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THE TREE OF LIFE AND OTHER AFFINE BUILDINGS

ANDREAS DRESS, WERNER TERHALLE

In this note, we discuss some mathematics which has proven to be of use in the
analysis of molecular evolution — and, actually, was discovered in this context
(cf. [D)).

According to evolutionary theory, the spectrum of present-day species (or bio-
molecules) arose from their common ancestors according to a well-defined scheme
of bi-(or multi-)furcation steps. The task of phylogenetic analysis as defined by
E. Haeckel is to unravel that scheme by comparing systematically all data available
regarding present and extinct species. This task has been simplified enormously in
recent years through the availability of molecular sequence data, first used for that
purpose by W. Fitch and E. Margoliash in their landmark paper from 1967 dealing
with Cytochrome C sequences [FM]. The basic idea in that field is that species (or
molecules) which appear to be closely related should have diverged more recently
than species which appear to be less closely related.

A standard formalization is to measure relatedness by a metric defined on
the set of species (or molecules) in question. The task then is to construct an
(R-)tree which represents the metric (and hence the bifurcation scheme) as closely
as possible. Below, we discuss necessary and sufficient conditions for the existence
of such a tree that represents the metric exactly, as well as some constructions
which lead to that tree if those conditions are fulfilled, and to more or also less
treelike structures if not. Remarkably, the theory we developed in this context
allowed also to view affine buildings (which in the rank 1 case are R-trees) from a
new perspective.

Here are some basic definitions and results:

DEFINITION 1: Given a non-empty set E, an integer m > 2, and a map
v: E™ = {—oc0} UR,

the pair (FE,v) is called a VALUATED MATROID OF RANK m if the following prop-
erties hold:

(VMO) for every e € E, there exist some ea, ... e, € E such that
’U(@, €2,. .., Gm) 7& —00,

(VM1) v is totally symmetric,

(VM2) fores,...,em € E with #{e1,...,em} < m, one has

U(ela"'ae’m) = —00,
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(VM3) for alley,...,em, f1,---, fm € FE, one has

v(er, ..., em) +Fo(f1,--, fim)

S max {U(f1,€1, ey €i—1, €441, - .,em) + U(ei,fg, ..y fm)}
1<i<m

Condition (VM3) is also called the VALUATED EXCHANGE PROPERTY.
If {b1,...,bm} C E satisfies v(by,...,by) # —oo, then {b1,...,by} is called a
BASE of the valuated matroid (E,v).

Note that (VM3) implies the bases exchange property of ordinary matroids for the
set B(p,,) of bases of (E,v).

Here is a “generic” example:
Let K be a field with a non-archimedean valuation w : K — {—oo} UR, that is a
map satisfying the conditions

w(zr) =00 <= =0,

w(z - y) = w(z) +w(y),
and
w(z +y) < max{w(z), w(y)}

for all z,y € K; then — in view of the GRASSMANN-PLUCKER identity
det(er,...,em) - det(fi,..., fm)

m
= Zdet(eh .. .,ei_l,fl,eiH, .. .,€m) -det(ei, fg, .. .,fm)
i=1

(15 yem, f1,--y fm € K™) — the pair (K™ \ {0}, w o det) is a valuated matroid
of rank m.

DEFINITION 2: Given a valuated matroid (E,v) of rank m, we put

Tgw={p:E—-R|Ve€ E:ple)= max E{v(e,eg, . Zp(el)}}

€2,...,em €

T(p,wv) 15 also called the tight span of (E,v) or its T-CONSTRUCTION.

The following proposition details this set of maps:

m
PROPOSITION 1: Let H := {(t1,...,tm) € R™ | 3 t; = 0}. Then, for every base
i=1

{b1,...,bm} € Bg,) of a valuated matroid (E,v) of rank m, the map Py,
H — R which maps each (t1,...,t,) € H to the map

m

E—-R:e— max {v(e,by,...,bi—1,bi41,-..,bm) +t;} — mT_lv(bl,...,bm)

1<i<m

15 an injective map into T(g ).
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Furthermore, one has

T(Ev”) = U (I)bl’m,bm(H)'
{blwnvbnz}eB(E.v)

Thus, Tz, is a union of (images of) affine hyperplanes of dimension m —1, called
the apartments in T(g ).

These apartments intersect as follows:

PROPOSITION 2:

1) Given two bases B, B’ C E of a valuated matroid (E,v) of rank m, with suit-
able orderings of their elements as B = {by,..., by} and B' = {b},...,b..},
resp., one has

2) Given a base {b1,...,bn} € B(g,y), an element by € E\ {b1,...,bn}, and a
subset I C {1,...,m} so that {bg,b1,...,bi—1,bix1,...,bm} is a base if and
only if i € I, then one has

= {(tl,...,tm)GH | ti+”U(b0,b1,...,bifl,bﬁ,l,...,bm):
15168.])({15] + U(b(),bl, .. .,bjfl,bj+1, .. ,bm)}}

for everyi € I.

We return to our generic example mentioned above, that is, to the valuated matroid
(E := K™\ {0},v = wodet), with K a field with a non-archimedean valuation
w : K—»{—00}UZ. By I'z, we denote the group of all affine maps from H to itself
consisting of a translation by an integer vector and a permutation of coordinates,
that is,

I'z:={y:H—>H ‘(tl,...,tm) = (te(1) + a1, .. to(m) + am) for some
(a1,...,am) € HNZ™ and some o € Sy, }.

Every subset

C={Py,..poV(t1, . tm) | (t1,...,tm) € H with
t1 <ty <. <ty <t + 1}
with {b1,...,bm} € B(g,,) some base and 7 € I'z is called a CHAMBER of T(g, ,);

in case {b1,...,b,} is the canonical base of the vector space K™ and = equals
idgy, the resulting chamber C is called the FUNDAMENTAL CHAMBER, while the
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apartment Ay = ®p, 5, (H) for the canonical base is called the FUNDAMENTAL
APARTMENT.

If a map p in T(p,,) satisfies p(e) = - mod 1 for some i € {0,...,m — 1} and
every e € E, then p is called a VERTEX of Tz ,) (OF TYPE i).

It is easy to see that the general linear group GL,,(K) acts transitively on the set
of vertices of T(g . via its group action defined on T(g ) by

GLm(K) X T(E,v) — T(E,v) :
(X,p) = (E—=R:erp(X 'e)+ Lwodet(X))
(X S GLm(K),p S T(E’U),e S E)
This action induces a transitive action of the group SL,,(K) on the set of apart-

ments as well as on the set of chambers of T(g ,); since the stabilizers of these
actions give rise to a BN-pair in the sense of building theory, one has

THEOREM 1: For the valuated matroid (E = K™\ {0},v = wodet) with K a field
with a non-archimedean valuation w : K—»{—00} UZ, the T-construction T g,
is a geometrical realization of the affine building defined for the group GL,,(K).

Now, we come back to the general case of an arbitrary valuated matroid (E,v) of
rank m.

LEMMA 1: For every p € T(g,.), the map
dy: ExE—=R

SuP{v(e’f:eBa“"em)fp(e)fp(f)figgp(ei)lei‘h""em GE}

(e,f) e

(with e=>° :=0) is a (pseudo-ultra-)metric on E.
In addition, for any two maps p and q in T(g ), the metrics d, and d, are topo-
logically equivalent.

DEFINITION 3: A waluated matroid (E,v) of rank m is called COMPLETE if, for
some (or equivalently: for every) p € T ., the metric space (E,d,) is complete.

Up to “projective equivalence” and identifying “parallel elements” (we refer to
[DT1] for details), one has

THEOREM 2: Every valuated matroid has an (essentially unique) completion.

(In fact, one only has to complete (E,d,) to a metric space (E,d) and then to
define ¥ : E™ — {—o0} UR as the continuous extension of v.)

Concerning the T-construction, one has the following result:

THEOREM 3: Let (E, 0) be a completion of the valuated matroid (E,v) with EDE.
Then the restriction map from T(E %) C RE to RE, mapping every p € T(E ) to
P ‘E, is a bijection into T(g ).

From now on, we assume for simplicity (E,v) to be a complete valuated matroid
of rank m.

DEFINITION 4: An END of T(g . is a map € from T(g ) to R satisfying
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(E1) for every base {b1,...,bn}, there exist some r € {1,...,m}, some affine
map v : H — H with a coordinate permutation as linear component, and
some ¢ € R such that, for every (t1,...,tm) € H, the equation

€0 Py, b, © fY(tlv s 7tm) = max t; +¢
1<i<lr

holds;

(E2) there exist some base {b1,...,by} and some ¢ € R such that, for every
(tl,...,tm) € H,
£0 ®b17~--7an (tl, . ,tm) =t +ec
The set of all ends of T g,y will be denoted by Ery, ;-
With this definition, one has
PROPOSITION 3: For every e € E, the map
Ee : T(Eﬂ,) —-R
p+ p(e)

is an end of T(g v)-
And, for every e € &t ,, there exist some e € E and some ¢ € R such that
£ =¢¢tcC.

And one has

THEOREM 4: If one defines a map w from the set {f(‘E " of m-tupels of ends of
(E,v) to {—o0} UR by

w(el,...,&m) = inf Zsi(p)

p€T<E~,U) P
forey,....,em € 5T(E,’u)7 then one has
W(Eey, -1 Ee,,) =V(€1,...,Em)
foralley,... ey € E. That is, (ET(E,U) ,w) is a complete valuated matroid of rank

m which — up to “parallel elements” — is isomorphic to (E,v).

We now restrict ourselves to the case that the rank m equals 2. Here, T(g ) is a
path-infinite R-tree, that is an R-tree being the union of isometric images of the
real line — namely the apartments from above: for any two p,q € T(g,), there
exists some base {b1,bs} such that p,q € ®p, 1,(H), say p = Py, 4,((s,—s)) and
q = Py, p,((t,—1)) for some s,t € R; then putting d(p,q) := |s — t| leads to a
(well-defined) metric on T{g ) having the desired property.

And the ends of T(g ) in our sense correspond to its ends in the way ends are
defined for R-trees, that is, they correspond to (equivalence classes of) isometric
embeddings of real halflines into Tz,
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An example which we found particularly intriguing is the following one: Let E
denote the set of subsets of R which are bounded from above, and for e, f € E,
let v(e, f) := sup(eAf) be the supremum of their symmetric difference. Then it is
easy to see that (F,v) is a valuated matroid of rank 2. The corresponding R-tree
has the particular property that omitting any point leads to the same “number”
of connected components, and this number equals #J(R), the cardinality of the
powerset of R.

Now, it is well-known that, for the metric d of an R-tree T, the so-called four-point
condition (. 2) ( )
d(x, z) + d(y, w),
A(w,y) + d(z,w) < max{ T }

holds for all z,y, z,w € T. But this four-point condition is literally the exchange
property (VM3) in the rank 2 case! Of course, one has d(z,2) = 0 instead of
d(z,z) = —oo (cf. (VM2)).

This observation led us to the definition of matroidal trees:

DEFINITION 5: A MATROIDAL TREE or, for shorl, MATREE, is a pair (X, u) con-
sisting of a non-empty set X together with a map u : X x X — {—oo}UR satisfying
the following three conditions:

(MTO0) for every x € X, there exists some y € X with u(z,y) # —oo,
(MT1) w is symmetric,
(MT2) for all x1,z2,y1,y2 € X, one has

u(yr, z2) + u(z1,y2),
u(xy, x2) + ul(ys, < max
(w1, 22) (Y1, 2) { u(y1,x1) +u(l‘2,y2)
(and no restriction on the diagonal corresponding to (VM2)).

Note that, for every matree (X,u), the restriction u |{I6X|u(w £)=0)2 is a

(pseudo)metric.
Now, let’s have a look at the set
Hxy ={f : X = {-00} UR| f(2) +u(y,2) <

f(y) +u(z, 2),
max{ f(2) +u(z,y) } for all z,y,z € X, f # —oo},

the set of all one-point extensions of a matree (X, u) (containing at least all maps

he: X = {—occ} UR:
x — u(a,x)

for a € X).
If one wants to make a new matree (H(x ,),w) from this set, and one wants the
map w : Hix ) X Hx ) — {—00}UR to satisfy w(hs, hy) = u(z,y) forall z,y € X
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(in order to have an “homomorphism” X — Hx . : © + hy), and, slightly more
general, w(f, h,) = f(x) for every f € H(x ) and every x € X, then w necessarily

has to satify
f(x) +g9(y),
w(f, g) +u(z,y) < max { fly)+g(@) }

for all f,g € Hix,,) and all z,y € X.
And, indeed, one has

THEOREM 5: If, for a matree (X,u) and for H(x ,) as above, one defines
W= Wix ) Hixu X Hixu — {—00}UR
. f(@) +9(y), } }
,g) — inf {ma — ,
(£.9) eEX { X{ fly)+g(x) w,y)

(with the convention (—00) — (—00) := +00), then (H(x ), w) is again a matree.
In addition, for every f € H(x ) and every v € X, one has

w(f, ha) = f(2)
— in particular, one has w(hy, hy) = u(z,y) for all z,y € X.
The matree (H(x ), w) can be seen as a “hull” of (X, u), as one has
THEOREM 6: If, for F' € H(H oy wix.ny)s OT€ defines

o(F): X —- {—occ}UR
x> F(hy),

and, for f € Hx ),

(f) : Hixuy = {—00} UR
g w(X,u)(fa g>7
then ¢ is a bijective map from H(H<x,u>,w(x,u>) to Hx ), and 1 is a bijective map in

the other direction; both maps are inverse to each other; and for all f,g € Hx ),
one has

w(H(qu),w(X,u))(qu(f)a 11[}(9)) = ’UJ(f, g)

Thus, (H(H(X,u)vw(X.u))7w(H(X,u)vw(X,u))) and (H(x ), w(x,u)) are canonically iso-
morphic matrees.

In addition, one has

THEOREM 7: H(x ., is the smallest set of maps X — {—oo} UR that a) contains

{ho | @ € X} and b) is closed under addition of constants, under suprema, and
under limites.
More precisely: for every f € H(x ., one of the following three possibilities hold:

(1) there exist some x € X and some ¢ € R such that f = h, + ¢,
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(ii) there exist some x,y € X and some b,c € R such that
f =max{h, +d, hy, + c},

(iii) there exist sequences (Tp)nen i X and (cp)neny in R such that

f= nh—?;o(hz" + cn).
Essential for the study of matrees is the following

FUNDAMENTAL LEMMA: Let (X, u) be a matree; for x,y € X with u(x,y) # —oo,
put

Sy = 3 (ulyy) — u(wy)) € {~00} UR,

sY = %(u(x, y) —u(z,x)) € RU {+o0},

and I(z,y) := [Sgy, s"Y] NR; for t € R, define h' € Hx ) by
: 1
h' :=max{hy +t,hy —t} — 2%Y-

Then the map I(x,y) — Hx ) : t ht is a surjective isometry onto the set

~ with isometry meaning that w(h*, ht) = |s — t| holds for all s,t € I(z,y).

COROLLARY: The set

is comnected; hence — since the restriction of w to it is a metric satisfying the
four-point condition — it is an R-tree relative to the restriction of w (cf. [D]).

We want to close this section by a short discussion on the relationship between
H g, and T(g ) for a valuated matroid (£,v) of rank 2.
For this, let

Tipw) =10 B = R | p(e) = sup{ue, ) = p(f)} for every c € B)

— note the “sup” instead of “max” as for T, ,); and define the canonical metric

d on Ty ) by d(p,q) := sup|p(e) — q(e)|. It is easy to see that T{j , is the
: e :

completion of T(g . relative to this metric.
One should remark that T} (’ Bv) is the set of all minimal elements in the polytope

Py :={p: E—=R|ple)+p(f) >v(ef) foralle, f € E}

relative to the order p < ¢: <= p(e) < ¢(e) for every e € E.
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Coming back to the comparison of H g ,) with T, (’ B) the following holds: The
maps p € T(’E v) are exactly those maps in H (g ) satistying

W(E,w) (pap) = 07

and one has

d

= w .
(Xu) ‘{PGH(E,W)\w(E,u)(P,P):O}z

Slightly more general, one has

{p € Hp ) | w(g,w)(p,p) # —0t ={p+c | pE T(/E,v)a ce R}

And the maps p € H(g . satisfying w(g .)(p, p) = —oc correspond to the ends of
the R-tree T( g q)-

Based on these considerations, an algorithm for analyzing distance data and for
constructing phylogenetic trees if those data fit exactly into trees and phyloge-
netic networks based on the T-construction if the data do not fit into a tree
has been developed jointly with D. Huson and others which is available via
http://bibiserv.techfak.uni-bielefeld.de/splits/ where also further ref-
erences can be found.
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