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This chapter is concerned with the description of the Small Trees website
which can be found at the following web address:

http://www.math.tamu.edu/~1gp/small-trees/small-trees.html

The goal of the website is to make available in a unified format vari-
ous algebraic features of different phylogenetic models. In the first section,
we describe a detailed set of notational conventions for describing the phy-
logenetic models on trees which are listed on this website. This includes
conventions for writing down the parameterizations given a tree as well as
describing the Fourier transform and writing down phylogenetic invariants
in Fourier coordinates. The second section gives a brief description of each
of the types of algebraic information which are associated to a model and a
tree on the Small Trees website. The third section contains an example of a
page on the website. The final section is concerned with simulation studies
of using algebraic invariants to recover phylogenies using the invariants for
the Kimura 3—parameter model.

1 Notational Conventions

1.1 Labeling trees

We assume that each phylogenetic model is presented with a particular tree
T together with a figure representing that tree. The figures of trees with up
to five leaves will be the ones that can be found on the Small Trees website.

1.1.1 Rooted trees

If T is a rooted tree, there is a distinguished vertex of T called the root and
labeled by the letter r. The tree 1" should be drawn with the root r at the



top of the figure and the edges of the tree below the root. Each edge in the
tree is labeled with a lowercase letter a,b,c,.... The edges are labeled in
alphabetical order starting at the upper left hand corner, proceeding left to
right and top to bottom. The leaves are labeled with the numbers 1,2,3, ...
starting with the left—most leaf and proceeding left to right. Figure 1 shows
the “giraffe” tree with four leaves and its labeling.

Figure 1: The giraffe tree on four leaves

1.1.2 Unrooted trees

If T is an unrooted tree, it should be drawn with the leaves in a circle. The
edges of T are labeled with lower—case letters a, b, ¢, . .. in alphabetical order
starting at the upper left-hand corner of the figure and proceeding left to
right and top to bottom. The leaves are labeled with the numbers 1,2,3, ...
starting at the first leaf “left of 12 o’clock” and proceeding counterclockwise
around the perimeter of the tree. Figure 2 illustrates this on the “quartet”
tree.

Figure 2: The quartet tree on four leaves



1.2 Parameterizations

Associated to each node in a model is a random variable with two or four
states depending on whether we are looking at binary data or DNA data. In
the case of binary data these states are {0,1} and for DNA data they are
{A,C G, T} in this order.

1.2.1 Root Distribution

The root distribution is a vector of length two or four depending on whether
the model is for binary or DNA sequences. The name of this vector is r. Its
entries are parameters rg, 71,79, . .. and are filled in from left to right and are
recycled as the model requires.

Example 1. In the general strand symmetric model r always denotes the
vector
7= (ro,71,71,70)-

We tacitly assume that the entries in r sum to 1, though we do not
eliminate a parameter to take this into account. If the model assumes
a uniform root distribution, then r has the form r = (1/2,1/2) or r =
(1/4,1/4,1/4,1/4) according to whether the model is for binary or DNA
data.

1.2.2 Transition Matrices

In each type of model, the letters a,b,c,... which label the edges are also
the transition matrices in the model. These are either 2x 2 or 4 x4 matrices
depending on whether the model is a model for binary data or DNA data.
In each case, the matrix is filled from left to right and top to bottom with
unknown parameters, recycling a parameter whenever the model requires it.
For the transition matrix of the edge labeled with x these entries are called
o, T1, Lo, .- ..

Example 2. For example, in the Kimura 3—parameter model the letter a
represents the matrix

ap a1 G2 das
a; Gp a3z az
az asg ap ai
az az aip Qo



The Kimura 2-parameter and Jukes—Cantor models give rise to specializa-
tions of the parameters in the Kimura 3—parameter model, and hence the
letters denoting the parameters are recycled. For instance, the letter ¢ in
the Jukes—Cantor DNA model and the letter d in the Kimura 2—parameter
model represent the following matrices

Ch C1 C1 C do d1 dg d1
= Ci Chy C1 C1 d— dl do dl dg
cCit C1 €y C1 ’ dz dl do dl
Ci C1 C1 (O d1 d2 d1 do

In the general strand symmetric model the letter e always represents the

matrix
€ €1 €2 €3

€4 €5 € €7
€7 €6 €5 €4
€3 €2 €1 €

We assume that the entries of these matrices satisfy additional linear
constraints which make them into transition matrices. For instance, in the
Jukes-Cantor DNA model, this constraint is ¢y 4+ 3¢; = 1 and in the general
strand symmetric model the two linear relations are eg + e; +e3 +e3 = 1
and ey + e5 + eg + e; = 1. We do not, however, use these linear relations to
eliminate parameters.

1.2.3 Molecular Clock Assumption

The molecular clock (MC) assumption for a rooted tree T" is defined as the
assumption that, for each subtree, along each path from the root of that
subtree to any leave i the product of the transition matrices corresponding
to the edges are identical. As the edges in the path are read down the tree,
the matrices are multiplied left to right.

Example 3. For the giraffe tree in Figure 1 the MC assumption translates
into the following identities:

a=b=cd=ceand d =e.

These equalities of products of parameter matrices suggest that some
parameter matrices should be replaced with products of other parameter
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matrices and their inverses. This makes the parameterization involve rational
functions (instead of just polynomials).

Here is a systematic rule for making these replacements. Starting from the
bottom of the tree, make replacements for transition matrices. Each vertex
in the tree induces equalities among products of transition matrices along all
paths emanating downward from this vertex. Among the edges emanating
downward from a given vertex, all but one of the transition matrices for
these edges will be replaced by a product of other transition matrices and
their inverses. When choosing replacements, always replace the transition
matrix which belongs to the shorter path to a leaf. If all such paths have
the same length, replace the matrices which belong to the left most edges
emanating from a vertex.

Example 4. In the 4-leaf giraffe tree from the previous example, we replace
the matrix d with e and we replace the matrices a and b with ce. Thus, when
we write the parameterization in probability coordinates only the letters c
and e will appear in the parameterizing polynomials.

1.2.4 Specifying the Joint Distribution

The probabilities of the leaf colorations of a tree with n leaves are denoted
by pw where W is a word of length n in the alphabet {0,1} or {A,C, G, T}.
Every probability indeterminate py is a polynomial in the parameters of
the model. Two of these probabilities py and py are equivalent if their
defining polynomials are identical. This divides the 2™ or 4™ probabilities into
equivalence classes. The elements of each class are ordered lexicographically,
and the classes are ordered lexicographically by their lexicographically first
elements.

Example 5. For the Jukes—Cantor DNA model with uniform root distribu-
tion on a three taxa claw tree there are five equivalence classes:

e Class 1: paaa pccc Pace PrrT

o Class 2: paac paac PAaaT Pcca Pccc PocT PGGA PGGC PGGT PTTA
Prrc Prra

o Class 3: paca paga PATA Pcac Pcac PeTe PGAG PGCG PGTG PTAT
PrcT PrGT



o Class 4: pacc PAGG PATT PcAA PCGG DOTT PGAA DGCC PGTT PTAA
Prcc Praa

o Class 5: paca PacT PAGC PAGT PATC PATG PCAG PCAT PCGA DCGT
PcrA PecTG PGAC PGAT PGCA PGCT PGTA PGTC PTAC PTAG PTCA PTCG
Prca Prcc

For each class i there will be an indeterminate p; which denotes the sum of
the probabilities in the class 7. For these N probabilities the expression for the
probability p; as a polynomial or rational function in the parameters appears
on the webpage (if these expressions are small enough) or in a separate linked
page for longer expressions.

Example 6. In the 3-taxa claw tree with Jukes-Cantor model and uniform
root distribution these indeterminates are:

p1 = aobocy + 3aibicy

P2 3&0[)001 + 3@1[)10{) + 6@1[)101

Ps = 3(10[)100 + 3(11b001 + 6(11()101

Pr = 3a1b000 + 3a0b101 + 6&1[)101

Ps = 6&0[)161 + 6&1[)001 + 6&1[)100 + 6a1b101

Note that p; + ps + p3s + ps + ps = 1 after substituting ag = 1 — 3aq,
b0:1—3b1 and 00:1—301.

1.3 Fourier Coordinates

Often we will describe these phylogenetic models in an alternate coordinate
system called the Fourier coordinates. This change of coordinates happens
simultaneously on the parameters and on the probability coordinates them-
selves.

1.3.1 Full Fourier Transform

Each of the 2" or 4™ Fourier coordinate are denoted by ¢ where W is a
word in either {0,1} or {A,C, G, T}.
The Fourier transform from py to gy is given by the following rule:



Diyein, = Z X (i) - X (in ) @i
Jlseesjn
1 i in (.
Gir-vin = 7 > X)X ()P
JLsees In
Here y* is the character of the group associated to the ith group element.
The character tables of the groups we use, namely Z, and Zy X Zq are:

A C G T

0 1 Al 1 1 1
01 1 and ci1 -1 1 -1
111 -1 G|1 1 -1 -1
71 -1 -1 1

In other words, x*(j) is the (4, j) entry in the appropriate character table.
One special feature of this transformation is that the Fourier transform of
the joint distribution has a parameterization that can be written in product
form; we refer to [2, 5, 6] for a detailed treatment of the subject. Equiva-
lently, the Fourier transform simultaneously diagonalizes all transition ma-
trices. Therefore, we replace the transition matrices a,b,c, ... for diagonal
matrices denoted A, B,C| ..., where A has diagonal elements A, As, A3, Ay;
B has diagonal elements By, By, B3, By; etc. Since we will only use the entries
of the previous diagonal matrices, there will be no confusion, for example,
between the matrix A and the base A. Furthermore, these parameters must
satisfy the relations imposed by the corresponding model and the Molecular
Clock assumption. For instance, in the Jukes—Cantor model we have the
relations Ay, = A3 = Ay, By = B3 = B,y.

The gy are polynomials or rational functions in the transformed param-
eters. They are given parametrically as

o Teeg Me(ke) ifip =iy + g + -+ +ip_y in the group
Tirin == 0 otherwise

where M, is the corresponding diagonal matrix associated to edge e, and k.
is the sum (in the corresponding group) of the labels at the leaves that are
“beneath” the edge e.

We say that qw and gy are equivalent if they represent the same poly-
nomial in terms of these parameters. These Fourier coordinates are grouped
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into equivalence classes. The elements in the equivalence classes are ordered
lexicographically. Most of the Fourier coordinates gy, are zero and these are
grouped in class 0. The others are ordered Class 1, Class 2, lexicographically
by their lexicographically first element.

Example 7. Here we display the classes of Fourier coordinates for the Jukes—
Cantor DNA model on the 3 leaf claw tree.

e Class 0: qaAc GQAAT - - -

Class 1: gaaa

Class 2: qacc qacae qarr

Class 3: qcac qaac qrar
e Class 4: qcca qaca qrra
e Class 5: qcar qore qaer qarce qrea qrae

We replace each of the Fourier coordinates in class ¢ by the new Fourier
coordinate ¢;. We take ¢; to be the average of the qy in class ¢ since this
operation is better behaved with respect to writing down invariants.

1.3.2 Specialized Fourier Transform

We also record explicitly the linear transformation between the p; and the g;
by recording a certain rational matrix which describes this transformation.
This is the specialized Fourier transform. In general, this matrix will not be
a square matrix. This is because there may be additional linear relations
among the p; which are encoded in the different ¢; classes. Because of this
ambiguity, we also explicitly list the inverse map.

It is possible to obtain the matrix that represents the specialized Fourier
transform from the matrix that represents the full Fourier transform. If M
represents the matrix of the full Fourier transform and N the matrix of the
specialized Fourier transform, then N;;, (the entry indexed by the ith Fourier
class and the jth probability class) is given by the formula:

1
No = jaipy] 2 2 Mow

UeC; WeD;



where C; is the ith equivalence class of Fourier coordinates and D; is the
jth equivalence class of probability coordinates. We do not include the Oth
equivalence class of Fourier coordinates in the previous formula.

Example 8. In the Jukes—Cantor DNA model on the 3 leaf claw tree the
specialized Fourier transform matrix is

—_ = = e
W W W= =

|

WIHW[ W[ =
|
|

WIHW[ Rt QW =
W = W[—W = =

2 Description of website features

We give a brief description of the various items described on the website.
Dimension (D): The dimension of the model.

Degree (d): The degree of the model. Algebraically, this is defined as
the number of points in the intersection of the model and a generic (i.e.
“random”) subspace of dimension 4" minus the dimension of the model.

Maximum Likelihood Degree (mld): The maximum likelihood degree of
the model. See section ?77.

Number of Probability Coordinates (np): Number of equivalences classes
of the probability coordinates. See the preceding section.

Number of Fourier Coordinates (ng): Number of equivalence classes
of Fourier coordinates without counting Class 0 (see the preceding section).
This is also the dimension of the smallest linear space that contains the
model.

Specialized Fourier Transform: See the preceding section for a descrip-
tion.

Phylogenetic Invariants: A list of generators of the prime ideal of phylo-
genetic invariants. These are given in the Fourier coordinates.

Singularity Dimension (sD): The dimension of the set of singular points
on the model.

Singularity Degree (sd): The algebraic degree of the set of singular points
on the model.



3 Example

Here we describe the Jukes—Cantor model on the quartet tree (see Figure 2)
in more detail.

Dimension: D =5 (note that there are only 5 independent parameters, one
for each transition matrix.)

Degree: d = 34.

Number of Probability Coordinates: np = 15 and the classes are rep-
resented by:

p1 = agbgcodoeg + 3ar1bgcidieg + 3agbicidoer + 3a1bicodier + 6a1bicidqeq,
po = 3(apbicodoey + 3a1bicidieg + agbocidpe; + 2apbycrdoer
+ arbocodier + 2a1bicodier + 2a1bgcrdrer + 4arbicrdyier),
ps = 3(apbicrdoey + arbicodreg + 2a1b1c1dreq + agbocodoer
+ 2agbic1dpe; + 2a1b1codrer + 3arbocidier + 4aybierdiey),
pa = 3(aobocrdoeg + arbocodieq + 2a1bocidieg + apbicodpes
+ 2agbicrdpe; + 2a1b1codiey + Tarbierdier),
ps = 6(apbicidoey + a1bicodieg + 2a1b1c1dreq + agbicodoer + agbocidpes
+ agbicidoer + arbocodier + arbicodier + 2a1bocidier + 5abicidyey),
pe = 3(arbocrdoeg + agbocodieg + 2a1bgcidieq + arbicodoer
+ 2a1b1c1dpe; + 2a1b1codrer + 3agbicidier + 4arbieidiey),
pr = 3(arbierdoey + agbicodieg + 2a1bycrdieqg + arbocodoer + 2a1bicrdoer
+ 2a1b1codrer + agbocrdier + 2a1bgcrdier + 2agbicidier + 2a1bic1dqey),
ps = 6(arbicidoeg + apbicodieg + 2a1bicidieg + arbicodoe,
+ a1bgcrdper + abicidoey + a1bocodier + arbicodiey
+ apbpcidier + arbocidier + 2agbicidier + 3aibicidier),
P9 = 3(ar1bicodoey + agbicidieg + 2a1bicidieg + arbocidoer + 2a1bicrdoes
+ agbocodier + 2a1bicodier + 2a1bgcrdier + 2agbicidier + 2a1bic1dqeq),
1o = 3(a1bocodoey + agbocidieg + 2a1bocrdreg + 3a1bycrdoer
+ apbicodier + 2a1bicodier + 2agbicidiey + 4aibicidyey),
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P11 = 6(aibicodoeg + agbicidieg + 2a1bicrdieg + arbocidoer
+ 2a1b1c1dpe; + arbocodier + agbicodier + arbicodier
+ agbpcidier + arbocidier + agbicidier + 3aibicidier),
p12 = 6(aibicidoey + arbycodieg + agbicrdieg + arbicidieg
+ ai1bicodoer + arbocidoer + arbicidper + agbocodier
+ a1bicodier + 2a1bgcidier + 2apbicidier + 3arbicrdiey),
p13 = 6(arbicidoey + arbicodieg + agbicrdieg + arbicidieg
+ a1bocodoer + 2a1bicidoer + apbicodier + arbicodien
+ agbpcidier + 2a1bpcidiey + agbicidier + 3aibicidyer),
p1a = 6(a1bocrdoey + arbocodieg + agbocidieg + arboerdieg + a1bycodoer
+ 2a1b1crdoer + agbicodier + arbicodier + 2apbicidier + 5ai1bicidiey),
p15 = 6(a1bicidoen + arbicodieg + apbicrdieg + a1bicidieq + arbycodoer
+ a1bgcrdper + abicidoer + a1bocodier + agbicodier + apbocidiey
+ ajbpcrdie; + agbicidier + 4darbieridyey).

Number of Fourier Coordinates: ng = 13. The classes are:

q1 = qAAAA,
d2 = JAACC,QAAGG QAATT
43 = JACAC; YAGAG QAT AT
44 = qACCA, QAGGA, QATT A,
5 = 4ACGT, 4ACTG, QAGCT , AAGTC» ATCG, ATGC,
g6 = qCAAC; YGAAG AT AAT
q7 = qCACA, QGAGA, QT AT A,
8 = qCAGT, QCATG, QGACT s QGATC , qTACG, AT AGC
q9 = qCCAA; YGGAA, ATTAA,
di0 = qcccece, 4ceaa, 4eeTt, 4acece; 4GGGGE, 4GGTT
qrrcc, 9rT7Gea, 4TTTT
q11 = qCGAT, QCTAG, QGCAT, QGTAC, 4TCAG, qTGAC
q12 = qcaeea, Y4eGGe, 4erer, derre, 4Geea, 4GCGe,
qerar,4GTTa, dreet, 4reTc; 4TGGT 4TGTG,

d13 = 4CcGTA, QCTGA, 4GCT A, QGTCA, qTCGA; ATGCA-
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Specialized Fourier Transform:

QO |00 |00 |00 |00 |00 |00 [ =t QO =00 [ =00 [0 [ = =t

|
|
|
|
|
|
|
QO |00 | =00 |00 | =00 | =00 | =00 |00 | =00 [0 [ = =t Qo= =t
|
|

|
WIFW[ e W =t WO et QOO [ QO
|
|
WIHFWFWIFWIFWI . = = = W RW W =
|
|
|
|
|

WIFWFW| =t WO RW W [ et QO et QO[O [ et

W[HW[HFW|FW|FW W W FW W [ W [ =W = = =

WIFWIFWIF = WIFRWI W W W W [ W W = =

Wl R WIF = WIFWIR = WIFW W = W =

QO |00 | 00 |00 |00 [ =00 [ =t QO [ =00 | =00 | =00 [ =00 [ =t

W W [ W =W [ HW =W [HW = = = = =

QO =00 [ =00 [ =00 |00 |00 [ 00 [0 [0 [ =t QO |0 [ =t

— WOIW W e W e W W WO =

OO O [ et QO 00 [0 [0 [0 [0 [ et b

e T T e T e T e T e S e e e e O S G e
|
|
|
|
|
|
|
|
|

Phylogenetic Invariants: We computed the phylogenetic invariants using
the results of [5]. The invariants of degree 2 are:

@1910 — 9299, 4397 — 4496, 4398 — 45,
4498 — 4597, 43413 — 44411, ¢3q12 — ¢5411,
44912 — 45913, 46913 — qrq11, 46412 — 48qi1,
q7q12 — 4sq13-

The invariants of degree 3 associated to the left interior vertex are:

1911911 — 4349649, 41911913 — 439799, 41411912 — 434899,
41913911 — 449649, 41913913 — 449799, 41913912 — 444899,
41912911 — 959649, 91912913 — 459799, 91912912 — 454899,
429114911 — 4396410, 92911913 — 4397410, 92911912 — 4348410,
424913911 — 4446410, 42913913 — 44497410, 42913912 — 4448410,
424912911 — 45496410, 92912913 — 454974910, 92912912 — 4548410-
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The invariants of degree 3 associated to the right interior vertex are:

419595 — 434442, 919598 — 434742, 4195412 — §341392,

4149845 — 469492, 919898 — 464742, 4148912 — 4691392,

4191295 — 4119492, 4191298 — q1197492, 41412912 — ¢11491342,
499595 — 4344410, 999598 — 4347410, 9995912 — 434913410,
499895 — q644410, 99989s — 4647410, 9948912 — g6413410,
4991295 — 41194910, 9991298 — 41197910, 49912912 — q11413410-

The maximum likelihood degree, the singularity dimension and the sin-
gularity degree are computationally difficult to achieve and we have not been
able to compute them using computer algebra programs.

4 Using the invariants

In this section we report some of the experiments we have made for inferring
small trees using phylogenetic invariants. These experiments were made us-
ing the invariants for trees with 4 taxa on the Kimura 3—parameter model that
can be found in our website [1] which were computed using the Sturmfels—
Sullivant theorem [5]. The results obtained show that phylogenetic invariants
are an efficient method for tree reconstruction.

We implemented an algorithm that performs the following tasks. Given
4 DNA sequences s1, 89, S3, S4, it first counts the number of occurrences of
each pattern for the topology ((s1, s2), $3,4). Then it changes these absolute
frequencies to Fourier coordinates. From this, we have the Fourier transforms
in the other two possible topologies for trees with 4 species. We then evaluate
all the phylogenetic invariants for the Kimura 3-parameter model in the
Fourier coordinates of each tree topology. We call s? the absolute value of
this evaluation for the polynomial f and tree topology T'. From these values
{s?} ;» we produce a score for each tree topology T', namely s(T) =} f |s:ﬂ
The algorithm then chooses the topology that has minimum score.

There was an attempt to define the score as the Euclidean norm of the
values S?, but from our experiments, we deduced that the 1-norm chosen
above performs better.

We then tested this algorithm for different sets of sequences. We used the
program evolver from the package PAML [7] to generate sequences according
to the Kimura 2-parameter model with transition/transversion ratio equal
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to 2 (typical value of mammalian DNA). In what follows we describe the
different tests we made and the results we obtained.

We generated 4-taxa trees with random branch lengths uniformly dis-
tributed between 0 and 1. We performed 600 tests for sequences of lengths
between 1000 and 10,000. The percentage of trees correctly reconstructed
can be seen in Figure 3.

Uniformly distributed edge lengths in (0,1)

_G_@/a\e/@_e/e_e_e_@

Percentage of trees inferred correctly
50 55 60 65 70 75 80 85 90 95 100

I I I I I I I I I I
10002000300040005000600070008000900010000

Sequence length

Figure 3: Percentage of trees correctly reconstructed with random branch
lengths uniformly distributed between 0 and 1.

We observed that our method fails to reconstruct the right tree mainly
when the length of the interior edge of the tree is small compared to the
other branch lengths. More precisely, in the trees that cannot be correctly
inferred, the length of the interior edge is about 10% the average length of
the other edges.

Our method was also tested by letting the edge lengths be normally dis-
tributed with a given mean p. We chose the values 0.25,0.05,0.005 for the
mean /i, following [3]. We also let the standard deviation be 0.1x. In this case,
we tested DNA sequences of lengths ranging from 50 to 10,000. Here, we only
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display the results for sequences of length up to 1000, because we checked
that for larger sequences, we always infer the correct tree. For each sequence
length in {50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000}, we generated
edge lengths normally distributed with mean g using the data analysis pro-
gram R [4]. and we performed 10 tests with our algorithm. We repeated
this process 10 times, so that we generated 100 sequences for each mean and
sequence length. The results are presented in Figure 4.

Percentage of trees inferred correctly

90 100

70

60

50

Mean=0.25

0000000000
o

T T T 1T 1T 11T T 11
50 200 400 600 800 1000

Sequence length

Percentage of trees inferred correctly

90 100

60 70 80
1

50

Mean=0.05

0O 0 0 00 0 0 0 O
o

o

T T 1T T 1T 1T 1T T 11
50 200 400 600 800 1000

Sequence length

Percentage of trees inferred correctly

90 100

60 70
1

50

Mean=0.005

0500

o

T T 1T 1T 1T 1T 1T T 11
50 200 400 600 800 1000

Sequence length

Figure 4: Percentage of trees correctly reconstructed with edge lengths nor-
mally distributed with mean equal to 0.25, 0.05, 0.005.

From Figure 4, we see that for p = 0.25 or u = 0.05, it is enough to
consider sequences of length 200 to obtain a 100% efficiency. A much smaller
mean such as g = 0.0005 was also tested. In this case, an efficiency over 90%
was only obtained for sequences of length > 3000.

The method presented here is by no means the unique form of using these
invariants, so different ways of using them can even improve the tests.
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