The American Journal of Human Genetics, Volume 7110

Supplemental information

Fast, accurate local ancestry inference with FLARE

Sharon R. Browning, Ryan K. Waples, and Brian L. Browning



1.00

Q
Q
0.95 — o o
iy i iy
iy
A 0] i
0.90 —
i &
1 ©
, 085 S
I
0.80 — &
0.75 —
¢ o FLARE
0.70 — A MOSAIC
& RFMix
0.65 T T T I I I
20 50 100 400 1000 10000

reference panel size

Figure S1: Accuracy when increasing reference panel size for simulated array data with three-way
admixture. The y-axis shows squared correlation between true and inferred local ancestry dose
averaged over ancestries and across four replicate simulations (details in Methods). Error bars (+/- 2
standard errors) are shown as gray lines. Each of the three ancestries is represented by a reference
panel of size shown on the x-axis. Each analysis includes 100 admixed individuals.
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Figure S2: Accuracy when reducing the size of one of three reference panels. The data are simulated
sequence data for three-way admixture. Each reference panel has size 400, except for the reference
panel that is denoted on the x-axis (AFR is West African, EUR is European, ASN is East Asian) which has
size 20 (left plot) or 50 (right plot). The y-axis shows squared correlation between true and inferred local
ancestry dose averaged over ancestries and across four replicate simulations (details in Methods). Error
bars (+/- 2 standard errors) are shown as gray lines. Each analysis includes 100 admixed individuals.
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Figure S3: Accuracy by ancestry for the simulated array data with four-way admixture. The y-axis is the
squared correlation between the true and inferred ancestry dose for a single ancestry averaged across
four replicate simulations. Error bars (+/- 2 standard errors) are shown as gray lines. The ancestry is
shown on the x-axis (AFR is simulated West African, EUR is simulated European, CHB is simulated Han
Chinese, JPT is simulated Japanese). The simulated array data have 100 admixed individuals and 400
individuals in each of the four reference panels.
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Figure S4: Calibration of estimated diploid ancestry dose on simulated three-way admixture data.
Estimated diploid ancestry dose is binned into bins of width 0.02 along the x-axis. The y-axis is the
average true diploid ancestry dose for each bin. Results for FLARE, MOSAIC, and RFMix are shown in the
left, middle, and right panels respectively. Sequence and array data are combined in these plots and
reference panel sizes are combined in three size groups to reduce noise. A) Reference panels of sizes 20,
50, and 100. B) Reference panels of sizes 400 and 1000. C) Reference panels of size 10,000.



Supplementary Methods 1: Transition probabilities

The transition probabilities described in the main text can be expressed as:

P(Sm = (i, I)|Sp-1 = (i, 1))
(1 — e 9mT gy + e~ 4mT (1 — e~ 9mPi)qu,r + e mTe~dmPi | =" h = R’
(1= e™ T )y qurpr + e~ (1 — e~ ImPi) gy i=ih#h
(1—e ™ )uprqpp i# i

Supplementary Methods 2: Algorithm for posterior probabilities of
ancestry

We estimate the posterior ancestry probabilities using the hidden Markov model forward-backward
algorithm.!

Consider an admixed haplotype, Y. Let Y,,, be the allele at marker m, with markers indexed 1, ..., M. The
forward probabilities are

(i, ) = P(Yy, oo, Yoy S = (i, B)) (S1)

where §,,, represents the (ancestry, haplotype) state at the mth marker. The backward probabilities are

Bm (i, ) = P(Ypi1, - Yir|Sm = (i, h)). (S2)

Forward probabilities at first marker: For each ancestry i and haplotype h,
a,(i,h) = n(i,h)e, (i, h).

where (i, h) is the prior probability that the state is (i, k), and the emission probability e,, (i, h) is the
probability of observing the allele Y,,, at marker m on the admixed haplotype when the hidden state at
this marker is (i, h).

Forward probabilities: Suppose we have already calculated a,,,_4 (i, h) for all (i, h), and we want to
calculate a,,, (i", h'"). Let d,,, be the distance in Morgans between markers m — 1 and m. Pre-calculate

fi= ama(ih)

h

Sf=Zfi.

The values f; and sy are temporary variables that are over-written for each successive marker. Their

for each i, and

purpose is to avoid duplicate calculation.

Then for each i’ and h' calculate (using equation S1)



(') = e 1) ) P(Sp = (B0 [Smes = (1)) atmo1 (G )
i,h

= e (', I[(1 — ey qyryyrsp + e~ 4T (1 — e~ mPi ) gy f o
+e dmTe~mPig, (i',h")].

In the computation, we normalize the a,, (i, ") to sum to one and store the normalization factors in
order to avoid numerical underflow.

Backwards probabilities: Let By (i, h) = 1 for all ancestries i and reference haplotypes h.

Suppose the B,,+1 (i, h) values have been calculated for all ancestries i and reference haplotypes h. Let
dm+1 be the distance in Morgans between markers m and m + 1. Pre-calculate

b= ) s (D) din emsa (G, )
h

foreach i, and s, = Y; b;u;
The values b; and s, are temporary variables that are over-written for each successive marker. Their

purpose is to avoid duplicate calculation.

Then for each i and h, calculate (using equation S2)

:Bm(lr h) = Z em+1(i,:h,)P(Sm = (i’r hl)lsm—l = (l' h))ﬁm+1(i" h,)
i',n'
= (1 — e_dm+1T)Sb + e—dm+1T(1 - e—dm+1pi)bi + e—dm+1Te—dm+1pi'8m+1(i’ h)€m+1(i, h)

In the computation, we normalize the values of ,,,(i, h) to sum to one and store the normalization
factors to avoid numerical underflow.

Posterior probability of ancestry:

Let

U@ = ) (i, 1), )

h

The posterior probability of ancestry i at marker m is w,,, (i) = v, (1)/ Xir v (i1).

Supplementary Methods 3: Initialization and updating parameter values

The initial values of the parameters are set as described below, or as specified by the user. If the EM
updating option is turned on (which it is by default), we update parameters using a variant of the Baum-
Welch algorithm.’Each EM iteration estimates local ancestry for 100 randomly selected admixed
haplotypes (using a separate random selection for each EM iteration) and the ancestry proportions and
admixture time are updated as described below. Twenty EM iterations are performed unless the EM



updating converges sooner. Convergence is defined as a relative change less than 5% in each ancestry
proportion yu; from the value in the preceding iteration, excluding those ancestries for which y; <
0.001. A 5% relative change in a p; taking value of 0.1 in the previous iteration would be 0.005.

Mismatch probabilities 6; j:

The default mismatch probabilities are the same for each ancestry and panel, and are defined as: 6; ; =
A/(2A + 2N) where A = 1/(log N + 0.5) and N is the total number of reference haplotypes.>? We do
not update this parameter.

Panel probabilities p;; and switch rates p;:

The panel probabilities are obtained via a single iteration of training on the reference panel. Considering
ancestry i*, which is represented by one reference panel, we take one haplotype at a time out of that
reference panel and run the forwards-backwards algorithm using all other reference haplotypes. For this
analysis we set y;» = 1, u; = 0fori #i*, T = 0, and p;+; = n;/N where n; is the number of reference
haplotypes in panel j. We use the default mismatch probabilities 6;; defined in the preceding section, and
we set p; = 4N, /N where N, = 50,000.% 3> We perform the analysis for 100 haplotypes selected at
random from the reference panel.

The updated panel probability is the average posterior probability that the copied haplotype is from panel
j, given that the ancestry is i. The posterior probability for state (i, h) at marker m for selected reference
haplotype k is proportional to a,, x (i, h) fm (i, h). That is, the posterior probability for state (i, h) is

> ki) [ (e )
h

h in panel j
and we average this over markers m and selected reference haplotypes indexed by k to obtain the
estimated panel probability

=2 D amalemBmi ) /D )i ) / Y
h mk

m,k \ hin panel j

The updated switch rate p; is determined from the posterior probabilities of a change of haplotype state,
as follows:

The probability of transitioning to the same state is:

P(Spm = (i, W)|Sm-1 = (L) = (1 — e ) yqip, + e~ 4T (1 — e~mPi)qy, + e~ FmT e~ dmPi
= (1—e T )uqip + e~ — e~mT(1 — e ImPi)(1 — q;p)

Solving for (1 — e~%mPi) gives:

(1= e N)uqin + e~ " — P(Spy = (i, B)|Spn—1 = (i, )
e~ mT (1 — qip)

1 — e~dmpi = (s3)



We write 7, ; = 1 — e~ 4mPi We estimate Tmm,i Using the observed transition probabilities in place of the
prior transition probabilities P(Sm = (i, h)|Sm_1 = (i, h)):

P(Sm = (l, h)ISm—l = (l, h)' Y)

We average over haplotype state h, weighting by the observed state probabilities conditional on
ancestry i,
P(Sm-1=@MIY)  PSp-1=0Gh),Y)
Yh P(Smo1 = LRDIY) ~ Xp P(Spoq = (LB, Y)’
in the right-hand side of equation S3 to obtain:

Z (1 — e ™ )uqi + e~ 9mT — P(Sy, = (i, )ISn—1 = (i,h),Y)  P(Sp—y = (i, h),Y)
e~mT (1 — q;) 2 P(Sm—1 = (i,h"),Y)

z (1 — e~ dmT )ulq n e dmT —P(S, = (i,h)|Sy—1 = (i,h),Y)
e~4mT (1 — qyp) X' P(Sp—1 = (i, 1), Y)
. ((1 = e pyq + €47 ) P(Sppey = (1, 1), ¥) = P(Spy = (i, ), Sy = (i, ), Y)
e~4mT (1 — qip) Xp' P(Sp—1 = (i, ), Y)

P(Sm—l = (l' h), Y)

h=1

At each markerm > 1,
P(Spm = (i, 1), Sp—1 = (i,h), ¥) = B (i, )en (i, P (S = (i, 1) |Spp—1 = (i, 1)) @1 (i, B)
and

P(Sp-1 = (i,h),Y) = apm_1(i, W) Brr—1(i, h)

We use the linear approximation 7,,,; = 1 — e~ 4mPi ~ p.d,, to estimate p;. After we have estimated
the ,,, ; x for each marker m and each target haplotype k, we estimate p; with a slope estimator
weighted by the conditional probability of ancestry i given the data, Y., P(S;,—1 = (i, h)|Y):

= Zm,k 2rP(Sm—1 =, M|Y) fm,i,k
Pi Zm.k Zh P(Sm—l = (i, h)ly) d,

Note that
Zh am—l(i: h)ﬁm—l (i, h)
i Xh U1 (i, 1) Brn—1 (', R)

> P =GRV =
h

After initializing the p;; and p;, these parameters are fixed for the remainder of the analysis.

Ancestry proportions, p;: The default initial value is 1/A4, where A is the number of ancestries. The
updated value following each EM iteration is a weighted average of the posterior probability w,, (i) for
ancestry i. We include only positions for which the posterior probability of the ancestry is at least 0.9 in
order to speed convergence. The selected haplotypes are indexed by k.



A Zm,k Wm,k(i)l{wm,k(i) = 0-9}
S St Wk G L{Wyn i) = 0.9}

Admixture time T
The default initial value of T is 10 generations.

The updated admixture time is determined from the posterior probabilities of a change of ancestry state,
as follows:

The probability of transitioning to the same ancestry state is
D P(Sn = h)[Sps = (1) = (1= ey + ¢~
hl

Solving for (1 — e~ we obtain

1- Zh’P(Sm = (l' h,)lsm—l = (l' h))
1—=uy

(1—emT) =

We write y,, = 1 — e~mT_ We estimate y,,, using the observed transition probabilities in place of the
prior transition probabilities P(Sm = (i, h)|Sm_1 = (i, h)):

(Sm = (l' h,)lSm—l = (l, h)' Y)

P
P(Sm = (l, h,)lsm—l = (l' h)! Y) = P(S 4= (l hl) Y)

We average over haplotype state h and ancestry i at marker m — 1, weighting by the observed state

probabilities:
PEna =GN PGna=GRLY)
Yir 2 P(Smo1 = @ 0DNY) X Xps P(Spp—q1 = (%, h%),Y)

to obtain

~ 1- Zh' P(Sm = (l' h’)lsm—l = (l' h)' Y) P(Sm—l = (I" h)' Y)

Yim = Z Zh: 1-uw i+ 2n P(Sm—-1 = (i, h*),Y)

— 2 Z 1- Zh’ P(Sm = (l' h’)rSm—l = (l' h)' Y)/P(Sm—l = (l' h)' Y) P(Sm—l = (I" h)' Y)

T n 1-w 2 2nr P(Smeq = (i%,1%),Y)

— Zz P(Sm—l = (l' h)! Y) - Zh’P(Sm = (l' hI)JSm—l = (l' h)! Y)
5 (1 _.ul) Zi* Zh* P(Sm—l = (l*,h*),Y) .

At each markerm > 1,

P(Spm = (i,h'),Sm—q = (i, h),Y)
= B (i, e (G, K )P(Sm = (6, h)|Sim—1 = (i, h))am-1(i, h)

and



P(Sp-1 = (i,h),Y) = apm_1(i, W) Brr—1(i, h)

After we have estimated the 7,, , for each marker m and each target haplotype k, we estimate the
constant of proportionality T in the relationship 7, = Td,, as:

T — Zm,k?m,k
Zm,k dm
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