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Supplementary Materials
S1. Correctness of the TS-IBD algorithm

The TS-IBD algorithm is demonstrated to correctly produce all recombination-based IBD segments from a given
tree sequence, as shown in the following lemma.

Lemma S1. Given a tree sequence T, the TS-IBD algorithm outputs all and only recombination-based IBD segments.

Proof. Va,b € S in G¥, there exists a unique path P}, = (uq,uy, ..., u), which is an ordered sequence of nodes
thatuy = a, up = b, ujy 1 = 71y, Or u; = 7y, u; € VY, 4,k € [1,|V¥]], and Vi # j, u; # u;. The MRCA node of 2 and
bin G*is MRCA(a,b,x) = u;, where u; isin PX, and u; = mr,,_ and u; = my,,,. Let P}, = (uy,ua, ..., ux, ) be the
path in G*, and P;‘b“ = (v1,02,...,0k,) be the path in G**1. Based on the definition of a recombination-based
IBD segment, the boundary of recombination-based IBD segments of a and b is identified between G* and G**!
if MRCA(a,b,x) # MRCA(a,b,x + 1), or ky # ky or 3i < min(ky, k2), u; # v;. This implies P% # P, where Ju
in PY, u # MRCA(a,b,x), u ¢ V" or m} # mi*!, and exactly one of the nodes in {a, b} belongs to the subtree
rooted at u in G*. The TS-IBD algorithm records the node in the subtree of u as 1 in D¥**! and 0 otherwise (i.e.,
D¥**1[a] # D**+1[b]). The reverse implication also holds since D¥**1[a] # D***1[p] implies that exactly one of
the nodes in {a,b} belongs to the subtree rooted at u in G* where u in PX, u # MRCA(a,b,x), and u ¢ V**!
or ¥ # mitl; hence PY, # P;‘b“. Let D*¥ be the concatenation of the consecutive difference matrices from

PBWT algorithm to report maximal matching intervals D*¥[u;] = D*¥[u;] between sample nodes u;,u; € S
forx,y € [I,L]inT = {G',...,GL}. D ¥[u;] = D*¥[u;] means the paths between u; and u; remain unchanged
throughout the interval [x,y), and it cannot be extended to either side because D*~**[u;] # D*~'*[u;] and
DY¥ ;] # D¥¥+1[uj]. Therefore, the corresponding match (u;, u;,1*,r¥) is a maximal recombination-based
IBD segment. Since TS-IBD evaluates all adjacent tree pairs in T for all sample nodes, it outputs all and only
recombination-based IBD segments from T.

Empirical evidence confirms that TS-IBD and the tskit Python API produce the same set of IBD segments when
using the same cutoff length. The total number and length of IBD segments (see Table S1) extracted from
msprime-simulated Out-of-Africa Chromosome 22 datasets with minimum physical length 100,000 base pairs
were recorded using both programs, and the values matched. The output IBD segments from the 10-haplotype
case by both programs were compared, and they are exactly the same.



Table S1. Total number and length of recombination-based IBD segments extracted using the TS-IBD algorithm (or
the tskit Python API approach) with minimum physical length 100,000 base pairs from msprime-simulated
Out-of-Africa Chromosome 22 datasets.

Number of Haplotypes Number of IBDs Length of IBDs
10 859 156,733,829

100 70,243 11,372,097,179

1,000 5,522,016 912,765,581,280

10,000 600,360,869 93,814,325,220,411




S2. Runtime and memory without output IBD segments

The tskit Python API [1] is designed for getting IBD summary statistics. It has a built-in option not to output
any IBD segments. This option streamlines data processing by minimizing unnecessary I/0 operations when
only a summary of IBD segments (e.g., the total number and length of IBDs) is needed. We implemented the
summary-only option in the TS-IBD program and performed runtime and memory analysis on Chromosome 22
datasets simulated by the stdpopsim library [2,3] and the out-of-Africa model [4]. Five tree sequences were
simulated with 10, 100, 1,000, 10,000, and 100,000 individual haplotypes. Experiments with a minimum physical
cutoff length of 100,000 base pairs were conducted on a machine with an Intel Xeon Gold 5215 2.50 GHz
processor and limited memory usage of 100 GB of RAM. All experiments were run five times, and the mean
values were reported.

Table S2 shows the runtimes and memories of TS-IBD and tskit Python API for various numbers of sampled
individual haplotypes. The tskit Python API is generally faster than TS-IBD when only the IBD summary is
required. However, it comes at the cost of increased memory usage, often requiring substantially more memory
to complete the task.

Table S2. Runtime (seconds) and memory (megabytes) of the summary of recombination-based IBD segments using
the TS-IBD algorithm and the tskit Python API approach with minimum physical length 100,000 on
msprime-simulated Out-of-Africa Chromosome 22 datasets.

TS-IBD (Summary) tskit Python API (Summary)

Number of Number of IBDs Runtime Memory Runtime Memory
Haplotypes

10 859 0.36 50.85 0.97 113.92

100 70,243 2.56 121.11 1.51 232.50

1,000 5,522,016 42.40 273.66 3.42 486.62

10,000 600,360,869 1,003.45 574.51 17.45 985.19

100,000 59,856,097,080 47,539.20 1038.27 768.38 4,536.68




S3. Examples of tree sequences and their corresponding ancestral recombination
graphs

There is a one-to-one correspondence between an Ancestral Recombination Graph (ARG) and the tree sequence
it encodes [5]. Based on the given definition of recombination-based identity by descent (IBD) segment, IBD
segments are explicitly determined from a tree sequence. Altering just one node in a tree sequence can
dramatically change the resulting ARG. Figure S1 is an example with three tree sequences having subtle
distinctions. They represent different ARGs and thus encode different numbers of recombinations and sets of
recombination-based IBD segments. For instance, a pair of nodes c and d shares a recombination-based IBD
segment [0,40) in cases B and C, but not case A.
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Figure S1. Three tree sequence examples A, B, and C with their corresponding ARGs and SPR operations.
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