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S1 Efficient forward algorithm

We implemented an efficient version of the forward algorithm, reducing the time complex-
ity of the induction step from O(M2) to O(M), where M is the number of unique Pango
lineages. Using the notation from the main paper, we define,

αt(i) = P (O1:t = k1:t, Zt = i|λ, ϵ),

which are our forward probabilities. This represents the probability of the observed nu-
cleotide sequence up to position t and the ancestral Pango lineage being lineage i at
position t.

In the induction step, we calculate the next time step for the forward probabilities. We
have,

αt+1(j) =

(
M∑
i=1

αt(i)aij

)
bj,t+1(kt+1).

Computing αt+1(j) for one Pango lineage j requires summing over M lineages, which costs
O(M). Thus, computing this for all Pango lineages costs O(M2).

In our transition matrix, we have equal diagonal entries and equal off-diagonal entries.
Recall,

aij =

{
1− λ, if i = j,

λ
M−1 , if i ̸= j.
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Furthermore, we use the scaled version of the forward probabilities, meaning that
∑M

i=1 αt(i) =
1. Thus, we can rewrite the induction step as,

αt+1(j) =

(
(1− αt(j))

λ

M − 1
+ αt(j)(1− λ)

)
bj,t+1(kt+1)

=

((
1− λ− λ

M − 1

)
αt(j) +

λ

M − 1

)
bj,t+1(kt+1)

=

((
1− M

M − 1
λ

)
αt(j) +

λ

M − 1

)
bj,t+1(kt+1),

which is constant time. Thus, computing this for all Pango lineages now costs O(M).
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