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The evolution of aligned DNA sequence sites is generally modeled by a Markov process operating along
the edges of a phylogenetic tree. It is well known that the probability distribution on the site patterns at
the tips of the tree determines the tree topology, and its branch lengths. However, the number of
patterns is typically much larger than the number of edges, suggesting considerable redundancy in the
branch length estimation. In this paper we ask whether the probabilities of just the ‘edge-specific’
patterns (the ones that correspond to a change of state on a single edge) suffice to recover the branch
lengths of the tree, under a symmetric 2-state Markov process. We first show that this holds provided
the branch lengths are sufficiently short, by applying the inverse function theorem. We then consider
whether this restriction to short branch lengths is necessary. We show that for trees with up to four
leaves it can be lifted. This leaves open the interesting question of whether this holds in general. Our
results also extend to certain Markov processes on more than 2-states, such as the Jukes—Cantor model.

Inverse function theorem

© 2015 Elsevier Ltd. All rights reserved.

1. Background

When a discrete character evolves on a tree under a Markov
process, the probability distribution on site patterns at the leaves
of the tree is determined by the tree and its branch lengths
(Felsenstein, 2004; Semple and Steel, 2003). What is less obvious
is that this process is invertible for many models - that is, the
probability distribution on site patterns at the leaves uniquely
identifies both the tree and its branch lengths.

This fundamental property underlies all statistical approaches
for inferring evolutionary relationships from aligned genetic
sequence data. In this setting, the ‘discrete character’ refers to
the pattern of nucleotides across the species at each site, and the
frequency of this pattern across the sequences provides some
estimate of the probability of that pattern. In this paper we are
interested in what the probability distribution says about the
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branch lengths of the underlying tree (we will assume this
topology is known). Notice that the number of site patterns grows
exponentially with the number n of leaves, yet the number of
branches of the tree (for which the branch lengths are being
estimated) grows linearly with n. For example, in the case of a
symmetric 2-state model, there are effectively 2"~ ! site patterns,
while the number of edges is between n (for the star tree) to 2n—3
(for a completely resolved binary tree).

This suggests a basic question — do we need all the site pattern
probabilities to infer the branch lengths? More precisely, if a tree has k
edges (branches), are there k site patterns whose probabilities under
the model might identify the lengths of these branches?

One motivation for this question is that in practice, many site
patterns will simply never occur (indeed most will not, if our sequence
length grows at most polynomially with n, since the number of site
patterns grows exponentially with n). This is a problem if we try to
estimate pattern probabilities from their relative frequency.

There is an natural candidate for a particular choice of k site
patterns - for each edge we take the site pattern in which all the
leaves on one side of the edge are in one state, and all the leaves
on the other side of the edge are in a different state — we refer to


www.sciencedirect.com/science/journal/00225193
www.elsevier.com/locate/yjtbi
http://dx.doi.org/10.1016/j.jtbi.2015.03.024
http://dx.doi.org/10.1016/j.jtbi.2015.03.024
http://dx.doi.org/10.1016/j.jtbi.2015.03.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2015.03.024&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2015.03.024&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2015.03.024&domain=pdf
mailto:benny@cs.tau.ac.il
mailto:mike.steel@canterbury.ac.nz
http://dx.doi.org/10.1016/j.jtbi.2015.03.024

B. Chor, M. Steel / Journal of Theoretical Biology 374 (2015) 54-59 55

such a site pattern as a tree split for this edge. From a practical
perspective, the tree splits are patterns that are likely to be
observed in the data, since they require just one change of state
in the tree. They also correspond to the primary divisions of the
species into two groups (e.g. vertebrates vs. invertebrates) and so
have a clear phylogenetic meaning.

The question of whether the tree split probabilities determine
the branch lengths is a delicate one - we prove that for the 2-state
symmetric model, the answer is yes for 4-leaf resolved (binary)
trees and for 4-leaf star trees, and we conjecture that it holds true
for arbitrary phylogenetic trees. This conjecture is supported by
our proof that the branch lengths are determined by the tree split
probabilities for any tree (on any number of leaves) when these
branch lengths are close to zero.

Our approach exploits the Hadamard representation for the 2-
state model (Hendy and Penny, 1989, 1993), as well as computa-
tional (symbolic) algebraic analysis tools. In the concluding com-
ments we point out how our results also extend to certain 4-state
model, including the Jukes-Cantor and Kimura 2ST models, or
more generally to certain models with an even number of states.
Our results also complement other recent algebraic analysis of
models on trees with a small number of leaves, including Klaere
and Liebscher (2012) and Sumner and Jarvis (2009).

2. Model and notations

In the Neyman 2-state model (Neyman, 1971), each character
admits one out of two states, for example, purines and pyrimi-
dines. Without loss of generality, we denote these states by 0 and
1. We use the symmetric Poisson model, where for each edge e of
the tree T, there is a corresponding probability p. (0 <p, <1/2)
that the character states at the two incident vertices of e differ, and
this probability is independent of the state at the initial vertex. For
a 2-state character, this probability p. that the endpoints of e at a
site are in different states is the same as the probability of having
an odd number of substitutions per site across the edge e. The
expected number of substitutions per site across the edge e equals
ge = —3In(1—2p,). The value q. is referred to the (branch) length of
edge e. Measuring the tree edges by g. (0 <q, <o), we get an
additive measure on the tree, namely the expected number of
substitutions between each pair of leaves (because expected
values are additive). Such a phylogenetic tree with branch lengths
is a probabilistic model that emits any given pattern of states at its
leaves with a well defined probability. Notice that the limits g, —0
and g, — oo correspond to the limits p, —0 and p, —1, respectively.

The observed sequences at the leaves can be represented by a
matrix, y, where the number of rows equals the number of species
(n=4 in our case), and the number of columns equals the common
length of the sequences. In biological terms, this matrix is just a
data alignment - that is, each column consists of an aligned site of
(binary) character states across the n species. For 2-state char-
acters, it is convenient to ‘summarize’ the observed data y by a
vector of observed frequencies of splits, §. This vector simply
counts how many sites share any specific pattern. Under a fully
symmetric 2-state model, the probability of a pattern is equal to
that of its complement (where all 0 and 1 are interchanged). We
make the following convention about indexing the patterns
obtained in the sequences over n=4 species, labeled 1, 2, 3, and
4, with the sequences Xi,X»,X3,X4 € {0,1}": We identify a site
pattern by the subset of species 1, 2, 3 whose character at that
site is different from that of species 4. More generally (i.e. for any
value of n) for every a = {1, ...,n—1}, an a-split pattern is a pattern
where all taxa in the subset a have one character (0 or 1), and the
taxa in the complement subset have the second character (there
are two such patterns). The value $, equals the number of times

that a-split patterns appear in the data. For n=4 there are 2> =8
possible patterns, and the vector of observed sequence frequencies
is § =[54,51,52,812,83,513,523,5123].

3. The tree split probabilities determine the branch lengths
locally

In this section, we show that the (multivariate) inverse function
theorem implies that branch lengths can be recovered from tree split
probabilities provided the branch lengths are not too large. Recall that
the inverse function theorem provides a sufficient condition for a
function f from an N-dimensional space A to another N-dimensional
space B to be invertible in the neighborhood of some point a € A. This
condition is that the function f be continuously differentiable in a
neighborhood of a, and its Jacobian matrix (of first derivatives) be non-
singular at a. In this paper, a phylogenetic tree refers to an unrooted
tree with labeled leaves, and with every internal vertex having degree
strictly greater than 2 (Semple and Steel, 2003).

Theorem 3.1. Let T be any phylogenetic tree, on any number of
leaves. Under the 2-state symmetric model, the probabilities of the
tree splits determine the branch lengths of T in some neighborhood of
the origin. That is, provided all the branch lengths are sufficiently
small then they can be uniquely recovered from the tree split
probabilities they induce.

Proof. To simplify notation in this section, given a phylogenetic
tree T with k edges, label the edges eq,es,...,e,. For each
ie{l,...,k}, let a; denote the tree split corresponding to e;; let s;
be the probability of generating the pattern a; on T under the
symmetric 2-state model; let g; be the branch length of edge e;,
and let p; =1(1—e~24), which is the probability of a change of
state on edge e; = (v}, v,). Consider the two subtrees of T which
result from removing the edge e; (but not the nodes vi,v}). Let
T1.T, denote the resulting subtrees, rooted at vi, v}, respectively.
Let Q! be the probability of the event ‘all leaves of T; are in the
same state as v}’, and Q7 be the probability of the event ‘all leaves
of T, are in the same state as v5". Let R} denote the probability of
the event ‘all leaves of T; are in the same state and they differ from
the state of vi’, and R? denote the probability of the event ‘all
leaves of T, are in the same state and they differ from the state of
vy’. We note that under the 2-state symmetric model, changes of
state on different edges are independent events. By considering
whether or not there is a change of state on edge e;, the following
identity holds for all i:

si=p;Ql Q7 +(1-p)(Q]R? +R Q7). 1)

Note that Q/,Q7,R!,R? involves only the terms p; for j 1, and
that when all the p; terms are zero we have

Rlip—0=Rilp—0=0 and Qilp_0=Qflp-0=1. )

Now, consider the Jacobian matrix of partial derivatives

_ |9
1= LPJ'
From Eq. (1) and the fact that p; does not appear in Q},Q? and
R!,R? we have
@
op;

and from Eq. (2) this equals 1 when p=0.

=Q/Q?—(Q/R?+R!Q?)
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Similarly, for j #1, Eq. (1) gives
o 0 9

1p2 1102
apj plapj (Q; R +R; Q),

QiQi+(1-p)
and so, when p=0 the first term on the right vanishes (since
p; =0) and we have

0S;

— % (0IR?+RQ?
0pj|p:0_0pj(Q'R' +R{Q) I p=o-

Now, notice that Q/R?+R/Q? is a multinomial polynomial of
the variables py, k #i. We argue that this polynomial has no term
of the form cp; for a constant c# 0. Suppose otherwise, then
setting p; =1 and p,=0 for all k+j, Eq. (1) shows that the pattern
a; occurs with probability Jc # 0 under such an edge probability
assignment. However, since there is no vertex of degree 2 in T,
edge e; is the only edge for which a; has positive probability when
all but one p-term is set to zero. This contradicts the assumption
that we are in the setting where j#i. Since Q;R?+R!Q? has no
term of the form cp; (c # 0) it follows that:

d
a—pj(QilR,-z+R,-1Q,-2)|p=o=0-

Summarizing, we have 9s;/dp;|p — o = 6;; (Kronecker delta), and
so at p=0, J is the k x k identity matrix. Since the map
p~(S1,...,S;) is a polynomial map, and therefore continuously
differentiable, and since the Jacobian of this map is invertible at
p =0, the conditions for the multivariate inverse function theorem
apply at this point. Thus, for some neighborhood of p =0, the
function (py, ...,pr)—(S1,...,Sk) is invertible. Finally, observe that
the map from [0, co)* onto [0, 1/2) defined by (q;, ...q )~ D1, -..Py)
is invertible, and so the theorem now follows. ©

Theorem 3.1 begs the question: how small do the branch
lengths need to be in order for invertibility to hold? In the next
section we show that we can obtain invertibility holds for all finite
branch lengths for trees with at most four leaves.

4. Exact analysis for small trees

For phylogenetic trees with two and three leaves it is easily
verified that the tree splits determine the branch lengths with no
restriction required on the size of these branch lengths. Thus we
will consider trees with four leaves, of which there are two types -
the resolved binary tree and the star tree. We will show that the
probability distribution on tree splits determines the branch
lengths of the binary tree for all non-negative branch lengths,
and then establish that the same holds for the star tree.

A useful tool in this analysis is the Hadamard representation of
the 2-state symmetric model, which we first recall.

4.1. Hadamard representation

Given a tree T with n leaves and edge probabilities
P=[Pele c e (0 < Pe <1, the probability of generating an a-split
pattern (¢ ={1,...,n—1}) is determined (and is equal for all sites).
Denote this probability by s, = Pr(a-split|T, p).

Using the same indexing scheme as above,when n=4, we
define the vector of pattern generation probabilities s=
[Sz»S1,52,512, 53,513,523, S123]. This vector is termed the expected
sequence spectrum in Hendy and Penny (1993), where the index-
ing scheme is explained as well.

Even though in principle, the edge lengths ¢, =[qcl..gm
determine the vector s of pattern generation probabilities, it is

not obvious how to actually compute this vector, given the edge
lengths. This is where the Hadamard conjugation (Hendy and
Penny, 1993; Hendy et al., 1994) comes in. This transformation
yields a powerful tool, which greatly simplifies and unifies the
analysis of phylogenetic data.

Definition. A Hadamard matrix of order # is an # x # matrix A
with + 1 entries such that A‘A = ¢#I,, where I, is the identity # x ¢
matrix.

We will use a special family of Hadamard matrices, whose
sizes, ¢, are powers of 2 (MacWilliams and Sloane, 1977), defined
inductively for n>0 by Ho=[1] and H, 1= [ﬂ _”,f,n . It is con-
venient to index the rows and columns of H, by lexicographically
ordered subsets of {1,...,n}. Denote by hy, the (a,y) entry of H,
then hgy = (—1)'*"7!. This implies that H, is symmetric, namely
H{, =H,, and thus by the definition of Hadamard matrices
H;'=2""H,.

Proposition 4.1 (Hendy and Penny, 1993). If p<1/2 then
s=s(q) = H 'exp(Hq) where H = H,,_1, namely fora = {1, ... ,n—1},

Sq=2""" ”Zhay (exp <Zhy5q5> ) .
7 5

We note that the transformation is reversible, so if Hs >0 (all
entries are positive) then q = q(s) = H ™~ 'In(Hs). Thus, when n=4, the
eight components in the expected sequence spectrum uniquely
determine the five edge lengths of the corresponding four taxa tree.

The question we explore is if the five components that
correspond to splits in the tree, namely Si,S2,S12,53,5123 also
determine the five edge lengths q;,q5, 12, 3, G123 In other words,
is the mapping (41, 4y G12, 93, 4123)—(51, 52, 512, 3, S123) ONe to one?

4.2. Resolved tree on four leaves

In this case, the tree has five edges with non-negative lengths,
0<qq,<oco. To describe the mapping (qi.q,q12.43.G123)~
(51,52,512,53,5123), let us first denote

a; :efqu, azze*Z‘h’ a12:e*2‘7'2, a3:e*2‘h’ a]23:e*2‘hzz7

where the a, are in the interval (0, 1] (corresponding to edge
lengths 0 < q, < co). Then by the Hadamard transform (with the 8-
by-8 matrix, Hs)
8s1 =1+0a123a3 —A103 + 0120203 + A12012302 — A1 01203 — 10120123
—a101230203
8sy = 14012303 — 10 — 120203 — A12A12302 +A1A1203
+0a10120123 — 101230203
8s12 = 1+012303 + 0102 — A120203 — A12012302 —A1d1203
—a10120123 + 0101230203
8s3 =1—012303+ 010 — A120203 + 012012302 — A1 01203
+a10120123 —A101230203
85123 = 1 —a12303 + 010 +A120203 — 412012302
+0a101203 —d1A120123 — A1A1230203

while the pattern probabilities of the three non-tree splits are

8513 = 1—0a123a3 — A103 — A120203 +A12012302 + A1 A1203 — 10120123
+ 0101230203

8523 = 1—0a12303 — 103 +A120203 — A12A12302 — A1 1203
+0a1a120123 + 0101230203

8sp = 14012303 +0a1a3 +A12a203 4+ A12A12302 + 0101203
+a10a120123 + 0101230203
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For example, for the tree in Fig. 1, in the special case where all
five edges have the same branch length q let a=e~24. Then
S1 =5 =3 =5123 = §(1—a*), and sy = {(1+2a* —4a® +a*). For the
two non-tree splits we have s13 =53 =%(1-2a?+a%), and, in
addition, s, = 1(1+2a? +4a> +a*).

Returning to the general setting, notice that
1—281 —25) — 283 — 25123 = A1a1230203 6(0,1]. (3)

Moreover, it can be checked, using the above mentioned identities,
that

S134+523 =4 (1 — 102 — (30123 + 01 02030123),

and

Sg+S12 =5 (1+a102+0a30123 +a102030123),

and so the following linear inequality holds:

Sg+512 —S13 —S23 =3 (102 +A30123) > 0. 4
This inequality will be used shortly to identify which one of two
solutions to a quadratic equation is valid. Moreover, the following

two inequalities (used in the next section) can also be readily
verified from the eight s, identities, mentioned above:

S +S23 —S12 —S13 = 3 (A10120123 + A120203) > 0. (5)

Sp+513 —S12 —S23 =1 (A101203 +A12012302) > 0. (6)

Since the Hadamard transformation s=s(q)=H'exp(Hq)
is one-to-one, to show that the mapping (qy,q2.q12.q3,G123)~
(51,52,512,53,5123) is one to one for all choices of non-negative branch
lengths, it suffices to show that sq5, S3 and s, can be determined by
the five remaining s-values, corresponding to tree splits.

The Hadamard transformation allows us to express each g, in
terms of the seven values (si,S2,S12,53,513,523,5123) (S equals
1 minus the sum of these seven s,). For the tree T of Fig. 1, two
splits are not realized by any edge of T and this corresponds to the
identities q;3 = g,3 = 0. This gives rise to two invariants involving
the seven s, (Cavender and Felsenstein, 1987). After some manip-
ulation and simplification, we derive the following two invariants
(Chor et al., 2000):
0=1 —251 —252 —253 —25123

—(— 14281 +253+2513+2523)(— 1+ 253+ 2813 + 2523 + 2S123)

O0=(—14251+2512+2513+25123)(— 1+ 255 + 2812 + 253 +2513)
—(— 1 +252 +2S12 +2523 +2$123)(— 1 +2$1 —|—2$12 +253 +2$23)

From the first equation, we get a quadratic equation for x = s13+5»3:
0=1-2s1—25) —253—25123
— (= 14281 +2sy +2x)(— 14253+ 25123 +2X)

Letu=1-251—28,v=1-2s3—2S1p3 and w=1-2s; — 255 —253 —
2s123. The quadratic equation for x can now be written as

0=w—(—u+2x)(—v+2x),
or
4x% —2x(u+v)—(W—uv) =0.

Solving this equation gives

x=1 {(u+v)4_r (u+v)2+4(w—uv)}. (7)

Although there are two possible real solutions for x, only the negative
square root provides a valid solution. To see this notice that

(U+v)/4=(1-51—52—53—5123)/2 = (Sp+S12+S13+523)/2,

and since, by inequality (4), X =S13+523 <Sg+S12 it follows that
X < (u+v)/4, and thus only the negative square root term can apply
in (7). For this solution of x = s13+ 533, the second invariant can be
rewritten as a quadratic equation in y = s13 —S»3, where all coeffi-
cients are known
0=(—1+2s1+2512+25123+X+Y)

x(—1+28y+2512+283+X+Yy)

— (= 14259 +2S12+ 28123 +Xx—Y)

x(— 14281 +2512+253+Xx—Y)

In fact, this is really just a linear equation in y, since the y* terms
cancel, to give

y=(AB—CD)/(A+B+C+D),
where

A= —1+251+2512+2S123+X,
B= —1+2s5+2515+2S3+X,
C=—1+4+285+2512+2S123+X,

D= —1+2s1+2s12+253+x.

In summary, we have a unique solution for x = s;3 + 553, and for this
we have a unique solution for y=sq3—S33. These two uniquely
determine s;3 =1(x+y) and sy3 =1(x—y). Once s3,5,3 are deter-
mined, the final value s, is determined by the linear invariant

Sp+S1+S2+S12+53+S13+S23+S123 = 1.

Returning again to the special case of the tree in Fig. 1 with all five
branch lengths equal to g, and a=e~24, the above analysis yields
u=v=1X1+a* and w=a*, so that the negative root of Eq. (7) is
X :All(l +a4) =513 +S523.

Then A=B=C=D and
Ix=11+a%.

so y=0, which gives $13=5y3=

4.3. The star tree on four leaves

The star tree is a special case of the resolved tree on four nodes,
where the internal edge g, is of length 0. However, the unique-
ness result we have for the resolved tree does not directly imply a
similar one for the star, as we have one fewer observed pattern
probability. We want to show that in this case, the mapping
(91,92-93,9123)—(51,52,53,5123) is one to one. While this does not
directly follow from the previous result, a similar algebraic
approach does work here as well:

8s1 =1+0ay2303 —A103 + 003412303 — A1a3 — A1 A123 — A1 01230203
8sy =1+012303 — 10 —A203 — A12302 +A1A3 +A1A123 — A1 01230203
8s3 =1—0a123a3+010y — a3+ A12303 — 4103 +A1A123 — Q101230203
85123 = 1—0a12303 4+ 0102 4+ A203 — A12302 + A1 A3 — A1 0123 — A1 01230203

In case of the star tree on n=4 leaves, only the four edges with
pendant leaves, q;,q5,q3,q 23, could have non-zero lengths. The
splits corresponding to internal edges are not present in this tree
and this leads to the identities: q;,,q;3,q,3 = 0. Expressing these
edges in terms of s, slightly manipulating and simplifying the
expressions, we get the following three quadratic invariants:

(1) (= 14251 +253+253+25123)
=(—1+251+2512+2513+25123) - (— 1428y + 2515 + 253+ 2513).

(I) (—=142s1+255+283+25123)
=(—1+25+2512+2S23+25123) - (— 14281 + 2512 + 253+ 2523).
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(Is) (—1+42s1+252+253+25123)

=(—1+251+253+2813+2523) - (— 1+ 253+ 2813 + 2523 + 25123).

Let X=5S12+S13, y=S12+523, and z=s13+5,3. Note that
X+Yy+2z=2S12+2S13+2523. The three equations (I;)-(Iz) become
three quadratic equations, each in one of these variables, which
can therefore be solved separately. Recall that si,s;,53,5123 are
known.

(1) (—142s14+255+2534+25123)
=(—142514+25123+2X) - (— 14255+ 253 +2X).

() (—=1+42s1 4253 +253+25123)
=(—1+4+25,4+25123+2y) - (—1+251 + 253 +2y).

(I3) (—1+42s1+2s2+2s3+25123)
=(—1+251+25,+22) - (— 14253+ 25123 +22).

Now all of these equations are of the same quadratic form as
those used to determine x in the resolved tree setting. Indeed, Eq.
(I3) is exactly the same (with z playing the role of the earlier x) and
the inequality (4) required to exclude one of the two roots of the
quadratic equation applies just as validly for the star tree; as do
inequalities (5) and (6) These latter two inequalities show that the
quadratic equations for x and y in Eqgs. (I;) and (I,) (respectively)
have unique solutions. Having uniquely determined x,y and z,
notice that

Si2=1(x+y-2), si3=ix+z-y) and s;=Lly+z—x).

Finally, as in the resolved tree case, sy is determined by the linear
constraint:

Sg+S1+S2+S12+S3+S13+523+S123 = 1.

4.3.1. The star tree and the inverse function theorem

Let T, denote the star tree on n leaves. If p; denotes the
probability of a state change (0 to 1 or visa versa) on the edge
incident with leaf i, i=1,2, ...,n, then the probability s; of obtain-
ing the tree split pattern that separates leaf i from the other leaves
(i.e. the probability that leaf i has a different state to all the other
leaves) is given, in terms of p;,p,,....p, (0<p; <1/2) by
si=pi [1(1=pp)+A-p)Ip; ®)

J#1 J#1

This formula is easily verified by observing that there are two ways
to obtain the tree split that separates leaf i from the other leaves —
either there is a change on the edge incident with leaf i, and no
changes on any of the other edges (the first term), or there is no
change on the leaf incident with leaf i but there are changes on all
the other edges (the second term).

In the special case with n=4, consider the 4-by-4 Jacobian
matrix:

0S;
J= |:l:| .
P 1<ij<4

Suppose ] is invertible (the determinant is non zero) in a certain
domain, and the underlying functions (s, 3, 53,54 in our case) are
differentiable. Then by the (multivariate) inverse function theo-
rem, these functions are locally invertible.

We employed the symbolic mathematical software Maple
(version 17) to compute the Jacobian and its determinant. It turns
out that the determinant can be expressed as a product of three
simple multivariate polynomials:

det(J) = (2p1p> —p1+1—DP2—P3+2P3D4—D4)
x(2p1p3 —P1+1—py—DP3+2P2Ps —Da)
X (2P1P4 —p1+1—=py+pap3—Ds3 —P4)

Each factor has a similar structure, and can be represented as
follows:

(2p1P2 —p1+1—Py—P3+2P3Ds—Da)
=1@2p—1)-@py—1)+31@2ps—1)- 2p,—1).

It is clear that if all p; are in the range 0 < p; < 1/2, then each factor
is strictly positive, so the determinant is positive, as desired. So by
the (multivariate) inverse function theorem, under these condi-
tions, the functions are locally invertible for any neighborhood in
the domain 0 <py,p,,p3,P4 <1/2. By contrast, the invertibility
results in the previous section are global.

5. Concluding comments

We have made the first steps towards settling the question of
whether the probability distribution of tree splits suffices to
determine the branch lengths in the 2-state symmetric model.
We have shown that this holds in two cases:

e for any tree if the branch lengths are sufficiently short, and
® the branch lengths are strictly positive and the tree has at most
four leaves.

We conjecture that invertibility holds for any phylogenetic tree
(with any number of leaves) and across the space of all non-
negative branch lengths, however a proof will require a different
or modified approach. The algebraic approach may be extended to
slightly larger numbers of taxa, but the underlying complexity of
solving such systems of polynomial equations is quite prohibitive
as the number of taxa grows. For the approach employing the
inverse function theorem to be applicable, it will be required to
show global, rather than just local, invertibility.

Our results pertain to the symmetric 2-state model, however,
they are also directly relevant to certain 4-state models, such as
the Jukes-Cantor model, or the Kimura 2ST model. To see why,
notice that under the Jukes-Cantor model, if we partition the four
bases into two sets of size two (e.g. {A, T}, {G, C} or one of the other
two possible pairings) and regard these two sets as (hyper)-states,
then the corresponding process on a tree is precisely described by
a symmetric 2-state model. Thus, from just the probabilities of the
resulting tree splits, we have shown how in certain settings it is
possible to identify the branch lengths of the tree. From these, the
corresponding branch lengths for the original Jukes-Cantor model
(as measured by the expected number of substitutions on each
edge) are then obtained by multiplying the 2-state branch lengths
by the factor 3. For the Kimura 2ST model, we need to use the
following partition {A,G},{C,T} corresponding to purines and
pyrimidines. In that case, once again we obtain an induced
symmetric 2-state model on these (hyper)-states, and once again
the branch lengths under the Kimura 2ST model will be obtained
from those for the 2-state process by multiplying by a factor that
depends on the transition-to-transversion rate. There is nothing
special about four states here either; any number of even states
allows for models for which a ‘lumped’ 2-state process follows the
2-state symmetric model.

Finally, we discuss briefly a related but simpler question,
namely whether there is any collection of k linear combinations
of the site pattern probabilities that identifies the branch lengths.
In this case, the answer is ‘yes’ for any number of leaves (and any
tree). This can be seen by combining three observations that apply
for a wide range of substitution models (not just on two states):
(i) the expected probability that any pair of leaves i,j differ in state
is a sum of certain pattern probabilities, (ii) this expected
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probability can be transformed to give the sum of the branch
lengths between i and j in the tree (Felsenstein, 2004), and (iii) k
such (carefully selected) pairs of path distances suffice to recover
the length of all the k edges (Dress et al., 2012).

For example, for the quartet tree T=12|34, and the 2-state
symmetric model, consider the five linear combinations Li; =
S1+S2+S13+823, L1z =S1+S3+S12+523, Lia=5S1+S12+S13+5123,
Ly3 =Sy +S3+S12+513, and L34 = $S3+S13+523 +S123. Then ny is the
probability that leaf x and leaf y are in different states, and so
Kxy = —1log (1—2Lyy) is the length of the path between leaf x and y
in T under the edge lengths determined by q. Those five k values
now uniquely determine the five branch lengths of T (this may be
verified directly, or by observing that the five pairs of leaves
described form a ‘pointed x-cover’ of T for the leaf choice x=1
and so, by Theorem 7 of Dress et al. (2012), the associated xk values
determine the branch lengths).
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