all haploW\pe clXVWeUV aW SNP , and 
compXWe Whe pUobabiliW\ WhaW Whe indiYidXal¶V haploW\pe clXVWeUV aW WhaW poinW aUiVe fUom 
popXlaWionV  and , 
 

. 
 
ThiV ​pUobabiliW\​ ZeighV VimilaUiW\ Wo haploW\peV in popXlaWion  and  moUe VWUongl\ foU SNPV 
cloVeVW Wo SNP  in ZindoZ ; becaXVe Ze haYe no ​a priori ​ knoZledge of Zhich paUW of a 
ZindoZ iV moVW infoUmaWiYe aboXW popXlaWion membeUVhip, Ze finall\ compXWe oXU anceVWU\ 
emiVVion pUobabiliW\ foU a ZindoZ ​b\ aYeUaging oYeU Whe popXlaWion pUobabiliW\ foU eYeU\ SNP in 
Whe ZindoZ, 
 

 
 
ZheUe  iV Whe WoWal nXmbeU of SNPV in ZindoZ . ThiV pUoceVV can When be UepeaWed foU 
eYeU\ ZindoZ in Whe genome Wo obWain Whe pUobabiliW\ of Whe WeVW indiYidXal¶V genoW\pe in each 
ZindoZ, giYen WhaW Whe WZo haploW\peV aUoVe fUom an\ paiU of popXlaWionV  and . 
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SmooWhing anceVWU\ eVWimaWeV XVing a genome-Zide anceVWU\ hidden 
MaUkoY model 
In pUinciple, Whe anceVWU\ emiVVion pUobabiliWieV compXWed in Whe pUeYioXV VecWion coXld be XVed 
Wo compXWe ma[imXm likelihood eVWimaWeV of diploid local anceVWU\ in each ZindoZ, one aW a 
Wime. HoZeYeU, doing Vo ZoXld UeVXlW in highl\ noiV\ anceVWU\ eVWimaWeV. InVWead, Ze VhaUe 
infoUmaWion acUoVV Whe genome XVing an addiWional la\eU of VmooWhing Yia a genome-Zide 
hidden MaUkoY model. MoUeoYeU, becaXVe anceVWU\ VegmenWV fUom UecenW admi[WXUe aUe 
e[pecWed Wo be longeU Whan a Vingle ZindoZ, WhiV model helpV UedXce falVe anceVWU\ WUanViWionV. 
 
If Ze ZiVh Wo aVVign anceVWU\ Wo  popXlaWionV, Whe hidden VWaWeV of oXU hidden MaUkoY model 

aUe Whe  poVVible XnphaVed anceVWU\ paiUV, , ZiWh anceVWU\​ emiVVion pUobabiliWieV 
ZindoZ Z giYen b\ eTXaWion (2). BecaXVe Ze model ​unphased ​ diploid anceVWU\, Ze define a 
popXlaWion paiU aV XnoUdeUed, ​i.e.​  iV Whe Vame anceVWU\ aVVignmenW aV . OXU anceVWU\ 
hidden MaUkoY model aVVXmeV WhaW beWZeen ZindoZV anceVWU\ can change foU ​one ​ of Whe WZo 
haploW\peV ZiWh pUobabiliW\ . The aVVXmpWion WhaW anceVWU\ VZiWcheV onl\ foU one of Whe WZo 
haploW\peV ZiWhin an indiYidXal iV boWh biologicall\ UealiVWic (aVVXming indiYidXalV aUe admi[ed 
UelaWiYel\ UecenWl\) and gUeaWl\ UedXceV Whe comple[iW\ of Whe hidden MaUkoY model. ThXV, a 
change occXUV fUom  Wo  Wo an\ paiU VXch WhaW e[acWl\ one of  oU  iV diffeUenW fUom 

 oU . Each neZ anceVWU\ paiU iV dUaZn ZiWh pUobabiliW\ pUopoUWional Wo Whe VWaWionaU\ 
pUobabiliW\ of WhaW anceVWU\ paiU, . In fXll, Whe WUanViWion pUobabiliWieV aUe 
 

 
 
ZheUe Whe noUmali]ing conVWanW  iV giYen b\ VXmming oYeU all acceVVible XnphaVed 
haploW\pe paiUV. 
 
BeWZeen chUomoVomeV, boWh anceVWU\ paiUV aUe alloZed Wo change, and Whe anceVWU\ aW Whe VWaUW 
of each chUomoVome iV dUaZn independenWl\ fUom WhaW indiYidXal¶V global diVWUibXWion of anceVWU\ 
paiUV, . FoU a moUe foUmal deVcUipWion of hoZ changeV beWZeen chUomoVomeV aUe handled, 
Vee Whe Appendi[. 
 
We iniWiali]e Whe  Wo a XnifoUm diVWUibXWion and  Wo Vome loZ YalXe, and XVe a modified 
BaXm-Welch algoUiWhm Wo XpdaWe  and  (Vee Appendi[). EmpiUicall\, Ze obVeUYed a 
Wendenc\ Wo oYeUfiW b\ eVWimaWing a laUge  paUameWeU, UeVXlWing in infeUence of a laUge nXmbeU 
of diffeUenW anceVWUieV; WhXV Ze UXn a fi[ed nXmbeU of XpdaWe VWepV, UaWheU Whan VWopping aW 
conYeUgence.  
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EVWimaWing anceVWU\ pUopoUWionV in indiYidXalV 

In pUinciple, Whe YalXe  coXld be XVed aV an eVWimaWe of Whe admi[WXUe pUopoUWion 
fUom popXlaWion  in an indiYidXal. HoZeYeU, Ze inVWead opW Wo XVe a paWh-baVed appUoach WhaW 
alVo alloZV XV Wo obWain cUedible inWeUYalV of Whe anceVWU\ pUopoUWionV condiWioned on Whe infeUUed 
paUameWeUV. Specificall\, Ze pUoYide a poinW eVWimaWe of global anceVWU\ pUopoUWionV b\ 
compXWing Whe ma[imXm pUobabiliW\ paWh WhUoXgh Whe HMM XVing Whe ViWeUbi algoUiWhm, and 
compXWing Whe pUopoUWion of ZindoZV (ZeighWed b\ WheiU lengWh) WhaW aUe aVVigned Wo popXlaWion 

. We When pUoYide a cUedible inWeUYal b\ When Vampling paWhV fUom Whe poVWeUioU diVWUibXWion on 
paWhV, and foU each one can compXWe Whe anceVWU\ pUopoUWion in Whe Vame Za\ aV fUom Whe 
ViWeUbi paW​h. BecaXVe WheVe cUedible inWeUYalV condiWion on Whe paUameWeUV, paUWicXlaU Whe , 
Whe\ Wend Wo be conVeUYaWiYe ZiWh UeVpecW Wo anceVWU\ pUopoUWionV, UeflecWing moVWl\ genoW\pe 
Vampling UandomneVV. ThXV, Ze adYocaWe caXWion in inWeUpUeWing Whem Woo liWeUall\.  
 
BeloZ Ze deVcUibe e[peUimenWV Ze did foU benchmaUking ARCHeV and RFMi[​9​.  

RefeUence Panel and TeVWing DaWa 
We bXilW oXU UefeUence panel XVing genoW\peV fUom cXVWomeU candidaWeV Zho e[pliciWl\ pUoYided 
pUioU conVenW Wo paUWicipaWe in UeVeaUch and haYe all famil\ lineageV WUacing back Wo Whe Vame 
geogUaphic Uegion. All Whe candidaWeV ZeUe genoW\ped on AnceVWU\¶V SNP aUUa\ and ZeUe 
anal\]ed WhUoXgh a TXaliW\ conWUol pipeline Wo UemoYe VampleV ZiWh loZ genoW\pe call UaWeV, 
VampleV geneWicall\ UelaWed Wo each oWheU, and VampleV Zho appeaU aV oXWlieUV fUom WheiU 
pXUpoUWed popXlaWion of oUigin baVed on PUincipal ComponenW Anal\ViV. The UefeUence panel 
conWainV 11,051 VampleV, UepUeVenWing anceVWU\ fUom 32 global UegionV (SXpplemenWal Table 1). 
We When XVe 1,705 indiYidXalV fUom 1,000 GenomeV​12​ and HGDP PUojecW​13​ fUom 15 popXlaWionV 
aV WeVWing daWa. We XVed SNP aUUa\ daWa of indiYidXalV fUom 1,000 GenomeV​12​ and HGDP 
PUojecW​13​ and limiWed Whem Wo aUoXnd 300,000 SNPV WhaW oYeUlapped ZiWh AnceVWU\¶V SNP aUUa\. 
LiVWV of popXlaWionV and aVVociaWed Vample coXnWV inclXded in UefeUence panel and WeVWing daWa 
aUe Vpecified in SXpplemenWal Table 1 and 2, UeVpecWiYel\. We align popXlaWionV WhaW come fUom 
diffeUenW daWa VoXUceV, in Vome caVeV combining popXlaWionV WogeWheU.  FoU e[ample, Ze 
combined Whe anceVWUieV WhaW aUe aVVigned Wo µEngland, WaleV, and NoUWhZeVWeUn EXUope¶ and 
µIUeland & ScoWland¶ Wo UepUeVenW anceVWU\ foU µBUiWain¶. We combined Whe anceVWU\ WhaW aUe 
aVVigned Wo µBenin & Togo¶ and µNigeUia¶ Wo UepUeVenW anceVWU\ foU µYoUXba¶.  

SimXlaWion 
We VimXlaWed genomeV of admi[ed indiYidXalV ZiWh anceVWoUV fUom a paiU of popXlaWionV and Ze 
peUfoUmed Whe VimXlaWion foU 16 paiUV of neighboUing popXlaWionV. We fiUVW conVWUXcWed a 
pedigUee ZiWh 32 foXndeUV, ZiWh a Vingle foXndeU fUom one popXlaWion, and Whe UeVW fUom Whe 
oWheU popXlaWion. We When VimXlaWed Whe UecombinaWion pUoceVV and obWained Whe haploW\peV foU 
each deVcendanW foU 4 geneUaWionV. We When VelecW deVcendanWV fUom Whe pedigUeeV WhaW aUe 
UoXghl\ 50%-50% admi[ed, 25%-75% admi[ed, 12.5%-87.5% admi[ed, and 6.25%-93.75% 
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admi[ed. We VimXlaWed 20 indiYidXalV foU each of Whe 16 diffeUenW paiUingV and 4 diffeUenW leYelV 
of admi[WXUe.  
 
We alVo VimXlaWed 100 indiYidXalV ZiWh an admi[WXUe hiVWoU\ VimilaU Wo modeUn LaWinoV WhaW 
admi[ed 12 geneUaWionV ago ZiWh 45% NaWiYe AmeUican, 50% EXUopean and 5% AfUican 
anceVWU\. We conVWUXcWed 100 12-geneUaWion pedigUeeV and Uandoml\ VelecWed foXndeUV fUom 
Whe UefeUence panel, ZiWh Whe UaWio of 45% NaWiYe AmeUican (fUom Whe Ma\a and PeUX UegionV), 
50% EXUopean (fUom Whe FUance, BUiWain, IWal\, Spain and Finland UegionV), and 5% AfUican 
anceVWU\ (fUom Whe YoUXba Uegion). We When VimXlaWed Whe UecombinaWion pUoceVV aV aboYe and 
obWained Whe genoW\peV of Whe deVcendanW in each pedigUee, Zhich aUe UoXghl\ 45% NaWiYe 
AmeUican, 50% EXUopean and 5% AfUican.  
 
Since RFMi[ needV Whe phaVed haploW\peV foU boWh TXeU\ and UefeUence indiYidXalV, Ze XVed 
Eagle ​15​ Y2 ZiWh Whe HRC​17​ UefeUence panel Wo geW Whe phaVed haploW\peV of Whe VimXlaWed 
indiYidXalV aV Zell aV foU Whe indiYidXalV in Whe UefeUence panel. HoZeYeU, ARCHeV UeTXiUeV onl\ 
Whe XnphaVed, diploid genomic VeTXenceV foU boWh TXeU\ and UefeUence indiYidXalV.  

RFMi[ paUameWeUV 
We fiUVW XVed defaXlW paUameWeUV in RFMIX Y2.03-U0 (​hWWpV://giWhXb.com/VloZkoni/Ufmi[​). We When 
peUfoUmed a paUameWeU VZeep XVing diffeUenW nXmbeU of geneUaWionV Vince admi[WXUe(Whe -G 
paUameWeU), ZiWh YalXe of 2, 4, 6 and 8 coXpled ZiWh diffeUenW ZindoZ Vi]eV (VeW boWh CRF 
ZindoZ Vi]e and Uandom foUeVW ZindoZ Vi]e) ZiWh YalXeV of 0.2cM, 0.5cM, 100 SNPV (UoXghl\ 
1cM) and 300 SNPV (UoXghl\ 3cM) on chUomoVome 1 of VimXlaWed paiU admi[ed indiYidXalV. We 
When VelecWed Whe paUameWeUV ZiWh Whe beVW peUfoUmance, namel\ 4 geneUaWionV Vince admi[WXUe 
and a ZindoZ Vi]e 0.2cM, and Uan RFMi[ on Whe Zhole genome of VimXlaWed paiU admi[ed 
indiYidXalV. FoU VimXlaWed laWino indiYidXalV, Ze XVed 12 geneUaWionV Vince admi[WXUe and a 
ZindoZ Vi]e 0.2 cM. FoU Vingle oUigin indiYidXalV, Ze XVed 2 geneUaWionV Vince admi[WXUe and a 
ZindoZ Vi]e 0.2 cM. None of Whe RFMi[ UXnV XVed Whe E-M pUocedXUe oU phaVe eUUoU coUUecWion.  

ARCHeV paUameWeUV 
We diYide Whe genome inWo 3,882 ZindoZV of 80 SNPV each, oYeUlapping b\ 5 SNPV (ZiWh Vome 
adjXVWmenWV made neaU chUomoVome boXndaUieV).  We bXild a haploW\pe model foU each of 
WheVe ZindoZV fUom Whe phaVed haploW\peV of 50,000 indiYidXalV WhaW aUe noW in Whe UefeUence 
panel, bXW Ze Wie Vmall gUoXpV of 3-4 ZindoZV WogeWheU b\ diValloZing popXlaWion aVVignmenW 
WUanViWionV ZiWhin WhoVe gUoXpV, Zhich alloZV XV Wo VeW Whe gUanXlaUiW\ ZiWh Zhich Ze aVVign local 
popXlaWion aVVignmenWV (WheUe aUe 1,001 VXch ZindoZ gUoXpV) and haV Whe benefiW of incUeaVed 
compXWaWional efficienc\.  ARCHeV'V haploW\pe model annoWaWion pUoceVV iV UobXVW Wo miVVing 
daWa, Zhich iV handled b\ maUginali]ing oYeU all poVVible genoW\peV.  In facW, Whe annoWaWionV 
ma\ benefiW fUom inWenWionall\ doZnVampling UefeUence panel genoW\peV Vo WhaW haploW\peV aUe 
conVideUed WhaW aUe VimilaU Wo bXW noW e[acWl\ Whe Vame aV WhoVe in Whe UefeUence panel, and Whe 
amoXnW of doZnVampling and Whe nXmbeU of doZnVampled genoW\peV XVed foU annoWaWion aUe 
WXnable paUameWeUV of Whe annoWaWion pUoceVV.  In oXU e[peUimenWV, Ze Vample each UefeUence 
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panel genoW\pe VeTXence 100 WimeV, each Wime VeWWing 20% of genoW\peV Wo miVVing and 
annoWaWing Whe 3,882 haploW\pe modelV ZiWh Whem.  
We VeW Whe iniWial  paUameWeU Wo be 0.01 and leaUned WhiV paUameWeU XVing 10 iWeUaWionV of Whe 
E-M appUoach deVcUibed aboYe. ARCHeV aVVignV diploid local anceVWU\ Wo 1,001 ZindoZV of Whe 
genome and Whe global anceVWU\ eVWimaWeV aUe VXmmaUi]ed fUom WheVe 1,001 ZindoZV.  

ReVXlWV 

SepaUaWe TUaining and TeVW PhaVeV Wo FaciliWaWe High-ThUoXghpXW AnceVWU\ 
EVWimaWion 

The ARCHeV VofWZaUe UepUeVenWV a change in deVign WhaW e[pliciWl\ VepaUaWeV WZo phaVeV, fiUVW 
model cUeaWion and annoWaWion and Vecond anceVWU\ eVWimaWion, in oUdeU Wo make anceVWU\ 
eVWimaWion boWh efficienW and diVWUibXWable.  The fiUVW phaVe, leaUning Whe haploW\pe modelV fUom 
a laUge Xnlabeled WUaining VeW and When annoWaWing Whem ZiWh Whe UefeUence panel popXlaWionV, 
need onl\ be caUUied oXW once.  In oUdeU Wo eVWimaWe anceVWU\ on VXbVeTXenW inVWanceV, ARCHeV 
VofWZaUe need onl\ Ueload modelV and can be UXn on neZ e[ampleV aW an\ Wime, diVWUibXWed aV 
neceVVaU\, and Whe UXnning Wime dependV onl\ on Whe nXmbeU of Whe nXmbeU of indiYidXalV Wo be 
pUoceVVed and labeled, noW Whe Vi]e of Whe UefeUence panelV. In conWUaVW, Whe WUaining and WeVWing 
pUoceVVeV of RFMi[ aUe noW VepaUaWe and UeTXiUe VignificanWl\ moUe Wime peU indiYidXal.  We 
compaUe ARCHeV'V UXnWime and memoU\ XVage ZiWh RFMi[ in SXpplemenWal Table 3. 

AccXUac\ foU Vingle oUigin indiYidXalV  
We bXilW oXU UefeUence panel XVing genoW\peV fUom UeVeaUch conVenWed indiYidXalV, UepUeVenWing 
32 UegionV. We When applied ARCHeV on indiYidXalV fUom 1,000 genomeV and HGDP 
UepUeVenWing 15 UegionV. LiVWV of popXlaWionV and aVVociaWed Vample Vi]eV foU boWh WUaining and 
WeVWing daWa aUe in SXpplemenWal Table 1 and 2. We fiUVW looked aW Whe accXUac\ foU Vingle-oUigin 
indiYidXalV, namel\ Whe aYeUage eVWimaWed anceVWU\ pUopoUWionV foU indiYidXalV fUom a giYen 
Uegion. ARCHeV pUedicWed on aYeUage 66.1% of Whe anceVWU\ Wo be fUom Whe coUUecW Uegion 
(FigXUe 2). The UeVW of Whe anceVWU\ mainl\ came fUom neaUb\ UegionV (SXpplemenWal FigXUe 3). 
ARCHeV peUfoUmed Zell aW VepaUaWing diffeUenW coXnWUieV ZiWhin AfUica, and ZiWhin EXUope, and 
ZiWhin AVia, ZiWh onl\ a feZ e[cepWionV. In compaUiVon, RFMi[ pUedicWed on aYeUage 43.5% of 
Whe anceVWU\ Wo be fUom Whe coUUecW Uegion, and Whe UeVW of Whe anceVWU\ mainl\ came fUom 
neighboUing UegionV, VhoZing WhaW RFMi[ iV accXUaWe foU conWinenWal leYel aVVignmenWV bXW 
peUfoUmV leVV Zell aW fineU VcaleV.  

AccXUac\ foU VimXlaWed admi[ed indiYidXalV  
Ne[W, Ze VimXlaWed genoW\peV foU indiYidXalV ZiWh anceVWU\ fUom 16 diffeUenW paiUingV of 11 
UegionV and Uan ARCHeV XVing Whe Vame UefeUence panel fUom UeVeaUch conVenWed indiYidXalV, 
UepUeVenWing 32 UegionV, aV Ze XVed foU anal\]ing Vingle oUigin indiYidXalV. We meaVXUed Whe 
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pUeciVion and Uecall foU each of Whe 11 UegionV (SXpplemenWal FigXUe 4). PUeciVion ZaV 
calcXlaWed aV Whe amoXnW of coUUecWl\ idenWified anceVWU\ diYided b\ Whe eVWimaWed YalXe foU WhaW 
Uegion and Uecall ZaV calcXlaWed aV Whe amoXnW of coUUecWl\ idenWified anceVWU\ diYided b\ Whe 
WUXe YalXe foU WhaW Uegion. PUeciVion can be WhoXghW of aV hoZ mXch of Whe UepoUWed anceVWU\ iV 
WUXe, and Uecall can be WhoXghW of aV hoZ mXch of Whe WUXe anceVWU\ iV called b\ Whe pUoceVV. We 
find WhaW ARCHeV geneUall\ oXWpeUfoUmV RFMi[ in WeUmV of boWh pUeciVion and Uecall.  
 
We calcXlaWed Whe concoUdance in WeUmV of global anceVWU\ aVVignmenWV, namel\ Whe VXm of 
oYeUlap beWZeen Whe WUXe and eVWimaWed pUopoUWionV foU each Uegion. We alVo calcXlaWed Whe 
accXUac\ of diploid local anceVWU\ aVVignmenWV, namel\ Whe pUopoUWion of genomic ZindoZV ZiWh 
coUUecW diploid aVVignmenWV UegaUdleVV of Whe phaVe. OYeUall, ARCHeV achieYeV moUe Whan 50% 
global anceVWU\ concoUdance and diploid local anceVWU\ concoUdance, eVpeciall\ foU VimXlaWed 
indiYidXalV Zho aUe fUom WZo neaUb\ EXUopean oU AVian coXnWUieV (FigXUe 3). We don¶W find a 
laUge diffeUence beWZeen global anceVWU\ concoUdance and diploid local anceVWU\ concoUdance, 
indicaWing WhaW ARCHeV achieYeV iWV global anceVWU\ accXUac\ b\ eVWimaWing local anceVWU\ 
accXUaWel\. IW iV alVo encoXUaging WhaW ARCHeV iV capable of diffeUenWiaWing popXlaWionV noW onl\ 
on a conWinenWal leYel bXW alVo on VXb-conWinenWal and eYen coXnWU\ leYelV. RFMi[ in geneUal 
peUfoUmV ZoUVe Whan ARCHeV, ZiWh a UoXghl\ 20% -30% dedXcWion of concoUdance in WeUmV of 
boWh global and local anceVWU\ concoUdance.  

AccXUac\ foU VimXlaWed LaWino indiYidXalV  
We finall\ VimXlaWed 100 indiYidXalV XVing foUZaUd VimXlaWion ZiWh a pedigUee mimicking LaWino 
popXlaWion hiVWoU\ in Zhich foXndeUV admi[ed 12 geneUaWionV ago ZiWh 45% NaWiYe AmeUican, 
50% EXUopean and 5% AfUican anceVWU\. TheiU AmeUican anceVWU\ came fUom Ma\a and PeUX, 
WheiU EXUopean anceVWU\ came fUom FUance, BUiWain, IWal\, Spain and Finland, and WheiU AfUican 
anceVWU\ came fUom YoUXba (UefeU Wo SXpplemenWal Table 1 and 2 foU popXlaWion labelV). ThiV 
daWaVeW pUoYideV infoUmaWion on ARCHeV¶V poZeU Wo diffeUenWiaWe conWinenWal leYel admi[WXUe WhaW 
happened aV man\ aV 12 geneUaWionV ago. MoUeoYeU, Ze can Vee if iW can eYen diffeUenWiaWe Whe 
VXbUegionV WhaW indiYidXalV¶ conWinenWal anceVWU\ comeV fUom. We foXnd WhaW ARCHeV accXUaWel\ 
UecoYeUed boWh global anceVWU\ aVVignmenWV and diploid local anceVWU\ aVVignmenWV, ZiWh 
aYeUage concoUdanceV of 72.3% and 47.8%, UeVpecWiYel\ (SXpplemenWal FigXUe 5). RFMi[ 
achieYed 65.7% global anceVWU\ concoUdance bXW failed Wo infeU Whe local aVVignmenWV coUUecWl\, 
ZiWh aYeUage diploid local anceVWU\ concoUdance of 18.5%. ThiV iV pUobabl\ dXe Wo difficXlWieV 
WhaW RFMi[ haV in diffeUenWiaWiaWing VXbUegionV ZiWhin EXUope and beWZeen Ma\a and PeUX.  
 

DiVcXVVion 
AnceVWU\ infeUence in laUge, heWeUogeneoXV Vample VeWV iV becoming incUeaVingl\ impoUWanW foU 
academicV, clinicianV, and conVXmeUV. We VhoZed WhaW ARCHeV iV able Wo be WUained on a Zide 
VeW of global popXlaWionV and peUfoUm accXUaWel\ aW ZiWhin and among conWinenWal VcaleV, ZiWhoXW 
an\ Vpecific fine WXning. MoUeoYeU, becaXVe oXU appUoach VepaUaWeV Whe Wime-conVXming 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 24, 2020. ; https://doi.org/10.1101/2020.09.23.310698doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.23.310698


WUaining VWep fUom Whe faVW WeVWing VWep, iW can be applied Wo laUge Vcale daWabaVeV, VXch aV 
AnceVWU\¶V 15 million cXVWomeUV.  
 
OXU appUoach ZoUkV becaXVe haploW\peV conWain Uich infoUmaWion foU diVWingXiVhing 
VXbpopXlaWionV. InVWead of coding haploW\pe VeTXenceV aV conVecXWiYe alleleV, Ze Wake 
adYanWage of Whe haploW\pe-clXVWeU modelV WhaW haYe been VhoZn Wo be effecWiYe aW phaVing ​10​. 
CompaUed Wo RFMi[​9​¶V appUoach of WUaining Uandom foUeVWV on haploW\peV fUom UefeUence 
panelV, Ze annoWaWed haploW\pe clXVWeUV ZiWh Whe pUobabiliW\ of each popXlaWion label in oXU 
UefeUence panel. To impUoYe UobXVWneVV, ARCHeV can accoXnW foU incompleWe haploW\pe 
UepUeVenWaWion in Whe UefeUence panel Yia WXning of a paUameWeU WhaW conWUolV Whe pUopoUWion of 
miVVing genoW\peV dXUing model annoWaWion. IW iV impoUWanW Wo noWe WhaW oXU UefeUence panel doeV 
noW need Wo conViVW e[clXViYel\ of Zhole-genome Vingle-oUigin WUaining e[ampleV.  BecaXVe Ze 
annoWaWe haploW\pe modelV in indiYidXal ZindoZV acUoVV Whe genome, Ze aUe able Wo XWili]e 
popXlaWion-labeled paUWial-genome diploid oU haploid genoW\pe e[ampleV aV Zell. ThaW meanV 
WhaW Whe accXUac\ of ARCHeV can be impUoYed eYen if a UefeUence genoW\pe iV admi[ed, oU if 
onl\ paUW of iW haV knoZn anceVWU\. 
 
UWili]ing Uich haploW\pe modelV in each ZindoZ, Ze ​aVVign a likelihood oYeU all popXlaWion labelV 
Wo Whe haploW\peV in oXU WeVW Vample ​, Zhich aUe XVed aV emiVVion pUobabiliWieV in Whe 
genome-Zide HMM. ​HMMV aUe XVed in a nXmbeU of e[iVWing appUoacheV foU eVWimaWing 
anceVWUal pUopoUWionV.​6,7​ We applied VWandaUd HMM WechniTXeV and leaUn paUameWeUV WhUoXgh 
iWeUaWionV of a BaXm-Welch ​16​ appUoach. In caVeV ZheUe VXfficienW pUioU knoZledge iV in hand, 
paUameWeU leaUning can alVo be WXUned off and ARCHeV can XVe pUedefined paUameWeUV. FoU 
inVWance, Zhen anal\]ing deVcendenWV of a Vpecific, knoZn admi[WXUe eYenW, iW ma\ be deViUable 
Wo fi[ Whe pUioU diVWUibXWion on global anceVWU\ pUopoUWionV. NoneWheleVV, in oXU benchmaUk 
e[peUimenWV, Ze XVe one VeW of paUameWeUV foU WeVWing Vingle oUigin indiYidXalV and VimXlaWed 
admi[ed indiYidXalV Zho ZeUe admi[ed fUom a Uange of geneUaWionV ago. WiWhoXW fine-WXning Whe 
paUameWeUV Wo each ViWXaWion, Ze can achieYe high accXUac\. HoZeYeU, Wo achieYe Whe higheVW 
accXUac\, Ze VXggeVW peUfoUming a paUameWeU VZeep Wo opWimi]e ARCHeV¶V peUfoUmance foU a 
paUWicXlaU daWaVeW. In paUWicXlaU, oXU UeVXlWV VhoZ WhaW ARCHeV ofWen oYeUfiWV Whe daWa, and 
eVWimaWeV Woo man\ diffeUenW anceVWUal backgUoXndV in an indiYidXal. ThiV VXggeVWV WhaW foU 
applicaWionV ZheUe pUeciVion iV impoUWanW, a XVeU ma\ ZanW Wo conVWUain Whe VZiWch UaWe 
paUameWeU   Wo be Vmall.  
 
The Vi]e and compoViWion of Whe UefeUence panel ma\ haYe an impacW on Whe accXUac\ of Whe 
anceVWU\ eVWimaWion. AV one mighW e[pecW, a laUgeU UefeUence panel Zill impUoYe peUfoUmance, aV 
a gUeaWeU pUopoUWion of haploW\pe diYeUViW\ iV UepUeVenWed. We foXnd WhaW eYen ZiWh Vmall 
UefeUence panel Vi]eV (foU e[ample, Ma\a, FUance and SlaYic haYe leVV Whan 50 VampleV each), 
ARCHeV can achieYe YeU\ high accXUac\ foU Vingle oUigin indiYidXalV (SXpplemenWal FigXUe 6). 
On Whe oWheU hand, an imbalance in UefeUence panel Vi]e/diYeUViW\ beWZeen popXlaWionV can 
UeVXlW in miV-aVVignmenW Wo Whe laUgeU UefeUence panel. We can compenVaWe foU WhiV effecW b\ 
WXning a paUameWeU WhaW conWUolV Whe fUacWion of miVVing genoW\peV VeW Wo miVVing dXUing Whe 
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annoWaWion pUoceVV. HoZeYeU, Whe impacW of doing Vo ma\ be limiWed dXe Wo Whe inWUinVic 
pUopeUWieV of haploW\pe diYeUViW\ and Whe VhaUing of haploW\peV beWZeen labeled popXlaWionV. 
 
FoU oWheU local anceVWU\ appUoacheV, VXch aV RFMi[, phaVing eUUoU Zill UeVXlW in decUeaVed 
accXUac\ of anceVWU\ eVWimaWion. HoZeYeU, becaXVe ARCHeV XVeV XnphaVed genoW\pe daWa, iW 
iV XnaffecWed b\ phaVing eUUoUV, WhXV UemoYing an enWiUe VoXUce of eUUoU fUom Whe anal\ViV. 
MoUeoYeU, ARCHeV can accoXnW foU miVVing daWa b\ inWegUaWing foU all poVVible paWhV on Whe 
haploW\pe-clXVWeU model, WhoXgh iW ma\ be pUefeUable Wo XVe impXWed genoW\peV.  
 
ARCHeV pUoYideV a faVW and accXUaWe meWhod foU infeUUing XnphaVed local anceVWU\ and 
combining WhaW inWo eVWimaWeV of diploid global anceVWU\. TheUe aUe noneWheleVV VeYeUal 
oppoUWXniWieV foU fXWXUe UeVeaUch. FiUVW of all, Whe confidence inWeUYalV pUoYided b\ ARCHeV aUe 
XndeUeVWimaWed; iW iV poVVible WhaW Whe\ can be UeVcXed b\ XVing a UecalibUaWion pUocedXUe on 
VimXlaWed daWa. Second, deVpiWe Whe facW WhaW XVing XnphaVed local anceVWU\ in ARCHeV helpV iW 
Wo oYeUcome phaVing eUUoUV, iW ma\ be deViUable Wo pUoYide phaVed local anceVWU\ in Vome 
ciUcXmVWanceV. BecaXVe of Whe modXlaU naWXUe of Whe anceVWU\ hidden MaUkoY model, iW ma\ be 
poVVible Wo e[Wend WhiV fUameZoUk Wo pUoYide phaVed local anceVWU\ eVWimaWeV.  
 
 

DeVcUipWion of AppendiceV 
Appendi[ inclXdeV 3 algoUiWhm bo[eV and anoWheU 3 algoUiWhm deVcUipWionV.  

DeVcUipWion of SXpplemenWal DaWa 
SXpplemenWal DaWa inclXdeV Vi[ figXUeV and WhUee WableV. 

DeclaUaWion of InWeUeVWV 
The aXWhoUV declaUe compeWing financial inWeUeVWV: aXWhoUV affiliaWed ZiWh AnceVWU\DNA ma\ 
haYe eTXiW\ in AnceVWU\. The ZoUk deVcUibed in WhiV manXVcUipW iV coYeUed b\ one oU moUe 
paWenWV inclXding US paWenW enWiWled Local GeneWic EWhniciW\ DeWeUminaWion S\VWem 
US10ÆÆÉÊ30B2. 

AcknoZledgemenWV 
We appUeciaWe CaUloV BXVWamanWe and MaUk Koni WUighW foU pUoYiding RFMi[ VofWZaUe and 
gXidance on XVing iW.  
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FigXUeV  
FigXUe 1. IllXVWUaWion of annoWaWing haploW\pe-clXVWeU model. Each bo[ illXVWUaWeV Whe e[pecWed 
pUopoUWion of haploW\peV in all Whe genoW\peV of diffeUenW popXlaWionV WhaW inclXde a ceUWain model 
VWaWe aW a ceUWain leYel. 
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FigXUe 2. Bo[ploW of Whe eVWimaWed anceVWU\ pUopoUWionV foU Vingle-oUigin indiYidXalV fUom each 
WeVWing popXlaWion compaUing ARCHeV and RFMi[. 
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FigXUe 3. ConcoUdance of global anceVWU\ aVVignmenWV and diploid local anceVWU\ aVVignmenWV 
foU VimXlaWed admi[ed indiYidXalV fUom 16 diffeUenW paiUingV of 11 popXlaWionV. Admi[WXUe leYel iV 
defined aV [-Za\ admi[ed ZiWh [ foXndeUV, 1 of Zhich belong Wo one popXlaWion, Whe UeVW belong 
Wo anoWheU popXlaWion. 2-Za\ admi[ed UeVXlWV in 50%-50%, 4 Za\ admi[ed UeVXlWV in UoXghl\ 
25%-75%, 8 Za\ admi[ed UeVXlWV in UoXghl\ 12.5%-87.5%, 16 Za\ admi[ed UeVXlWV in UoXghl\ 
6.25%-93.75%.  
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SXpplemenWal DaWa 
 
SXpplemenWal FigXUe 1. IllXVWUaWion of haploW\pe model foU one ZindoZ of Whe genome, 
conViVWing of ​D​ SNPV. 
 

 
 
SXpplemenWal FigXUe 2. IllXVWUaWion of genome Zide HMM ZheUe each ZindoZ haV a VeUieV of 
emiWWing VWaWeV, Zhich coUUeVpondV Wo a popXlaWion aVVignmenW  ZiWh  
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SXpplemenWal FigXUe 3. AYeUage eVWimaWed anceVWU\ pUopoUWionV foU Vingle-oUigin indiYidXalV 
fUom each WeVWing popXlaWion. In WhiV maWUi[ figXUe, each UoZ UepUeVenWV Vingle-oUigin indiYidXalV 
fUom Whe WeVWing popXlaWion. Each colXmn UepUeVenWV each of Whe poVVible 30 popXlaWionV WhaW 
Whe Vingle-oUigin indiYidXalV mighW be aVVigned Wo.  
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SXpplemenWal FigXUe 4. PUeciVion/Recall foU each popXlaWion calcXlaWed fUom eVWimaWed anceVWU\ 
pUopoUWionV of VimXlaWed admi[ed indiYidXalV ZiWh anceVWU\ fUom a paiU of neighboUing 
popXlaWion. 
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SXpplemenWal FigXUe 5. ConcoUdance of global anceVWU\ aVVignmenWV and diploid local anceVWU\ 
aVVignmenWV on 100 VimXlaWed laWino indiYidXalV.  
 

 
 
SXpplemenWal FigXUe 6. RelaWionVhip beWZeen Whe nXmbeU of indiYidXalV in Whe UefeUence panel 
and Whe accXUac\ foU Vingle oUigin indiYidXalV foU each popXlaWion. 
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SXpplemenWal Table 1 ​.​ Sample Vi]e and geogUaphic locaWion foU 32 popXlaWionV in Whe UefeUence 
panel. Some popXlaWion iV maWched ZiWh WeVWing popXlaWion Vpecified in SXpplemenWal Table 2.  
 

PopXlaWion Label Sample Vi]e MaWched WeVWing popXlaWion 

NaWiYe AmeUican-NoUWh, 
CenWUal, SoXWh 

96 Ma\a 

NaWiYe AmeUican-Andean 44 PeUX 

England, WaleV, and 
NoUWhZeVWeUn EXUope 

1226 BUiWain 

CenWUal & NoUWheUn AVia 111 CenWUal & NoUWheUn AVia 
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SoXWheUn AVia 444 SoXWheUn AVia 

BalWic SWaWeV 127  

Benin & Togo 102 YoUXba 

CameUoon, Congo & 
SoXWheUn BanWX PeopleV 

576  

IUeland & ScoWland 319 BUiWain 

China 298 China 

EXUopean JeZiVh 129  

FUance 1071 FUance 

GeUman\ 1314  

GUeece & BalkanV 149  

IWal\ 587 IWal\ 

IYoU\ CoaVW & Ghana 119  

Japan 363 Japan 

KoUea 201  

Mali 169  

Middle EaVW 147 Middle EaVW 

NigeUia 109 YoUXba 

NoUZa\ 242  

IUan/PeUVia 413  

PhilippineV 385  

Pol\neVia 57  

PoUWXgal 257  

SlaYic (EaVWeUn EXUope & 
RXVVia) 

1301 SlaYic 

Spain 143 Spain 

SZeden 240  
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TXUke\ & Whe CaXcaVXV 59  

Finland 202 Finland 

VieWnam 51 VieWnam 

 
 
SXpplemenWal Table 2. Sample Vi]e and geogUaphic label foU WeVWing popXlaWion fUom HGDP and 
1000 GenomeV.  

PopXlaWion label DeWailed label Sample Vi]e SoXUce 

Ma\a Ma\a 25 HGDP 

PeUX PEL(PeUXYianV fUom 
Lima, PeUX) 

105 1000 GenomeV 

CenWUal & NoUWheUn 
AVia 

DaXU, Ha]aUa, 
He]hen, Mongola, 
OUoTen, TX, U\gXU, 
Xibo, YakXW 

116 HGDP 

SoXWheUn AVia PaWhan, Sindhi 48 HGDP 

YoUXba YRI (​YoUXba in 
Ibadan, NigeUia​), 
YoUXba 

213 1000 GenomeV, 
HGDP 

China CHS (​SoXWheUn Han 
ChineVe​), Han, She, 
TXjia 

325 1000 GenomeV, 
HGDP 

FUance FUench 29 HGDP 

BUiWain GBR (BUiWiVh in 
England and ScoWland) 

104 1000 GenomeV 

IWal\ TSI (ToVcani in IWalia) 112 1000 GenomeV 

Japan JPT (​JapaneVe in 
Tok\o, Japan ​), 
JapanaVe 

134 1000 GenomeV, 
HGDP 

Middle EaVW DUX]e, PaleVWinian 98 HGDP 

SlaYic RXVVian 25 HGDP 
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Spain IBS (​IbeUian 
PopXlaWion in Spain​) 

150 1000 GenomeV 

Finland FIN (​FinniVh in 
Finland ​) 

100 1000 GenomeV 

VieWnam KHV (​Kinh in Ho Chi 
Minh CiW\, VieWnam​) 

121 1000 GenomeV 

 
TDEOH 3.​ RXn Wime and MemoU\ UVage (Ma[imXm UeVidenW VeW Vi]e, Ma[RSS) compaUiVon 
beWZeen ARCHeV and RFMi[. Since ARCHeV WUainV modelV in a VepaUaWe pUoceVV, Ze onl\ 
coXnW Whe UXnning Wime and Ma[RSS foU infeUUing anceVWU\ foU WeVW indiYidXalV. HoZeYeU, 
becaXVe RFMi[ combineV Whe WUaining and WeVWing pUoceVV WogeWheU, Ze coXnW Whe UXnning Wime 
and Ma[RSS foU boWh WUaining and WeVWing pUoceVV foU RFMi[.  
 

E[peUimenW # of WeVW indiYidXalV MeWhod UVeU Wime (V) Ma[RSS 

Single oUigin 
indiYidXal 

1705 ARCHeV 98237 (10 CPU) 7.9G 

RFMi[ 390443 (10 CPU) 6.18G 

SimXlaWed paiU 
admi[ed 
indiYidXal 

3200 ARCHeV 188709 (10 CPU) 14.8G 

RFMi[ 378838 (10 CPU) 7.27G 

SimXlaWed LaWino 
indiYidXal 

100 ARCHeV 6814 (1 CPU) 0.53G 

RFMi[ 389388 (10 CPU) 8.07G 
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Appendi[ 
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A Computing Forward-Backward on the Genome-Wide Ancestry

HMM, and Updating ⇡ and ⌧ Transition Probability Parame-

ters

The genome-wide ancestry HMM computes the likelihoods that a test instance’s genotype sequence, t, in a

genomic window w (denoted tw) is explained by populations p and q for a set of populations and genomic

windows. It is parameterized by ⇡t and ⌧t,1 which are typically learned for a specific test instance. The

ancestry HMM representing a K populations and a set of SNPs on multiple chromosomes has a single silent

(non-emitting) state before the first, after the last, and in-between each chromosome, and a series of
(K+1)⇥K

2
emitting states for each window of each chromosome, each corresponding to a population assignment (p, q)
with 1  p  q  K. Figure 1 illustrates such a genome-wide HMM with K = 3 populations. Let the

Start 
State

Window          1                    2                  3                  … i-1                  i i+1                i+2               … W

Silent state between windows i and i+1 where 
window i+1 begins a new chromosome

... ...
End 
State

Figure 1: A genome-wide ancestry HMM, consisting of 3 ancestral populations (green, blue, and red) and W windows.

emitting state corresponding to window w and population assignment (p, q) be denoted Sw,p,q. Its emission

probability P (tw|p, q) is precomputed and fixed based on the genotype tw in window w. Let Sc represent

the silent state that preceeds the emitting states correpsonding to windows on chromosome c. Thus the start
state of the HMM is S1 (and if the HMM represents C chromosomes, the end state would be SC+1). Let

C(c) map a chromosome number to the window that begins the chromosome. Then, our HMM transitions

from silent states to emitting states Sc ! SC(c),p,q, from emitting states in the last window of a chromosome

to a silent state SC(c+1)�1,p,q ! Sc+1, and from emitting states to emitting states for windows w that are

not the first or last in a chromosome Sw,p,q ! Sw+1,p0,q0 . A transition from Sw,p,q ! Sw+1,p0,q0 represents a

change in population assignment between windows w and w + 1 if p 6= p0 or q 6= q0.

The transition probabilities from a silent state to an emitting state Sc ! SC(c),p,q is ⇡t,(p,q), where ⇡t is a

learned parameter vector over all possible assignments (p, q) (1  p  q  K) indicating a global assigment

preference. The transition probability from a state in the last window of a chromosome to a silent state

SC(c)�1,p,q ! Sc is always 1, and transitions between emitting states on the same chromosome, from state

(p, q) in window w to state (p0, q0) (with p0  q0) in window w + 1, are as follows:

P (Sw,p,q ! Sw+1,p0,q0 |⇡t, ⌧t) =

8
>>>>>><

>>>>>>:

1� ⌧t if p = p0 and q = q0

⌧t ⇥
⇡t,(p0,q0)P

(p00,q00)|p00q00,p=p00�q=q00 ⇡t,(p00,q00)
if p = p0 � q = q0

0 (transition ignored) otherwise

(1)

1
The subscript t may be dropped from these and other terms when there is only one test genotype instance in question.

1
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where ⌧t is a parameter representing the probability of changing population assignment that enforces the

bias against changing population assignments from window to window (� is the exclusive or operator).

We initialize ⇡t to a uniform distribution, and ⌧t to a (typically low) initial value and learn ⇡t and ⌧t
using expectation-maximization over a number of iterations (similar to the standard Baum-Welch algorithm

[Rabiner, 1989], except that ⇡t and ⌧t are tied to all state transition probabilities).

Let Ft(s) be the forward probability, the sum probability of all paths through the Ancestry HMM (as

opposed to the haplotype HMM used to calculate per-window emission probabilities) that start in the start

state and end in state s (including the emission of state s) and Bt(s) be the backward probability of all

paths through the HMM that start in state s (excluding emission) and end in the end state. F and B are

computed recursively as follows.

Ft(S1) = 1. (2)

For the emitting states in the first window of a chromosome,

Ft(SC(c),p0,q0) = Ft(Sc)⇥ ⇡t,(p0,q0) ⇥ P (tC(c)|p, q) (3)

for all p0 and q0. When a window w is not the first window of a chromosome,

Ft(Sw,p0,q0) =

KX

p=1

KX

q=p

Ft(Sw�1,p,q)⇥ P (Sw�1,p,q ! Sw,p0,q0 |⇡t, ⌧t)⇥ P (tw|p, q) (4)

where P (Sw�1,p,q ! Sw,p0,q0 |⇡t, ⌧t) is given by (1). The forward probability of the silent state preceding

chromosome c is

Ft(Sc) =

KX

p=1

KX

q=p

Ft(SC(c)�1,p,q) (5)

Similarly, if there are C chromosomes in the model,

Bt(SC+1) = 1. (6)

For the last window on chromosome c,

Bt(SC(c+1)�1,p,q) = Bt(Sc+1) (7)

for all p and q. When window w is not the last window on a chromosome,

Bt(Sw,p,q) =

KX

p0=1

KX

q0=p0

P (Sw,p,q ! Sw+1,p0,q0 |⇡t, ⌧t)⇥ P (tw+1|p0, q0)⇥Bt(Sw+1,p0,q0). (8)

Finally, for the silent state preceding chromosome c,

Bt(Sc) =

KX

p0=1

KX

q0=p0

⇡t,p0,q0 ⇥ P (tC(c)|p0, q0)⇥Bt(SC(c),p0,q0). (9)

After computing Ft and Bt, we compute the expectation for each ⇡t,(p,q) as

E(⇡t,(p,q)) =

CX

c=1

C(c+1)�1X

w=C(c)

Ft(w, p, q)⇥Bt(w, p, q) (10)
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and reset each ⇡t,(p,q) to the value that maximizes the likelihood of E(⇡t,(p,q)):

⇡t,(p,q)  
E(⇡t,(p,q))

PK
p0=1

PK
q0=p0 E(⇡t,(p0,q0))

. (11)

We learn ⌧t in a similar fashion, by updating it based on the expected number of transitions that do not

change assignment, compared to all transitions. If there are C chromosomes,

⌧t  1�
PC

c=1

PC(c+1)�1
w=C(c)

PK
p=1

PK
q=p Ft(Sw,p,q)⇥ P (Sw,p,q ! Sw+1,p,q |⇡t, ⌧t)⇥Bt(Sw+1,p,q)

PC
c=1

PC(c+1)�1
w=C(c)

PK
p=1

PK
q=p

PK
p0=1

PK
q0=p0 Ft(Sw,p,q)⇥ P (Sw,p,q ! Sw+1,p0,q0 |⇡t, ⌧t)⇥Bt(Sw+1,p0,q0 )

(12)

B Computing the Viterbi Path

The Viterbi path is the single most likely path (relative to a genotype sequence t) through the genome-wide

HMM Vt = hVt,1, Vt,2, ..., Vt,W i, where each Vt,w is an assignment (p, q) in a window w, 1  w W .

To compute V, we must first define Mt, where Mt(s) is the probability of the most likely path through

the HMM that start in the start state and end in state s (including the emission of state s), analagous to

the forward probability Ft(s) in Appendix A, but referring to the probability of the single most likely path

instead of the sum probability of all paths.

Mt(S1) = 1. (13)

For the emitting states in the first window of a chromosome,

Mt(SC(c),p0,q0) = Mt(Sc)⇥ ⇡t,(p0,q0) ⇥ P (tC(c)|p0, q0) (14)

for all p0 and q0. When a window w is not the first window of a chromosome,

Mt(Sw,p0,q0) = argmax
1pqK

Mt(Sw�1,p,q)⇥ P (Sw�1,p,q ! Sw,p0,q0 |⇡t, ⌧t)⇥ P (tw|p0, q0) (15)

And for a silent state that is not the start state,

Mt(Sc) = argmax
1pqK

Mt(SC(c)�1,p,q) (16)

The Viterbi path V is then defined for windows that are the last window in a chromosome, c, as

Vt,C(c+1)�1 = argmax
1pqK

Mt(SC(c+1)�1, p, q), (17)

and for all other windows as

Vt,w = argmax
1p0q0K

P (Sw,p,q ! Sw+1,p0,q0 |⇡t, ⌧t)⇥ P (tw+1|p0, q0)⇥Mt(Sw+1,p0,q0). (18)

C Computing Path Samples

Let choose be a operator that chooses an argument with a probability relative to an expression so that

choose
x2D

f(x) returns x with probability
f(x)P

x02D f(x0) . Then a stochastic path Q for a genomic sequence t is

defined over all windows 1  w W as follows. For windows that are last in a chromosome, c,

Qt,C(c+1)�1 = choose
p,q

Ft(SC(c+1)�1,p,q). (19)
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For other windows w,

Qt,w = choose
p,q

Ft(Sw,p,q)⇥ P (Sw,p,q ! Sw+1,Qt,w+1 |⇡t, ⌧t)⇥ P (tw+1|Qt,w+1). (20)
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