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Preface

The last ten years have witnessed the fact that geometry, topology, and algorithms
form a potent mix of disciplines with many applications inside and outside academia.
We aim at bringing these developments to a larger audience. This book has been
written to be taught, and it is based on notes developed during courses delivered
at Duke University and at the Berlin Mathematical School, primarily to students
of computer science and mathematics. The organization into chapters, sections,
and exercises reflects the teaching style we practice. Each chapter develops a major
topic and provides material for about two weeks. The chapters are divided into
sections, each a lecture of one and a quarter hours. An interesting challenge is the
mixed background of the audience. How do we teach topology to students with a
limited background in mathematics, and how do we convey algorithms to students
with a limited background in computer science? Assuming no prior knowledge and
appealing to the intelligence of the listener are good first steps. Motivating the
material by relating it to situations in different walks of life is helpful in building
up intuition that can cut through otherwise necessary formalism. Exposing central
ideas with simple means helps, and so does minimizing the necessary amount of
technical detail.

The material in this book is a combination of topics in geometry, topology, and
algorithms. Far from getting diluted, we find that the fields benefit from each other.
Geometry gives a concrete face to topological structures, and algorithms offer a
means to construct them at a level of complexity that passes the threshold necessary
for practical applications. As always, algorithms have to be fast because time is the
one fundamental resource humankind has not yet learned to manipulate for its selfish
purposes. Beyond these obvious relationships, there is a symbiotic affinity between
algorithms and the algebra used to capture topological information. It is telling that
both fields trace their names back to the writing of the same Persian mathematician,
al-Khwarizmi, working in Baghdad during the ninth century after Christ. Besides
living in the triangle spanned by geometry, topology, and algorithms, we find it
useful to contemplate the place of the material in the tension between extremes
such as local vs. global, discrete vs. continuous, abstract vs. concrete, and intrinsic
vs. extrinsic. Global insights are often obtained by a meaningful integration of local
information. This is how we proceed in many fields, taking on bigger challenges after
mastering the small ones. But small things are big from up close, and big things
are small from afar. Indeed, the question of scale lurking behind this thought is the
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driving force for much of the development described in this book. The dichotomy
between discrete and continuous structures is driven by opposing goals: machine
computation and human understanding. The tension between the abstract and the
concrete as well as between the intrinsic and the extrinsic has everything to do
with the human approach to knowledge. An example close to home is the step
from geometry to topology in which we remove the burdens of size to focus on the
phenomenon of connectivity. The more abstract the context the more general the
insight. Now, generality is good, but it is not a substitute for the concrete steps that
have to be taken to build bridges to applications. Zooming in and out of generality
leads to unifying viewpoints and suggests meaningful integrations where they exist.

While these thoughts have certainly influenced us in the selection of the material
and in its presentation, there is a long way to the concrete instantiation we call this
book. It consists of three parts and nine chapters. Part A is a gentle introduction
to topological thought. Discussing graphs in Chapter I, surfaces in Chapter II, and
complexes in Chapter 111, we gradually build up topological sophistication, always
in combination with geometric and algorithmic ideas. Part B presents classical ma-
terial from topology. We focus on what we deem useful and efficiently computable.
The material on homology in Chapter IV and duality in Chapter V is exclusively
algebraic. In the discussion of Morse theory in Chapter VI, we build a bridge to
differential concepts in topology. Part C is novel and the reason for why we wrote
this book. The main new concept is persistence, introduced in Chapter VII, and its
stability, discussed in Chapter VIII. Finally, we discuss applications in Chapter IX.

In a project like writing this book, there are many who contribute, directly or
indirectly. We want to thank all, but we don’t know where to begin. Above all, we
thank our colleagues in academia and industry, our students, and our postdoctoral
fellows for their ideas, criticism, and encouragement, and most of all for the sense
of purpose they instilled. We thank Duke University and IST Austria for provid-
ing the facilities and intellectual environment that allowed us to engage in the line
of research leading to this book. We thank the computer science and the math-
ematics departments at Duke University and the Berlin Mathematical School for
the opportunity to teach computational topology to their students. These courses
provided the motivation to develop the notes that turned into this book. We are
grateful to the funding agencies for nurturing the research that led to this book.
The National Science Foundation and the National Institute of Health generously
supported our collaborations with biochemists and biologists. Most of all, we thank
our program manager at the Defense Advanced Research Projects Agency, Ben-
jamin Mann, for his continued support and his enthusiasm for our research. Last
but not least, we thank Ina Mette for believing in this project and the staff at the
American Mathematical Society for making the steps toward the final product an
enjoyable experience.

Herbert Edelsbrunner and John L. Harer
Durham, North Carolina, 2009
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Chapter I

Graphs

In topology we think of a graph as a 1-dimensional geometric object, vertices being
points and edges being curves connecting these points in pairs. This view is dif-
ferent from but compatible with the interpretation of a graph common in discrete
mathematics where the vertices are abstract elements and the edges are pairs of
these elements. In more than one way, this book lives in the tension between the
discrete and the continuous, and graphs are just one example of this phenomenon.
We begin with the discussion of an intrinsic property, namely whether a graph is
connected or not. Indeed, this does not depend on where we draw the graph, on
paper or in the air. Following are extrinsic considerations about curves and graphs
in the plane and in 3-dimensional space. While the extrinsic questions are natural
to most people, the mathematician usually favors the intrinsic point of view since
it tends to lead to more fundamental insights of more general validity.

I.1 Connected Components

A theme that goes through this entire book is the exchange between discrete and
continuous models of reality. In this first section, we compare the notion of con-
nectedness in discrete graphs and continuous spaces.

Simple graphs. An abstract graph is a pair G = (V, E) consisting of a set of
vertices, V', and a set of edges, F, each a pair of vertices. We draw the vertices as
points or little circles and the edges as line segments or curves connecting the points.
The graph is simple if the edge set is a subset of the set of unordered pairs, £ C (‘2/),
which means that no two edges connect the same two vertices and no edge joins a
vertex to itself. For n = card V' vertices, the number of edges is m = card F < (g)
Every simple graph with n vertices is a subgraph of the complete graph, K, that
contains an edge for every pair of vertices; see Figure I.1.
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Figure I.1: The complete graph with five vertices, K5. It has ten edges which
form five crossings if drawn as sides and diagonals of a convex pentagon. The
four thick edges connect the same five vertices and form a spanning tree of the
complete graph.

In a simple graph, a path between vertices v and v can be described by a sequence
of vertices, u = ug, uy,ug, ..., ur = v, with an edge between u; and u;4; for each
0 <1i < k—1. The length of this path is its number of edges, k. Vertices can repeat,
allowing the path to cross itself or backtrack. The path is simple if the vertices in
the sequence are distinct, that is, u; # u; whenever ¢ # j.

DEFINITION. A simple graph is connected if there is a path between every pair of
vertices.

A (connected) component is a maximal subgraph that be connected. The smallest
connected graphs are the trees, which are characterized by having a unique simple
path between every pair of vertices. Removing any one edge disconnects the tree.
A spanning tree of G = (V, E) is a tree (V,T) with T' C E; see Figure 1.1. It has
the same vertex set as the graph and uses a minimal set of edges necessary to be
connected. This requires that the graph be connected to begin with. Indeed, a
graph is connected iff it has a spanning tree. An alternative characterization of a
connected graph can then be based on the impossibility to cut it in two.

DEFINITION. A separation is a non-trivial partition of the vertices; that is, V' =
UUW with U W # (), such that no edge connects a vertex in U with a vertex in
W. A simple graph is connected if it has no separation.

Topological spaces. We now switch to a continuous model of reality, the topo-
logical space. There are similarities to graphs, in particular if our interest is limited
to questions of connectedness. Starting with a point set, we consider a topology,
which is a way to define which points are near without specifying how near they
are from each other. Think of it as an abstraction of Euclidean space in which
neighborhoods are open balls around points. Concretely, a topology on a point set
X is a collection U of subsets of X, called open sets, such that
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(i) X is open and the empty set () is open;
(ii) if Uy and U, are open, then Uy N U, is open;

(iii) if U; is open for all ¢ in some possibly infinite, possibly uncountable, index set,
then the union of all the U; is open.

The pair (X, ) is called a topological space, but we will usually tacitly assume that I
is understood and refer to X as a topological space. Since we can repeat the pairwise
intersection, condition (ii) is equivalent to requiring that common intersections of
finitely many open sets be open.

To build interesting topologies, we start with some initial notion of which sets
might be open and then form appropriate combinations of these until the three
conditions are satisfied. A basis of a topology on a point set X is a collection
B of subsets of X, called basis elements, such that each x € X is contained in
at least one B € B and x € By N By implies there is a third basis element with
x € Bs C By N By. The topology U generated by B consists of all sets U C X for
which © € U implies there is a basis element x € B C U. This topology can be
constructed explicitly by taking all possible unions of all possible finite intersections
of basis sets. As an example consider the real line, X = R, and let B be the collection
of open intervals. This defines the usual topology of the real line. Note that the
intersection of the intervals (—%, —|—%), for the infinitely many integers k > 1, is the
point 0. This is not an open set, which illustrates the need for the restriction to
finite intersections.

We often encounter sets inside other sets, Y C X, and in these cases we can
borrow the topology of the latter for the former. Specifically, if ¢/ is a topology
of X, then the collection of sets YN U, for U € U, is the subspace topology of Y.
As an example consider the closed interval [0,1] € R. We have seen that the open
intervals form a basis for a topology of the real line. The intersections of open
intervals with [0, 1] form the basis of the subspace topology of the closed interval.
Note that the interval (1/2,1] is considered an open set in [0, 1], but it is not open
when considered as a set in R.

Continuity, paths, and connectedness. A function from one topological space
to another is continuous if the preimage of every open set is open. This is derived
from the concept of continuity familiar from calculus; for example the function
f R — R that maps (—o00,0] to 0 and (0,00) to 1 is not continuous because for
any 0 < e < 1, (—¢,¢) is open, but f~*((—¢,¢)) is not.

A path is a continuous function from the unit interval, v : [0, 1] — X. It connects
the point v(0) to the point (1) in X. Similar to paths in graphs, we allow for self-
intersections, that is, values s # t in the unit interval for which ~(s) = y(¢). If there
are no self-intersections, then the function is injective and the path is simple. Now
we are ready to adapt our first definition of connectedness to topological spaces.

DEFINITION. A topological space is path-connected if every pair of points is con-
nected by a path.
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There is also a counterpart of our second definition of connectedness. We formulate
it using open sets, and there is an equivalent formulation in terms of closed sets
which, by definition, are complements of open sets.

DEFINITION. A separation of a topological space X is a partition X = UUW
into two non-empty, open subsets. A topological space is connected if it has no
separation.

It turns out connectedness is strictly weaker than path-connectedness, although for
most spaces we will encounter they are the same. An example of a space that
is connected but not path-connected is the comb with a single tooth deleted. It
is constructed by gluing vertical teeth to a horizontal bar and finally deleting the
interior of the last tooth: taking the union of [0,1] x 0, 0 x [0, 1], % x [0, 1], for all
positive integers k, we finally delete 0 x (0,1). To construct a topology, we take the
collection of open disks as the basis of a topology on R? and we use the subspace
topology for the comb. This space is connected because it is the union of a path-
connected set and a limit point. It is not path-connected because no path from
anywhere else can reach 0 x 1.

Disjoint set systems. We return to graphs and consider the algorithmic question
of deciding connectedness. There are many approaches, and we present a solution
based on maintaining a disjoint set system. This particular algorithm has various
other applications, some of which will be discussed in later chapters of this book.
Using the integers from 1 to n as the names of the vertices, we store each component
of the graph as a subset of [n] = {1,2,...,n}. Adding the edges one at a time and
maintaining the system of sets representing the components, we find that the graph
is connected iff in the end there is only one set left, namely [n]. Formulated as an
abstract data type, we have two operations manipulating the system:

FIND(4): return the name of the set that contains i;

UNION(i,7): assuming ¢ and j belong to different sets in the system, replace the
two sets by their union.

We need the find operation to test whether ¢ and j indeed belong to different sets.
FEach successful union operation reduces the number of sets in the system by one.
Starting with n singleton sets, it therefore takes n — 1 union operations to get to a
single set. Since trees connecting the n vertices can be generated this way, we thus
have a proof that every tree with n vertices has m = n — 1 edges.

A standard data structure implementing a disjoint set system stores each set as
a tree embedded in a linear array, V[1..n]. Each node in the tree is equipped with a
pointer to its parent, except for the root which has no parent; see Figure 1.2. Who
is parent of whom is not important as long as the vertices are connected in a single
tree. We implement the find operation by traversing the tree upward until we reach
the root, reporting the root as the name of the set.
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Figure 1.2: Top: two trees representing two disjoint sets. Bottom: storing the
two trees in a linear array using an arbitrary ordering of the nodes.

int FIND(%)
if V[i].parent # null then return FIND(V[i].parent)
else return ¢
endif.

If 7 is not the root, then we find the root recursively and finally return it. Otherwise,
we return ¢ as the root. We implement the union operation by linking one root to
the other.

void UNION(%, j)
x = FIND(i); y = FIND(j);
if x # y then Vz].parent = y endif.

After making sure that the two sets are different, we assign one root as the parent
of the other.

Improving the running time. The above implementation is not very efficient,
in particular if we have long paths that are repeatedly traversed. To prevent this
from happening, we always link the smaller to the larger tree.
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void UNION(4, j)
x =FIND(i); y = FIND(j);
if x # y then
if Vz].size > V[y].size then z <> y endif;
V{z].parent =y
endif.

Now a tree of k nodes cannot have paths longer than log, k edges since the size of
the subtree grows by at least a factor of two each time we pass to the parent. To
further improve the efficiency, we compress paths whenever we traverse them. Here
it is convenient to assume that roots are identified by pointing to themselves.

int FIND(7)
if V'[i].parent # i then
return Vi].parent = FIND(V[i].parent)
endif;
return ¢.

If ¢ is not the root, then the function recursively finds the root, makes the root the
parent of i, reports the root, and exits. Otherwise, the function reports ¢ as the
root and exits.

In analyzing the algorithm, we are interested in the running time for executing
a sequence of m union and find operations. Finding tight bounds turns out to
be a difficult problem, and we limit ourselves to stating the result. Specifically,
if n is the number of vertices, then the running time is never more than some
constant times ma(n), where a(n) is the notoriously slow growing inverse of the
Ackermann function. Eventually, a(n) goes to infinity, but to reach even beyond
five, we need an astronomically large number of vertices, more than the estimated
number of electrons in our Universe. In other words, for all practical purposes the
algorithm takes constant average time per operation, but theoretically this is not a
true statement.

Bibliographic notes. Graphs are ubiquitous objects and appear in most disci-
plines. Within mathematics, the theory of graphs is considered part of combina-
torics. There are many good books on the subject, including the one by Tutte [142].
The basic topological notions of connectedness are treated in books on point-set or
general topology, including the text by Munkres [115]. The computational problem
of maintaining a system of disjoint sets, often referred to as the union-find problem,
is a classic topic in the field of algorithms. Solutions to it are known as union-find
data structures, and the most efficient of all is the up-tree representation main-
tained through weighted union and path-compression as explained in this section.
A complete description of the non-trivial analysis of the algorithm can be found in
the text by Tarjan [140].
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1.2 Curves in the Plane

In the previous section, we used paths to merge points into connected components.
To capture aspects of connectivity that go beyond components, we need different
maps.

Closed curves. We distinguish primarily between two kinds of (connected)
curves, paths and closed curves. As defined in the previous section, paths are
continuous maps from [0, 1] to X. Sometimes, a closed curve is defined as a path in
which 0 and 1 map to the same point. Usually, we will define a closed curve to be a
map from the unit circle, v : S' — X, where S! = {z € R? | ||z|| = 1}. This second
version emphasizes the important fact that paths and closed curves capture differ-
ent properties of topological spaces, since the interval and the circle are different
topological spaces. To make this precise, we call two topological spaces homeo-
morphic or topologically equivalent if there exists a continuous bijection from one
space to the other whose inverse is also continuous. A map with these properties is
called a homeomorphism. Notice that a homeomorphism between two spaces gives
a bijection between their open sets. The unit interval and the unit circle are not
homeomorphic. Indeed, removing the midpoint decomposes the interval into two
components while removing any point leaves the circle connected. This contradicts
the existence of a bijection that is continuous in both directions.

Figure 1.3: The shaded inside and the white outside of a simple closed curve
in the plane.

Considering maps into the Euclidean plane, X = R?, it makes sense to distinguish
curves with and without self-intersections. A simple closed curve is a curve without
self-intersections, that is, a continuous injection v : S! — R2. Interestingly, every
such curve decomposes the plane into two pieces, one on each side of the curve, as
in Figure 1.3.

JORDAN CURVE THEOREM. Removing the image of a simple closed curve from R?
leaves two connected components, the bounded inside and the unbounded outside.
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The inside together with the image of the curve is in fact homeomorphic to a closed
disk.

This may seem obvious, but proving it is challenged by the generality of the claim
which is formulated for all and not just smooth or piecewise linear simple closed
curves. There are reasons to believe that there is no simple proof for such a general
claim. The fact that the inside together with the curve is homeomorphic to the
closed disk, B? = {x € R? | ||z|| < 1}, is known as the Schénflies Theorem. The
Jordan Curve Theorem remains valid if we replace the plane by the sphere, S? =
{z € R? | ||lz|| = 1}, but not if we replace it by the torus. The Schéflies Theorem
as stated is false in dimension higher than two.

Parity algorithm. Given a simple closed curve in the plane, a fundamental com-
putational question asks whether a given query point € R? lies inside, on, or
outside the curve. To write an algorithm answering this question, we assume a fi-
nite approximation of the curve. For example, we may specify « at a finite number
of points and interpolate linearly between them. The result is a closed polygon; see
Figure 1.4. It is simple if it is a closed curve itself. To decide whether the point z

Figure 1.4: Approximation of the simple closed curve in Figure 1.3 by a simple
closed polygon. The point z lies inside the polygon and the half-line crosses
the polygon an odd number of times.

lies inside such a simple closed polygon, we draw a half-line emanating from x and
count how often it crosses the polygon. Assuming x does not lie on the polygon, it
lies inside if the number of crossings is odd and outside if that number is even, hence
the name Parity Algorithm. In the implementation of this idea, we let @ = (x1,x2)
be the query point and a = (ay,az), b = (b1, b2) the endpoints of an edge of the
polygon. We assume the generic case in which no three points are collinear and no
two lie on a common vertical or horizontal line. To simplify the code, we choose
the horizontal half-line leaving = toward the right and we assume that a is below
b, that is, as < bs. We first make sure that the entire horizontal line crosses the
edge, which we do by testing as < xo < by. If it does, then we test whether the
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crossing lies to the left or the right of the query point. To this end we compute the
determinant of the matrix

1 xr1 T2
A(z,a,b) = 1 ay az |,
1 b by

which is positive iff the sequence of points z, a, b forms a left-turn. To see this, we
verify the claim for 2 = (0,0), a = (1,0), b = (0,1) and then notice that the sign of
the determinant switches exactly when the three points become collinear. We use
this fact to decide whether the half-line crosses the edge:

boolean DOESCROSS(z, a,b)
if not as < w3 < by then return FALSE endif;
return det A(x,a,b) > 0.

Now we run this test for all edges and this way count the crossings. The trouble with
this implementation is the non-generic cases. We finesse them using two infinitesi-
mally small, positive numbers 0 < &1 < ¢2 and substituting 2’ = (x1 + &1, 22 + €2)
for . A generic case for z is generic for 2/, and we get the same decision for both
points. A non-generic case for z is generic for z’, and we use the decision for z’.

Polygon triangulation. Sometimes it is useful to have a more structured repre-
sentation of the inside of the polygon, for example for navigation to find the exit
out of a maze. The most common such structural representation is a triangulation
which is a decomposition into triangles. Here we require that the triangles use the
vertices of the polygon but do not introduce new ones. Furthermore, they use the
edges of the polygon together with diagonals, which are new edges that connect
non-adjacent vertices of the polygon. The diagonals are required to pass through
the inside and not cross any other diagonals and any polygon edges; see Figure 1.5.

Figure 1.5: A triangulation of the polygon in Figure I.4. Each diagonal passes
from one side of the inside to the other.
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To prove that a triangulation always exists, we just need to show that there is
at least one diagonal, unless the number of edges in the polygon is n = 3. Indeed,
we may consider the leftmost vertex, b, of the polygon. Either we can connect its
two neighbors, a and ¢, or we can connect b to the leftmost vertex u that lies inside
the triangular region abc. Drawing this diagonal decomposes the n-gon into two, an
ni-gon and an ng-gon. We have ny + no = n + 2, and since both are at least three,
we also have ni,ne < n. We can thus use induction to complete the proof. The
same inductive argument shows that there are n — 3 diagonals and n — 2 triangles,
no matter how we triangulate. This is suggestive. Indeed, we can think of the
triangles as the nodes and the diagonals as the arcs of a tree. Since every tree with
n — 2 > 2 nodes has at least one leaf, that is, a node with only one neighbor, every
triangulation has an ear, that is, a triangle formed by one diagonal and two polygon
edges. Incidentally, this is another property that does not generalize to tetrahedral
decompositions in R3.

Winding number. We return to a general, not necessarily simple, closed curve
v : St = R2. Let 2 be a point not in the image of the curve. Suppose we traverse y
and view the moving point from x. Specifically, we let s go once around the circle
and observe the unit vector (y(s)—x)/||v(s) — z|| rotate about the origin. When the
vector completes a full turn, we count +1 or —1 depending on whether this turn is
counterclockwise or clockwise. The sum of these numbers is the winding number of
~ and x, denoted as W (~, ). It is necessarily an integer and gives the net number
of counterclockwise turns we observe. If v is simple, then the points inside the curve
all have the same winding number, —1 or +1. To reduce this to one case, we may
reorient the curve, e.g. by reflecting the unit circle along the horizontal coordinate
axis, and get

B +1 if x is inside;
W(y,z) = { 0 if z is outside.

However, for non-simple curves we can get winding numbers of absolute value larger
than one; see Figure 1.6. Suppose we move z in the plane. As long as it does
not cross the curve, the winding number does not change. Crossing the curve
changes the winding number, namely by —1 if we cross from left to right and by
+1 if we cross from right to left. But this implies that at least two regions in
the decomposition defined by ~ have their boundary arcs consistently oriented.
Specifically, the neighbors of a region with locally maximum winding number all
have winding number one less, so the region lies to the left of all its boundary arcs.
Similarly, a region with locally minimal winding number lies to the right of all its
boundary arcs.

Bibliographic notes. The Jordan Curve Theorem is well known also beyond
topology, in part because it seems so obvious but at the same time is difficult to
prove. The theorem is named after Camille Jordan, who was the first to present a
proof in 1882. This proof was later found to be incorrect, and the first satisfactory
proof is due to Veblen [145]. We refer to [151] for a more recent discussion of the
result.
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Figure 1.6: An oriented non-simple closed curve with regions distinguished by
the winding number of their points.

The difficulties encountered in the implementation of the Parity Algorithm for
locating a point inside or outside a closed polygon have been voiced in [71]. A
provably correct implementation can be achieved with exact arithmetic and sym-
bolic perturbation as described in [62]. Triangulations of simple closed polygons
in the plane have been studied in computational geometry. Constructing such a
triangulation in time proportional to the number of vertices seems rather difficult
and the algorithm by Chazelle [32] that achieves this feat is not recommended for
implementation.

I.3 Knots and Links

In this section, we study closed curves in 3-dimensional Euclidean space and ques-
tions how they relate to each other and to themselves.

Knots. A closed curve embedded in R? does not decompose the space, but it
can be tangled up in inescapable ways. The field of mathematics that studies
such tangles is knot theory. Its prime subject is a knot which is an embedding
% : St — R3, that is, an injective, continuous function that is a homeomorphism
onto its image. It turns out that any injective, continuous function from S* to R? is
an embedding, but this is not true for general domains. Another knot is equivalent
to k if it can be continuously deformed into x without crossing itself during this
process. Equivalent knots are considered the same. The simplest knot is the unknot,
also known as the trivial knot, which can be deformed to a geometric circle in R3.
Two other and only slightly tangled up knots are the trefoil knot and the figure-
eight knot, both illustrated in Figure 1.7. A subtlety in the definition of equivalence
is that deformations in which knotted parts disappear in the limit are not allowed.
It is therefore useful to think of knots as curves with small but positive thickness,
similar to shoelaces and ropes.
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-

Figure I.7: From left to right: the unknot, the trefoil knot, and the figure-eight
knot. The trefoil knot is tricolored.

Reidemeister moves. Let us follow a deformation of a knot by drawing its pro-
jections to a plane, keeping track of the underpasses and overpasses at crossings.
We are primarily interested in generic projections defined by the absence of any
violations to injectivity, other than a discrete collection of double points where the
curve crosses itself in the plane. In a generic deformation, we observe three types of
non-generic projections that transition between generic projections, which are illus-
trated in Figure 1.8. It is plausible and also true that any two generic projections
of the same knot can be transformed into each other by Reidemeister moves.

=Pl - P LAY

Type I Type I Type III

Figure 1.8: The three types of Reidemeister moves.

It seems clear that the trefoil knot is not equivalent to the unknot, and there is
indeed an elementary proof using Reidemeister moves. Call a piece of the knot from
one underpass to the next a strand. A tricoloring of a generic projection colors each
strand with one of three colors such that

(i) at each crossing either three colors or only one color come together;

(ii) at least two colors are used.

Figure 1.7 shows that the standard projection of the trefoil knot is tricolorable. A
useful property of Reidemeister moves is that they preserve tricolorability; that is,
the projection before the move is tricolorable iff the projection after the move is
tricolorable.

TyPE I. Going from left to right in Figure 1.8, we use the same one color, and going
from right to left, we observe that we have only one color coming together at
the crossing.

TypE II. From left to right we have two possibilities, either using only one color
or going from two to three colors. The reverse direction is symmetric.
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Figure 1.9: The different cases in the proof that the Type III Reidemeister
move preserves tricolorability. In each case there is only one new strand whose
color can be chosen anew.

TypE III. There are five cases to be checked, all shown in Figure 1.9.

The trefoil knot is tricolorable and the unknot is not tricolorable. It follows that
the two are not equivalent. It is not difficult to see that the figure-eight knot is
not tricolorable. This implies that the trefoil knot and the figure-eight knot are
different, but the method is not powerful enough to distinguish the figure-eight
from the unknot.

Links. A link is a collection of two or more disjoint knots. Equivalence between
links is defined the same way as between knots, and Reidemeister moves again
suffice to go from one generic projection to another. A disjoint plane splits a link if
there are knots on both sides. A link is splittable if an equivalent link has a splitting
plane. The wunlink or trivial link of size two consists of two unknots that can be
split, like the two circles in Figure 1.10 on the left. The easiest non-splittable link
consisting of two unknots is the Hopf link, which is shown in Figure I.10 in the
middle. We can again use tricolorability to prove that the Hopf link is different

OO D e

Figure 1.10: From left to right: the unlink, the Hopf link, and the Whitehead link.

from the unlink. Alternatively, we may count the crossings between the two knots,
K and A, counting with a sign. Specifically, we orient each knot arbitrarily and we
look at each crossing locally. If the underpass goes from the left of the overpass to
its right, then we count +1, and otherwise we count —1. Letting x be a crossing
and sign(x) be plus or minus 1 as explained, the linking number is half the sum of
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these numbers over all crossings:
1
Lk(k,\) = 3 ET sign(z).

Changing the orientation of one knot but not the other has the effect of reversing
the sign of the linking number. Clearly, Reidemeister moves do not affect the linking
number. Since the linking number of the unlink is zero and that of the Hopf link
is plus or minus 1, we have another proof that the two links are different. An easy
link that is not splittable but has vanishing linking number is the Whitehead link
in Figure 1.10. It consists of two unknots but cannot be tricolored, which implies
that it is not splittable.

Writhing number. Next we introduce a number that measures how contorted
the curve is in space. Let x : R! — R? be a knot and assume that it is smooth
and its tangent vector &(s) is non-zero for every s. Projecting along a direction
u € S?, we get a closed curve in the plane. Assuming the projection is generic,
we distinguish underpass from overpasses and count each crossing plus or minus 1
time, as before. However, different from the case of the linking number, we count
crossings that the curve makes with itself and we do not divide by two. The sum of
these numbers is the directional writhing number, DWr(k,u). The writhing number
is the average over all directions. This is the integral of the directional writhing
number over all directions divided by the area of the unit sphere:

1

Wr(k) = — DWr(k, u) du.

am u€S?
The directions with non-generic projections form only a measure zero subset of the
sphere. We therefore make no mistake when we average only over all generic pro-
jections. In contrast to the linking number, the writhing number is not necessarily
an integer and it depends on the exact shape of the curve. Besides the shape it also
captures topological information, as we will see shortly.

A good motivation for studying the writhing number comes from molecular biol-
ogy and, more specifically, the shape of DNA within the cell. Modeling its double-
helix structure with a constant width ribbon, we are interested in the writhing
number of the center axis, k. The boundary of the ribbon consists of two closed
curves. We need only one, A : S' — R3. In the case of DNA, )\ twists and turns
around k. Intuitively, the twisting number is the average motion of A relative to
k. To formalize this idea, we assume that the center axis and the boundary curve
are one unit of length apart and parametrized such that A(s) — x(s) has unit length
and is normal to the center axis. We construct a frame of mutually orthogonal
unit vectors consisting of the tangent vector at s, T'(s) = &(s)/||%(s)]|, the normal
vector connecting the two curves, N(s) = A(s) — (s), and the binormal vector,
B(s) = T(s) x N(s). Using this frame, the twisting number is the average length
of the projection of the derivative of the normal vector onto the binormal vector:

1

Tw(k,\) = o )
sE

(N(s),B(s))ds.
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This number may be interpreted as the number of local crossings between x and A,
counted with a sign and averaged over all directions v € S2. To make sense of the
idea of a local crossing, we use a limit process in which the distance between x and
A goes to zero. Details are omitted. Similarly, the writhing number of x may be
interpreted as the number of global crossings between k and A, again counted with
a sign, averaged over all directions, and in the limit when the separation between
the knots goes to zero. Since the linking number counts all crossings, we get a
relationship between the three measures, which we state without formal proof.

CALUGAREANU-WHITE FORMULA. Let x be a smooth closed curve in R? and A

one of the two boundary curves of a ribbon centered along x. Then Lk(k,\) =
Tw(k, A) + Wr(k).

Relation to winding number. The writhing number of a space curve is related
to the winding number of the curve of critical directions. It is defined such that the
directional writhing number remains unchanged as long as we move u on the sphere
of directions without crossing the curve and it changes as soon as we cross the curve.
The only Reidemeister move that affects the directional writhing number is Type
I. The curve of critical directions is therefore traced out by the unit tangent vector
and its negative, T, —T : S! — S2. In other words, we have two curves decomposing
the sphere into maximal faces of invariant directional writhing number. It will be
convenient to identify antipodal points on the sphere and think of a direction as
a pair (u, —u). Formally, this means we replace the sphere by the 2-dimensional
projective plane, but we don’t have to be this formal yet. The pair (u, —u) crosses
the curve T iff u crosses T or —7T..

+1 0 0 -1
Figure 1.11: The change of the viewpoint from u to u’ is indicated on the
sphere of directions. On the left, this removes a positive crossing, and on the
right, this adds a negative crossing. The effect is the same, namely a decrease
in the directional writhing number by one. It remains the same even if the
curves change their orientation.

Recall that the winding number is defined for a closed curve and a point in the
plane. Here we have a closed curve and an antipodal point pair on the sphere.
Assuming u and —u are not on the curve, we let the winding number be the net
number of counterclockwise turns formed by 7" around the directed line defined by
u. We use the same notation as in the plane, denoting this number by W (T, u).
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Here we define counterclockwise as seen by looking in the direction u. Figure
1.11 illustrates the situation in which —u crosses T from its left to its right. The
winding number of 7" and (u, —u) thus decreases by 1, as the directional writhing
number. Indeed, the two change in synchrony in all cases, and we have DWr(k, ug)—
DWr(k,u) = W(T,ug) — W(T,u) for all ug,u € S?. As a consequence, the average
winding number differs from the average directional writhing number by an integer.
Integrating the above relation over all directions of the sphere gives DWr(k,ug)
minus Wr(k) on the left and W (k,up) minus the average winding number on the
right. Hence,

1
Wr(k) = DWr(k,up) — W(k,up) + i ). W (k,u) du.
ueS?

Bibliographic notes. Knots and links have been studied for centuries, and there
are a number of excellent books on the subject, including the text by Adams [2].
Motivation for studying the writhing number of a space curve and the twisting num-
ber of a ribbon is derived from the double-helix structure of DNA whose discovery
is comparably recent [154]. These numbers measure how wound up, locally and
globally, DNA is within the cell [15]. The noteworthy relation between writhing,
twisting, and linking numbers has been discovered independently by Calugareanu
[25], Fuller [74], Pohl [119], and White [156]. The relationship to the winding num-
ber has been described in [4] and has been used to give an algorithm that computes
the writhing number of a closed space polygon in subquadratic time.

I.4 Planar Graphs

Only graphs with relatively few edges can be drawn without crossings in the plane.
We consider properties that distinguish such graphs from others. We also prove
Tutte’s Theorem which implies that every graph that can be drawn without crossing
can also be drawn this way with straight edges.

Embeddings. Let G = (V, E) be a simple, undirected graph. A drawing maps
every vertex u € V to a point f(u) in R?, and it maps every edge uv € E to a
path with endpoints f(u) and f(v). The drawing is an embedding if the points
are distinct, the paths are simple and do not cross each other, and incidences are
limited to endpoints. It is a straight-line embedding if, in addition, all edges are
straight line segments. Not every graph can be drawn without crossings. The graph
is planar if it has an embedding in the plane. As illustrated in Figure 1.12 for the
complete graph of four vertices, there are many drawings of a planar graph, some
with and some without crossings. A face of an embedding is a component in the
defined decomposition of the plane. We write n = card V', m = card E, and ¢ for
the number of faces. Euler’s formula is a linear relation between these numbers.

EULER RELATION FOR PLANAR GRAPHS. Every embedding of a connected
graph in the plane satisfies n —m + £ = 2.
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Figure 1.12: Three drawings of K4. From left to right: a drawing that is
not an embedding, an embedding with one curved edge, and a straight-line
embedding.

PROOF. Choose a spanning tree of G = (V, E). It has n vertices, n — 1 edges, and
one face. We have n — (n — 1) + 1 = 2, which proves the formula if G is a tree.
Otherwise, draw the remaining edges, one at a time. Each edge decomposes one
face into two, thus maintaining the relation by increasing both the number of edges
and the number of faces by one.

If the graph has more than one connected component, then the right-hand side
of the equation is replaced by one plus that number. Note that the Euler Relation
implies that the number of faces is the same for all embeddings and is therefore a
property of the graph. We get bounds on the number of edges and faces, in terms of
the number of vertices, by considering mazimally connected planar graphs for which
adding any one edge would violate planarity. Every face of a maximally connected
planar graph with three or more vertices is necessarily a triangle, for if there is a
face with more than three edges, we can add a path that crosses none of the earlier
paths. Let n > 3 be the number of vertices, as before. Since every face has three
edges and every edge belongs to two triangles, we have 3/ = 2m. We use this
relation to rewrite the Euler Relation: n—m+ 2Tm =2and n— 37[ + ¢ = 2 and hence
m = 3n — 6 and ¢ = 2n — 4. Every planar graph can be completed to a maximally
connected planar graph, which implies that it has at most these numbers of edges
and faces.

Non-planarity. We can use the Euler Relation to prove that the complete graph
of five vertices and the complete bipartite graph of three plus three vertices are not
planar. Consider first K5, which is drawn in Figure 1.13, left. It has n = 5 vertices
and m = 10 edges, contradicting the upper bound of at most 3n — 6 = 9 edges

Figure 1.13: K5 on the left and K33 on the right, each drawn with the un-
avoidable one crossing.
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for maximally connected planar graphs. Consider second K33, which is drawn in
Figure 1.13, right. It has n = 6 vertices and m = 9 edges. Each cycle has even
length, which implies that each face of a hypothetical embedding has four or more
edges. We get 4¢ < 2m and m < 2n — 4 = 8 after plugging the inequality into the
Euler Relation, again a contradiction.

In a sense, K5 and K3 3 are the quintessential non-planar graphs. Two graphs are
homeomorphic if one can be obtained from the other by a sequence of operations,
each deleting a degree-2 vertex and merging their two edges into one or doing the
inverse.

KurAaTOWSKI THEOREM. A simple graph is planar iff no subgraph is homeomor-
phic to K5 or to K3 3.

The proof of this result is omitted. The remainder of this section focuses on straight-
line embeddings of planar graphs.

Convex combinations. Two points ay # a; define a unique line that passes
through both. Each point on this line can be written as = (1 — t)ag + tay, for
some t € R. For t =0 we get x = ag, for t =1 we get x = a1, and for 0 <t < 1 we
get a point in between. If we have more than two points, we repeat the construction
by adding all points y = (1 —t)x + tas for which 0 < ¢ <1, and so on, as illustrated
in Figure I.14. Given k41 points ag, aq, ..., ar, we can do the same construction in

Figure 1.14: From left to right: the construction of the convex hull of five
points by adding one point at a time.

one step, calling a point = = Z?:o t;a; a convex combination of the a; if Zi;o ti=1
and t; > 0 for all 0 <7 < k. The set of convex combinations is the convex hull of
the a;.

We are interested in graphs that arise as edge-skeletons of triangulations of the
disk, like the one in Figure I.15. Letting G = (V, E) be such a graph, we distinguish
edges and vertices on the boundary from the ones in the interior of the disk. When
we embed G in R?, we make sure that the boundary edges and vertices map to
the boundary of the outer face. Since we only consider straight-line embeddings, it
suffices to study mappings of the vertex set into the plane. We call f : V — R? a
strictly convexr combination mapping if for every interior vertex u € V there are real
numbers ty,, > 0 with Y~ ¢y, = 1and f(u) = Y, tus f(v), where both sums are over
all neighbors v of u. In words, every interior vertex maps to a point in the interior of
the convex hull of the images of its neighbors. We will repeatedly use this mapping
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in combination with a linear function h : R? — R defined by h(z) = (z,p) + ¢,
where p € R? is a non-zero vector and c is a real number. Composing f with h, we
get h(f(u)) = >, tuwh(f(v)). In words, the value we get for u is the same strictly
convex combination of the values for its neighbors.

Straight-line embeddings. Suppose we have a straight-line embedding of G in
which the boundary edges map to the boundary of the outer face. Then every
interior vertex lies inside the cycle connecting its neighbors. It follows that this
embedding defines a strictly convex combination mapping. We now show that the
reverse is also true provided the boundary vertices map to the corners of a strictly
convex polygon.

TUTTE’S THEOREM. Let G = (V, E) be the edge-skeleton of a triangulation of
the disk and f : V — R? a strictly convex combination mapping that maps the
boundary vertices to the corners of a strictly convex polygon. Then drawing straight
edges between the images of the vertices gives a straight-line embedding.

We will give the proof in three steps, which we now prepare with two observations.
A separating edge of G is an interior edge that connects two boundary vertices. It is
convenient to assume that G has no separating edge, but if it does, we can split the
graph into two and do the argument for each piece. Call a path in G interior if all
its vertices are interior except possibly the first and the last. Under the assumption
of no separating edge, every interior vertex u can be connected to every boundary
vertex by an interior path. Indeed, we can find an interior path that connects u to
a first boundary vertex w. Let wy and w; be the neighboring boundary vertices.
Since none of the edges separate, the neighbors of w form a unique interior path
connecting wgy to wy. It follows that there is an interior path connecting u to wy.
By repeating the argument, substituting wqy for w, we eventually see that u has
interior paths to all boundary vertices.

Secondly, suppose that h o f takes its maximum at an interior vertex, u. Since
ho f(u) is a strictly convex combination of the values the neighbors, we conclude
that ho f(v) = ho f(u) for all neighbors v of u. We can iterate and because of the
mentioned interior path property we eventually reach every vertex. It thus follows
that h o f has the same value at all vertices of G. We refer to this observation as
the mazimum principle and to its symmetric version as the minimum principle.

Proof of Tutte’s Theorem. We now present the proof in three steps. First, all
interior vertices u of V' map to the interior of the strictly convex polygon whose
corners are the images of the boundary vertices. To see this, choose p € R? and
¢ € R such that the line h~*(0) defined by h(z) = (z,p)+c contains a boundary edge
and h(f(w)) > 0 for all boundary vertices other than the endpoints of that edge.
Then h(f(u)) > 0; otherwise, the minimum principle would imply h(f(v)) = 0 for
all vertices. Repeating this argument for all edges of the convex polygon implies
that all interior vertices u have f(u) in the interior of the polygon. This implies in



29 I GRAPHS

particular that each triangle incident to a boundary edge is non-degenerate, that
is, its three vertices are not collinear.

Second, letting yuv and zuv be the two triangles sharing the interior edge wv
in G, the points f(y) and f(z) lie on opposite sides of the line h~1(0) that passes
through f(u) and f(v). To see this, assume h(f(y)) > 0 and find a strictly rising
path connecting y to the boundary. It exists because h(f(y)) > h(f(u)), so one of
the neighbors of y has strictly larger function value, and the same is true for the
next vertex on the path, and so on. Since h(f(y)) > 0, both v and v have neighbors
for which h o f is negative. So we can find a strictly falling path connecting u to
the boundary and the same for v, as illustrated in Figure 1.15. The rising path

Figure 1.15: One strictly rising and two strictly falling paths connecting y, u,
and v to the boundary.

does not cross the falling paths, but the two falling paths may share a vertex, as in
Figure 1.15. In either case, we get a piece of the triangulation bounded by vertices
with non-positive function values. Other than v and v, all other vertices in this
boundary have strictly negative function values. If z belongs to the boundary of
this piece, then it has strictly negative function value simply because it differs from
w and v. Otherwise, it belongs to the interior of the piece, and we have h(f(z)) <0
by the maximum principle. We note that this argument uses h(f(y)) > 0 in an
essential manner. To show that this assumption is justified, we connect yuv by a
sequence of triangles until we reach a boundary edge. In this sequence, any two
contiguous triangles share an edge. As observed in the first step, the image of the
last triangle is non-degenerate. Going backward, this implies that the image of the
second to the last triangle is non-degenerate, and so on. Finally, the image of yuwv
is non-degenerate, as required.

Third, no two of the edges cross. To get a contradiction, assume z is a point in
the common interiors of two edges, uv and u/v’. Choose a half-line that emanates
from z and avoids the images of all vertices. Since the vertices y and z that form
triangles with uv map to opposite sides of the line passing through f(u) and f(v),
the half-line intersects exactly one of the edges yu, yv, zu, zv. Continuing along the
half-line, we get a sequence of edges starting with wv and ending with a boundary
edge. Similarly, the half-line defines another sequence of edges starting with u'v’
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and ending with the same boundary edge. Going back in both sequences, we pass
from one edge to an unambiguously defined preceding edge. Since we start with
the same boundary edge, we get uv = u/v’. This completes the proof of Tutte’s
Theorem.

Constructing straight-line embeddings. Tutte’s Theorem leads to a simple
algorithm for constructing a straight-line embedding of a planar graph. For sim-
plicity, we assume that it is the edge-skeleton of a triangulation of the disk and that
none of its edges separates. We reindex such that wy to uy are ordered along the
boundary of the outer face and uy41 to u, are the interior vertices of the graph.
First, we set f(u;) = (cos(2im/k),sin(2in/k)), for 1 < i < k, to place the bound-
ary vertices in order on the unit circle in the plane. They form the corners of a
strictly convex polygon, as required. Expressing the image of each interior vertex
as a strictly convex combination of the images of its neighbors, we write

flug) = dijZf(vL

for each k+1 < j < n, where d; is the degree of u; and the sum is over all neighbors
v of u; in the graph. We get a system of n — k linear equations in n — k unknowns,
the images of the interior vertices. Writing the system in matrix form, we get one
non-zero coefficient for each interior vertex and two more for each edge connecting
two interior vertices. By the Euler Relation, the number of edges is less than
3n. If follows that the system is sparse with fewer than 7n non-zero coefficients.
It thus permits efficient methods to find the solution, which by Tutte’s Theorem
corresponds to a straight-line embedding of the graph.

Bibliographic notes. Graphs that can be drawn in the plane without crossings
arise in a number of applications, including geometric modeling, geographic infor-
mation systems, and others. We refer to [117] for a collection of mathematical and
algorithmic results specific to planar graphs. The fact that all planar graphs have
straight-line embeddings has been known long before Tutte’s Theorem. Early last
century, Steinitz showed that every 3-connected planar graph is the edge-skeleton
of a convex polytope in R3 [137]. This skeleton can be projected to R? to give a
straight-line embedding. In the 1930s, Koebe proved that every planar graph is the
intersection graph of a collection of possibly touching but not otherwise overlapping
closed disks in R? [95]. We get a straight-line embedding by connecting the centers
of the touching disks. The original theorem by Tutte is for coefficients ¢, equal to
one over the degree of u [141]. The more general version and the proof presented
in this section are fashioned after the more recent paper by Floater [68]. Efficient
numerical methods for solving systems of linear equations can be found in the linear
algebra text by Strang [139].
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Exercises

The credit assignment reflects a subjective assessment of difficulty. A typical ques-
tion can be answered using knowledge of the material combined with some thought
and analysis.

1. Deciding connectivity (two credits). Given a simple graph with n vertices
and m edges, the disjoint set system takes time proportional to (n + m)a(n)
to decide whether or not the graph is connected.

(i) Describe a different algorithm that makes the same decision in time pro-
portional to n + m.

(ii) Modify the algorithm so it computes the connected components in time
proportional to n + m.

2. Shelling disks (two credits). Consider a triangulation of a simple closed poly-
gon in the plane, but one that may have interior vertices inside the polygon. A
shelling is a total order of the triangles such that the union of the triangles in
any initial sequence is homeomorphic to a closed disk. Prove that every such
triangulation has a shelling.

3. Jordan curve (one credit). Recall the Jordan Curve Theorem, which says that
every simple closed curve in the plane decomposes R? into two components.

(i) Show the same is true for a simple closed curve on the sphere, S? = {x €
R? | fl=f| = 1}.

(ii) Give an example that shows the result does not hold for simple closed
curves on the torus.

4. Homeomorphisms (one credit). Give explicit homeomorphisms to show that
the following spaces with topologies inherited from the respective Euclidean
spaces that contain them are homeomorphic:

e R!' =R, the real line;
e (0,1), the open interval;
e S —{(0,1)}, the circle with one point removed.

Generalize your homeomorphisms to show the same for the Euclidean plane,
the open disk, and the sphere with one point removed.

5. Splitting a link (two credits). Prove that the Borromean rings shown in Figure
1.16 on the left are not splittable.

6. Deforming a link (two credits). Use Reidemeister moves to demonstrate that
the two links in Figure .16 in the middle and on the right are equivalent.

7. Planar graph coloring (two credits). Recall that every planar graph has a
vertex of degree at most five. We can use this fact to show that every planar
graph has a vertex 6-coloring, that is, a coloring of each vertex with one of six
colors such that any two adjacent vertices have different colors. Indeed, after
removing a vertex with fewer than six neighbors we use induction to 6-color
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Figure 1.16: Left: any two of the three knots of the Borromean rings can be
split but are held together by the third knot. Right: two generic projections
of the Whitehead link.

the remaining graph, and when we put the vertex back, we choose a color that
differs from the colors of its neighbors. Refine the argument to prove that every
planar graph has a vertex 5-coloring.

8. Edge coloring (three credits). We color each edge of a maximally connected
planar graph with one of three colors such that each face (triangle) has all three
colors in its boundary.

(i) Show that a 4-coloring of the vertices implies a 3-coloring of the edges.
(ii) Show that a 3-coloring of the edges implies a 4-coloring of the vertices.

In other words, proving that every planar graph has a vertex 4-coloring is
equivalent to proving that every triangulation in the plane has an edge 3-
coloring.






Chapter 11

Surfaces

The most common 2-dimensional spaces are 2-manifolds, or surfaces, which come
in two varieties: with and without boundary. We usually envision them put into
3-dimensional space, sometimes with and preferably without self-intersections. Not
all surfaces can be embedded in 3-dimensional Euclidean space and self-intersections
are unavoidable, but often they are accidental. Indeed, choosing a nice embedding
of a surface in space is an interesting computational problem. We address this
question for surfaces made out of triangles.

II.1  2-dimensional Manifolds

In our physical world, the use of the term surface usually implies a 3-dimensional,
solid shape of which this surface is the boundary. In mathematics, the solid shape
is not assumed, and we discuss surfaces in their own right. Indeed, there are closed
surfaces that are not the boundary of any solid shape. They are non-orientable and
do not embed into 3-dimensional Euclidean space, which is why our intuition for
them is lacking.

Topological 2-manifolds. Consider the open disk of points at distance less than
one from the origin, D = {z € R? | |lz|| < 1}. It is homeomorphic to R?, as
for example established by the homeomorphism f : D — R? defined by f(z) =
x/(1—||=]|). We will call any subset of a topological space that is homeomorphic to
D an open disk. A 2-manifold (without boundary) is a topological space M whose
points all lie in open disks. Intuitively, this means that M looks locally like the
plane.

M is compact if for every covering of M by open sets, called an open cover, we
can find a finite number of the sets that cover M. We say that the open cover
always has finite subcover. Examples of non-compact 2-manifolds are R? itself
and open subsets of R?. Examples of compact 2-manifolds are shown in Figure

27
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II.1, top row. We get 2-manifolds with boundary by removing open disks from 2-
manifolds without boundary. Alternatively, we could require that each point have a
neighborhood homeomorphic to either D or D, the half-disk obtained by removing
all points with negative second coordinate from D. The boundary of a 2-manifold
with boundary consists of all points & whose neighborhoods are homeomorphic to
D, . Within the boundary, the neighborhood of every point x is an open interval,
which is the defining property of a 1-manifold, or curve. There is only one type of
connected, compact 1-manifold, namely the closed curve. Following the practice of
considering topologically equivalent spaces the same, we will therefore often refer
to a closed curve as a circle. If M is compact, this implies that its boundary is a
collection of circles. Examples of 2-manifolds with boundary are the (closed) disk,
the cylinder, and the Mobius strip, all illustrated in Figure II.1, bottom row.

Lo

> & &3

Figure I1.1: Top from left to right: the sphere, S?, the torus, T2, the double
torus, T?#T2. Bottom from left to right: the disk, the cylinder, the Mobius
strip.

We get new 2-manifolds from old ones by gluing them to each other. Specifically,
remove an open disk from each of two 2-manifolds, M and N, find a homeomorphism
between the two boundary circles, and identify corresponding points. The result is
the connected sum of the two manifolds, denoted as M#N. Forming the connected
sum with the sphere does not change the manifold since it just means replacing one
disk by another. Adding the torus is the same as attaching the cylinder at both
boundary circles after removing two open disks.

Orientability. Of the examples we have seen so far, the Mdbius strip has the
curious property that it seems to have two sides locally at every interior point
but there is only one side globally. To express this property intrinsically, that is,
without reference to the embedding in R?, we consider a small, oriented circle inside
the strip. We move it around without altering its orientation, like a clock whose
fingers keep turning in the same direction. However, if we slide the clock once
around the strip, its orientation is the reverse of what it used to be, and we call the
path of its center an orientation-reversing closed curve. There are also orientation-
preserving closed curves in the Mdbius strip, such as the one that goes around the
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Figure I1.2: Left: the projective plane, P?, obtained by gluing a disk to a
Mobius strip. Right: the Klein bottle obtained by gluing two Md&bius strips
together. The vertical lines are self-intersections that we ignore.

strip twice following along close to the boundary. If all closed curves in a 2-manifold
are orientation-preserving, then the 2-manifold is orientable; otherwise, it is non-
orientable. The curves drawn on the projective plane and the Klein bottle in Figure
I1.2 are all orientation-preserving. We leave finding orientation-reversing curves on
the same two surfaces as an instructive exercise for the reader.

Note that the boundary of the Mobius strip is a single circle. We can therefore
glue the strip to a sphere or a torus after removing an open disk from the latter.
This operation is often referred to as adding a cross-cap to the sphere or torus.
The result is homeomorphic to the surface obtained by identifying antipodal points
on the circle where the disk was removed. In the case of the sphere, we get the
projective plane, the sphere with one cross-cap, and in the case of the torus, we get
the Klein bottle, the sphere with two cross-caps. Both cannot be embedded in R?,
so we have to draw them with self-intersections, but these should be ignored when
we think about these surfaces.

Classification. As it turns out, we have seen examples of each major kind of
compact 2-manifold. They were completely classified about a century ago by cutting
and gluing to arrive at a unique representation for each type. This representation is
a convex polygon whose edges are glued in pairs, called a polygonal schema. Figure
I1.3 shows that the sphere, the torus, the projective plane, and the Klein bottle can
all be constructed from the square. More generally, we have a 4g-gon for a sphere
with g tubes and a 2g-gon for a sphere with g cross-caps attached to it. The gluing
pattern is shown in the second row of Figure I1.3. Note that the square of the torus
is in standard form but that of the Klein bottle is not.

CLASSIFICATION THEOREM FOR COMPACT 2-MANIFOLDS. The two infinite fam-
ilies S2, T2, T2#T?,... and P2?,P?4#P?,... exhaust the compact 2-manifolds with-
out boundary.

The first family of orientable, compact 2-manifolds consists of the sphere, the torus,
the double torus, and so on. The second family of non-orientable, compact 2-
manifolds consists of the projective plane, the Klein bottle, the triple projective
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Figure I1.3: Top from left to right: the sphere, the torus, the projective plane,
and the Klein bottle. After removing the (darker) Mébius strip from the last
two, we are left with a disk in the case of the projective plane and another
Mboébius strip in the case of the Klein bottle. Bottom: the polygonal schema
in standard form for the double torus on the left and the double Klein bottle
on the right.

plane, and so on. To get a classification of the connected, compact 2-manifolds
with boundary, we can take one without boundary and make i holes by removing
the same number of open disks. Each starting compact 2-manifold and each h > 1
give a different surface, and they exhaust all possibilities.

Triangulations. To triangulate a 2-manifold, we decompose it into triangular
regions, each a disk whose boundary circle is cut at three points into three paths.
We may think of the region and its boundary as the homeomorphic image of a
triangle. By taking a geometric triangle for each region and arranging them so
they share vertices and edges the same way as the regions, we obtain a piecewise
linear model which is a triangulation if it is homeomorphic to the 2-manifold. See
Figure I1.4 for a triangulation of the sphere. Since the triangles are geometric, the
condition of homeomorphism requires that any two either be disjoint, share an edge,
or share a vertex. Sharing two edges is not permitted for then the two triangles
would be the same. It is also not permitted that two vertices of a triangle be the
same. To illustrate these conditions, we note that the triangulation of the first
square in Figure I1.3 is not a valid triangulation of the sphere, but the triangulation
of the second square is a valid triangulation of the torus.

Given a triangulation of a 2-manifold M, we may orient each triangle. Two tri-
angles sharing an edge are consistently oriented if they induce opposite orientations
on the shared edge, as in Figure 11.4. Then M is orientable iff the triangles can be
oriented in such a way that every adjacent pair is consistently oriented.
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Figure 11.4: The sphere is homeomorphic to the surface of an octahedron,
which is a triangulation of the sphere.

Euler characteristic. Recall that a triangulation is a collection of triangles,
edges, and vertices. We are only interested in finite triangulations. Letting n,
m, and £ be the numbers of vertices, edges, and triangles, as in the previous chap-
ter, the Fuler characteristic is their alternating sum, y = n —m + £. We have seen
that the FEuler characteristic of the sphere is y = 2, no matter how we triangulate.
More generally, the Euler characteristic is independent of the triangulation for every
2-manifold.

EULER CHARACTERISTIC OF COMPACT 2-MANIFOLDS. A sphere with ¢ tubes
has x = 2 — 2¢g and a sphere with g cross-caps has y =2 — g.

The number ¢ is the genus of M; it is the maximum number of disjoint closed
curves along which we can cut without disconnecting M. To see this result, we may
triangulate the polygonal schema of M. For a sphere with g tubes we have £ = 1
region, m = 2¢g edges, and n = 1 vertex. Further decomposing the edges and regions
does not change the alternating sum, so we have x = 2 — 2g. For a sphere with ¢
cross-caps we have ¢ = 1 region, m = g edges, and n = 1 vertex giving y = 2 — g.

Observe that adding a tube decreases the Euler characteristic by two, while adding
a cross-cap decreases it by only one. Indeed, we can substitute k& handles for 2k
cross-caps and obtain the g-fold projective plane from the k-fold torus by gluing
g — 2k cross-caps, provided g > 2k. Note that non-orientability cannot be cancelled
by the connected sum. Hence, this operation can get us from the orientable to the
non-orientable manifolds but not back.

Doubling. The compact, non-orientable 2-manifolds can be obtained from the
orientable 2-manifolds by identifying points in pairs. For example, if we identify
opposite (antipodal) points of the sphere, we get the projective plane. We can also go
in the other direction, constructing orientable manifolds from non-orientable ones;
see Figure II.5. Imagine a triangulation of a connected, compact, non-orientable
2-manifold N in R3, drawn with self-intersections, which we ignore. Make two
copies of each triangle, edge, and vertex offsetting them slightly, one on either side
of the manifold. Here sidedness is local and therefore well defined. The triangles
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Figure I1.5: Doubling the Klein bottle produces the torus.

fit together locally, and because N is connected and non-orientable, they form the
triangulation of a connected 2-manifold, M. It is orientable because one side is
consistently facing N. Since all triangles, edges, and vertices are doubled, we have
X (M) = 2x(N). Using the relation between genus and Euler characteristic, we have
x(N) = 2 — ¢g(N) and therefore x(M) = 4 — 2¢g(N) = 2 — 2¢g(M). It follows that
M has g(M) = g(N) — 1 tubes. As listed in Table II.1, the doubling operation
constructs the sphere from the projective plane, the torus from the Klein bottle,
etc. The result of the doubling operation is sometimes called the double cover, since
the reverse operation of re-identifying doubled regions maps M to N, covering it
twice.

X(N)  g() N | M g(M)  x(M)
1 1 P? S? 0 2
2 P2 4P? T2 1 0
-1 3

P2H4P24P | T2#T? 2 -2

Table II.1: Doubling turns the non-orientable 2-manifold on the left into the
orientable 2-manifold on the right.

Bibliographic notes. The confusing aspects of non-orientable 2-manifolds have
been captured in a delightful novel about the life within such a surface [1]. The
classification of compact 2-manifolds is sometimes credited to Brahana [20] and at
other times to Dehn and Heegard [43]. The classification of 3-manifolds, on the other
hand, is an ongoing project within mathematics. With the proof of the Poincaré
conjecture by Perelman, there is new hope that the classification of 3-manifolds
can be accomplished soon. In contrast, recognizing whether two triangulated 4-
manifolds are homeomorphic is undecidable [104]. The classification of manifolds
from first principles beyond dimension three is therefore a hopeless undertaking.
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I1.2 Searching a Triangulation

Many algorithms benefit from a convenient data structure that represents a surface
by storing its triangulation. In this section, we describe such a data structure and
show how to use it to determine the topological type of a surface.

Ordered triangles. We begin with the description of the core piece of the data
structure, which is a representation of the symmetry group of the standard triangle.
Its main function will be to keep track of direction and orientation when we navigate
the triangulation. This group is isomorphic to the group of permutations of three
elements, the vertices of the triangle. We call each permutation an ordered triangle
and use cyclic shifts and transpositions to move between them. As illustrated in

Figure I1.6: The symmetry group of the standard triangle consists of six or-
dered versions. The cyclic shifts partition the group into two orientations, each
consisting of three ordered triangles.

Figure I1.6, the cyclic shift from abc to bea corresponds to advancing the leading
directed edge to the next position, from ab to be. The transposition of the leading
two vertices corresponds to reversing the direction of the lead edge while keeping
the third vertex fixed.

We store each triangle in a single node of the data structure, to be described
shortly. A reference to the triangle consists of a pointer to this node, u, together
with a three-bit integer, ¢, identifying the ordered version of the triangle. Using
the first bit to identify the orientation, we represent abc, bca, cab, bac, cba, acb by
t=0,1,2,4,5,6, in this sequence. Moving between different ordered versions of the
same triangle can be done with simple arithmetic operations on ¢. To advance the
lead edge, we increment using modulo arithmetic.
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ordTri ENEXT(f, ()
if + < 2 then return (y, (

i, (t+ 1) mod 3)
else return (y, (

L
t+1) mod 3 +4)

endif.
To reverse the direction of the lead edge, we flip the first bit.

ordTri SYM(u,t)
return (4, (¢ +4) mod 8).

We see that encoding the symmetry group requires very little overhead, just a few
bits whenever we point to a triangle.

Data structure. We are now ready to describe the data structure representing
the triangulation K of a connected, compact, 2-manifold without boundary. We
store the vertices of K in a linear array, V[1..n]. We store the triangles in the nodes
of a graph, by which we mean a data structure consisting of memory locations with
pointers referring to each other. The arcs connect nodes of neighboring triangles
defined by shared edges. Since every triangle has exactly three neighbors, the degree
of every node is three. Inside a node, we store pointers to the three neighbors as
well as to the three vertices, which are indices into V.

Figure I1.7: The triangle abc with its three neighbors. The arrowheads identify
the directed lead edges.

Let abc be a triangle and z, y, z the respective third vertices of the neighbor
triangles. Each ordered version of the triangle points to its lead vertex and the
ordered neighbor triangle that shares the directed lead edge. To describe this in
an example, we assume the nodes p, piy, fty, pt- store the four triangles with ¢ = 0
corresponding to the ordered versions abe, abx, ayc, zbe, as drawn in Figure I1.7.
Assuming a is stored at positions i in V' and observing that ab is the lead edge of
abz, the ordered triangle abc stores pointers (1, 0).org = i and (1, 0).fnext = (pig, 0).
Assuming furthermore that b and ¢ are stored at positions j and k of the vertex
array, the other five ordered triangles in p store pointers to the positions j, k, 7,
k, i and to the ordered triangles (y-,1), (1y,2), (pz,4), (#2,5), (@y,6), in this
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sequence. To move around in the triangulation, we use simple functions to retrieve
this information.

ordTri FNEXT(u, )
return (ju,t).fnext.

int ORG(p,t)
return (p,t).org.

There is clearly redundancy left in the proposed data structure, but we resist further
optimizations to keep the implementation transparent.

Depth-first Search. A common operation is visiting all triangles of the trian-
gulation. This corresponds to searching the entire representing graph. Two of the
most popular strategies are Breadth-first Search and Depth-first Search. As sug-
gested by the name, Breadth-first Search proceeds along an advancing front that
expands around an initial node. In contrast, Depth-first Search ventures directly
into the unknown and covers the neighborhood only after returning from the ad-
venture. We implement the latter strategy using a recursive function. Assuming
all nodes are initially unmarked, we start the search by calling that function for an
arbitrary first node p.

void VISIT(u)
if p is unmarked then mark u; P1;
forall neighbors v of y do
Visit(v)
endfor; P2
else P3
endif.

The search proceeds along a spanning tree of the graph defined by calling a neigh-
boring node v a child of p if the first visit to v originates from p. The root of
this tree is pg. To customize the function, we would add instructions at the three
indicated places:

P1: steps to be executed the first time the node is visited;
P2: steps to be executed after all children have been processed;

P3: steps to be executed each time the node is revisited.

We will see examples of such customizations shortly. After searching the graph
once, we will typically search it once more to remove all the marks and prepare the
graph for further processing. Without accounting for the additional instructions,
the running time of Depth-first Search is linear in n + m, the number of nodes and
arcs in the graph. Indeed, each arc is traversed exactly twice, once in each direction.
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Orientability. We use Depth-first Search to decide whether a connected, compact
2-manifold without boundary given by a triangulation K is orientable. We do this
by orienting all triangles in a consistent manner and report non-orientability if the
attempt fails. In other words, we choose one of two orientations for each triangle
such that the shared edges between neighboring triangles are directed in opposite
ways. Assuming none of the orientations are yet chosen, we start the process by
calling the function for an arbitrary first ordered triangle (uo, o).

boolean ISORIENTABLE(u, ¢)

if p is unmarked then mark ;o and choose orientation containing ¢;
b, = ISORIENTABLE(FNEXT(SYM(i, ¢)));
by = ISORIENTABLE(FNEXT(ENEXT(SYM(f1,¢))));
b. = ISORIENTABLE(FNEXT(ENEXT?(SYM(1, ¢))));
return b, and b, and b,

else return [orientation of y contains ¢]
endif.

Here we orient p at P1, we unwind the for-loop, and we return a boolean value at
P2 and another at P3. The latter value indicates whether or not we have consis-
tent orientations in spite of the triangle p having been oriented prior to the current
visit. The boolean value returned at P2 indicates whether or not we have found a
contradiction to orientability. A single value of FALSE anywhere during the com-
putation is propagated to the root of the search tree, telling us that the surface is
non-orientable. Since each triangle has only three neighbors, the running time of
the algorithm is linear in the number of triangles.

Classification. Recall from the preceding section that the type of a connected,
compact 2-manifold without boundary is uniquely determined by its genus and
whether or not it is orientable. Since every triangle has three edges and every edge
belongs to two triangles, we have 3¢ = 2m and therefore 2n — ¢ = 4 — 4¢ in the
orientable case and 2n — £ = 4 — 2g in the non-orientable case. Assuming we know
the number of vertices from the size of the array, we just need to count the triangles,
which we do again by Depth-first Search.

int #TRIANGLES(/, ()

if p is unmarked then mark yu;
Uy = #TRIANGLES(FNEXT(f, ¢));
¢, = #TRIANGLES(FNEXT(ENEXT(i, ¢)));
0, = #TRIANGLES(FNEXT(ENEXT? (1, )));
return £, + 0, + (. +1

else return 0
endif.

Combining the information, it is now easy to determine the genus.
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int GENUS(u,t)
¢ = #TRIANGLES (4, t);
if ISORIENTABLE(y, ¢) then return (¢ —2n +4)/4
else return ({ —2n+4)/2
endif.

In summary, we can decide the topological type of a triangulated, compact 2-
manifold without boundary in time linear in the number of triangles. Clearly,
we cannot do it faster since the entire triangulation must be searched; otherwise,
we could alter the type by a small modification. By adding another search counting
the boundaries, we can extend this result to compact 2-manifolds with boundary.

Bibliographic notes. Data structures for storing triangulated 2-manifolds have
been described in the computer science literature since Baumgart [16]; see also
the doubly-linked edge lists in [124] and the quad-edge structure in [80]. These
data structures differ in their details from the graph representation described in
this section but are functionally very similar. Extensions to storing 3- and higher-
dimensional complexes can be found in [51] and in [21]. Searching graphs is a core
topic in computer science, and descriptions of Depth-first Search can be found in
most algorithms texts, including [6] and [41].

I1.3 Self-intersections

Since non-orientable, compact 2-manifolds without boundary cannot be embed-
ded in 3-dimensional Euclidean space, all their models in that space occur with
self-intersections. In contrast, all orientable, compact 2-manifolds have embed-
dings, but their models may have accidental self-intersections. Removing these
self-intersections is a core topic in repairing surface models of solid shapes.

Mapping into space. Let M be a compact 2-manifold without boundary. We
want to say what it means for M to be smooth and for a continuous map f : M — R3
to be a smooth mapping. We define a coordinate chart, (U, ), to be an open set,
U C M, together with a continuous map, ¢ : U — R?, that is a homeomorphism
onto its image. Two coordinate charts, (U, ¢) and (V,1)), are compatible if U and
V are disjoint, or the map

pop™ L p(UNV) = d(UNV)

extends to a smooth map from R? to R%. The class of such functions is often referred
to as C*°, indicating that the functions are infinitely often differentiable. We define
a smooth structure on M to be a maximal collection of compatible coordinate charts,
and call Ml smooth if it has a smooth structure. A continuous function f: M — R
is smooth if for each coordinate chart (U, ¢) the composition f o ¢! is smooth. A
mapping f : M — R3 is smooth if all component functions f; = m; o f are smooth,
where 7; denotes projection onto the i-th factor.
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For the time being, we assume that Ml and f are smooth. If we choose a coordinate
chart, we get a local parametrization of Ml with two variables, s; and s5. Collecting
the gradients of the coordinate functions in a matrix, we get the Jacobian of f:

oh  Oh

381 652

_ Of2 Of2

J - 881 BSQ
Ofs  Ofs

881 852

While this Jacobian matrix depends on the choice of local coordinates, its rank does
not. Notice that the rank of the Jacobian is at most two. The mapping f is an
immersion if the Jacobian has full rank two at all points of M. It is an embedding if
f is a homeomorphism onto its image. An embedding is necessarily an immersion,
but not vice versa. For smooth mappings, there are three types of generic self-
intersections, all illustrated in Figure I1.8. The most interesting of the three is the

X

4

Figure I1.8: From left to right: a double point, a triple point, a branch point.

branch point, which comes in several guises. We can construct it by cutting a disk
from two sides toward the center, folding it, and re-gluing the sides as shown in
Figure I1.9. Embeddings have no self-intersections at all, and immersions have only
the first two types and no branch points.

Vo

Figure I1.9: Constructing the Whitney umbrella from a disk.
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The piecewise linear case. The classification of generic self-intersections is sim-
ilar in the piecewise linear case in which M is given by a finite triangulation, K.
However, in contrast to the smooth case, the enumeration of the generic types is
elementary. Since M is a 2-manifold, the triangles that contain a vertex form a
disk. It is not difficult to see that imposing this condition on the vertices suffices to
guarantee that K triangulates a 2-manifold without boundary. On the other hand,
requiring that each edge belong to exactly two triangles is not sufficient.

Figure 11.10: The three ways that two triangles whose vertices are in general
position in R? can cross each other.

We put K into space by mapping each vertex to a point in R3. The edges and
triangles are mapped to the convex hulls of the images of their vertices. This
mapping is an embedding iff any two triangles are either disjoint or they share
a vertex or they share an edge. Any other type of intersection is improper and
is referred to as a crossing. It is convenient to assume that the points are in
general position, that is, no three are collinear and no four are coplanar. Under this
assumption, there are only three types of crossings possible between two triangles,
all shown in Figure I1.10. Each crossing is a line segment common to two triangles.
In the first case, one of the endpoints of the line segment coincides with the image of
a vertex, which necessarily belongs to both crossing triangles. In the other two cases,
each endpoint of the line segment lies on the images of an edge in the triangulation.

Recognizing crossings. We reduce the recognition problem from two triangles
to an edge and a triangle and further to four points in space. Writing a1, as, asz for
the coordinates of the point a in space and similarly for the points z, y, and z, we
say the sequence axyz has positive orientation if the matrix

1 a1 as ag
1 r1 T I3
I vy y2 ys
1 Z1 Z9 Z3

has positive determinant. We observe that this corresponds to the case in which
a sees xyz make a right turn in space. The four points lie in a common plane
iff the determinant vanishes. Finally, we say axyz has negative orientation if
det A(a,x,y,z) <O0.

Using the ability to decide the orientation of a sequence of four points, we now
turn to the next more complicated problem given by five points, a,b,z,y, z in R3.
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We say the edge ab stabs the triangle xyz if the two have an improper intersection.
Assuming the five points are distinct and in general position, we have only two
cases, namely either the intersection is empty or there is a point in the common
interior of the edge and the triangle. Thus, ab stabs xyz iff @ and b lie on different
sides of the plane spanned by zyz and ab forms the same orientation with the three
directed edges zy, yz, and zx.

boolean DOESSTAB(a, b, z,y, 2)
return sign(det A(a, z,vy, z)) # sign(det A(b, z,y, 2)) and
sign(det A(a, b, z,y)) = sign(det A(a, b,y, z)) = sign(det A(a, b, z, x)).

We finally return to the original recognition problem formulated for two triangles,
abc and xyz. First, we consider the case in which they share one of the points,
a = x. Then we have a crossing iff one of the respective opposite edges stabs the
other triangle. Second, we consider the case in which the six points are distinct.
Then the triangles are disjoint iff none of the six edges stabs the other triangle,
and the triangles cross iff exactly two edges stab the other triangle. Assuming
general position, there are no other cases. If the two stabbing edges belong to the
same triangle, we have the case in the middle of Figure I1.10, and if they belong to
different triangles, we have the case on the right.

Curves and preimages. Returning to the case on the left in Figure I1.10, we see
that one endpoint of the line segment lies on the image of an edge in the triangula-
tion; that is, it is not a vertex. There is a unique triangle on the other side of that
edge that continues the intersections. Similarly, there are unique continuations of
the intersection in the middle case and the right case. Starting at a crossing, we
can therefore trace the intersection triangle by triangle, adding a line segment at a
time. Since we only have finitely many triangles, the curve must either end or close
up by coming back to where it started. These are the only two possibilities:

e a path that starts at the image of a vertex and ends at the image of another
vertex;

e a closed curve that avoids the images of all vertices in the triangulation.

The first possibility involves two instances of the left case in Figure I1.10; the second
involves none. Almost all points of such a path or closed curve are double points.
Exceptions are triple points at which the curves intersect each other or themselves.
The number of triple points is at most the number of ways we can choose three
triangles, which is finite, and generically there are no points that belong to more
than three triangles.

When we trace a path or a closed curve in space, we can, at the same time, trace
its preimage under the mapping f. In the case of a path, we get two arcs starting at
a common vertex and ending at another common vertex of the triangulation. In the
case of the closed curve, we get either two loops or one loop whose image covers the
curve twice. The three cases are illustrated in Figure II.11. The most interesting
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Figure II1.11: The preimage of an intersection curve. From left to right: two
arcs with common endpoints, two loops, one loop covering the closed curve
twice.

=

case is the double-covering loop. Such a loop is necessarily orientation-reversing.
To see this, we may again trace the closed curve, its image in R?, and this time
draw parallel curves to the left and the right on one of the two intersecting sheets.
At the time we come back to where we started, the parallel curves have moved to
the other sheet. There is either a clockwise or a counterclockwise rotation of the
first sheet to the second that maps each curve locally to itself. If the rotation is
clockwise, as seen by looking in the direction of the curve, then it is clockwise at
all points of the curve. The same is true for the counterclockwise rotation. This
implies that after another round we map the first sheet to itself but with reversed
orientation. The double-covering loop can thus only happen if M is non-orientable.
No conclusion can be drawn if the preimage consists of two loops.

To construct an example of a double-covering loop, we sweep the midpoint of a
rod (a line segment) along a circle in space. The rod is normal to the circle at all
times, but it may rotate within the normal plane as we sweep along. If there is no
rotation, then the rod sweeps out a cylinder, and if the rotation is m after one time
around, then we get a Mobius strip. However, if the rotation is 7, we need a second
time around to complete the surface. We thus get a Mobius strip that crosses itself
along the center circle, which is covered twice.

Immersions of the Klein bottle. We have seen a first picture of the Klein bottle
in Figure I1.2. The surface in that drawing intersects itself along a path which ends
at two branch points. In the smooth case, we get rank-deficient Jacobians at the
branch points, implying that this is not the image of an immersion. However, the
Klein bottle can also be mapped without branch points, and we conclude this section
with the description of two such mappings.

In the first immersion, the neck of the bottle extends and turns back to the body,
like a sleeping Flamingo, but then continues and passes through the surface, as
sketched in Figure I1.12 on the left. The closed intersection curve is the common
image of two orientation-preserving loops. The second immersion is obtained by
sweeping the cross point of a figure-eight curve along a circle in space. Similar to



42 II SURFACES

Figure I1.12: Two immersions of the Klein bottle. Both models intersect them-
selves in a closed curve whose preimage is two loops. On the left, these loops
are orientation-preserving, and on the right, they are orientation-reversing.

the rod example above, we keep the figure-eight normal to the circle at all times, but
we rotate within the normal plane. Turning the figure-eight upside down during
one time around, we exchange the lobes and form a surface that intersects itself
along the circle, as sketched in Figure I1.12 on the right. The preimage of the circle
consists of two loops, both of which are orientation-reversing.

Bibliographic notes. The way surfaces in 3-dimensional space intersect each
other and themselves is discussed in length and with many illustrations by Carter
[28]. In the generic case, a smooth mapping to R® has only three types of sin-
gularities: double points, triple points, and branch points [13]. Whitney proved
that every d-manifold has an immersion in R2?~! [158]. This implies that every 2-
manifold can be immersed in R3. For the projective plane, we must have a branch
point or a triple point, which implies that every immersion has a triple point [13].
Whitney also proved that every d-manifold can be embedded in R?? [157], implying
that every 2-manifold can be embedded in R

I1.4 Surface Simplification

In applications, it is often necessary to simplify the data or its representation. One
reason is measurement noise, which we would like to eliminate. Another reason is
features, which we look for at various levels of resolution. In this section, we study
edge contractions used in simplifying triangulated surface models of solid shapes.

Edge contraction. Suppose K is a triangulation of a 2-manifold without bound-
ary. We recall that this means that edges are shared by pairs of triangles and vertices
by rings of triangles, as depicted in Figure I1.13. Let a and b be two vertices and
ab the connecting edge in K. By the contraction of ab we mean the operation that
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identifies @ with b and removes duplicates from the triangulation. Calling the new
vertex ¢, we get the new triangulation L from K by
e removing ab, abx, and aby;

e substituting ¢ for a and for b wherever they occur in the remaining set of
vertices, edges, and triangles;

e removing resulting duplications making sure L is a set.

As a consequence of the operation, there are new incidences between edges and
triangles that did not exist in K; see Figure I1.13.

K

Figure I1.13: To contract ab, we remove the two dark triangles and repair the
hole by gluing their two left edges to their two right edges.

Algorithm. To simplify a triangulation, we iterate the edge contraction opera-
tion. In the abstract setting, any edge is as good as any other. In a practical
situation, we will want to prioritize the edges so that contractions that preserve the
shape of the manifold are preferred. To give meaning to this statement, we will
define shape to mean the topological type of the surface as well as the geometric
form we get when we embed the triangulation in R3. We will discuss the latter
meaning later and for now assume we have a function that assigns to each edge
ab a non-negative real number ERROR(ab) assessing the damage the contraction
of ab causes to the geometric form. Small numbers will mean little damage. To
write the algorithm, we assume a priority queue storing all edges ordered by the
mentioned numerical error assessment. This is a data structure that supports the
operations of returning the top priority edge as well as of inserting and deleting
an edge, each in time at most logarithmic in the number of edges in the queue.
Specifically, we assume a function ISEMPTY that tests whether or not the priority
queue still contains edges and a function MINEXTRACT that removes the edge with
minimum error from the priority queue and returns it. Furthermore, we assume the
availability of a boolean test ISSAFE that decides whether or not the contraction of
an edge preserves the topological type of the surface.
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while not ISEMPTY do ab = MINEXTRACT;
if ISSAFE(ab) then contract ab endif
endwhile.

Some modifications are necessary to recognize edges that no longer belong to the
triangulation and to put edges back into the priority queue when they become safe
for contraction. Details are omitted. The running time of the algorithm depends
on the size of local neighborhoods in the triangulation and on the data structure we
maintain to represent it. Under reasonable assumptions, the most time-consuming
step is the maintenance of the priority queue, which for each step is only logarithmic
in the number of edges.

Topological type. We consider the question of whether or not the contraction
of an edge preserves the topological type. Define the link of an edge ab as the set
of vertices that span triangles with ab, and define the link of a vertex a as the set
of vertices that span edges with a and the set of edges that span triangles with a:

Lk ab {z € K | abz € K};
Lka = {z,zy€ K |az,ary € K}.

Since the topological type of K is that of a 2-manifold without boundary, each edge
link is a pair of vertices and each vertex link is a closed curve made up of edges and
vertices in K. Let L be obtained from K by contracting the edge ab. We show that
the contraction of the edge ab preserves the topological type of the surface iff the
links of the endpoints, a and b, meet in exactly two points, namely in the vertices x
and y in the link of ab, as in Figure 11.13. We will simplify the language by blurring
the difference between a triangulation and the topological space it triangulates.

Link CoNDITION LEMMA. The triangulations K and L have the same topological
type iff Lk ab = Lka N Lkb.

ProOOF. We have Lkab C Lka, Lkb, by definition. The only possible violation to
the link condition is therefore an extra edge or vertex in the intersection of the two
vertex links. If Lka and Lkb share an edge, then the contraction of ab creates an
edge that belongs to three triangles, contradicting the fact that L triangulates a
2-manifold. Similarly, if the two vertex links share no edge but a vertex z ¢ Lk ab,
then the contraction of ab creates an edge cz that belongs to four triangles, again
contradicting the fact that L triangulates a 2-manifold.

To prove the other direction, we draw the link of ¢ in L as a convex polygon
in R?; see Figure I1.14. Using Tutte’s Theorem from the previous chapter, we
can decompose the polygon by drawing the triangles incident to ¢ in L. Similarly,
we can decompose the polygon by drawing the triangles incident to a and b in
K. We superimpose the two triangulations and refine to get a new triangulation,
if necessary. The result is mapped back to K and to L, effectively refining the
neighborhoods of @ and b in K and that of ¢ in L. The link of ¢ and everything
outside that link is untouched by the contraction. Hence, on and outside the link, K
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Figure 11.14: Mapping the neighborhood of ¢ in L to a triangulated polygon
in the plane and overlaying it with a similar mapping of the neighborhoods of
aand b in K.

and L are the same, and inside the link, K and L are now isomorphic by refinement.
It follows that K and L are isomorphic and therefore have the same topological type.

Squared distance. To discuss the geometric meaning of shape, we now assume
that K is embedded in R3, with straight edges and flat triangles. To develop an
error measure, we use the planes spanned by the triangles. Letting u € S? be the
unit normal of a plane h and § € R its offset, we can write h as the set of points

y € R® for which (y,u) = —§. Using matrix notation for the scalar product, the
signed distance of a point x € R? from h is
diz,h) = (@—y9)T-u = 27 -u+9,

where y is any point in the plane. Defining x” = (27,1) and u” = (u”, ), we can
write this as a 4-dimensional scalar product, x7 -u. We use this to express the sum
of squared distances from a set of planes in matrix form. Letting H be a finite set
of planes, this gives a function Ey : R? — R defined by

Eg(x) = > d*(x,h)

h;€eH
= Y & w)f %)
h;€eH
- xT. <Z ui-uiT> . X.
h,€H

o
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is a symmetric, four-by-four matrix that we refer to as the fundamental quadric of
the map Eg. Writing 27 = (21, 29, 73), we get

Ey(z) = Ax?+ Bx2+ Ca2 + 2(Pri2e + Qrizs + Rroxs)
+ 20Uz + Vg + Waz)+ Z.

We see that Fp is a quadratic map that is non-negative and unbounded.

Error assessment. In the application, we are interested in measuring the dam-
age to the geometric form caused by contracting the edge ab to the new vertex c.
We think of the operation as a map between vertices, ¢ : Vert K’ — Vert L, defined
by ¢(a) = p(b) = c and ¢(x) = « for all x # a,b. Letting K¢ be the initial triangu-
lation, we obtain L by a sequence of edge contractions giving rise to a composition
of vertex maps, which is again a vertex map, g : Vert Ky — Vert L. The vertices
inV, = gogl(c) C Vert K all map to ¢, and we let H be the set of planes spanned
by triangles in K| incident to at least one vertex in V.. Finally, we define the error
of the contraction of ab as the minimum, over all possible placements of ¢ as a point
in R3, of the sum of squared distances from the planes:

ERROR(ab) = min Ey(c).
ceR3
For generic sets of planes, this minimum is unique and easy to compute. The
gradient of £ = Ep at a point z is the vector of steepest increase, VE(z) =
(2Z (z), 2 (z), 22 (z)). It is zero iff  minimizes F. The derivative with respect

dz1 ) Qg ) Dxg ..
to x; can be computed using the multiplication rule
oF oxT T ox
= . X J’_ X" - .
ox; ox; Q Q z;

= QT -x+xT-QJil,

where Q[i] is the i-th column and Q[i] is the i-th row of Q. The point ¢ € R?
that minimizes F can thus be computed by setting g—f to zero, for i = 1,2, 3, and

solving the resulting system of three linear equations.

Maintenance of the error measure. It can be expensive to compute the fun-
damental quadric from scratch but relatively inexpensive to maintain it throughout
the algorithm. When we contract an edge ab, we associate the new vertex with the
union of the two plane sets, H. = H, U H,. Unfortunately, this is not a disjoint
union, and we cannot just add the two quadrics. Instead, we use inclusion-exclusion
and subtract the quadric of H,, = H, N Hy, which we store with the contracted
edge. We describe how this works from the beginning.

Starting with the initial complex, Ky, we store a quadric with every vertex, every
edge, and every triangle. For a triangle abx, we store the quadric Qgp, defined by
the one plane that contains the triangle. An edge, ab, is shared by two triangles,
abr and aby, and we store the quadric defined by the two corresponding planes,
Qup = Qave + Qupy. A vertex, a, is shared by the ring of triangles in its star, and
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we initialize its quadric, Q,, to the sum of the quadrics of these triangles. Note that
the triangles that share the edge ab are precisely the ones that share both endpoints,
a and b. This gives rise to a simple relationship between the sets of planes.

INVARIANT. Let abz be a triangle in the surface triangulation, with edges ab, az,
ay and vertices a, b, . Then Hy,, = H, N Hy and Hype = Hap N Hpg

To maintain these two relations past an edge contraction, it is important that we
limit ourselves to those that satisfy the Link Condition Lemma and therefore the
topological type of the surface. The relations are therefore indeed invariants of the
algorithm. Now consider the contraction of the edge ab. By the Invariant, the set of
planes associated with the edge is the intersection of those of the endpoints. Hence
we can compute the quadric of the new vertex as Q. = Q, + Qp — Qup. We also get
two new edges, cx and cy, and to maintain the Invariant, we associate each with
the union of plane sets of the corresponding old edges. By the Invariant, these two
sets overlap in the plane set of the shared triangle, which consists of a single plane.

Hencev we get ch = Qaac + Qbac - Qabw and Qcy = Qay + Qby - Qaby-

Bibliographic notes. The algorithm described in this section is essentially the
surface simplification algorithm by Garland and Heckbert [75]. They combine edge
contractions with the error measure remembering the original form through accu-
mulated quadrics. However, instead of maintaining the quadric through inclusion-
exclusion, they take a short-cut and compute the quadric of the new vertex as the
sum of quadrics of the endpoints of the contracted edge, without removing dupli-
cates. In practice, this makes little difference because planes contribute at most in
triplicates. The test for maintaining the topological type has been added later and
more general versions of the Link Condition Lemma can be found in [48]. Priority
queues are standard tools in computer science, and implementations are described
in most texts on algorithms, including the third volume of Knuth’s pioneering series
on computer programming [94].

Exercises

The credit assignment reflects a subjective assessment of difficulty. A typical ques-
tion can be answered using knowledge of the material combined with some thought
and analysis.

1. Classifying 2-manifolds (two credits). Characterize the two surfaces depicted
in Figure I1.15 in terms of genus, boundary, and orientability.

2. 2-coloring (two credits). Let K be a triangulation of an orientable 2-manifold
without boundary. Construct L by decomposing each edge into two edges and
each triangle into six triangles. To do this, we add a new vertex in the interior
of each edge. Similarly, we add a new vertex in the interior of each triangle,
connecting it to the six vertices in the boundary of the triangle. The resulting
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Figure 11.15: Left: a 2-manifold without boundary obtained by adding tunnels
inside the sphere. We see four tunnel openings and one tunnel passing though
a fork of the other. Right: a 2-manifold with boundary obtained by thickening
a graph.

structure is the same as the barycentric subdivision of K, which we will define
in Chapter III.

(i) Show that the vertices of L can be 3-colored such that no two neighboring
vertices receive the same color.

(ii) Prove that the triangles of L can be 2-colored such that no two triangles
sharing an edge receive the same color.

Klein bottle (two credits). Cut and paste the standard polygonal schema for
the Klein bottle (a,a,b,b) to obtain the polygonal schema in which opposite
edges of a square are identified (a,b,a™!,b); see Figure I1.3.

Triangulation of a 2-manifold (two credits). Let V = {1,2,...,n} be a set

of n vertices and F' C (‘g) a set of ¢ = card F triangles. Give an algorithm that
takes time at most proportional to n + ¢ for the following tasks:

(i) decide whether or not every edge is shared by exactly two triangles;

(ii) decide whether or not every vertex belongs to a set of triangles whose
union is a disk.

Intersection tests in R? (two credits). Let a,b,c € R? and u,v,w € R? be
the vertices of two triangles in space. Write numerical tests for the following
questions:

(i) Does u see a,b,c form a left turn or a right turn?
(ii) Does the line segment with endpoints u and v cross the plane that passes
through a, b, c?
(iii) Are the boundaries of the two triangles linked in R3?

Irreducible triangulations (two credits). An irreducible triangulation is one
in which every edge contraction changes its topological type. Prove that the
only irreducible triangulation of S? is the boundary of the tetrahedron, which
consists of four triangles sharing six edges and four vertices.
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7. Graphs on the Mobius strip (one credit). Is every graph that can be em-
bedded on the Mobius strip planar?

8. Squared distance minimization (two credits). Let S be a finite set of points
in R? and let f : R® = R be defined by f(z) = 32,5 |z — |
(i) Show that f is a quadratic function and has a unique minimum.
(if) At which point does f attain its minimum?






Chapter III

Complexes

There are many ways to represent a topological space, one being a decomposition
into simple pieces. This decomposition qualifies to be called a complex if the pieces
are topologically simple and their common intersections are lower-dimensional pieces
of the same kind. Within these requirements, we still have a great deal of freedom.
Particularly attractive are the extreme choices: a few complicated or many simple
pieces. The former choice lends itself to hand calculations of topological invariants
but also to the design of aesthetically pleasing shapes, such as car bodies and the
like. The latter choice is preferred in computation and automation. Since we focus
on computational aspects of topology, we favor the latter extreme choice, of which
the simplicial complex is the prime example.

III.1 Simplicial Complexes

In this book, we use simplicial complexes as the prime data structure to represent
topological spaces. In this section, we introduce them in their geometric as well as
abstract forms. The main technical result is the existence of simplicial maps that
approximate continuous maps arbitrarily closely.

Simplices. Let ug,u1,...,u; be points in R%. A point & = Zf:() Aiu;, with each
Ai € R, is an affine combination of the u; if the \; sum to 1. The affine hull is the
set of affine combinations. It is a k-plane if the k41 points are affinely independent,
by which we mean that any two affine combinations, x = > \u; and y = > pug,
are the same iff \; = p; for all i. The k + 1 points are affinely independent iff the
k vectors u; — ug, for 1 < i < k, are linearly independent. In R? we can have at
most d linearly independent vectors and therefore at most d+ 1 affinely independent
points.

An affine combination, = > \u;, is a conver combination if all A\; are non-
negative. The convexr hull is the set of convex combinations. A k-simplex is the

o1
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convex hull of k£ + 1 affinely independent points, o = conv {ug,uy,...,ur}. We
sometimes say the u; span o. Its dimension is dimo = k. We use special names
for the first few dimensions: wvertex for O-simplex, edge for 1-simplex, triangle for
2-simplex, and tetrahedron for 3-simplex; see Figure II1.1. Any subset of affinely

VA DN

Figure II1.1: From left to right: a vertex, an edge, a triangle, and a tetrahedron.
We note that an edge has two vertices, a triangle has three edges, and a
tetrahedron has four triangles as faces.

independent points is again affinely independent and therefore also defines a simplex.
A face of o is the convex hull of a non-empty subset of the w;, and it is proper if
the subset is not the entire set. We sometimes write 7 < ¢ if 7 is a face and 7 < o
if it is a proper face of o. If 7 is a (proper) face of o, we call o a (proper) coface
of 7. Since a sct of size k + 1 has 2F*! subsets, including the empty set, o has
2k+1 _ 1 faces, all of which are proper except for o itself. The boundary of o,
denoted as bd g, is the union of all proper faces, and the interior is everything else,
into =0 —bdo. A point x € o belongs to int o iff all its coefficients \; are positive.
It follows that every point 2 € o belongs to the interior of exactly one face, namely
the one spanned by the points u; that correspond to positive coefficients \;.

Simplicial complexes. We are interested in sets of simplices that are closed
under taking faces and that have no improper intersections.

DEFINITION. A simplicial complex is a finite collection of simplices K such that
o0 € K and 7 <o implies 7 € K, and 0,09 € K implies 0 N oy is either empty or a
face of both.

The dimension of K is the maximum dimension of any of its simplices. The under-
lying space, denoted as | K|, is the union of its simplices together with the topology
inherited from the ambient Euclidean space in which the simplices live. A polyhe-
dron is the underlying space of a simplicial complex. A triangulation of a topological
space X is a simplicial complex K together with a homeomorphism between X and
|KK|. The topological space is triangulable if it has a triangulation. A subcomplex of
K is a simplicial complex L C K. It is full if it contains all simplices in K spanned
by vertices in L. A subcomplex of particular interest is the j-skeleton consisting of
all simplices of dimension j or less, KU) = {¢ € K | dimo < j}. The O-skeleton is
also referred to as the wvertex set, Vert K = K(©). Skeleta are generally not full.

A subset of a simplicial complex useful when discussing local neighborhoods is

the star of a simplex 7 consisting of all cofaces of 7, St7 = {c € K | 7 < o}.
Generally, the star is not closed under taking faces. We can make it into a complex
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by adding all missing faces. The result is the closed star, St T, which is the smallest
subcomplex that contains the star. The link consists of all simplices in the closed
star that are disjoint from 7, Lk7 = {v € St7 | vN7 = @}. If 7 is a vertex, then
the link is just the difference between the closed star and the star. More generally,
it is the closed star minus the stars of all faces of 7. For example if K triangulates a
2-manifold without boundary, then the link of an edge is a pair of points, a 0-sphere,
and the link of a vertex is a cycle of edges and vertices, a 1-sphere.

Abstract simplicial complex. It is often easier to construct a complex ab-
stractly and worry about how to put it into Euclidean space later, if at all.

DEFINITION. An abstract simplicial complez is a finite collection of sets A such
that @« € A and 8 C « implies 5 € A.

The sets in A are its simplices. The dimension of a simplex is dima = card a — 1,
and the dimension of the complex is the maximum dimension of any of its simplices.
A face of v is a non-empty subset 5 C «, which is proper if 8 # a. The vertex set
is the union of all simplices, Vert A = | A, that is, the set of all elements that lie in
at least one simplex av € A. A subcomplex is an abstract simplicial complex B C A.
Two abstract simplicial complexes are isomorphic if there is a bijection b : Vert A —
Vert B such that o € A iff b(«) € B. The largest abstract simplicial complex with
a vertex set of size n + 1 is the n-dimensional simplex with a total number of
27+l 1 faces. Given a (geometric) simplicial complex K, we can construct an
abstract simplicial complex A by throwing away all simplices and retaining only
their sets of vertices. We call A a vertex scheme of K. Symmetrically, we call K a
geometric realization of A. Constructing geometric realizations is surprisingly easy
if the dimension of the ambient space is sufficiently high.

GEOMETRIC REALIZATION THEOREM. Every abstract simplicial complex of di-
mension d has a geometric realization in R2¢+1,

PRrROOF. Let f : Vert A — R2%*! be an injection whose image is a set of points
in general position. Specifically, any 2d + 2 or fewer of the points are affinely
independent. Let o« and ag be simplices in A with & = dim« and ky = dim «.
The union of the two has size card (o U ag) = card a + card ap — card (N o) <
k+ ko + 2 < 2d+ 2. The points in a U a are therefore affinely independent, which
implies that every convex combination x of points in aU g is unique. Hence, z
belongs to o = conv f(«) as well as to og = conv f(«p) iff z is a convex combination
of aNagp. This implies that the intersection of ¢ and g is either empty or the
simplex conv f(aNap), as required.

Simplicial maps. The natural counterparts of continuous maps between topo-
logical spaces are simplicial maps between simplicial complexes, which we now
introduce. Let K be a simplicial complex with vertices ug,u1,...,u,. Every
point x € |K| belongs to the interior of exactly one simplex in K. For exam-

ple, if o = conv {ug, uy,...,u} is this simplex, then we have x = Zfzo Aiu; with
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Zfzo A; =1 and A\; > 0 for all 4. Setting b;(z) = \; for 0 < i < k and b;(x) =0
for k+1 <14 <n, we have z = > bi(x)u;, and we call the b;(z) the barycentric
coordinates of x in K.

We use these coordinates to construct a piecewise linear, continuous map, starting
with a particular kind of map between the vertices of two simplicial complexes. A
vertex map is a function ¢ : Vert K — Vert L with the property that the vertices of
every simplex in K map to vertices of a simplex in L. Then ¢ can be extended to
a continuous map f : |K| — |L| defined by

n

f@) = Y b)),

=0

the simplicial map induced by ¢. There is an alternative way to think of this
construction. Fix a vertex u; and consider the map b; : |[K| — R which maps
each point x to its j-th barycentric coordinate. The graph of this map has the
shape of a hat, increasing from zero on and outside the link to one at u;. The map
b; is continuous and is sometimes referred to as a basis function. The simplicial
map is thus the weighted sum of the n 4+ 1 basis functions. To emphasize that the
simplicial map is linear on every simplex, we usually drop the underlying space from
the notation and write f : K — L.

Figure II1.2: A vertex map and its induced simplicial map from the square to
the torus.

As an example, we consider the simplicial map f : [0,1]> — T? illustrated in
Figure II1.2. Given the vertex map, the simplicial map is unique and glues the
simplices of the triangulation of the square to obtain a triangulation of the torus.
If the vertex map ¢ : Vert K — Vert L is bijective and ¢! : Vert L — Vert K is
also a vertex map, then the induced simplicial map f is a homeomorphism. In this
case we call f a simplicial homeomorphism or an isomorphism between K and L.

Subdivisions. A simplicial complex L is a subdivision of another simplicial com-
plex K if |L| = |K| and every simplex in L is contained in a simplex in K. There
are many ways to construct subdivisions. A particular one is the barycentric subdi-
vision, L = SA K, illustrated in Figure I11.3. A crucial concept in its construction
is the barycenter of a simplex, which is the average of its vertices. We proceed by
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[¢]

Figure I11.3: Left: a simplicial complex consisting of two triangles, six edges,
and five vertices. Middle and right: its first and second barycentric subdivi-
sions.

induction over the dimension. To get started, the barycentric subdivision of the
0-skeleton is the same, SAK(®) = K(©)  Assuming we have the barycentric subdi-
vision of KU1 we construct SAK ) by adding the barycenter of every j-simplex
as a new vertex and connecting it to the simplices that subdivide the boundary of
the j-simplex.

The diameter of a set in Euclidean space is the supremum over the distances
between its points. Since the simplices of K are point sets in Euclidean space, their
diameters are well defined. The mesh of K is the maximum diameter of any simplex
or, equivalently, the length of its longest edge.

MEsH LEMMA. Letting é be the mesh of the d-dimensional simplicial complex K,
the mesh of SAK is at most Wdﬂs'
PROOF. Let 7 and v be complementary faces of a simplex o € K, that is, 7Nv = ()
and dim7 + dimv = dimo — 1. The line segment connecting the barycenters of
7 and v has length at most 6. It splits into two edges in SAK at the barycenter
of 0. Writing the barycenter of o as a weighted sum of the barycenters of 7 and
v, we see that the lengths have proportions 1 4+ dimwv to 1 4+ dim 7 which are both
between k+_1 and kLH, where k = dimo. It follows that both edges have length at
most kiﬂ < d—il times 4.

By the Mesh Lemma, we can make the diameters of the simplices as small as we
like by iterating the subdivision operation. For n > 1, define the n-th barycentric
subdivision of K to be Sd"K = Sd(Sd" 'K). As n goes to infinity, the mesh of
Sd"K goes to zero.

Simplicial approximations. It is sometimes convenient to think of a vertex star
as an open set of points. Formally, we define N(u) = J,g;, into. Let K and L be
simplicial complexes. A continuous map g : | K| — |L| satisfies the star condition if
the image of every vertex star in K is contained in a vertex star in L; that is, for
each vertex u € K there is a vertex v € L such that g(N(u)) € N(v). Note that
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we do not require, or even expect, v to be unique. Let ¢ : Vert K — Vert L map
u to a vertex p(u) = v that exists by the star condition. To understand this new
function, we take a point x in the interior of a simplex o in K. Its image, g(x), lies
in the interior of a unique simplex 7 in L. It follows that the star of every vertex
u of o maps into the star of a vertex v in L that contains the interior of 7. But
this implies that v is a vertex of 7. We conclude that each vertex u of ¢ maps to
a vertex ¢(u) of 7. Hence, ¢ is a vertex map and thus induces a simplicial map
f K — L. This map satisfies the condition of a simplicial approximation of g,
namely g(N(u)) C N(f(u)) for each vertex u of K.

Figure I11.4: The circle on the left is mapped into the closed annulus by a
continuous map and a simplicial approximation of that map. Corresponding
vertices are labeled by the same letter.

We illustrated the definitions in Figure II1.4. The image we have in mind is that
g and f are not too different. In particular, g(z) and f(x) belong to a common
simplex in L for every = € |K|. Given a continuous map ¢ : |K| — |L/, it is plausible
that we can subdivide K sufficiently finely so that a simplicial approximation exists.
To be sure, we prove this fact.

SIMPLICIAL APPROXIMATION THEOREM. If ¢ : |K| — |L| is continuous, then

there is a sufficiently large integer n such that g has a simplicial approximation
f:Sd"K — L.

Proor. Cover |K| with open sets of the form g~!(N(v)), v € Vert L. Since |K]| is
compact, there is a positive real number A such that any set of diameter less than A
is contained in one of the sets in the open cover. Choose n such that each simplex in
Sd" K has diameter less than half of A. Then each star in K has diameter less than
A, implying it lies in one of the sets g~ (NN (v)). Hence g satisfies the star condition,
implying the existence of a simplicial approximation.

Bibliographic notes. The terminology we use for abstract and geometric sim-
plicial complexes follows the one in Munkres [116]. The geometric realization of a
d-dimensional abstract simplicial complex in R2%*! goes back to Karl Menger at the
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beginning of the last century. We have seen that 2d + 1 dimensions suffice for the
geometric realization of any d-dimensional abstract simplicial complex. Complexes
that require the full 2d + 1 dimensions have been described by Flores [70] and van
Kampen [143]. An example of such a complex is the d-skeleton of the (2d + 2)-
simplex, which does not embed in R??. For d = 1 this is the complete graph of five
vertices, which does not embed in the plane, as discussed in Chapter I.

A stronger version of the Simplicial Approximation Theorem played an important
role in the development of combinatorial topology during the first half of the twen-
tieth century. Known as the Hauptvermutung (German for “main conjecture”), it
claimed that any two simplicial complexes that triangulate the same topological
space have isomorphic subdivisions. This turned out to be correct for simplicial
complexes of dimension 2 and 3 but not higher. The first counterexample found by
Milnor was a simplicial complex of dimension 7 [110]. We refer to the book edited
by Ranicki [125] for further information on the topic.

I11.2 Convex Set Systems

Simplicial complexes often arise as intersection patterns of collections of sets. We
begin with two fundamental results for convex sets and then proceed to the special
case in which the sets are geometric balls.

Sets with common points. Let I be a finite collection of convex sets in RY.
The smaller the dimension of the ambient Euclidean space, d, the more restrictive
are the intersection patterns we observe. For example, if d = 1 and we have three
intervals that intersect in pairs, then it is not possible that they do not intersect as
a triplet. This result generalizes to higher dimensions.

HeLLY’s THEOREM. Let F be a finite collection of closed, convex sets in RY.
Every d + 1 of the sets have a non-empty common intersection iff they all have a
non-empty common intersection.

PROOF. We prove the non-obvious direction by induction over the dimension, d, and
the number of sets, n = card F'. The implication is clearly true for d = 1 and all n,
as well as for n = d+1. Now suppose we have a minimal counterexample consisting
of n > d + 1 closed, convex sets in R?, which we denote as X, Xo,..., X,. By
minimality of the counterexample, the set Y;, = ﬂ?z_ll X is non-empty and disjoint
from X,,. Because Y, and X,, are both closed and convex, we can find a (d — 1)-
dimensional plane h that separates and is disjoint from both sets, as in Figure IIL.5.
Let I’ be the collection of sets Z; = X; N h, for 1 <i < n — 1, each a non-empty,
closed, convex set in R~ By assumption, any d of the first n — 1 sets X; have
a common intersection with X,,. It follows that the common intersection of the d
sets contains points on both sides of h, implying that any d of the sets Z; have a
non-empty common intersection. By minimality of the counterexample, this implies
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X n
h

Figure I11.5: The (d — 1)-plane separates the n-th set from the common inter-
section of the first n — 1 sets in F.

(N F’ # 0. This intersection is

n—1
AF = [((Xinh) = Y.Nh
i=1
But this contradicts the choice of h as a (d — 1)-plane disjoint from Y,.

Convexity is a convenient but unnecessarily strong requirement in Helly’s Theo-
rem. Indeed, the conclusion holds if the sets in F" are closed and all their non-empty
common intersections are contractible, a property we will define shortly.

Homotopy type. We prepare the next step by introducing a notion of equivalence
between topological spaces that is weaker than topological equivalence. We begin
by considering two continuous maps, f,g: X — Y. A homotopy between f and g is
another continuous map H : X x [0,1] — Y that agrees with f for ¢ = 0 and with
g for t = 1; that is, H(x,0) = f(z) and H(z,1) = g(z) for all z € X. We may
think of ¢ € [0, 1] as time and the homotopy as a time-series of functions f; : X — Y
defined by f;(z) = H(x,t). It starts at fo = f and ends at f; = g. Noting that this
defines an equivalence relation, we write f ~ g and call f and g homotopic if there
is a homotopy between them.

This notion can be used to relate spaces. Beginning with a special case, we call
Y C X a retract of X if there is a continuous map 7 : X — Y with r(y) = y for all
y € Y. The map r is called a retraction. We call Y a deformation retract and r
a deformation retraction if there is a homotopy between r and the identity on X,
r =~ idx. We also say that X deformation retracts onto Y. Clearly, every deformation
retract is a retract but not the other way around. For example, a connected interval
in the circle is a retract but not a deformation retract of S'. We can also consider
maps in both directions. Specifically, we call two not necessarily nested topological
spaces, X and Y, homotopy equivalent if there are continuous maps f : X — Y
and g : Y — X such that go f ~ idx and f o g ~ idy. This gives an equivalence
relation, and we write X ~ Y and say they have the same homotopy type if they are
homotopy equivalent. The maps f and g are referred to as homotopy equivalences
of homotopy inverses of each other.

To see that having the same homotopy type indeed generalizes being a deforma-
tion retract, we note that if r : X — Y is a deformation retraction, then f =r and
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g, the inclusion of Y in X, are continuous maps that satisfy the conditions and thus
establish X ~ Y. If Y is a single point, then X has the homotopy type of a point,
and we say X is contractible.

Nerves. We now return to our finite collection of sets, F'. Without assuming the
sets are convex, we define the nerve to consist of all non-empty subcollections whose
sets have a non-empty common intersection:

NivF = {XCF[(X#0}

It is always an abstract simplicial complex, no matter what sets we have in F. In-
deed, if VX # P and Y C X, then (Y # 0. We can realize the nerve geometrically
in some Euclidean space, so it makes sense to talk about its topology type and
its homotopy type. We will sometimes do this without explicit construction of the
geometric realization. As an example, consider the collection of four sets in Figure
II1.6 whose union is obviously not homotopy equivalent to the nerve. Nevertheless,
taking the nerve preserves the homotopy type if the sets in the collection are convex.
This is a fundamental result which we state formally but without proof.

Figure II1.6: A collection of four sets whose union is a disk with three holes in
the plane. The nerve is the boundary complex of the tetrahedron which has
the homotopy type of a sphere.

NERVE THEOREM. Let F be a finite collection of closed, convex sets in Euclidean
space. Then the nerve of F' and the union of the sets in F' have the same homotopy

type.

Similar to Helly’s Theorem, the requirement on the sets can be relaxed without
sacrificing the conclusion. Specifically, if | J F is triangulable, all sets in F are closed,
and all non-empty common intersections are contractible, then Nrv F' ~ | JF. We
note that Helly’s Theorem can be interpreted as a constraint on the structure of
the nerve. Specifically, if the sets live in R¢, then a subcollection of k > d + 1 sets
cannot have all ( df_l) d-simplices in the nerve without having the entire k-simplex
in the nerve.
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Cech complexes. We now consider the special case in which the convex sets are
closed geometric balls, all of the same radius, r. Let S be a finite set of points in
R? and write B,(r) = x + rB? for the closed ball with center  and radius 7. The
Cech complex of S and r is the nerve of this collection of balls, but we substitute
the center for each ball, that is,

Cech(r) = {oC S| () Balr) #0}.

reo

Clearly, a set of balls has a non-empty intersection iff their centers lie inside a
common ball of the same radius. Indeed, a point y belongs to all balls iff ||z — y|| < r
for all centers x. An easy consequence of Helly’s Theorem is therefore that every
d+ 1 points in S are contained in a common ball of radius 7 iff all points in S are.
This is Jung’s Theorem, which predates the more general theorem by Helly. The
Cech complex does not necessarily have a geometric realization in R%, but it is fine
as an abstract simplicial complex; see Figure II1.7. For larger radius, the disks are

Figure II1.7: Nine points with pairwise intersections among the disks indicated
by straight edges connecting their centers. The Cech complex fills nine of
the ten possible triangles as well as the two tetrahedra. The only difference
between the Vietoris-Rips and the Cech complexes is the tenth triangle, which
belongs only to the former.

bigger and create more overlaps while retaining the ones for smaller radius. Hence
Cech(rg) € Cech(r) whenever ro < r. If we continuously increase the radius, from
0 to oo, we get a discrete family of nested Cech complexes. We will come back to
this construction later.

Smallest enclosing balls. Beyond sets of two points, it seems cumbersome to
recognize the ones that form simplices in the Cech complex. Nevertheless, there is
a fast algorithm for this purpose.

Let o0 C S be a subset of the given points. We have seen that deciding whether
or not o belongs to Cech(r) is equivalent to deciding whether or not o fits inside
a ball of radius r. Let the miniball of o be the smallest closed ball that contains
o, which we note is unique. The radius of the miniball is smaller than or equal to
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r iff ¢ € Cech(r), so finding it solves our problem. Observe that the miniball is
already determined by a subset of k + 1 < d + 1 of the points, which all lie on its
boundary. If we know this subset, then we can verify the miniball by testing that
it indeed contains all the other points. In a situation in which we have many more
points than dimensions, the chance that a point belongs to this subset is small and
discarding it is easy. This is the strategy of the Miniball Algorithm. It takes two
disjoint subsets 7 and v of ¢ and returns the miniball that contains all points of 7
in its interior and all points of v on its boundary. To get the miniball of o, we call
MINIBALL(a, ).

ball MINIBALL(T,v)
if 7 = () then compute the miniball B of v directly
else choose a random point u € 7;
B = MINIBALL(T — {u},v);
if uw ¢ B then
B = MINIBALL(T — {u},v U {u})
endif
endif; return B.

When 7 is empty, we have a set v of at most d + 1 points, which we know all lie
on the boundary. Assuming the dimension, d, is a constant, we can compute their
miniball directly and in constant time. To analyze the running time, we ask how
often we execute the test “u & B”. Let ¢;(n) be the expected number of such tests
for calling MINIBALL with n points in 7 and j = d + 1 — cardv possibly open
positions on the boundary of the miniball. Obviously, ¢;(0) = 0, and it is reassuring
that the constant amount of work needed to compute the ball for the at most d + 1
points in v is paid for by the test that initiated the call. Consider n > 0. We
have one call with parameters n — 1 and j, one test “u ¢ B”, and one call with
parameters n — 1 and j — 1. The probability that the second call indeed happens is
at most j out of n. Hence,

t(n) < t;(n—1)+1+ % ti_1(n—1).

Setting j = 0, we get to(n) < to(n — 1) + 1 and therefore to(n) < n. Similarly,
ti(n) < ti(n —1) +2 < 2n. More generally, we get t;(n) < (j + 1)In, which is a
constant times n since j < d+1 is a constant. In summary, for constant dimension
the algorithm takes constant time per point in the expected case.

Vietoris-Rips complexes. Instead of checking all subcollections, we may just
check pairs and add 2- and higher-dimensional simplices whenever all their edges
are in the complex. This simplification leads to the Vietoris-Rips complex of S and
r consisting of all subsets of diameter at most 27:

Vietoris-Rips(r) = {0 C S |diamo < 2r}.

Clearly, the edges in the Vietoris-Rips complex are the same as in the Cech complex.
Furthermore, Cech(r) C Vietoris-Rips(r) because the latter contains every simplex
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warranted by the given edges. We now prove that the containment relation can be
reversed if we are willing to increase the radius in the definition of the Cech complex
by a multiplicative constant.

VIETORIS-RIPS LEMMA. Letting S be a finite set of points in some Euclidean
space and letting r > 0, we have Vietoris-Rips(r) C Cech(v/2r).

PRrROOF. A simplex is reqular if all its edges have the same length. A convenient
representation for dimension d is the standard d-simplex, A?, spanned by the end-
points of the unit coordinate vectors in R%*1; see Figure IIL.8. Each edge of A? has

Figure II1.8: The standard triangle connecting the unit coordinate vectors in R3.

length v/2. By symmetry, the distance of the origin from the standard simplex is
its distance from the barycenter, the point z whose d 4+ 1 coordinates are all equal
to d+-1' That distance is therefore ||z|| = 1/v/d+ 1. The barycenter is also the
center of the smallest d-sphere that passes through the vertices of A4, Writing 74
for the radius of that sphere, we have r% =1 — llz||> = d;il. For dimension 1, this
is indeed half the length of the interval, and for dimension 2, it is the radius of
the equilateral triangle. As the dimension goes to infinity, the radius grows and
approaches 1 from below. Any set of d+ 1 or fewer points for which the same d-ball
of radius 74 is the miniball has a pair at distance v/2 or larger. It follows that every
simplex of diameter v/2 or less belongs to Cech(r4). Multiplying with v/2r, we get
Vietoris-Rips(r) C Cech(\/irrd). Since rq < 1 for all d, the latter is a subcomplex
of Cech(\/?r), which implies the claimed subcomplex relationship.

Bibliographic notes. Helly proved his theorem at the beginning of the last cen-
tury, first for convex sets and then for sets with contractible common intersections
[83, 84]. The concept of nerve was introduced at about the same time by Alexandrov
[9]. The Nerve Theorem goes back to Borsuk [19], Leray [102], and others. It has
a complicated literature, with versions differing in the generality of the assumption
and the strength of the conclusion. The Cech complexes are inspired by the theory
of Cech homology, from which they borrow their name. The Vietoris-Rips complex
appears in Vietoris [146] and in later work by Rips; see [79]. Algorithms for finding
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the smallest ball enclosing a finite set of points have been studied in computational
geometry, culminating in the randomized minidisk algorithm of Welzl which has
versions that are efficient even for large sets in high dimensions [155].

I11.3 Delaunay Complexes

In this section, we introduce a geometric constructions that limits the dimension
of the simplices we get from a nerve. The main new structures are the Voronoi
diagram and the Delaunay complex of a finite set of points. We begin by studying
the inversion of space through a unit sphere.

Inversion. Recall that S? is the d-dimensional sphere with center at the origin
and unit radius in R?*1, To invert R4, we map each point  # 0 to the point on
the same half-line whose distance from the origin is the reciprocal of the distance
of z from 0. More formally, the inversion maps z to 1(z) = z/||z||*. It exchanges
inside with outside and leaves points on S? fixed. Clearly, ¢(+(z)) = 2. We construct
the image of a point z inside S? by drawing right-angled triangles. First, we find
a point p € S? such that Oxp has a right angle at . Second, we choose 2’ on the
half-line of = such that Opz’ has a right angle at p. The angle at 0 is the same in
both so the two triangles are similar. Hence, ||z| : ||p|| = |Ip| : ||«’||, which implies
|z|]]2’] = |lp|* = 1 and thus 2’ = ¢(x). We use this construction to show that the
inversion maps spheres to spheres. We note, however, that it generally does not
map centers to centers.

Figure I11.9: The dotted circle represents the sphere S¢ centered at the origin.
As z sweeps out the circle passing through = and y, its image, 2" = 1(2), sweeps
out the circle passing through =’ and 3’.

INVERSION LEMMA. Let ¥ be a d-sphere in R¥*!, If 0 ¢ %, then «(X) is a d-
sphere, and if 0 € X, then ((X) is a d-plane.
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Proor. Consider first the case in which ¥ does not pass through the origin, as in
Figure II1.9. If 0 is the center of 3, then the result is obvious, so assume 0 is not
the center. Draw the line passing through 0 and the center; it intersects ¥ in points
2 and y, which we invert to get points #’ = «(z) and 3y’ = ¢(y). Let z be another
point on ¥ and let 2z’ = 1(z) be its inverse. Then ||z||||z’|| = ||z]|||z’]| = 1, which
implies that the triangles Ozz and 02z’ are similar. By the same token, Oyz and
02’y are similar. But xyz has a right angle at z, implying the angles at 2’ and 3/
inside z’y'2" add up to a right angle. It follows that 2’y’z’ has a right angle at 2’.
As z travels on X, the sphere with diameter zy, the image 2’ travels on ((X), the
sphere with diameter z’y’. What happens when ¥ passes through the origin, say
0 = 2?7 Then the triangle 0y’z" has a right angle at 3’. Equivalently, the image of
3 is the plane normal to the vector y and passing through the point y'.

The Inversion Lemma suggests that we think of a d-plane as a special kind of
d-sphere, namely one that passes through the point at infinity.

Stereographic projection. Inversion can be defined relative to any center z €
R and any radius 7 > 0, that is, ¢, .(z) = r - o(22) + z. It is not difficult to
check that z and 2’ = ¢, ,(z) indeed lie on the same half-line emanating from z
and the product of their distances is ||z — z|||[|2’ — z|| = r?, as desired. We consider

Figure I11.10: The stereographic projection maps a circle on the unit sphere
to a circle in the plane. If the circle on the sphere passes through the north
pole then its image is a line, that is, a circle that passes through the point at
infinity.

the special case in which the center is the point N = (0,...,0,1), the north pole
of S, and the radius is 7 = v/2, the Euclidean distance between the north pole
and the equator. The image of S? is the d-plane of points with vanishing (d 4 1)-st
coordinates, which we denote as R%. The stereographic projection is the restriction
of this particular inversion to the unit sphere, that is, ¢ : S — {N} — R? defined
by ¢(¥) = ty 5(x), as sketched in Figure IIL.10. Similar to the inversion, the
stereographic projection preserves spheres.

STEREOGRAPHIC PROJECTION LEMMA. Let ¥’ be a (d — 1)-sphere on S¢. If
N ¢ ¥/, then ¢(X') is a (d — 1)-sphere, and if N € ¥/, then ¢(¥’) is a (d — 1)-plane.
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Indeed, every (d — 1)-sphere considered in the lemma is the intersection of S% with
another d-sphere. Its image is therefore the intersection of R? with the image of the
d-sphere, which is either a d-sphere or a d-plane. The intersection is thus either a
(d—1)-sphere or a (d — 1)-plane. As before, we consider a plane as a special sphere
that passes through the point at infinity.

Voronoi diagram. We will use stereographic projection and the more general
inversion to elucidate the construction of a particular simplicial complex, called the
Delaunay complex, from a finite set S C R%. As a first step, we define the Voronoi
cell of a point u in S as the set of points for which u is the closest, V,, = {z € R? |
|z — u|| < ||Jx—wv], v €S} It is the intersection of half-spaces of points at least

Figure II1.11: The Voronoi diagram of nine points in the plane. By definition,
each vertex of the diagram is equally far from the points that generate the
incident Voronoi cells and further from all other points in S.

as close to u as to v, over all points v in S. Hence, V,, is a convex polyhedron in
R?. Any two Voronoi cells meet at most in a common piece of their boundary, and
together the Voronoi cells cover the entire space, as illustrated in Figure ITII.11. The
Voronoi diagram of S is the collection of Voronoi cells of its points.

We will shortly use a generalization of the concept to points u with real weights
wy. The weighted squared distance, or power, of a point z € R? from u is 7, (z) =
|z — u|® — w,. For positive weight, we can interpret the weighted point as the
sphere with center u and square radius w,. For a point x outside this sphere, the
power is positive and equal to the square length of a tangent line segment from x to
the sphere. For x on the sphere the power vanishes, and for x inside the sphere the
power is negative. The bisector of two weighted points is the set of points with equal
power from both. Just as in the unweighted case, the bisector is a plane normal to
the line connecting the two points, except that it is not necessarily halfway between
them; see Figure I11.12. Given a finite set of weighted points, we can thus define
the weighted Voronoi cell, or power cell, of u as the set of points z € R? with
mu(2) < my(x) for all weighted points v in the set. Finally, the weighted Voronoi
diagram, or power diagram, is the set of power cells of the weighted points.
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O-Pp@®

Figure II1.12: The bisectors of pairs of weighted points. From left to right:
two disjoint circles side by side, two intersecting circles, and two nested circles.

Lifting. We get a different and perhaps more illuminating view of the Voronoi
diagram by lifting its cells to one higher dimension. Let S be a finite set of points
in R%, as before, but draw them in R?*! adding zeros as (d + 1)-st coordinates.
Map each point v € S to S? using the inverse of stereographic projection, and let II,,
be the d-plane tangent to S? touching the sphere in the point ¢! (u), as illustrated
in Figure I11.13. Using inversion, we now map each d-plane II, to the d-sphere

Figure I11.13: We map the points u and v in R' to the lines II,, and II, tangent
to S* and further to the circles ¥, and ¥, passing through N and tangent to
R'. The dashed line connecting N and the midpoint between u and v passes
through the intersection of the two circles and the intersection of the two lines.

Y., = ((II,). It passes through the north pole and is tangent to R?, the preimage
of S?. The arrangements of planes and of spheres are closely related to the Voronoi
diagram. We focus on the spheres first.

FIRST SPHERE LEMMA. A point 2 € R? belongs to the Voronoi cell of u € S iff
the first intersection of the directed line segment from x to N with the d-spheres
defined by the points in S is with X,,.
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PROOF. Interpret the sphere 3, as a weighted point, namely its center with weight
equal to the square of its radius. The power of a point x is the squared length of
a tangent line segment, which is equal to ||z — uH2 if z € R?. Tt follows that the
weighted Voronoi cell of the weighted center intersects R? in the Voronoi cell of u.
The claim follows because all bisectors of the weighted points pass through N.

Switching from spheres to planes, we get a similar characterization of the Voronoi
diagram in terms of tangent planes.

FIRST PLANE LEMMA. A point € R? belongs to the Voronoi cell of u € S iff
the first intersection of the directed line segment from N to x with the d-planes
defined by the points in S is with IL,.

Delaunay triangulation. The Delaunay complez of a finite set S C R? is iso-
morphic to the nerve of the Voronoi diagram:

Delaunay = {0 C S| ﬂ Vi # 0}

uco

We say the set S is in general position if no d 4+ 2 of the points lie on a common
(d—1)-sphere. This assumption implies that no d+2 Voronoi cells have a non-empty
common intersection. Equivalently, the dimension of any simplex in the Delaunay
complex is at most d. Assuming general position, we get a geometric realization by
taking convex hulls of abstract simplices, as in Figure II1.14. The result is often
referred to as the Delaunay triangulation of S. To see that this construction indeed

Figure II1.14: The Delaunay triangulation superimposed on the Voronoi di-
agram. No four of the given points are cocircular implying the Delaunay
complex has simplices of dimension at most two and a canonical geometric
realization in R?.

gives a geometric realization of the Delaunay complex, we lift the points to the set
¢ 1(9) on S?. Similarly, we lift a general point 2 € R? to the d-plane II, tangent
to S? at the point ¢~!(x). Keeping the same normal direction, we move this plane
toward N. This corresponds to growing a (d — 1)-sphere around x. The first point
encountered by the plane corresponds to the first point encountered by the sphere,
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which is therefore the nearest to x. This suggests we add N to the set of lifted
points and we take the convex hull in R%*t!. The boundary of the resulting convex
polytope consists of faces up to dimension d, some of which share N as a vertex. We
are interested in the other faces, since they are spanned by points that correspond to
Voronoi cells with a non-empty common intersection. Using the central projection
from N, we map these faces to R%. By convexity of the polytope, the images of the
faces have no improper intersections. Indeed, we get the geometric realization of
the Delaunay complex, as promised.

Similar to the Voronoi diagram, we can generalize the Delaunay complex to a
finite set of points with real weights. Specifically, the weighted Delaunay complex
is the abstract simplicial complex that contains a subset of the weighted points iff
their weighted Voronoi cells have a non-empty common intersection. In contrast to
the unweighted case, the cell of a weighted point can be empty, a difference that
is sometimes overlooked. As a consequence, the vertex set of the weighted Delau-
nay triangulation is a subset and not necessarily the entire set of given weighted
points. Assuming general position, this complex can again be geometrically real-
ized by taking convex hulls of the abstract simplices. The appropriate notion of
general position is that no point of R? has the same power from more than d + 1
of the weighted points. This property is satisfied with probability one, a necessary
requirement for a general position assumption.

Bibliographic notes. Voronoi diagrams are named after Georgy Voronoi [149,
150], and Delaunay triangulations are named after Boris Delaunay (also Delone)
[44]. Both structures had been studied centuries earlier by others, including Dirich-
let, Gauf3, and Descartes. Weighted Voronoi diagrams are perhaps as old as the
unweighted ones and are known under a plethora of different names, including
Thiessen polygons, Dirichlet tessellations, and power diagrams; see the survey ar-
ticle by Aurenhammer [11]. Their dual weighted Delaunay triangulations are also
known under a variety of names, including regular triangulations and coherent tri-
angulations; see e.g. [76]. Algorithms for constructing Delaunay triangulations with
an emphasis on mesh generation applications can be found in [54].

III.4 Alpha Complexes

In this section, we use a radius constraint to introduce a family of subcomplexes
of the Delaunay complex. These complexes are similar to the Cech complexes but
differ from them by having canonical geometric realizations.

Union of balls. Let S be a finite set of points in R? and 7 a non-negative real
number. As before, for each u € S, we let B, (r) = u + rB? be the closed ball with
center u and radius 7. The union of these balls is the set of points at distance at
most 7 from at least one of the points in S. To decompose the union, we intersect
each ball with the corresponding Voronoi cell, R, () = B, (r) N V. Since balls and
Voronoi cells are convex, the R, (r) are also convex. Any two of them are disjoint
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or overlap along a common piece of their boundaries, and together the R, (r) cover
the entire union, as in Figure II1.15. The alpha complez is the nerve of this cover,
but we substitute the center for each ball, that is,

Alpha(r) = {0 CS|[) Ru(r) #0}.

ueco

Since R, (r) C Vi, the alpha complex is a subcomplex of the Delaunay complex. It
follows that for a set S in general position, we get a geometric realization by taking
convex hulls of abstract simplices, just as in the previous section. Furthermore,
R.(r) € B,(r), which implies Alpha(r) C Cech(r). Since the R, (r) are closed and
convex and together they cover the union, the Nerve Theorem implies that the union
of balls and Alpha(r) have the same homotopy type: |J,cg Bu(r) > |Alpha(r)].

Figure II1.15: The union of disks is decomposed into convex regions by the
Voronoi diagram. The corresponding alpha complex is superimposed.

Weighted alpha complexes. For many applications, it is useful to permit balls
with different sizes. An example of significant importance is the modeling of
biomolecules, such as proteins, RNA, and DNA. Each atom is represented by a
ball whose radius reflects the range of its van der Waals interactions and thus de-
pends on the atom type. Therefore, let S be a finite set of points u with real weights
w,. As in the previous section, we think of u as a ball B, with center v and squared
radius 72 = w,. We again consider the union of the balls, which we decompose into
convex regions, now using weighted Voronoi cells, R, = B, N V,,. This is illustrated
in Figure II1.16. In analogy to the unweighted case, the weighted alpha complex of
S is the nerve of the collection of regions R,, but we again substitute the points
for the regions. Equivalently, it is the set of abstract simplices ¢ C S such that
MNuco Bu # 0. The weighted alpha complex is a subcomplex of the weighted De-
launay complex. Assuming the weighted points are in general position, we again
get a geometric realization by taking convex hulls of abstract simplices. It will be
convenient to blur the difference, which we do by using the exact same notation
and dropping the term weighted unless it is essential.
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Figure I11.16: Convex decomposition of a union of disks and the weighted
alpha complex superimposed.

Filtration. There is a free parameter, r, which we may vary to get smaller and
larger unions and smaller and larger alpha complexes. Sometimes, there is a best
choice of r, but more often there is not. Indeed, the more interesting object is the
family of alpha complexes, since it represents the data at different scales, if you will,
and it allows us to draw conclusions from comparisons between different complexes
in the same family.

We first explain the construction in the relatively straightforward unweighted
case. Given a finite set S C RY, we continuously increase the radius and thus
get a l-parameter family of nested unions. Correspondingly, we get a 1-parameter
family of nested alpha complexes, but because they are all subcomplexes of the
same Delaunay complex, which is finite, only finitely many of them are distinct.
Writing K; for the i-th alpha complex in this sequence, we get

=Ky CK C...CKp,

which we call a filtration of K,, = Delaunay. What we have here is a stepwise
assembly of the final complex in such a way that every set along the way is a
simplicial complex.

There is more than one way to generalize this construction to the weighted case.
For example, we could grow the corresponding balls uniformly. Starting with B,,
which has radius /w,, we would increase the radius to \/w, + 7 for » > 0. This
makes sense in many applications, including the modeling of biomolecules, but has
the complicating side effect that the Voronoi diagram of the set of balls for different
values of r are not necessarily the same. Hence, the resulting alpha complexes are
not necessarily nested. Instead, we let B, (r) be the ball with center u and squared
radius w, + r2. The points x with equal power from B,(r) and B,(r) satisfy
|z — ul® = (wy +r2) = ||& — v||* = (w, + r2). The squared radius cancels, implying
that the same points x form the bisector for all choices of . Hence, the union of
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balls are decomposed into convex sets by the same weighted Voronoi diagram for
any r. Similarly, the weighted alpha complexes are all subcomplexes of the weighted
Delaunay triangulation of the given points. More specifically, the alpha complex
for rg is a subcomplex of that for » whenever ro < r, and we again get a filtration
that starts with the empty complex and ends with the entire weighted Delaunay
complex, as in the unweighted case.

The structure of a simplex. We are interested in the difference between two
contiguous complexes in the filtration, K;y; — K;. For this purpose, we study the
structure of an abstract simplex, and not just because it arises as an element of
the alpha complex. Recall that an abstract d-simplex, «, is a set of d 4+ 1 points.
It has 291! subsets, including the empty set and « itself. In the Hasse diagram of
this set system, we draw a node for each subset of a and an arc for each subset
relation, avoiding arcs that are implied by transitivity. Drawing the containing sets
above the contained ones and keeping subsets of same cardinality in common rows,
we get a picture like the one in Figure II1.17. It looks like the edge-skeleton of the

Figure II1.17: The Hasse diagram of an abstract 3-simplex. Each containment
between faces is represented by a decreasing path connecting the nodes.

(d + 1)-dimensional cube, and not by coincidence. Indeed, we can construct the
Hasse diagram inductively, first drawing the Hasse diagram of a (d — 1)-face. By
inductive assumption, this is the edge-skeleton of a d-cube. When we add the last
point, ug4, to the simplex, we get a new set 8 U {ug} for each old set 8. To update
the Hasse diagram, we add a second copy of the d-cube and connect corresponding
sets. This is precisely the recipe for drawing the (d + 1)-cube.

Another useful method for constructing the Hasse diagram is to add one pair of
adjacent nodes at a time. We describe this in the other direction, disassembling
the diagram one pair at a time. Specifically, we allowed ourselves to remove a
pair By C B if 8 is the only remaining set that properly contains . Note that
[ is necessarily maximal and we have dim 3y = dim 8 — 1 because the operation
maintains the system as an abstract simplicial complex. It is easy to see that
disassembling the Hasse diagram of the d-simplex this way is possible, for example
by removing the pairs 8y C 8o U {uq} in the order of decreasing dimension of fy.
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Collapses. Now suppose we have a geometric d-simplex, o, and we consider the
Hasse diagram of its system of faces, to which we add the empty set to be consistent
with earlier assumptions. The operation of removing a pair 5y C 3 corresponds to
removing a pair of faces 79 < 7. The condition is that 7 is the only remaining
proper coface of 79. The operation of removing the pair 7y < 7 is referred to as
an elementary collapse, or a (k,k + 1)-collapse when k = dim7y. As illustrated in
Figure II1.18, a d-simplex can be reduced to a single simplex by a sequence of 2¢ — 1
elementary collapses. Since the elementary collapses maintain the set as a simplicial
complex, the remaining simplex is necessarily a vertex. We can apply elementary
collapses more generally to any simplicial complex, K. Letting L be the result of
the collapse, we note that there is a deformation retraction from |K| to |L|. This
implies that K and L have the same homotopy type. We call K collapsible if there is
a sequence of elementary collapses that reduces K to a single vertex. Since collapses
preserve the homotopy type, this is only possible if |K| is contractible. However,
it turns out that not every simplicial complex with contractible underlying space is
collapsible.

Figure II1.18: From left to right: a tetrahedron, the three triangles left after a
(2, 3)-collapse, the three edges left after three additional (1,2)-collapses, and
the vertex left after three additional (0, 1)-collapses.

It is convenient to extend the notion of collapse and consider pairs of simplices
7 < v whose dimensions differ by one or more. Instead of requiring that v be the
only proper coface of 7, we now require that all cofaces of T be faces of v. Letting
k = dim7 and ¢ = dimv, we get (*;*) simplices of dimension i + k and therefore
a total of 20% = Zf;(]f (fzk) simplices between 7 and v, including the two. The
Hasse diagram of this set of faces has the structure of an (¢ — k — 1)-simplex,
which we have seen can be collapsed down to a vertex by a sequence of 26=%~1 — 1
elementary collapses. Each (4,7 4+ 1)-collapse in this sequence corresponds to an
(i 4+ k+1,i+ k + 2)-collapse in the sequence that removes the cofaces of 7. We
append a (k, k+1)-collapse which finally removes 7 together with the last remaining
proper coface. We refer to this sequence of 2=*~1 elementary collapses as a (k, £)-
collapse. Since elementary collapses preserve the homotopy type, so do the more

general collapses.

Critical and regular events. Let r; be the smallest radius such that K, =
Alpha(r;). A simplex 7 belongs to K;11 but not to K; if the balls with radius
r;+1 have a non-empty common intersection with the corresponding intersection
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of Voronoi cells but the balls with radius r; do not; see Figure II1.19. Assuming
general position and dim 7 = k, the intersection of Voronoi cells, V; = o, Vi, is
a convex polyhedron of dimension d — k. By definition of 7;41, the balls B, (7;11)
intersect V. in a single point, x.

Figure I11.19: Left: three points spanning an acute triangle. In the alpha
complex evolution, the three edges appear before a critical event adds the
triangle. Right: three points spanning an obtuse triangle. T'wo edges appear
before a regular event adds the triangle together with the third edge.

Consider first the case that x lies on the boundary of V... Then there are other
Voronoi polyhedra for which z is the first contact with the union of balls. Assume
V: is the polyhedron with highest dimension in this collection and let V,, be the
polyhedron with lowest dimension. Correspondingly, 7 is the simplex with lowest
dimension in K;y; — K; and v is the simplex with highest dimension. The other
simplices in K; 1 — K; are the faces of v that are cofaces of 7. In other words, we
obtain K; from K, 1 by a (k,f)-collapse, where k = dim 7 and ¢ = dimv. We call
this collapse a regular event in the evolution of the alpha complex.

Consider second the case that x lies in the interior of V; and it is not the first
contact for any higher-dimensional Voronoi polyhedron. In other words, 7 is the
only simplex in K;y; — K;. We call the addition of 7 a critical event because
it changes the homotopy type of the complex. Since the union of balls has the
homotopy type of the complex, we know that the union also changes its type when
the radius reaches 7;41.

Bibliographic notes. Alpha complexes were introduced for points in R? by
Edelsbrunner, Kirkpatrick, and Seidel [59], extended to R? in [63], and to weighted
points in general, fixed dimension in [53]. The 3-dimensional software written by
Ernst Miicke has been popular in many areas of science and engineering, including
structural molecular biology where alpha complexes serve as an efficient represen-
tation of proteins and other biomolecules. Alpha complexes were the starting point
of the work on persistent homology, to be discussed in Chapter VII. The difference
between critical and regular events in the evolution of the alpha complex reminds
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us of the difference between critical and regular points of a Morse function, which
will be studied in Chapter VI. The connection is direct but is made technically dif-
ficult because Morse theory was developed principally for smooth functions [111].
A lesser known development of the same ideas for non-smooth functions is based on
the concept of a topological Morse function [114] of which the Euclidean distance
and power functions for a finite point set are examples.

Exercises

The credit assignment reflects a subjective assessment of difficulty. A typical ques-
tion can be answered using knowledge of the material combined with some thought
and analysis.

1. Deciding isomorphism (three credits). What is the computational complexity
of recognizing isomorphic abstract simplicial complexes?

2. Order complex (two credits). A flag in a simplicial complex K in R? is a
nested sequence of proper faces, g < 01 < ... < 0k. The collection of flags
forms an abstract simplicial complex A sometimes referred to as the order
complex of K. Prove that A has a geometric realization in R

3. Barycentric subdivision (one credit). Let K consist of a d-simplex o and its
faces.

(i) How many d-simplexes belong to the barycentric subdivision, SAK?
(ii) What is the d-dimensional volume of the individual d-simplices in SAK?

4. Covering a tree (one credit). Let P be a finite collection of closed paths that
cover a tree; that is, each node and each edge of the tree belongs to at least
one path.

(i) Prove that the nerve of P is contractible.

(i) Is the nerve still contractible if we allow subtrees in the collection? What
about subforests?

5. Nerve of stars (one credit). Let K be a simplicial complex. Prove that K is
a geometric realization of the nerve of the collection of vertex stars in K.

6. Helly for boxes (two credits). A box in R? is defined by pairs a; < b; and
consists of all points © = (21, x2,...,xq) satisfying a; < z; <b; for 1 <i <d.
Let F be a finite collection of boxes in R%. Prove that if every pair of boxes has a
non-empty intersection, then the entire collection has a non-empty intersection.

7. Alpha complexes (two credits). Let S C R? be a finite set of points in general
position. Recall that Cech(r) and Alpha(r) are the Cech and alpha complexes
for radius > 0. Is it true that Alpha(r) = Cech(r) N Delaunay? If yes, prove
the following two subcomplex relations. If no, give examples to show which
subcomplex relations are not valid.
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(i) Alpha(r) C Cech(r) N Delaunay.
(ii) Cech(r) N Delaunay C Alpha(r).

8. Collapsibility (two credits). Call a simplicial complex collapsible if there is
a sequence of collapses that reduces the complex to a single vertex. The ex-
istence of such a sequence implies that the underlying space of the complex
is contractible. Describe a finite 2-dimensional simplicial complex that is not
collapsible although its underlying space is contractible.
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Chapter IV

Homology

Homology is a mathematical formalism for talking in a quantitative and unambigu-
ous manner about how a space is connected. Compared to most other, competing
formalisms, homology has faster algorithms but captures less of the topological in-
formation. We should keep in mind, however, that detailed classifications are not
within our computational reach in any case. Specifically, the question of whether
or not two triangulated 4-manifolds are homeomorphic or homotopy equivalent are
both undecidable. In practice, having fast algorithms is a definitive advantage and
being insensitive to some topological information is not necessarily a drawback.
More useful than knowing everything is being able to assess the importance of in-
formation and to rank it accordingly, a topic we will address directly in Chapter
VII. Before we get there, we need to learn the basics, which we do in this chapter.

IV.1 Homology Groups

Homology groups provide a mathematical language for the holes in a topological
space. Perhaps surprisingly, they capture holes indirectly, by focusing on what
surrounds them. Their main ingredients are group operations and maps that re-
late topologically meaningful subsets of a space to each other. In this section, we
introduce the various groups involved in the setup of homology.

Chain complexes. Let K be a simplicial complex and p a dimension. A p-chain
is a formal sum of p-simplices in K. The standard notation for this is ¢ = >_ a0,
where the o; are the p-simplices and the a; are the coefficients. In computational
topology, we mostly work with coefficients a; that are either 0 or 1, called modulo 2
coefficients. Coefficients can, however, be more complicated numbers like integers,
rational numbers, real numbers, elements of a field, or elements of a ring. Since we
work modulo 2, we can think of a chain as a set of p-simplices, namely those o; with
a; = 1. But when we do consider chains with other coefficient groups, this way of
thinking is more cumbersome, so we will use it sparingly.

79
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Two p-chains are added componentwise, like polynomials. Specifically, if ¢ =
>aio; and ¢ = Y bio;, then ¢ + ¢ = > (a; + b;)o;, where the coefficients satisfy
141 = 0. In set notation, the sum of two p-chains is their symmetric difference. The
p-chains together with the addition operation form the group of p-chains denoted
as (Cp,+), or simply C, = C,(K) since the operation is understood. Associativity
follows from associativity of addition. The neutral element is 0 = ) 00;. The
inverse of ¢ is —c = ¢ since ¢+c¢ = 0. Finally, C, is abelian because addition modulo
2 is abelian. We have a group of p-chains for each integer p. For p less than zero
and greater than the dimension of K this group is trivial, consisting only of the
neutral element. To relate these groups, we define the boundary of a p-simplex as
the sum of its (p — 1)-dimensional faces. Writing o = [ug, u1, . .., u,] for the simplex
spanned by the listed vertices, its boundary is

P
Opo = Z[uo,...7ﬁj7...,up],
3=0

where the hat indicates that u; is omitted. For a p-chain, ¢ = )" a;0;, the boundary
is the sum of the boundaries of its simplices, d,¢c = 3 a;0,0;. Hence, taking the
boundary maps a p-chain to a (p — 1)-chain, and we write 9, : C, = C,_1. Notice
also that taking the boundary commutes with addition, that is, 9,(c + ¢') = 9pc +
0pc’. This is the defining property of a homomorphism, which is a map between
groups that commutes with the group operation. Therefore, we refer to d, as the
boundary homomorphism or, for short, the boundary map for chains. The chain
complex is the sequence of chain groups connected by boundary homomorphisms,
e e, e,
It will often be convenient to drop the index from the boundary homomorphism
since it is implied by the dimension of the chain it applies to.

Cycles and boundaries. We distinguish two particular types of chains and use
them to define homology groups. A p-cycle is a p-chain with empty boundary,
Oc = 0. Since 0 commutes with addition, we have a group of p-cycles, denoted as
Z, = Z,(K), which is a subgroup of the group of p-chains. In other words, the group
of p-cycles is the kernel of the p-th boundary homomorphism, Z,, = ker d,. Since
the chain groups are abelian, so are their cycle subgroups. Consider p = 0 as an
example. The boundary of every vertex is zero, C_; = 0; hence Zy = ker 9y = Co.
For p > 0, however, Z, is usually not all of C,,.

A p-boundary is a p-chain that is the boundary of a (p + 1)-chain, ¢ = 9d with
d € Cpy1. Since 0 commutes with addition, we have a group of p-boundaries,
denoted by B, = B, (K), which is again a subgroup of the p-chains. In other words,
the group of p-boundaries is the image of the (p + 1)-st boundary homomorphism,
B, = im 0,41. Since the chain groups are abelian, so are their boundary subgroups.
Consider p = 0 as an example. Every 1-chain consists of some number of edges,
each with two endpoints. Taking the boundary cancels duplicate endpoints in pairs,
leaving an even number of distinct vertices. Now suppose the complex is connected.
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Then for any even number of vertices, we can find paths that connect them pairwise
and we can add the paths to get a 1-chain whose boundary consists of the given
vertices. Hence, every even set of vertices is a 0-boundary and every odd set of
vertices is not. If K is connected, this implies that exactly half the O-cycles are
0-boundaries. The fundamental property that makes homology work is that the
boundary of a boundary is necessarily zero.

FUNDAMENTAL LEMMA OF HOMOLOGY. 0,0,11d = 0 for every integer p and
every (p + 1)-chain d.

ProOF. We just need to show that 0,0,417 = 0 for a (p + 1)-simplex 7. The
boundary, 0p417, consists of all p-faces of 7. Every (p — 1)-face of 7 belongs to
exactly two p-faces, so 0,(9p+17) = 0.

It follows that every p-boundary is also a p-cycle or, equivalently, that B, is
a subgroup of Z,. Figure IV.1 illustrates the subgroup relations among the three
types of groups and their connection across dimensions established by the boundary
homomorphisms.

Figure IV.1: The chain complex consisting of a linear sequence of chain, cycle,
and boundary groups connected by homomorphisms.

Homology groups. Since the boundaries form subgroups of the cycle groups, we
can take quotients. In other words, we can partition each cycle group into classes
of cycles that differ from each other by boundaries. This leads to the notion of
homology groups and their ranks, which we now define and discuss.

DEFINITION. The p-th homology group is the p-th cycle group modulo the p-th
boundary group, H, = Z,/B,. The p-th Betti number is the rank of this group,
Bp = rank H,,.

Each element of H, = H,(K) is obtained by adding all p-boundaries to a given
p-cycle, ¢+ By, with ¢ € Z,,. In group theory, ¢ + B, is called a coset of By, in Z,.
If we take any other cycle ¢ = ¢ + ¢”, with ¢’ an element of B, we get the same
class, ¢ + B, = ¢+ By, since ¢’ 4+ B, = B,,. This class is thus a coset of H,, and is
referred to as a homology class. Any two cycles in the same homology class are said
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to be homologous, which is denoted as ¢ ~ ¢/. We may take c as the representative
of this class, but we could choose any other cycle in the class as well. Similarly,
addition of two classes, (c+ Bp) + (co + Bp) = (¢ + co) + By, is independent of the
representatives and is therefore well defined. We thus see that H,, is indeed a group,
and because Z, is abelian, so is H,,.

The cardinality of a group is called its order. Since we use modulo 2 coefficients,
a group with n generators has order 2. For example, the base 2 logarithm of the
order of C, is the number of p-dimensional simplices in the complex. Furthermore,
the group is isomorphic to Z3, the group of bit-vectors of length n together with
the exclusive-or operation. This is an n-dimensional vector space generated by n
bit-vectors, for example the n unit vectors. The dimension is referred to as the
rank of the vector space, n = rankZ} = log, ordZ7. The cycles and boundaries
exhibit the same vector space structure, except that their dimension is often less
than that of the chains. The number of cycles in each homology class is the order of
B,; hence the number of classes in the homology group is ord H, = ord Z, /ord B,,.
Equivalently, the rank is the difference, 5, = rankH, = rankZ, — rank B,,. This

y Tty

<>

Figure IV.2: The first homology group of the torus has order 4 and rank 2. In
the middle, the four elements are drawn as the cosets in the group of 1-cycles.
On the right, the four elements are the vertices of a square.

suggests two alternative methods for illustrating a homology group, as a partition
of the set of cycles or the hypercube of dimension /3,. As an example consider the
torus in Figure IV.2. There are only four homology classes in Hy, namely By, x+ By,
y+Bi1, and (z +y) + By, where  and y are the non-bounding 1-cycles that go once
around the arm and the hole of the torus. The two corresponding cosets, = + B
and y + By, generate the first homology group.

The homology of a ball. We define a closed ball to be any triangulated topo-
logical space that is homeomorphic to B*, the subset of points at a distance at most
one from the origin in R*. What is the homology of a ball? Given our intuition
that homology should measure holes, it should be trivial. This almost turns out to
be true; actually if K triangulates a ball, then H,(K) = 0 except when p = 0 where
it has rank 1. This is surprisingly hard to prove, however! It is usually done with
a lot of machinery like simplicial approximations and homotopy equivalences. For
now, let us at least see this directly when K is the set of faces of a single simplex
of dimension k. In this case, the p-chains of K have rank equal to the number of
p-faces, which is (k+1). Let the vertices be ug, u1,...,u; and consider a p-chain ¢

p+1
with simplices of the form [u;,,u;,,...,u;,]. The condition dc = 0 is equivalent to
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every (p—1)-simplex occurring an even number of times as a face of p-simplices in c.
Assuming p > 0, we can construct a (p+1)-chain d with boundary dd = ¢. This will
imply that every p-cycle is also a p-boundary and, equivalently, that H,, is trivial.
Specifically, we let d be the set of (p+ 1)-simplices of the form [ug, iy, wi,, - .., u;,].
In words, d contains a (p + 1)-simplex for each p-simplex in ¢ that does not have
ug as a vertex. To see that ¢ is the boundary of d, we distinguish three types of
p-faces of simplices in d. A p-simplex in ¢ that does not contain ug occurs exactly
once as a face of a (p + 1)-simplex in d and therefore belongs to dd. A p-simplex T
not in ¢ occurs an even number of times, namely once for each time the (p — 1)-face
o obtained by dropping ug occurs in the boundary of a simplex in ¢. By the same
argument, we get a p-simplex 7 in ¢ that contains ug an odd number of times be-
cause one of the p-simplices in ¢ that contains the (p — 1)-face o does not give rise
to a (p+ 1)-simplex in d, namely 7 itself.

This covers all positive dimensions. For p = 0, we have already observed that
exactly half the cycles are boundaries. Hence, Hy = Zy /By is isomorphic to Zy and
Bo = 1, as claimed.

Reduced homology. There is something dissatisfying about the 0-th homology
group behaving differently for the ball than the others. The reason for the difference
is that we have set up things so that 8y counts the components, but if there is one
component, there is no hole. More satisfying would be to count one when we have
two components, namely for the one gap between them. This is achieved by a small
but often useful modification of homology, namely adding the augmentation map
€ : Cog — Zs defined by e(u) = 1 for each vertex u. We thus get

3] 15} 0

Cycles and boundaries are defined as before, and the only difference we notice
is for Zy which now requires that each 0-cycle have an even number of vertices.
This results in the reduced homology groups, Hp, and the reduced Betti numbers,
Bp = rank Hp. Assuming K is non-empty, we have Bp = B, for all p > 1 and
BO = By — 1. For K = (), we have ﬁll = 1. This is because both elements of
Zs belong to the kernel and are therefore (—1)-cycles, but only one belongs to the
image of the augmentation map and is therefore a (—1)-boundary.

Induced maps. A continuous map from one topological space to another maps
cycles to cycles and boundaries to boundaries. We can therefore use the images to
construct new homology groups. These are not necessarily the same as the ones of
the original space since cycles can become boundaries, for example trivial cycles.
We describe this more formally for two simplicial complexes and a simplicial map,
f+ K — L, between them. Recall that f takes each simplex of K linearly to a
simplex of L. It induces a map from the chains of K to the chains of the same
dimension of L. Specifically, if ¢ = 3 a;0; is a p-chain in K, then fx(c) = > a;i,
where 7; = f(0;) if it has dimension p and 7, = 0 if f(o) has dimension less than
p. Writing 0x and 9y, for the boundary maps in the two complexes, we note that
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fu 00x = O, o fyu, that is, the induced map commutes with the boundary maps.
This is obvious when f(o;) has dimension p, since then all (p — 1)-faces of o; map
to the corresponding (p — 1)-faces of 7;. If, on the other hand, f(o;) has dimension
less than p, then the (p — 1)-faces of o; map to simplices of dimension less than
p—1, with the possible exception of exactly two (p — 1)-faces whose images coincide
and cancel each other. So both fx(0ko;) and 9 fx(0) are zero. Note that in
the case when f : K — L is the inclusion of one simplicial complex into another,
simplices always keep their dimension, so the induced map, fx, is a little easier to
understand.

The fact that the induced map commutes with the boundary map implies that
f takes cycles to cycles, fu(Z,(K)) C f#(Z,(L)), and boundaries to boundaries,
fu(Bp(K)) C fu(Bp(L)). Therefore, it defines a map on the quotients, which
we call the induced map on homology, sometimes written f. : H,(K) — H,(L).
Note that the rank of the image is bounded from above by both Betti numbers,

rank f. (Hy(K)) < min{B,(K), 3,(L)}.

Degree of a map. We now present a first application of the concept of induced
maps. We describe it for general continuous maps, appealing to the Simplicial
Approximation Theorem proved in Section III.1 when we need triangulations and
an approximating simplicial map. Let g : SP — SP be a continuous map and let ¢
be the unique generator of the p-th homology group of the p-sphere. Then g(c) is
either homologous to ¢ or to 0. In other words, g(c¢) ~ ac and « € {0, 1} is called
the modulo 2 degree of g. If g is the identity, then a = 1. However, if g extends a
continuous map go : BP* — SP, then the induced map on homology, g. : H,(S?) —
H,(SP), is the composite of two induced maps, H,(SP) — H,(BP*1) — H,(SP),
where the first is induced by inclusion. The middle group is trivial; hence oo = 0.
We are now ready to prove a classic result on fixed points of continuous maps.

BROUWER’S FIXED POINT THEOREM. A continuous map f : BP*! — BPt! has
at least one fixed point x = f(z).

PROOF. Let A, B : SP — SP be maps defined by A(x) = (z — f(z))/||lz — f(z)|| and
B(z) = z. Since B is the identity, its modulo 2 degree is 1. If f has no fixed point,
then A is well defined and has modulo 2 degree 0 because it extends a map from
the (p + 1)-ball to the p-sphere. We now construct H : SP x [0,1] — SP by setting
H(xz,t) = (x —tf(x))/|lx —tf(z)]]. For t = 1, we have x # f(x) because there is
no fixed point, and for ¢t < 1, we have x # tf(z) because ||z|| = 1 > ||tf(x)]. We
conclude that H is a homotopy between A and B, which implies that the modulo
2 degree of the two are the same, a contradiction.

Bibliographic notes. Like many other concepts in topology, homology groups
were introduced by Henri Poincaré in one of a series of papers on “analysis situ”
[121]. He named the ranks of the homology groups after another mathematician,
Betti, who introduced a slightly different version years earlier. The field experienced
a rapid development during the twentieth century. There were many competing
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theories, simplicial and singular homology being just two examples, which have
been consolidated by axiomatizing the assumptions under which homology groups
exist [66]. Today we have a number of well-established textbooks in the field. We
refer to Giblin [78] for an intuitive introduction and to Hatcher [82], Munkres [116],
and Spanier [136] for more comprehensive sources. Brouwer’s Fixed Point Theorem
impresses by its generality and is popular outside of mathematics also. He proved
the 3-dimensional case in 1910 [22] and the general case in 1912 [23].

IV.2 Matrix Reduction

The homology groups of a triangulated space can be computed from the matrices
representing the boundary homomorphisms. Their reduced versions readily provide
the ranks of the cycle and boundary groups, and their differences give the Betti
numbers. Summing these same differences leads to a proof of the Euler-Poincaré
formula which generalizes the Euler relation for planar graphs.

Euler-Poincaré formula. Recall that the Euler characteristic of a simplicial
complex is the alternating sum of the number of simplices in each dimension. Also
recall that the rank of the p-th homology group is the rank of the p-th cycle group
minus the rank of the p-th boundary group. Writing z, = rank Z,, and b, = rank B,
this can be stated as 8, = 2,—b,. Furthermore, writing n,, = rank C, for the number
of p-simplices in K, we know that n, = 2, + b,—1. This is the general fact that for
any linear transformation between vector spaces f : U — V, the dimension of U
equals the sum of the dimension of the kernel of f and the dimension of the image
of f. The Euler characteristic is the alternating sum of the n,, which is therefore

X = Y (-1)7(z+bpoa)

p=>0

= Z(_l)p(zp = bp)

p=>0

= Z(_l)pﬁp'

p=>0

To appreciate the beauty of this result, we need to know that homology groups do
not depend on the triangulation chosen for a topological space. The technical proof
of this claim is difficult, and we refer the reader to more advanced texts. Even
the more general result that homotopy equivalent spaces have isomorphic homology
groups is plausible. For example, we can free ourselves from the triangulation
entirely and define chains in terms of continuous maps from the standard simplex
into the space X. This gives rise to singular homology, which can be shown to give
groups isomorphic to the ones we get by simplicial homology, the theory we describe
in this chapter. If we now have a continuous map f : X — Y, we can map the chains
from X to those of Y by simply composing. If f is a homotopy equivalence, then it
turns out that X and Y have isomorphic homology groups. This also implies that
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the Euler characteristic is an invariant of the space, that is, it does not depend on
the simplicial complex we use to triangulate it.

EULER-POINCARE THEOREM. The Euler characteristic of a topological space is
the alternating sum of its Betti numbers, x = szo(fl)pﬁp.

Boundary matrices. To compute homology, we combine information from two
sources, one representing the cycles and the other the boundaries, just as in the proof
of the Euler-Poincaré Theorem. Let K be a simplicial complex. Its p-th boundary
matriz represents the (p — 1)-simplices as rows and the p-simplices as columns.
Assuming an arbitrary but fixed ordering of the simplices, for each dimension, this
matrix is 9, = [a]], where i ranges from 1 to n,_1, j ranges from 1 to n,, and
ag = 1 if the i-th (p — 1)-simplex is a face of the j-th p-simplex and a{ = 0,
otherwise. Given a p-chain, ¢ = )" a;0;, the boundary, d,c¢, can be computed by
matrix multiplication:

1 2 p
ai aj a',ll ai
ay a3 ay” a
1 2 p
a”p—l anp—l a‘np—l anp

In words, a collection of columns represents a p-chain and the sum of these columns
gives its boundary. Similarly, a collection of rows represents a (p — 1)-chain and the
sum of these rows gives its coboundary, a concept that will be defined in the next
chapter.

Row and column operations. The rows of the matrix d, form a basis of the
(p — 1)-st chain group, C,_1, and the columns form a basis of the p-th chain group,
C,. We use two types of column operations to modify the matrix without changing
its rank: exchanging columns k& and [ and adding column & to column /. Both can
be expressed by multiplying with a matrix V' = [v]] on the right. To exchange two

columns, we have v}c = vlk =1and v! = 1 for all i # k,I. All other entries are

k k+1 k l

Figure IV.3: The effect of a single off-diagonal one in the matrix V is the
addition of one column in the boundary matrix to another. The effect on the
basis of C, is similar.
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zero. To add column k to column [, we have vfc =1 and v! = 1 for all i. All other
entries are zero. As indicated in Figure IV.3, the effect of the operation is that
the [-th column now represents the sum of the k-th and the I-th p-simplices, or the
sum of whatever the two columns represented prior to the operation. Similarly, we
have two row operations, one exchanging two rows and the other adding one row
to another. This translates to multiplication by a matrix U = [u] on the left. To
exchange two rows, we again have u}, = uf = 1, u! =1 for i # k,[, and all other
entries zero. To add the k-th to the [-th row, we have uf =1, ul =1 for all i, and
all other entries zero, as in Figure IV.4. The effect of this operation is that the k-th

Figure IV.4: The effect of a single off-diagonal one in the matrix U is the
addition of one row in the boundary matrix to another. The effect on the basis
of Cp_1 is that the row that was added now represents the sum of (p—1)-chains,
the opposite of a column operation.

row now represents the sum of the k-th and the I-th (p — 1)-simplices, or the sum
of whatever the two rows represented prior to the operation. Although the (p — 1)-
and p-chains represented by the rows and columns change as we perform row and
column operations, they always represent bases of the two chain groups.

Smith normal form. Using row and column operations, we can reduce the p-
th boundary matrix to Smith normal form. For modulo 2 arithmetic, this means
an initial segment of the diagonal is 1 and everything else is 0, as in Figure IV.5.
Recall that n, = rank C, is the number of columns of the p-th boundary matrix.

rank C,

——rankZ,——

I
rank B,_;

rankC, ; 1 e L —

Figure IV.5: The entries in the shaded, initial portion of the diagonal are 1
and all other entries are 0. The ranks of the boundary and cycle groups are
readily available as the numbers of non-zero and zero columns.

Let n, = byp—1 + 2, so that the leftmost b,_; columns have ones in the diagonal and
the rightmost z, columns are zero. The former represent p-chains whose non-zero
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boundaries generate the group of (p — 1)-boundaries. The latter represent p-cycles
that generate Z,. Once we have all boundary matrices in normal form, we can
extract the Betti numbers as differences between ranks, 3, = rank Z,, — rank B,, for
p > 0. To get the bases of the boundary and cycle groups, we keep track of the
matrix products that represent the row and column operations. Writing U,_; and
V), for the left and right products, we get the normal form as N, = U,—10,V,. The
new basis for the cycle group is given in the last z, columns of V},. Similarly, the
new basis for the boundary group is encoded in U,_1, and we get the basis vectors
from the first b,_; columns of the inverse.

Reduction. To reduce d,, we proceed similarly to Gaussian elimination for solv-
ing a system of linear equations. In at most two exchange operations, we move
a 1 to the upper left corner, and with at most n,_; — 1 row and n, — 1 column
additions, we zero out the rest of the first column and first row. We then recurse
for the submatrix obtained by removing the first row and first column. We start
the reduction by initializing the matrix to N,[i, j] = a] for all ¢ and j and by calling
the function for x = 1, the position of the considered diagonal element.

void REDUCE(z)
if there exist k > x,l > = with Np[k,{] =1 then
exchange rows x and k; exchange columns x and [;
fori=x+1tomn,_ 1 do
if N,[i,z] = 1 then add row z to row ¢ endif
endfor;
for j=a+1 ton,do
if N[z, j] =1 then add column z to column j endif
endfor;
REDUCE(z + 1)
endif.

We have at most n,_; row and n, column operations per recursive call and
hence at most (n,_1 + n,)min{n,_1,n,} row and column operations in total.
Multiplying with their lengths, we thus get a running time of a constant times
2n,_1np,min{n,_1,n,}. The amount of memory is at most some constant times
(np—1 + np)? needed to store the matrices. In summary, we reduce the boundary
matrices in time at most cubic and in memory at most quadratic in the number of
simplices in K.

Example. To get a feeling for the algorithm, we use it to compute the reduced
homology group of the 3-ball triangulated by the faces of a single tetrahedron. We
do the computations one dimension at a time and this way get the reduced Betti
numbers of all skeleta of the complex as we go. The 0-skeleton consists of four
vertices, and its sole non-trivial boundary matrix is dy, consisting of a row of ones,
shown as part of the first equation in Figure IV.6. Three column operations remove
three of the four ones, and we get 5y = 3, the number of zero columns in Nj.
Proceeding to the 1-skeleton, we add the six edges and consider the first boundary
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Figure IV.6: From top to bottom: the matrix equations N, = U,-10,V),
for reducing the zeroth, first, second, and third boundary matrices of the
tetrahedron. The ones are shaded, and the zeros are white. The bases are
indicated for both the boundary and the normal form matrices. For clarity,
no exchanges are performed.

matrix. After reduction, it has three ones in the diagonal, shown as part of the
second equation in Figure IV.6. Combining the information from Ny and Ny, we
get By = 3—3 = 0, and counting the zero columns in Ny, we get 81 = 3. Proceeding
to the 2-skeleton, we add the four triangles and thus get a triangulation of the 2-
sphere. After reduction, the boundary matrix again has three ones in the diagonal,
shown as part of the third equation in Figure IV.6. The triangles do not affect the
zeroth homology group, and we have 3y = 0, as before. Combining the information
from Ny and Na, we get 31 = 3—3 = 0, and counting the zero columns in Nz, we get
B2 = 1. We finally get the triangulation of the 3-ball by adding the one tetrahedron.
After reduction, the boundary matrix has a single one in the diagonal, shown as
part of the fourth equation in Figure IV.6. The first two reduced Betti numbers
remain unaffected, and the other two also vanish, so we get Sp = 81 = 2 = 83 = 0,
as expected.
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Bibliographic notes. The generalization of the Euler relation for planar graphs
to the Euler-Poincaré Theorem has an interesting history, analyzed from a philo-
sophical viewpoint by Lakatos [99]. The Smith normal form for coefficient groups
other than Zs is given in [134]. Already for integers, this complicates matters sig-
nificantly, and it is no longer straightforward to guarantee a running time that is
polynomial in the number of simplices [116]. However, improvements to polynomial
time are possible [88, 138].

IV.3 Relative Homology

We extend homology beyond closed spaces by considering nested pairs of closed
spaces and studying their difference. We use induced maps on homology to relate
the homology of such a pair to the homology of the individual closed spaces.

Relative homology groups. In this chapter, homology groups have been defined
for triangulated spaces, which are therefore necessarily closed. To extend them to
other spaces, we introduce homology groups for pairs of closed spaces. Let K be
a simplicial complex and Ky a subcomplex of K. The relative chain groups are
quotients of the chain groups of K and of Ky; that is, C,(K, Ky) = C,(K)/C,(Ko).
Taking this quotient partitions C,(K’) into cosets, ¢ + C,(Kj), whose p-chains pos-
sibly differ in the p-simplices in Ky but not in the ones in K — Ky. The boundary
map is induced by the one for K that is, 9,(c + C,(Ky)) = Opc+ Cp1(Kp). As
before, 0 commutes with addition, and taking the boundary twice gives zero. We
thus define relative cycle groups, relative boundary groups, and relative homology
groups as kernels, images, and quotients,

Z,(K,Ky) = kero;
By(K,Ko) = im0py1;
Hy(K,Ko) = kerd,/imdy 1,

just as before. Let ¢ + C,(Ky) be a relative p-chain. It is a relative p-cycle iff
Oc is carried by Ky, which includes the possibility that dc is zero. Furthermore,
it is a relative p-boundary if there is a (p 4+ 1)-chain d of K such that ¢ — dd is
carried by Kjy. As before, we call two relative cycles homologous if their difference
is a boundary. To distinguish the homology of a complex K from that of a pair
(K, Ky), we sometimes refer to H,(K) as the absolute homology of K and to its
elements as absolute classes.

Recall that continuous maps between spaces induce maps on homology. This idea
extends to relative homology. Suppose we have a simplicial map, f : K — L, and
subcomplexes Ky C K and Ly C L such that Ky maps into Ly. Then we have an
induced map, fg, between the chains of (K, Ky) and of (L, Ly). Furthermore, f4
commutes with 0, so it induces a map on homology, f. : H, (K, K¢) — H,(L, Ly).
A useful example of such an induced map on homology is from (K, ) to (K, Ky),
as we will see next.
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Examples. Relative homology is less intuitive than absolute homology. To help us
understand it better, it is useful to compare the two. The difference is described in
the algebra of the induced map on homology from H,(K) = H, (K, ) to H, (XK, Kj).
Some classes of H,(K) die entering H, (K, Ky), some survive, and some new ones
get born. We present examples to illustrate how these changes occur.

Let K triangulate the annulus, S* x [0,1]. In Figure IV.7 on the left, we assume
K triangulates the boundary of the annulus, which consists of the circles S* x 0 and
S' x 1. First notice that if u is a vertex of K, then either u lies in Ky or there is a
path from u to a vertex ug in Ky. In the second case, the 1-chain traced out by the
path has boundary equal to u + ug. It follows that any 0-chain in K is homologous
to one in Ky, which implies that Ho (K, Ky) is trivial. Since Ho(K) has rank one,
this is an example of how an absolute homology class dies in relative homology.
Next, suppose we have a relative 1-cycle, ¢. From the definition, we know that its

B

Figure IV.7: The annulus triangulated by a complex K. Left: Ko C K
triangulates the boundary. The upper right path is a relative boundary and
the lower left path generates a non-trivial class in the first relative homology
group. Right: Ko C K triangulates the right half of the annulus. The core
circle generates a non-trivial class in the first absolute homology group as well
as the first relative homology group.

boundary, Oc, is a sum of an even number of vertices in Ky. In fact, ¢ is a sum of
closed loops and of paths that connect two vertices in K. Consider first the case
that ¢ is a loop, that is, a 1-cycle in K. Then c is either homologous to zero or to
the core circle, S* x % But the core circle is also homologous to S' x 0, which lies in
Ky. Thus, any absolute 1-cycle is trivial in relative homology; that is, the induced
map from Hq(K) to Hy (K, Ky) is zero. The core circle therefore gives us another
example of an absolute class that dies in relative homology. Consider second the
case that ¢ is a path whose endpoints, ug and uq, lie in Ky. If both points lie in
the same component, either the outer or the inner boundary circle, then there is a
2-chain whose boundary is ¢ + ¢g, where ¢q is a path in Ky. On the other hand, if
up and wuq lie in different components, then no such 2-chain exists. Any two such
paths are homologous, however, so Hy (K, Kj) has rank one. The path connecting
the two components of K| is therefore an example of a relative class that is not an
absolute class. Finally, Ho(K) is 0, but Hyo(K, K) has rank one. The new class is
the sum of all triangles in K, and its boundary is the sum of all edges in K.
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A trivial example of a situation in which a class can be both absolute and relative
is given by taking Ky = (). For a more interesting example, let K triangulate half
the annulus, as illustrated in Figure IV.7 on the right. Here, the core circle generates
the sole non-trivial class in Hy(K) as well as the one in Hy (K, Ky). In this case,
the zeroth and second relative homology groups are both zero and Hy (K, Kj) is the
only non-trivial relative homology group of the pair.

Excision. By construction, relative homology depends only on the part of K
outside Ky and ignores the part inside Ky. Hence, we can remove simplices from
both complexes without changing the homology.

ExcisioN THEOREM. Let Ky C K and Ly C L be pairs of simplicial complexes
that satisfy L € K and L — Ly = K — Ky. Then they have isomorphic relative
homology groups; that is, H, (X, K¢) ~ H, (L, Lo) for all dimensions p.

Instead of giving a direct algebraic proof of this fact, we take a look at the Smith
normal form reduction for relative homology. Ordering the simplices in K before
the ones in K — Ky, all the relevant information is contained in the lower right
submatrices that belong to rows and columns of simplices in K — K. We reduce
these submatrices, ignoring the rows and columns of simplices in Kj. As illustrated
in Figure IV.8, we get the ranks of the relative boundary and cycle groups by
counting the non-zero and zero columns in the submatrices. Using the same ordering
of simplices, we get the boundary matrices of L by removing rows and columns that
correspond to simplices in K — L. By definition of L and Lg, these rows and columns
correspond to simplices in K. The lower right submatrices defined by L — Ly are
therefore the same as before. This implies H,, (K, Ky) =~ H,(L, L) for all dimensions
p, as claimed in the Excision Theorem.

1
— rank C,(K, Kp)
| —— rank Z,(K, Kj) ——

T

rank B, (K, Ky)

rank C,_1 (K, Ko)

Figure IV.8: By ordering the simplices of Ky before the others, we get the
incidences between simplices in K — Kj in the lower right submatrix, which
we reduce to compute the homology of the pair (K, Ko).

We could have deleted the rows and columns of simplices in Ky but chose to
keep them because they contain the information that relates the relative homology
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groups of (K, Ky) with the (absolute) homology groups of K and Ky. We need new
concepts to describe this connection.

Maps between vector spaces. Since we use modulo 2 arithmetic, the induced
map on homology is a linear transformation between vector spaces. In general, if
f:U— Vis a linear transformation between vector spaces, the kernel, image, and
cokernel are defined as usual:

kerf = {ueU]f(u)=0¢eV}
im f {v € V| there exists u € U with f(u) = v};
cok f = V/imf.

For example, if f is represented by a matrix, such as 9, we can reduce to get
the kernel spanned by the zero columns, the image spanned by the non-zero rows,
and the cokernel spanned by the zero rows. All three are vector spaces in their own
right, so we can take direct sums, recalling that this is like taking Cartesian products
and using the group operations componentwise. A fundamental result from linear
algebra states that U and V are completely described by the three. Specifically, U
is isomorphic to the direct sum of the kernel and the image, and V is isomorphic to
the direct sum of the image and the cokernel:

U ker f @ im f;
V im f & cok f.

1

1

Again, this has obvious interpretations in terms of the reduced matrix representing
f. If we have three vector spaces and two linear transformations, f : U — V and
g:V — W, we say the sequence U — V — W is ezact at V if im f = ker g; see
Figure IV.9. Note that this implies g o f = 0; thus the sequence might be three
terms in a chain complex, and exactness would mean that the homology group at V
was 0. But we will use this concept in more general ways than that. If 0 - U — V

[e]

Figure IV.9: A short exact sequence of vector spaces. It starts and ends with
zero and is exact at each of the three vector spaces between the two ends.

is a sequence, then exactness at U is equivalent to injectivity of U — V. Similarly,
for V.~ W — 0, exactness at W is equivalent to surjectivity of V.— W. A short
exact sequence is a sequence of length five,

0-ULvEwo,
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that starts and ends with the trivial vector space and is exact at U, V, and W. By
what we said above, f : U — V is injective and ¢g : V — W is surjective. In this
situation, it is always true that the middle vector space is isomorphic to the direct
sum of the adjacent vector spaces, V ~ U & W. Thus if we somehow already know
U and W, then we have calculated V.

Exact sequence of a pair. Sequences that are exact are a convenient means to
express otherwise cumbersome relationships between homology groups. Exception-
ally powerful are long exact sequences which are infinite sequences of vector spaces
that are exact at each term. A long exact sequence is like a chain complex, but with
trivial homology throughout. A particular example relates the relative homology
groups of a pair to the absolute homology groups of the spaces forming the pair.

EXACT SEQUENCE OF A PAIR THEOREM. Let K be a simplicial complex and
Ky C K asubcomplex. Then there is a long exact sequence

.= Hy(Ko) = Hy(K) — Hy (K, Ko) = Hp1(Ko) — ... .

The statement also holds if we substitute the reduced homology groups of K and
K for their non-reduced homology groups.

The next section will give a general method for constructing long exact sequences,
including that of a pair. Here, we will content ourselves with a brief description
of the maps between the groups. The map H,(K() — H,(K) is just the map on
homology induced by the inclusion Ky C K. The map H,(K) — H,(K, Ky) is
also induced by inclusion, K C K that is, a class generated by a p-cycle ¢ in K is
mapped to the relative class generated by ¢+ Cp,(Ky). The third map, H, (K, Ky) —
Hp—1(Ko), is called the connecting homomorphism and is the crucial piece of the
construction. To describe it, let ¢ = > a;0; generate a relative p-cycle; that is, dc €
Cp—1(Ko). In Ko, 0%c = 0 implies that dc is also a cycle and therefore represents
a class in H,_1(K(). This defines the connecting homomorphism, mapping the
relative homology class generated by ¢ + C,(K() to the absolute homology class
generated by dc. Indeed, any cycle in the same relative class with ¢ can be written
as ¢+ ¢ + cg, where ¢ € B,(K) and ¢y € C,(Kp). But then ¢’ = 0 and Jcy is a
boundary in Ky. Hence, d(c + ¢’ + ¢g) = dc + dcp, which is homologous to dc as a
cycle in K.

As an example, consider the pair (B3, S!), the 3-ball modulo its equator, trian-
gulated by (K, Kj). We can use the exact homology sequence to figure out the
relative homology of this pair. Using reduced homology, all groups of B* are zero.
Similarly, the only non-zero reduced homology group of S! is the first one, which
has rank one. Except for dimension p = 2, we therefore have

o= 0= H,B3SY) - 0— ...,

implying that H,(B3,S!) itself is zero. For p = 2 we have the only non-trivial
portion of the long exact sequence,

c. =0 Hy(B%SY) » Hi(SH = 0— ... .
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The map between the middle two groups is thus injective as well as surjective, which
implies it is an isomorphism so that Hy(B3,S!) has rank one, the same as Hi(S').
Indeed, we have a single non-trivial relative homology class of dimension 2, namely
the one generated by the disk spanned by the equator circle. The connecting homo-
morphism maps this class to the absolute homology class of dimension 1 generated
by the circle itself.

Bibliographic notes. Relative homology groups were introduced in the 1920s
by Solomon Lefschetz for application to his fixed point theorem. They seem barely
more than an afterthought to absolute homology groups. Nevertheless, they have
many applications, including the study of the local homology of a space, see e.g.
[82, 116], and the computation of absolute homology groups via exact sequences.

IV.4 Exact Sequences

As we have seen above, long exact sequences are handy for deriving homology groups
from other homology groups. In this section, we introduce a general method for
constructing such sequences and use it to get a divide-and-conquer formulation of
homology, known as the Mayer-Vietoris sequence.

Chain complexes and chain maps. Freeing ourselves from the simplicial com-
plex background, we consider a sequence of vector spaces with homomorphisms
between them, U = (U, u,) with u, : U, — Up_1. If upu,yq = 0 for every p, then
we call U a chain complex and the w, its boundary maps. The vanishing of the
pairwise compositions of maps is all we need to define cycle groups, Z, (/) = ker u,,
boundary groups, B, (U) = im w1, and homology groups, H, (i) = ker u,, /im up41,
in the usual way. Of course, our favorite example is the chain complex of a simplicial
complex, C(K) = (C,(K), 0q).

Letting V = (Vp,vp) be another chain complex, a chain map is a sequence of
homomorphisms ¢, : U, — V,, one for each dimension p, that commute with
the boundary maps. Specifically, v,¢, = ¢,—_1u,, for every p, but we will often
drop the indices and just write v = ¢u to express this property. Commutativity
guarantees that cycles go to cycles, ¢,(Z,(U)) C Z,(V), and boundaries go to
boundaries, ¢,(B,(U)) C B,(V). Just as in the case of the induced map defined in
the previous section, this implies that the chain map induces a map on homology,
(dp)s : Hp(UU) = H,(V), for every dimension p.

Letting W = (W), w,,) be a third chain complex and the 1, : V,, = W, a second
chain map, we call i/ =V — W ezact at V if ker ), = im ¢, for every p. A short
exact sequence of chain complexes is a sequence of length five,

0-uUBVhwoo,

that begins and ends with the trivial chain complex and is exact at U, V, and W.
This means that we have a short exact sequence of vector spaces, 0 = U, — V, —



96 IV HomoLoGY

W,, — 0, for each dimension p. Recall that this implies that each ¢, is injective,
each 1, is surjective, and each V,, is isomorphic to the direct sum of U, and W,
although there is no natural choice for this isomorphism.

The snake or zig-zag. We are now ready to explain the general method for
constructing long exact sequences of homology groups from short exact sequences
of chain complexes.

SNAKE LEMMA. Let 0 — U g % £> W — 0 be a short exact sequence of chain
complexes. Then there is a well-defined map D : H,(W) — H,_1(U), called the
connecting homomorphism, such that

Lo H ) = Hy(V) = HyOW) B H, L (U) — .
is a long exact sequence.

Other than the connecting homomorphism, the maps in the long exact sequence
are induced by the chain maps. Before looking at the algebraic details of the
construction, let us see how the Snake Lemma gives rise to the exact homology
sequence of a pair described in the previous section. We have a simplicial complex,
K, and a subcomplex, Ky C K. The inclusions of Ky in K and K in K induce a
short exact sequence of chain complexes,

0— C(Kp) = C(K)—C(K,Ky) — 0,

where C(K) = (C,(K),0,) with similar notation for K, and (K, Kj). Indeed,
C(Ky) — C(K) is injective and C(K) — C(K, Ky) is surjective. Finally, we have
exactness in the middle because a chain of K is carried by Kj iff it is zero in (K, Ko).
The implied long exact sequence is the exact homology sequence of (K, Ky):

= Hy () — Hy(K) — Hy (K, Ko) B Hyy (Ko) — ... .

As always, the crucial piece of the sequence is the connecting homomorphism. We
now give a detailed description of its construction, in the general setting of the
Snake Lemma. We omit the proof that the long exact sequence is in fact exact,
leaving that as an exercise for the interested reader.

Connecting homomorphism. We construct D in four steps using the portion
of the short exact sequence of chain complexes shown below. The vertical arrows
are boundary maps, and the horizontal arrows are chain maps. To simplify the
discussion, we will frequently suppress the subscripts that indicate the dimensions
on the maps ¢, ¥, u, v, w, or even the names of the maps themselves, as they can
be determined from the domain and the clutter they introduce is more confusing
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than it is helpful:

Vpt1 — Wy — 0
N
0 = U = VvV, = W, = 0
4 O L Do}
0 — Up_l — Vp_l — Wp_l — 0
L O 4

0 — Up,Q — Vp,Q.

Notice the labeled commutative squares in the diagram. We will refer to them
when we want to emphasize that the maps around their boundaries commute. For
example, the fact that [Jy is a commutative square means that wiy = 9v as a
map from V, to W,_;. With this in mind, here are the steps in establishing the
connecting homomorphism.

STEP 1: define yv. We begin with a cycle a € W,, representing a class in H,(WV).
Since 1 is surjective, there exists a chain 5 € V,, such that ¢(8) = . Since « has
zero boundary and [y is commutative, the boundary of /3 lies in the kernel of the
second chain map, v(f) € ker+. Exactness at V,,_; then implies that there exists
a chain v € U,_; whose image under the first chain map is the boundary of 3,
¢(y) = v(B). We summarize the situation by extracting the relevant piece of the
above diagram, and a little more:

S 2

oD le
<

SR e
Je O ls
S 2

STEP 2: show 7 is a cycle. By commutativity of [J; and the fact that vv = 0,
we have ¢u(y) = 0. But ¢ is injective, so this implies that u(vy) = 0, meaning ~ is a
cycle; see the diagram above. Hence, v represents a class in H,_1 (i), and this class
is the image of the class represented by « under the connecting homomorphism.
The map goes left, from « to 3, then down to v(3), and then left, again, to 7. We
may draw this as a snake or a zig-zag cutting through the diagram, hence the name.
Notice, however, that we have made choices for o and 8 and we need to show that
our answer does not depend on them.

STEP 3: show independence from the choice of 8. Suppose first that we make
another choice for 3, call it By, and let 7o be the unique element of U,_; such
that ¢(v0) = v(Bp). We again summarize the situation by extracting a piece of the
diagram:

TR S I N SN
L O { Oo 4
v 2 uB),uB) Lo
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We have 1(8) = ¥ (8p) = « and therefore S+ [y € kery = im ¢, so there exists a
chain p € U, with ¢(p) = 8+ Bo. Since Oo commutes, pu(p) = ¢(y) + (o). But
¢ is injective, so u(u) = v + vo. In words, v and ~o differ by a boundary, namely
u(p), and therefore represent the same homology class.

STEP 4: show independence from choice of .  Finally, we consider what happens
with a different choice of a, say ag. Let [y and 7y be defined from g, the same
way [ and 7 are defined from «. Since o and « are two choices of representative
for the same homology class in H,(W), there exists a chain v in W, such that
w(v) = o+ ap. Since 9 is surjective, there exists a chain ¢ € V4 with ¢(p) = v.
The situation is again summarized in a portion of the diagram:

o ﬂ) 14
1 Os |

W5 0,86 B aa
1 0O { Oo |
T B 0,v(8),v(Bo) L)

By commutativity of Oz, v(g) and 8 + Sy both map to a + ag. This implies
that their sum lies in kert) = im¢ and there is a chain g/ in U, with ¢(p') =
v(0)+ B+ Po. Using commutativity of Oy and vv = 0, we see that ¢u(u') = v(5+ o).
But injectivity of ¢ implies that the preimage of v(8 + Bp) is 7 + 70 and hence
u(p') = v + 0. We see that v and ~g differ by a boundary and thus represent the
same homology class, as required. This finishes the construction of the connecting
homomorphism, D.

Mayer-Vietoris sequence. We use the Snake Lemma to derive the divide-and-
conquer formulation of homology known as the Mayer-Vietoris sequence. Given
two spaces, it relates their homology to the homology of their union and their
intersection.

MAYER-VIETORIS SEQUENCE THEOREM. Let K be a simplicial complex and
K', K" subcomplexes such that K = K'UK"”. Let A = K'NK". Then there
exists a long exact sequence

— = H(A) = Hy(K) © Hy(K”) — Hy(K) = Hpo1 (A) — ..
and similarly for the reduced homology groups.

PROOF. On the level of chains, C,(A) is a subgroup of both C,(K”’) and C,(K").
Forming the direct sums, C,(K’) @ C,(K"), for all dimensions p, we get a chain
complex C(K’) & C(K") with boundary map defined componentwise. We have two
copies of C,(A) and can kill one off with the image of C,(A) via the diagonal, and
the quotient is easily identified with C,(K). Stated more formally, let ¢/ : A — K’
and i” : A — K" be the inclusions of A, and let j/ : K’ — K and j” : K" — K
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be the inclusions into K. Set i(a) = (i'(a),’(a)) and j(z,y) = j'(z) + j”(y). Then
it is not difficult to see that we have a short exact sequence of chain complexes,
namely

0= C(A) 5 C(K") @ C(K") % C(K) — 0.

The long exact sequence implied by the Snake Lemma is the Mayer-Vietoris se-
quence. The above is easily adapted to the reduced sequence as well.

Exactness of the Mayer-Vietoris sequence at H,(K) tells us that this group is
isomorphic to the direct sum of the image of j. : H,(K') @ H,(K") — H,(K) with
the kernel of i, : H,—1(A) — H,_1(K’) ® H,_1(K"). This distinguishes two types
of homology classes in K. A class in im j, lives in K’, in K", or in both. A class
in keri, corresponds to a (p — 1)-dimensional cycle v € A that bounds both in
K’ and K”. If we write v = 0o’ = 9a”, with o/ a p-chain in K’ and o’ a p-
chain in K", then o = o/ + @” is a cycle in K that represents this second type of
class; see Figure IV.10. It is useful to check through the four steps constructing

K' £ K"

NS

Figure IV.10: The 1-cycle o decomposes into 1-chains o’ in K’ and a” in
K". The common boundary of the two 1-chains is a pair of points, a reduced
0-cycle in A.

the connecting homomorphism, D. They take a class in H,(K) and define one in
Hp—1(A) as follows. Represent the class by «, a p-cycle of K. As before, there exists
B, a p-chain in C,(K’) @ C,(K"), such that j(5) = . In fact, there are several,
and we get them by writing a = o’ + ", with o/ in K’, @” in K", and setting
B = («/,a”). Different ways of decomposing « give different 3, but note that any
two differ by something in A. Now take 9 = (0a’, da’"). The fact that « is a cycle
tells us that 0o’ = 0o’ and that it lies in A. Thus, the cycle v in the construction
of D is da’.

The sphere, S?. To illustrate the utility of the Mayer-Vietoris sequence, we use
it to compute the homology of the d-dimensional sphere, S¢. Specifically, we show
that

5 1 ifp=d;
By(s?) = {0 ifﬁ;ﬁd.

Writing the sphere as the union of its upper and lower hemisphere, S* = U U L, we
get the equator as the intersection, A = U N L. Each hemisphere is a ball, and the
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equator is a sphere of dimension d — 1. This allows us to compute the homology of
S inductively, using the reduced Mayer-Vietoris sequence:

coo = Hy(A) = Hy(U) @ Hy(L) — Hp(SY) — Apei(B) — ... .

For d = 0, the sphere is two points, so its reduced homology has rank one in
dimension 0 and rank zero otherwise. This established the induction basis. For
general d, the sequence decomposes into pieces of the form

0©0— Hy(SY) = H, 1(S™Y) =00,

where 060 is of course the zero element in the direct sum of the homology groups of
the two hemispheres. This implies that the rank of the p-th reduced homology group
of S is the same as the rank of the (p—1)-st reduced homology group of S~!, namely
one for p = d and zero otherwise, as claimed. Note that the generator of Hg(S%) is
the second type of class, consisting of two chains, one from each hemisphere, whose
boundary is the generating cycle of ﬂd,l(Sdfl). In particular, it is represented by
the sum of all its d-dimensional simplices.

The real projective space, P?. As another example, we consider the real pro-
jective d-dimensional space which is the quotient space of S? by the antipodal map,
f(x) = —x. In other words, P? is obtained by gluing S? to itself by identifying
antipodal points in pairs. We show that its reduced Betti numbers are

= 4 1 forl1<p<d;

() = { 0 otherwise.

For dimensions d = 0,1 we have familiar spaces, namely the point, P°, and the
circle, PL. We already know their homology and their reduced Betti numbers agree
with the claimed formula. This establishes the induction basis. For general d, we
decompose S? into three subspaces by limiting the d-th coordinate to x4 < —1/2,
—1/2 < x4 < 1/2, and 1/2 < x4. The first and the last are identified by f and
give a single subspace B C P?, which is a ball. The middle subspace becomes a
space M that is homotopy equivalent to the quotient space of the equator, where
zq = 0, which is in turn homeomorphic to P41, The middle subspace intersects
the union of the other two in two spheres of dimension d — 1. Taking the quotient
identifies the two spheres, implying that B and M intersect in a single sphere of
dimension d — 1. Since the reduced homology of B vanishes in all dimensions p, the
Mayer-Vietoris sequence decomposes into pieces of the form

0— 0@ H, (P — H,(P?Y) — 0,
for p < d — 1. By induction, this establishes BO(Pd) = 0 and Bp(]P’d) =1 for

1 <p<d—1. We still need to show that the d-th reduced Betti number is equal
to one. The piece of the Mayer-Vietoris sequence we use for this is

00— Hd(]Pd) 2) Hd_l(Sd_l) &) 06 Hd_l(]pd_l) — Hd_l(]Pd) — 0.
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We claim that the map g. is 0. This implies that D is surjective, and since it is
also injective, Bd(Pd) =1, as required. To see that g, is zero, we use the inductive
assumption, namely that B4 1 (P?~!) = 1. The corresponding homology group has
a unique generator, namely the sum of all (d — 1)-simplices triangulating P4~!. The
map ¢ takes each simplex in the triangulation of S¥~! to its quotient, which means
each simplex in P?! is counted twice. The top-dimensional simplices cancel in
pairs, which completes the calculation.

Bibliographic notes. The introduction of exact sequences is often attributed
to Eilenberg and sometimes to Lyndon, but see also [90]. The Snake Lemma is
a major achievement of algebraic topology, and the construction of the connecting
homomorphism is its critical piece. A complete proof can be found in many algebraic
topology texts, including [116]. The Mayer-Vietoris sequences are older than the
Snake Lemma and go back to the work by Mayer [108] and Vietoris [147].

Exercises

The credit assignment reflects a subjective assessment of difficulty. A typical ques-
tion can be answered using knowledge of the material combined with some thought
and analysis.

1. Sperner Lemma (three credits). Let K be a triangulated triangular region as
in Figure IV.11. We 3-color the vertices such that

e the three corners receive three different colors;
e the vertices on each side of the region are 2-colored.

Prove that there is a triangle in K whose vertices receive three different colors.

Figure IV.11: Each vertex receives one of three colors: white, shaded, or black.

2. Isomorphic homology (one credit). Construct two topological spaces that
have isomorphic homology groups but are not homotopy equivalent.
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Fixed point (two credits). Let f : B? — B? be a continuous map with the
property that there is a § < 1 such that ||f(z) — f(y)|| < d|lz —y| for all
points z,y € B%. In words, the distance between any two points diminishes by
at least a constant factor § < 1 each time we apply f. Prove that such a map f
has a unique fixed point = f(z). [On orientation maps, this point is usually
marked as “you are here”.]

. Klein bottle (one credit). Show that the Betti numbers of the 2-dimensional

Klein bottle are 5y = 1, f1 = 2, B2 = 1. Which other 2-manifold has the same
Betti numbers?

Dunce cap (three credits). The dunce cap is constructed from a piece of cloth
in the shape of an equilateral triangle as follows. Orienting two edges away from
a common origin, we glue them to each other as prescribed by their orientation.
This gives a piece of a cone with a rim (the third edge) and a seam (the glued
first two edges). Now we orient the rim and glue it along the seam, again such
that orientations match. The result reminds us of the shell of a snail, perhaps.

(i) Give a triangulation of the dunce cap.
(ii) Show that the reduced Betti numbers of the dunce cap vanish in all di-
mensions.
(iii) Show that the dunce cap is contractible but any triangulation of it is not
collapsible.

3-torus (three credits). Consider the 3-dimensional torus obtained from the
unit cube by gluing opposite faces in pairs, without twisting. That is, each
point (x,y,0) is identified with (z,y,1), (2,0,z) with (z,1,z), and (0,y, 2)
with (1,y, z). Show that the Betti numbers of this space are fy = 3 = 1 and
p1 = B2 = 3.

The Steenrod Five Lemma (two credits). Suppose we have a commutative
diagram of vector spaces and homomorphisms,

U1 — U2 — U3 — U4 — U5

1 1 1 1 1

V1 — V2 — V3 — V4 — V5,

where the horizontal sequences are exact at the middle three vector spaces and
the first two and last two vertical arrows are isomorphisms. Prove that the
middle vertical arrow is then also an isomorphism.

Exact sequence of a triple (one credit). Let C' be a simplicial complex with
subcomplexes A C B C C. Prove the existence of the following exact homology
sequence of the triple:

... Hy(B,C) = Hy(A,C) - H,(A,B) - H,_1(B,C) — ... .



Chapter V

Duality

Instead of computing homology from a triangulation, we can also work with different
decompositions and get isomorphic groups. The alpha complex and the dual Voronoi
decomposition of a union of balls come to mind. Generalizing this geometric idea
beyond Euclidean space, and in particular beyond manifolds, runs into difficulty.
This is the motivation for taking the issue to the algebraic level, where it leads to
the concept of cohomology groups. For modulo 2 arithmetic, these are isomorphic
to the corresponding homology groups, but the isomorphisms are not natural. For
nice topological spaces, such as manifolds and manifolds with boundary, there are
relations between the homology and the cohomology groups that go beyond the
general relations. In this chapter, we will see three of them: Poincaré duality,
Lefschetz duality, and Alexander duality. The last of the three has algorithmic
ramifications for subsets of 3-dimensional Euclidean space.

V.1 Cohomology

In this section, we introduce cohomology groups. They are similar to homology
groups but less geometric and motivated primarily by algebraic considerations.
They belong to the standard tool set of an algebraic topologist and appear in
modern statements of the duality results discussed in the subsequent three sections.

Groups of maps. Let G = Z,, the group of two elements, 0 and 1, together
with addition modulo 2. All abelian groups we have encountered so far are vector
spaces isomorphic to G™ for some integer n. Let U be such a vector space and let
¢ : U — G be a homomorphism. To define ¢, it suffices to specify its values on
the generators of U. If ¢ is a second such homomorphism, their sum is defined by
(¢ + @o)(u) = o(u) + po(u). This is again a homomorphism because

(p+eo)(utv) = @lu+wv)+po(u+v)
= (p+o)(u) + (¢ + po)(v),
103
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It is easy to see that addition of homomorphisms is associative. We also have a
neutral element, the zero homomorphism that sends every u € U to 0 € G, and an
inverse, which for modulo 2 arithmetic is the identity, —¢ = ¢. We thus have a
group of homomorphisms from U to G, denoted as Hom(U, G). Think for example
of U as the group of p-chains of a simplicial complex and Hom(U, G) as the group
of labelings of the p-simplices by 0 and 1. The vector spaces U and Hom(U, G) are
isomorphic, although the isomorphism requires us to pick a basis of U. Specifically,
if U has the basis ey, eq,...,e,, then Hom(U, G) has the basis fi, fo,..., fn, where
fi(e;) = 1 and fi(e;) = 0 whenever i # j. The corresponding isomorphism is
defined by mapping e; to f; for all 7. If we choose a different basis, the isomorphism
changes.

We give a specific example to emphasize this point. Take U = G2, with first basis
e1 = (1,0) and e3 = (0,1). An element w = (a,b) in U is written as ae; + bez. The
isomorphism from U to Hom(U, G) thus takes w to the map f,, = af1+bfa. Suppose
instead that we consider the basis €} = (1,1) = e; + ez and ¢, = (0,1) = e3. Then
w = (a,b) is written as aej + (b — a)e,. The new isomorphism takes w to the map
fl.=af{ + (b—a)fs. To see that f,, and f/, are generally different, we evaluate
both at v = (z,y) in U, giving

fw) = afi(v) +bfa(v) = ax+ by,
fo) = afiw)+(0-a)fs(v) = ax+(b—a)(y—=2).
The two isomorphisms are thus indeed different. This is the reason for why coho-

mology is worth defining at all, because if there were a natural isomorphism between
U and Hom(U, G), the theories of homology and cohomology would be the same.

Given another vector space V and a homomorphism f : U — V, there is an
induced dual homomorphism, f* : Hom(V,G) — Hom(U, G), that maps ¢ : V — G
to the composite f*(¢) =1 o f: U — G. The map f* is indeed a homomorphism
since

fr@W+1o)(u) = (¥ +h)o flu)

Yo f(u)+ oo f(u)

fr(@) () + f* (o) (u)

for every u € U. The group of homomorphisms and the dual homomorphism can be

defined for more general abelian groups U, V, and G, but this will not be necessary
for our purposes.

Simplicial cohomology. Let K be a simplicial complex. We construct cohomol-
ogy groups by turning chain groups into groups of homomorphisms and boundary
maps into their dual homomorphisms. To begin, we define a p-cochain as a ho-
momorphism ¢ : C, = G, where G = Zy as before. Given a p-chain, ¢ € C,, the
cochain evaluates ¢ by mapping it to 0 or 1. It is common to write this evaluation
like a scalar product, ¢(c) = (¢, c). Letting ¢ be the number of p-simplices o in ¢
with ¢(0) = 1, we have (p,c) = 1 iff £ is odd. Considering chains and cochains as
sets, the evaluation thus distinguishes odd from even numbers of intersections.
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The p-dimensional cochains form the group of p-cochains, CP = Hom(C,,G).
Recall that the boundary map is a homomorphism 0, : C, — C,_;. It thus defines
a dual homomorphism, the coboundary map

6P~ : Hom(C,_y,G) — Hom(C,, G),

or simply § : CP~! — CP. It is worth looking at this construction in more detail. Let
¢ be a (p—1)-cochain and dc a (p— 1)-chain. By definition of dual homomorphism,
¢ applied to Oc is the same as d¢ applied to ¢; that is, (p,dc) = (0p, ¢). Suppose
for example that ¢ evaluates a single (p — 1)-simplex to one and all others to zero.
Then d¢ evaluates all p-dimensional cofaces of this simplex to one and all others to
zero. This gives a concrete interpretation of the coboundary map, which will allow
us to construct more elaborate examples shortly. Since the coboundary map runs
in a direction opposite to the boundary map, it raises the dimension. Its kernel is
the group of cocycles, and its image is the group of coboundaries:

Z’ = keré? :CP— CPHL
B = iméPl. Pt CP

Recall the Fundamental Lemma of Homology according to which 900 : Cpp1 — Cp—y
is the zero homomorphism. We therefore have (§d¢, c) = (d¢p, dc) = (p,ddc) = 0.
In other words, § o § : CP~! — CP*! is also the zero homomorphism. Hence, the
coboundary groups are subgroups of the cocycle groups, and we have the familiar
picture, except that the maps now go from right to left, as in Figure V.1.

Figure V.1: The cochain complex consisting of a linear sequence of cochain,
cocycle, and coboundary groups connected by coboundary homomorphisms.

DEFINITION. The p-th cohomology group is the quotient of the p-th cocycle group
modulo the p-th coboundary group, H? = Z?/BP for all p.

Reduced cohomology. Similar to homology, it is often useful to modify the
definition slightly and to define the reduced cohomology groups, denoted as HP.
Recall that for homology, this is done by introducing the augmentation map € :
Co — Zy defined by €(u) = 1 for each vertex u. The (—1)-st cochain group, C~! =
Hom(Zs, G), has two elements, the map ¢o mapping 1 to 0 and the map ¢; mapping
1 to 1. The dual homomorphism of the augmentation map, ¢* : Hom(Zs, G) — C°,
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maps ¢g to 1y, which evaluates every vertex to zero, and ¢, to 11, which evaluates
every vertex to one. With this, we have

sl 0 *
S O Hom(Z,G) <0 .

Before the modification, the only 0-coboundary was the trivial O-cochain, 1y. Now
we have two 0-coboundaries, 1y and ;. The net effect of this modification is that
the rank of the zeroth cohomology group drops by one, similar to the rank of the
zeroth homology group when we add the augmentation map. As an exception to this
rule, the ranks of H? and HO are the same if C° is trivial, in which case rank H! = 1,
similar to reduced homology.

An example. To get a better feeling for cohomology, let us consider the triangu-
lation of the annulus in Figure V.2. The 0-cochain that evaluates every vertex to
one is a 0-cocycle because every edge has exactly two vertices, which implies that
the coboundary of this particular 0-cochain is the zero homomorphism. This is the
only non-trivial 0-cocycle, and since for dimensional reasons there are no non-trivial
0-coboundaries, this implies that the zeroth cohomomology group, H°, has rank one.
Correspondingly, the zeroth reduced cohomology group is zero.

Figure V.2: The 1-cocycle is drawn by highlighting the edges it evaluates to
one. They all cross the “dual” closed curve. The 1-cocycle is a 1-coboundary
because it is the coboundary of the 0-cochain that evaluates a vertex to one
iff it lies in the shaded region inside the closed curve.

One dimension up, we consider a 1-cochain ¢ : C; — G. Its coboundary is the
2-chain dp : Co — G that evaluates a triangle to one iff it is the coface of an odd
number of edges evaluated to one by . Hence, ¢ is a 1-cocycle iff every triangle is
incident to an even number of edges evaluating to one. A 1-cocycle thus looks like a
picket fence; see Figure V.2. In this example, we can draw a closed curve such that
an edge evaluates to one iff it crosses the curve. It follows that a 1-chain is evaluated
to the parity of the number of times it crosses that curve. If the 1-chain is a 1-cycle,
then this number is necessarily even and the evaluation is zero. The 1-cocycle in
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Figure V.2 is also a 1-coboundary. To get a 1-cocycle that is not the image of
a 0-cochain, we construct a picket fence that starts with an outer boundary edge
of the annulus and ends with an inner boundary edge. All such picket fences are
cohomologous, and any one of them can be used as representative of the cohomology
class that generates the first cohomology group. The rank of H! is therefore one.

Another dimension up, we have Z? = C? simply because every 2-cochain maps
to zero, the sole element of C3. We also have B2 = C2. To see this, note that
the 2-cochain that evaluates a single triangle to one and all others to zero is a 2-
coboundary. Indeed, we can draw three curves from a point in the interior of the
triangle to the boundary of the annulus and get a “dual” 1-cochain as the sum of
three picket fences, one for each curve, whose coboundary is the 2-cochain. Other
2-cochains are obtained as coboundaries of sums of such triplets of picket fences. It
follows that the second cohomology group, H2, has rank 0.

Observe that the ranks of the cohomology groups are the same as the ranks of
the corresponding homology groups. This is not a coincidence.

Coboundary matrix. Recall that we can get the rank of the p-th homology
group from two boundary matrices transformed into normal form by row and column
operations. Recall also that rank H,, = rank Z, —rank B,,. As illustrated in Figure
V.3, the right-hand side of this equation is the number of zero columns in the p-th
matrix minus the number of non-zero rows in the (p + 1)-st matrix; compare with
Figure IV.5. As we have seen earlier, a cochain evaluates a single p-simplex to one

rank Cp;q = rank C7™

rank C,, = rank C?
rank B? rank Z,,

rank B,

rank C, = rank C?

rank Z?

rank C,_; = rank !

Figure V.3: The p-th and (p + 1)-st boundary matrices in normal form. They
are also the coboundary matrices in normal form transposed.

and all others to zero iff its coboundary evaluates each (p+1)-coface of this p-simplex
to one and all other (p+1)-simplices to zero. It follows that the coboundary matrices
are the boundary matrices transposed. The normal form of the boundary matrices
thus already contains the information we need to get at the ranks of the cohomology
groups. Specifically, rank HP = rank ZP — rank BP; the rank of the cocycle group is
the number of zero rows in the (p + 1)-st boundary matrix, and the rank of the
coboundary group is the number of non-zero columns in the p-th boundary matrix,
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both in normal form. The number of columns of the p-th matrix is the number of
rows of the (p + 1)-st matrix, and hence rank BP 4+ rank Z,, = rank Z? + rank B,; see
Figure V.3. This implies

rank H? = rank Z” — rank BP

= rankZ, —rankB, = rankH,.

Since homology and cohomology groups have the same rank, there is no concept of
co-Betti number. For modulo 2 arithmetic, the rank determines the group; hence
homology and cohomology groups are isomorphic: H, ~ H? for all p. This is the
Zo-version of a standard result in algebraic topology. For more general coefficient
groups, it relates the free parts and torsion parts of the homology groups with
those of the cohomology groups. A more complete statement of the result for Zo-
coefficients is the following.

UNIVERSAL COEFFICIENT THEOREM. Given a topological space, X, there are
maps H?(X) — Hom(H,(X),G) — H,(X) in which the first map is a natural iso-
morphism and the second is an isomorphism that is not natural.

We saw at the beginning of this section that the second isomorphism depends on a
choice of basis and is therefore not natural. The first isomorphism does not depend
on such a choice. It is natural in the sense that if Y is another topological space
and f: X — Y is a continuous map, then the diagram

H?(X) — Hom(H,(X),G)
T T
HP(Y) — Hom(H,(Y),G)

of induced maps commutes. The fact that the isomorphism between HP and
Hom(H,, G) is natural is the reason for why there is no need to introduce a theory
of co-cohomology.

Bibliographic notes. Similar to homology, cohomology is an established topic
within algebraic topology today, but it took some time to become clearly estab-
lished. Cohomology has a long and complicated history with a variety of precursors
that go back to Poincaré, Alexander, Lefschetz, de Rham, Pontryagin, Kolmogorov,
Whitney, Cech, Eilenberg, Steenrod, Spanier, and others. All these approaches were
unified with the clear statement of a set of axioms that characterize homology and
cohomology theories [66]. The Universal Coefficient Theorem and the duality theo-
rems in the coming three sections were originally proven in more elementary forms
before being reformulated in terms of homology and cohomology as we describe
them here [116].

V.2 Poincaré Duality

For sufficiently nice topological spaces, there are relations between the homology
and cohomology groups that go beyond the ones we have already seen. These
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relationships go under the name of duality. The first and most important of these
is Poincaré duality, which we describe in this and the next section.

Combinatorial manifolds. In the rest of this chapter, we work only with trian-
gulations of manifolds that satisfy a condition on the topology of the links. Specif-
ically, a combinatorial d-manifold is a manifold of dimension d together with a
triangulation such that the link of every i-simplex triangulates the sphere of di-
mension d — i — 1. The condition implies that the closed star of every simplex has
the topology of the d-dimensional ball, B?. To describe this in greater detail, we
introduce the join of two topological spaces, X and Y, which we denote as X x Y.
Begin with the product X x [0,1] x Y. For each zy € X identify all points (zo, 0, y)
together, and for each yo € Y identify all points (z,1,1) together. The quotient
space of these identifications is X * Y. Also, X x ) = X. Figure V.4 illustrates the
construction by showing the suspension of X, that is, the join with the 0-sphere,
denoted as X = X * S, Geometrically, we can think of the join as a union of all
line segments connecting X to Y, which are kept disjoint except at their endpoint
in X and Y.

a
, \/
b
Figure V.4: Constructing the join of a line segment and a pair of points. Left:

the product of the two with the unit interval. Right: the suspension obtained
from the product by identification.

Returning to the definition of a combinatorial manifold, we recall that the star
of a simplex, o, consists of all simplices 7 that contain o as a face. Besides o,
each simplex in the star is the join of ¢ with a simplex in the link of . If ¢ is an
i-simplex, then Lko is a (d — i — 1)-sphere. Taking the join, we get a d-ball, as
mentioned earlier.

Exotic manifolds. Not every triangulation of a manifold satisfies the conditions
on the links given above. We describe the construction of a triangulation of the 5-
sphere that has a vertex whose link is not a 4-sphere. We begin with a triangulation,
P, of the Poincaré homology 3-sphere. This space is homologically the same as but
topologically different from the 3-sphere, S?. There are many ways to describe
it. A particularly convenient way uses three complex numbers to write a point in
RS. Letting 1, 2s,...,2s be the coordinates, we set © = x1 + izo, y = o3 + iy,
z = x5 + ixg and recall that their conjugates are & = x1 — izy, ¥ = T3 — ixy,
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Z = x5 — ixg. Consider the following two equations:

zx+yy+2z2 = 1,
Py 425 = 0.

The first equation describes the 5-sphere. The second equation is really two equa-
tions, one for the real and the other for the imaginary parts, and it defines a
4-dimensional space whose points have neighborhoods homeomorphic to R* except
at the origin, where the space is singular. The intersection of the two spaces is the
Poincaré homology 3-sphere. It is triangulable, and we let P be a triangulation of
this space. Next, we take two suspension steps to construct a triangulation of the
5-sphere. Writing this in terms of triangulations, wet get

¥P = {ab}U{o,axo,bxo|oc P},
¥?P = {u,v}U{r,uxT,vxT|TE TP}

The shared link of the vertices a and b in X P is P, which is not a triangulation of
S2. It follows that a and b do not have neighborhoods homeomorphic to R3. Hence,
the underlying space of 3P is not even a manifold. Taking the suspension twice is
the same as forming the join with a circle. Hence, 2P triangulates the join of the
Poincaré homology 3-sphere with S'. As it turns out, this join is homeomorphic
to S°. The proof of this fact is not easy and is omitted. But now we have a
triangulation of a 5-manifold, namely X2 P, that violates the condition on the links.
Specifically, the shared link of the vertices v and v in 2P is £P, which is not even
a 4-manifold.

Dual blocks. Now let M be a compact, combinatorial d-manifold triangulated
by K. Recall that the barycentric subdivision, SAdK, is obtained by connecting the
barycenters of the simplices in K; see Section III.1 for the definition and Figure V.5
for an illustration. It is not difficult to show that if K has the link property required
for a combinatorial manifold, then so does SAK. Label each vertex in SAK by the
dimension of the corresponding simplex in K and note that each simplex in SdK
has distinct labels on its vertices. The vertex with smallest label is therefore unique.
Letting u be the barycenter of ¢ in K, the dual block, denoted by &, is the union of
the simplices in the barycentric subdivision for which w is the vertex with minimum
label; again see Figure V.5. We let B be the set of dual blocks and call it the dual
block decomposition of M. For example, in the case of a combinatorial 3-manifold,
the dual blocks to a vertex, edge, triangle, and tetrahedron are, respectively, a ball,
a disk, an interval, and a point. The relationship between K and B is much like that
between the Delaunay triangulation and its dual Voronoi diagram. In particular, if
the p-simplex o is a face of the (p + 1)-simplex 7, then the dual block & contains
7 in its boundary. In fact, the boundary of & is the union of dual blocks 7 over all
proper cofaces 7 of 0. We denote this boundary by bd &, noting that & is the join
of bd & with the barycenter of . Since we have a combinatorial manifold, bd ¢ has
the topology of the (¢ — 1)-sphere, where p 4 ¢ = d.

We construct a new chain complex from the dual block decomposition as follows.
Choosing complementary dimensions p + ¢ = d, a block chain of dimension q is a
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Figure V.5: A small piece of a triangulation of the torus, the barycentric
subdivision, and the dual block decomposition.

formal sum 3 a;G;, where the o; are the p-simplices of K and the &; are the dual
blocks of dimension ¢, with modulo 2 coefficients as usual. The collection of block
chains of dimension ¢ forms an abelian group, D;. The boundary homomorphism
connecting the g-th group to the (¢ — 1)-st group is defined by mapping &; to
0q6; = Y 75, where the sum is over all (p+ 1)-dimensional cofaces 7; of o;. The full
boundary homomorphism, d, : D, — Dy_1, is the linear extension to block chains.
It is easy to see that 9,_1 0 d; = 0, so that (D, d,) is indeed a chain complex.

Blocks or simplices. We now have three ways to compute the homology of M:
using the simplices in K, using the simplices in SAK, or using the dual blocks
in B. We formally prove what is to be expected, namely that SAK and B give
the same homology. Write C = (C,,, d,) for the chain complex defined by SdK and
D = (D,, 9,) for the chain complex defined by B. Mapping each p-dimensional dual
block to the sum of p-simplices it contains, we get a homomorphism b, : D, = C,.
The maps b, commute with the boundary maps and thus form a chain map between
the two chain complexes, which we denote as b: D — C.

BrLock CoMPLEX LEMMA. The chain map b : D — C induces b, : H,(D) —
H,(C), which is an isomorphism for each dimension p.

ProOF. Let X, be the subcomplex of SAK consisting of all simplices that lie in
blocks of dimension at most p. Clearly, Xo C X; C ... C Xy = SdK. The p-th
relative homology group of the pair (X, X,_1) is isomorphic to D,,. More generally,

D, ifp=g;
HP(XQanfl) = { OZJ ifp;ﬁq.

Indeed, each pair (6, bd 6) has the homology of a ball relative to its boundary. Next,
consider the long exact sequence of the pair (X4, X,-1):

coo = Hpi (X, Xgo1) = Hp(Xg—1) = Hp(Xyg) = Hp(Xg, Xgo1) — -

The relative groups are all zero, except possibly H,(X,, X,—1). Hence, the maps
from H,(X,-1) to H,(X,) are isomorphisms for p + 1 < g. Composing these iso-
morphisms for ¢ from p + 2 to d implies that H,(X,,+1) is isomorphic to H,(SdK).
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The main tool in this proof is a 2-dimensional diagram connecting pieces of the
long exact sequences of the pairs (X,, X,—1) for ¢ = p— 1,p,p + 1. We write this
diagram identifying Hq (X, Xq—1) with Dy:
Dp+1 0= prl(prQ)
le N\ 1

0=Hy(Xp-1) —  Hu(Xp) L Dy % Hp—1(Xp-1)

H pN h
Hp(Xpt1) Dp—1
1

0 =Hp(Xpt1, Xp).

We see that the long exact sequences for ¢ = p+ 1 and ¢ = p — 1 run vertically,
connected by the long exact sequence for ¢ = p, which runs horizontally. Within
this arrangement, the block chain complex runs diagonally, from the upper left to
the lower right, forming two commuting diagrams. As mentioned above, the relative
homology groups off the diagonal are zero, which explains the trivial group at the
bottom of the diagram. We also note that H,(X,) = 0 for all ¢ < p simply because
the dimension of X is less than p. This gives two additional trivial groups in the
diagram. We are now ready for some diagram chasing, using the maps e, f, g, h,[ as
labeled in the diagram. The subgroup of p-cycles in D,, is the kernel of 9, = h o g.
Since h is injective, this group is also the kernel of g. By exactness of the horizontal
sequence, we have kerg = im f, and since f is injective, this implies that H,(X,)
is isomorphic to the group of p-cycles. The subgroup of p-boundaries in D,, is the
image of 0p41 = foe. Since f is injective, this group is isomorphic to the image
of e. The p-th homology group is the quotient of the two, H,(D) = H,(X,)/ime.
By exactness of the first vertical sequence, this is equal to H,(X,)/kerl. But [ is
surjective, so this quotient is isomorphic to H,(Xpy1) and therefore to H,(SdK),
as required.

First form of Poincaré duality. There is a fairly direct translation between
chains formed by dual blocks and cochains formed by the corresponding simplices.
We have all the results lined up to prove the main result of this section.

POINCARE DUALITY THEOREM (FIRST FORM). Let M be a compact, combina-
torial d-manifold. Then there is an isomorphism between H,(M) and HY(M) for
every pair of complementary dimensions p + g = d.

PROOF. Let K be a triangulation of M with the appropriate condition on the links
of its simplices, and let p + ¢ = d be two complementary dimensions. For each
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p-simplex o in K, we write ¢* for the dual p-cochain defined by (¢*,0) = 1 and
(o*,7) = 0 for all p-simplices 7 different from o. Recall that ¢ is the dual block of
o, which is ¢g-dimensional. To formalize the correspondence between the dual block
and the dual cochain, we establish the map ¢, : Dy — C? defined on the chain level
by setting ¢q4(6) = 0 and extending linearly. This is, of course, an isomorphism.
To prove Poincaré duality, we only need to show that the introduced maps commute
with the boundary and coboundary maps, that is, the diagram

Dq — Dq_1

{ Pq ir‘Pq—l

e ot
commutes. Going one way, we get ¢,_1 0 9,(5), which is the (p + 1)-cochain that
evaluates all (p+ 1)-dimensional cofaces of o to 1 and all other (p + 1)-simplices to
0. Going the other way, we get 0¥ o ¢ (&), which does the same.

Recall that the Universal Coefficient Theorem states that H, (M) is isomorphic to
HP(M). Together with the Poincaré Duality Theorem, we thus have H, (M) ~ H, (M)
for all p+ ¢ = d.

Bibliographic notes. Poincaré mentioned a form of his duality in a paper in
1893, without giving a proof. He tried a proof in his 1895 “Analysis situ” paper [120]
based on intersection theory (see the next section), which he invented. Criticism
of his work by Poul Heegard led him to realize that his proof was flawed, and he
gave a new proof in two complements of the “Analysis situ” paper [121, 122], now
based on dual triangulations. Poincaré duality took on its modern form in the
1930s when Eduard Cech and Hassler Whitney invented the cup and cap products
of cohomology.

The proof of the Poincaré Duality Theorem presented in this section is fashioned
after that of Munkres [116], simplified by the assumption that we are working
with a combinatorial manifold. Not all triangulated manifolds are combinatorial,
as the exotic 5-sphere described in this section shows. The proof that %2P is
homeomorphic to S? is due to Edwards [64]. See [125] for further exotic manifolds,
including manifolds for which all triangulations violate the condition on the links.
While the restriction to combinatorial manifolds is a loss of generality, the Poincaré
Duality Theorem nevertheless holds for arbitrary triangulated manifolds [116]. In
fact, if we use singular homology, Poincaré duality holds for arbitrary topological
manifolds and even for non-compact manifolds if we use what is called cohomology
with compact support. A nice proof of this can be found in [107, Chapter 20].
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V.3 Intersection Theory

There is a second version of Poincare duality, stated purely in terms of homology.
It is based on an intersection pairing between homology classes of complementary
dimensions introduced in this section.

Counting intersections modulo 2. Let M be a combinatorial d-manifold with
triangulation K. Furthermore, let p and ¢ be integers such that p + ¢ = d. As
explained in Section V.2, if ¢ is a p-simplex in K, then its dual block, &, is ¢-
dimensional. The two meet in a single point, the barycenter of o. If 7 is another
p-simplex, then o # 7 implies that ¢ and 7 are disjoint. We therefore define

. 1 ifo=m;
7T = 0 ifo#r.

We are mainly interested in intersections of cycles. Suppose that ¢ = . a;0; is a
p-cycle in K and d = Zj b;7; is a g-cycle in the dual block decomposition. Then
the intersection number of the two cycles is

c-d = Zaibj(a,- '7A'j),
¥

counting the intersections modulo 2. In other words, ¢-d = 0 if the two cycles are
disjoint or meet in an even number of points, and ¢ - d = 1 if they meet in an odd
number of points. As an example, consider the center circle of the Mdobius strip
and a pulled-off copy, that is, a nearby closed curve that meets the center circle in
a finite number of points, as sketched in Figure V.6. The topology of the Mébius

Figure V.6: The black center circle of the Mobius strip intersects the gray
pulled-off copy in three points.

strip forces an odd number of intersections. This is unlike the annulus, in which a
pulled-off closed curve always meets the original in an even number of points.

It is not difficult to show that if we replace ¢ or d by a homologous cycle, then
the intersection number does not change. For example, if ¢ ~ ¢g, we consider the
intersection of d with a (p + 1)-chain « in K for which 0y = ¢+ ¢o. Let 7 be a
(p+1)-simplex of v and let & be a block of dimension ¢ = d—p. The key observation
is that 7 and ¢ are disjoint unless o is a face of 7, in which case they intersect in
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the edge connecting the barycenter of 7 to the barycenter of o. Completing the
intersection between v and d, the edge extends to either a closed curve or a path
with two endpoints. These points lie either both on ¢, or both on ¢y, or one on ¢
and the other on ¢y. The total number of endpoints is even, which implies that the
intersection numbers are the same, that is, ¢-d = ¢ - d.

Pairings. Since the intersection number is invariant under choosing different rep-
resentatives of a homology class, we have a map # : H,(M) x Hy(M) — G defined
by #(v,0) = ¢-d, where ¢ and d are representative cycles of v and 4. We call this
map the intersection pairing of the homology groups, where p + ¢ = d, as before.
Using the same notation as for simplices and cycles, we write v - § = #(v,0) and
call it the intersection number of v € H,(M) and § € H,(M). The pairing is bilinear
and symmetric; that is,

(ay +aoy) -0 = a(y-9)+ao(yo-90),
v+ (b3 +bodo) = b(y-6)+bo(y-do),
NS = 5.

Since we work modulo 2, we do not have to worry about orientations of simplices
and manifolds. To define intersection theory over an arbitrary field, we would need
to deal with this issue, and the intersection number would be an element of the
field. In this case, bilinearity still holds, but symmetry as stated does not.

Pairings can be defined more generally. For example, let U and V be vector spaces
over G = Zs. A bilinear pairing # : U x V — G gives a natural homomorphism
¢4V — Hom(U, G) defined by ¢4 (v) = f,,, where f,(u) = w-v. The pairing is
perfect if for every non-zero u € U there exists at least one vy € V with #(u, v9) = 1
and, symmetrically, for every non-zero v € V there exists at least one uy € U with

#(ug,v) = 1.

PERFECT PAIRING LEMMA. The pairing # : U x V — G is perfect iff the implied
natural homomorphism ¢4 : V — Hom(U, G) is an isomorphism.

PROOF. Suppose first that ¢4 is an isomorphism. If we take v # 0, then since
¢y is injective, f, # 0, which means there is at least one ug with #(ug,v) = 1.
Furthermore, if u # 0, since ¢4 is surjective, there is a vy € V' with ¢4 (vy) = u*,
and this means that #(u,vg) = 1.

Conversely, suppose that the paring is perfect. The map ¢4 is injective because
if f, = 0, then #(u,v) = 0 for every u, so # perfect gives v = 0. Note that
this implies rank V < rank Hom(U, G) = rank U. The similarly defined map from
U to Hom(V, G) is injective by the analogous argument, which implies rank U <
rank Hom(V, G) = rankV. Thus ¢4 is an injective map between vector spaces of
the same dimension, which implies it is an isomorphism.

Since V and Hom(U, G) are isomorphic, this implies that U and V are isomorphic.
However, this isomorphism depends on a choice of basis.
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Intersection and cohomology. We can define the Poincaré duality map using
intersection numbers. Indeed, if ¢ is a p-simplex of K and & is its dual block of
dimension g, then ¢,(6) = o*. That is, ¢q(6) is the p-dimensional cochain for
which

(0%, 7) = 1 ifo=m;
7T = 0 ifo#m.

Since the same holds for intersection numbers, we have (¢,(6),7) = 6 - 7. By
linear extension, this formula holds for chains, and since it is the same for different
representatives of the same class, the formula also holds for the induced map on
homology, that is,

(p«(7),8) = -4

Using this formula, there is a second version of Poincaré duality.

POINCARE DUALITY THEOREM (SECOND FORM). Let M be a compact, combi-
natorial d-manifold. Then the pairing # : Hy(M) x Hy(M) — G defined by
#(7,0) = - is perfect for all integers p + ¢ = d.

The proof follows from the first form and is omitted.

The torus and the Klein bottle. To illustrate Poincaré duality formulated
in terms of intersection numbers, we now consider the two examples sketched in
Figure V.7. For the 2-dimensional torus, S! x S!', the most interesting case is in

Figure V.7: The meridian and longitudinal curves of the torus on the left and
of the Klein bottle on the right.

dimension 1, for which the second form of Poincaré duality gives a perfect pairing
# : Hy x Hi — G. Natural generators of Hy are the meridian curve, x, which
bounds a disk in the solid region enclosed by the torus (but not on the torus), and
the longitudinal curve, y, which meets x in a single point and does not bound. The
intersection numbers are easy to compute. Pushing off z and y gives homologous
closed curves that are disjoint from the originals or meet them in an even number
of points. Hence, the intersection numbers between x and x and between y and y
vanish, and the intersection number between x and y is 1; see Table V.1 on the left.
Note that the determinant of the matrix of intersection numbers is one.
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The modulo 2 homology of the Klein bottle is the same as that of the torus.
However, the intersection pairing on H; is different. As for the torus, we can take
two curves z and y that generate H; with z-y =y-x =1 and x-x = 0. However, a
neighborhood of the curve y is a Mobius strip, so pushing off y gives a closed curve
that intersects y an odd number of times, that is, y - y = 1. If we change the basis,
we still do not get the same matrix as that of the torus. Once again, the matrix of
intersection numbers, given in Table V.1 on the right, has determinant one.

Lz v |
0 1
HE

ry
0 1
1 1

T
)
Table V.1: The intersection numbers of the meridian and the longitudinal
curves for the torus on the left and the Klein bottle on the right.

Euler characteristic. By the Euler-Poincaré Theorem, the Euler characteristic
of any space is the alternating sum of its Betti numbers. Letting M be a com-
pact, combinatorial d-manifold, the Poincaré Duality and the Universal Coefficient
Theorems imply 5; = S4—; for all 7. For odd d, this gives

xM) = Bo—Bi+...+ Ba-1 — Pa,

which vanishes. For even d, this tells us that the terms above and below half the
dimension contribute equal amounts to the Euler characteristic. Writing d = 2k,
this gives

x(M) = 2[By—f1+...% Bk—1] F B

It follows that the Euler characteristic is even iff g is even. However, the group
Hy (M) is paired with itself and is therefore self-dual. If M is orientable, this can
be used to show that (i and the Euler characteristic are both even. In contrast,
homology and cohomology modulo 2 do not capture this subtlety.

Manifolds with boundary. If M is a manifold with boundary, Poincaré duality
does not hold. For example, if we take the ball, BY, its 0-dimensional homology has
rank one while its d-dimensional homology vanishes. There is a form for manifolds
with boundary, however, called Lefschetz duality, which reduces to Poincaré duality
when the boundary is empty. It relates an absolute homology or cohomology group
to a relative one. Returning to our example, note that Hyo(B?) and Hg(B¢,S%1)
both have rank one.

LEFSCHETZ DUALITY THEOREM (FIRST FORM). Let M be a compact, combi-
natorial d-manifold with boundary OM. Then for every pair of complemen-
tary dimensions, p + ¢ = d, there are isomorphisms H,(M, M) ~ H?(M) and
H, (M) ~ HI(M, OM).
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Again this can be combined with the Universal Coefficient Theorem, H,(M) =~
HP(M), to see that H,(M,0M) ~ H,(M) for all p+ ¢ = d. The proof of the
Lefschetz Duality Theorem follows that of the Poincaré Duality Theorem exactly,
inserting relative chains and cochains where needed, so we omit the proof. There is
also a second version of Lefschetz duality based on the extension of the intersection
pairing to a pairing between absolute and relative classes. Again we omit the details
and the proof.

LEFSCHETZ DUALITY THEOREM (SECOND FORM). Let M be a compact, com-
binatorial d-manifold with boundary OM. Then the intersection pairing # :
H,(M) x Hy(M, OM) — G is perfect for all p+ g = d.

We illustrate Lefschetz duality formulated in terms of intersection numbers for the
half torus sketched in Figure V.8. Being homeomorphic to the cylinder, the first
homology group has a single generator, the meridian curve of the full torus. Sim-
ilarly, the first relative homology group has a single generator, namely half the
longitudinal curve; see Figure V.8.

Figure V.8: The displayed generators of the first absolute and first relative
homology groups of the half torus meet in a single point.

Bibliographic Notes. Henri Poincaré invented intersection theory to prove his
duality theorem in 1895 [120], but this attempt failed. It is also said that Alexander
and Lefschetz founded the intersection theory of cycles on manifolds in the 1920s.
Their theory was one of the precursors of cohomology. The Lefschetz Duality The-
orem dates back to the 1920s when Solomon Lefschetz introduced it along with the
concept of relative homology [101]. The statements of the theorem given in this
section are limited to combinatorial manifolds. The sole reason is our desire to keep
the proof simple. Indeed, the theorem holds in more generality for manifolds with
boundary. A good modern account of the theorem can be found in [106].

V.4 Alexander Duality

Prisons in d-dimensional space are made of (d—1)-dimensional walls. This is because
a wall of lower dimension cannot separate space. The topic of this section is a formal
expression of a generalization of this statement and its use in the design of a fast
algorithm for homology.
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Separating water from land. The 2-sphere decomposes the 3-sphere into two
balls, both homologically trivial. Compare this with the torus decomposing the 3-
sphere into two solid tori, both with non-trivial first homology. The two examples
suggest a relationship between the homology of a subspace and its complement.
Such a relationship exists for any manifold, but the prettiest case is when the
manifold is a sphere. Let, therefore, K be a triangulation of S¢. To simplify the
technical discussions, we assume that the link of every simplex is a sphere of the
appropriate dimension. Let B be the dual block decomposition. We call N C K and
X C B complementary subcomplezes if a simplex o € K belongs to N iff its dual
block, 6 € B, does not belong to X; see Figure V.9. Recall that the dual blocks are

Figure V.9: A portion of a triangulation of the 2-sphere. We see a subcom-
plex, N, consisting of five edges and five vertices. It is surrounded by the
complementary subcomplex of the dual block decomposition, X. The two are
separated by two curves in the 1-skeleton of the second barycentric subdivision.

defined as subcomplexes of the first barycentric subdivision, SAK. To separate N
from X, we subdivide once more, and we note that Sd’K contains subcomplexes N’
and X’ whose underlying spaces are the same as those of N and X. We enlarge both
by adding a layer of simplices, making sure we still have complexes. Specifically, let

N" = U§u,
ueN’

X" = U§v;
veX’

see Figure V.9. Since each vertex in the first barycentric subdivision belongs to
either N’ or to X', the complexes N” and X" exhaust the second barycentric
subdivision. Indeed, |N”| and |X"”| are d-manifolds with disjoint interiors and
common boundary, ON” = X" = N” N X", which is a (d — 1)-manifold separating
N and X. This motivates us to call X" the exterior of the decomposition. Note
also that there are deformation retractions from |N”| to |[N| and from |X”| to |X].

The generalized prison wall theorem. Traditionally, the mentioned relation-
ship is stated in terms of the homology and cohomology groups of spaces N C S? and
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X = S?—N. If N is closed, then X is open. Since we did not define homology groups
for open sets, we state the relationship in terms of complementary subcomplexes.

ALEXANDER DUALITY THEOREM. Let S* be a combinatorial d-sphere with tri-
angulation K, N a subcomplex of K, and X the complementary subcomplex of the
dual block decomposition. Then H,(N) ~ H4=P~1(X) for all dimensions p.

PRrROOF. We first consider the case p < d—1, by showing a sequence of isomorphisms:

~d—p—1
H

(X) ~ RPN (V.1)
~ HIPTL(X") (V.2)
~ Hyi(X",0X") (V.3)
~ H,yi(SA*K,N") (V.4)
~ H,(N") (V.5)
~ H,(N). (V.6)

We get equation (V.1) because | X| is a deformation retract of | X”|, equation (V.2)
because cohomology and reduced cohomology are the same in dimension d—p—1 >
0, equation (V.3) by Lefschetz duality for X", which is a d-manifold with boundary
0X" and equation (V.4) by excision. We get equation (V.5) by considering the
long exact sequence of the pair for reduced homology,

oo = Hy 1 (SA’K) — Hy 1 (SA2K, N") — Hy(N") — Hy(SA*K) — ...,

and noticing that the p-th and (p 4 1)-st homology groups of the sphere are trivial
because p + 1 < d. Finally, we get equation (V.6) because |N| is a deformation
retract of |N"|.

The case p = d — 1 is similar. We again have the sequence of six isomorphisms
and similar reasons for each. In equation (V.1), we have an extra copy of G on both
sides, which we lose in equation (V.2) because of the difference between ordinary
and reduced cohomology in dimension zero. We pick up the copy again in equation
(V.5) because the rank of Hg(Sd?K) in the long exact sequence is one. This same
copy of G also appears in equation (V.6). Finally, for p = —1 or d, we have either
two trivial groups, which are therefore isomorphic, or two groups both isomorphic
to G, namely when N = () or B = {).

The sole reason for limiting the theorem to the combinatorial d-sphere is the use
of the Lefschetz Duality Theorem in its proof. Since the latter holds for general
triangulations, so does the Alexander Duality Theorem. There are many applica-
tions of this theorem, including the application to knots in R3. We focus on the
computation of Betti numbers.

Adding a simplex. We begin by studying how the addition of a single simplex
affects the ranks of the homology groups. Let N, 1 C IV; be simplicial complexes
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that differ by a single simplex, that is, N; — N;_; = {o;}. Consider the long exact
reduced homology sequence of the pair,

oy (Nis1) B (V) BHL (NG, Ni1) = Ay (Nist) 5 A (V) — .

where D is the connecting homomorphism in dimension p = dimo;. The group
Hy(N;, N;_1) is trivial for all ¢ # p and has rank one for ¢ = p. It follows that
the maps from the reduced homology groups of N;_; to those of N; are isomor-
phisms, except for ¢ : I:|p(Ni_1) — |:|p(Ni)7 which is possibly only injective, and
(U I:|p_1(Nl-_1) — I:|p_1(Ni), which is possibly only surjective. There are two
possibilities for D.

CASE 1: D is surjective. Then 3,(A) = B,(Ag) + 1.
CASE 2: D is the zero map. Then £, 1(A) = 3,_1(Ay) — 1.

All other Betti numbers remain the same. In Case 1, the addition of o creates a new
homology class, so we call it a positive simplex. In Case 2, o destroys a homology
class, so we call it a negative simplez. The difference between the two cases will be
important again later, when we define persistent homology in Chapter VII.

Incremental algorithm. We use the insight about the two types of simplices to
compute the Betti numbers of a simplicial complex by adding one simplex at a time.
Let 01,09,...,0; be an ordering of the simplices in IV such that every prefix of the
sequence forms a complex. In other words, N; = {01,09,...,0;} is a subcomplex of
N for 0 < i < j. The algorithm starts with Ny = @), whose reduced Betti numbers
are zero except in dimension minus one.

3_1 =1; forp=0toddo Bp = 0 endfor;
fori=1to j do
if o; is positive then Bp = Bp +1
else Bp_1 = fp—1 —1
endif
endfor.

We call this the Incremental Betti Number Algorithm. Assuming we know the
classification of the simplices, the algorithm computes the Betti numbers of all
complexes N; spending only constant time per simplex. We emphasize that the
algorithm makes no assumption on the dimension or the topology of the complex,
other than that both are finite. The only difficult operation is the classification
of the simplices. We could adapt the matrix reduction algorithm for homology
described in Section IV.2, and we will revisit this idea in Chapter VII. However,
in some important cases, the classification can be done directly, without the use of
the boundary matrix.

Fast classification in S?. Suppose K is a triangulation of S® and o1, 05,...,0m
is an ordering of its simplices such that N; = {o1,09,...,0;} is a subcomplex of
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K for 0 < i < m. By stereographic projection, this includes the case in which K
is the Delaunay complex of a finite set of points in R? and the N; are the alpha
complexes of the same set; see Chapter III. We classify the simplices in the order
of their dimension, reversing two and three to exploit duality.

Vertices. The first vertex of K is negative because adding it reduces B_1 by one.
All other vertices are positive.

Edges. An edge is negative if it merges two components into one, and it is positive if
it connects two vertices that already belong to a common component; see Figure
V.10. To distinguish between the two cases, we maintain the components in
a union-find data structure, as described in Section I.1. If o; is an edge, we
label it negative if its two endpoints lie in different components of N;_1, in
which case the addition of o; triggers a union operation. Otherwise, we label
0; positive.

G| &

L=

Figure V.10: Top: a negative edge on the left and a positive edge on the right.
Bottom: a negative triangle on the left and a positive triangle on the right.

We note that the classification of the vertices and edges as described works in gen-
eral, for any finite simplicial complex, K. In contrast, the classification of triangles
and tetrahedra below makes crucial use of the assumption that K triangulates the
3-sphere.

Tetrahedra. The last tetrahedron of K is positive, and all other tetrahedra are
negative.

Triangles. A triangle is negative if it closes a tunnel and positive if it forms a void;
see Figure V.10. This is easier to explain for the dual blocks. Let X; be the
set of dual blocks of the simplices in K — N; and note that it is a subcomplex
of B. Reading the simplices from back to front and replacing them by their
dual blocks is like enumerating the sets from X, = () to Xy = K. As before,
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we maintain the components in a union-find data structure. Assuming &; is an
edge, we label o; negative if the two endpoints of ; lie in different components
of X1, in which case the addition of &; triggers a union operation. Otherwise,
we label o; positive.

It is straightforward to see that the classification of the vertices and edges is correct.
For the tetrahedra, we use the fact that K triangulates S®. For the triangles, we
use Alexander duality. As discussed in Section I.1, the maintenance of a union-find
data structure takes time proportional to «(n) per operation, where n is the number
of nodes (the vertices or tetrahedra in K), and « is the inverse of the Ackermann
function. For all practical purposes, this is constant time per operation.

Bibliographic note. We may think of the Alexander Duality Theorem as a gen-
eralization of the Jordan Curve Theorem mentioned in Chapter I. Roots of the
concept can be found in the work of Alexander [8], which was later further devel-
oped, in particular by Alexandrov and Pontryagin. Similar to the Poincaré and
the Lefschetz Duality Theorems, we state and prove the Alexander Duality Theo-
rem only for the combinatorial manifold case. The restriction is unnecessary but
simplifies the exposition.

The Incremental Betti Number Algorithm is due to Delfinado and Edelsbrunner
[45]. It was implemented as part of the 3-dimensional Alpha Shape software written
and distributed by Ernst Miicke in the early nineties of the last century. The
algorithm exploits the structure of the alpha shape filtration [63] and introduces the
concept of positive and negative simplices, thus foreshadowing the later development
of persistent homology, which will be discussed in Chapter VII.

Exercises

The credit assignment reflects a subjective assessment of difficulty. A typical ques-
tion can be answered using knowledge of the material combined with some thought
and analysis.

1. Coboundary (one credit). Prove that the coboundary map can be thought
of as taking each simplex to its cofaces of one dimension higher. Formally,
(0p,7) = 1iff (p,0) = 1 for an odd number of faces o of 7 with dimension
dimo = dim7 — 1.

2. Universal Coefficient Theorem (two credits). Let ¢ € ZP be a cocycle
representing a cohomology class v € HP and let ¢ € Z,, be a cycle representing
a homology class a € H,. Let j : H» — Hom(H,,Z>) be defined so that j(v)
applied to « is equal to (y, ¢).

(i) Show that j is well defined, that is, it does not depend on the representa-
tives chosen for v and a.

(ii) Show that j is an isomorphism.
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Dual vector spaces (three credits). Let U be a vector space over G = Zy and
let U* = Hom(U, G) be its dual.

(i) Show that U* is also a vector space and U and U* are isomorphic. However,
note that the isomorphism between U and U* depends on a choice of basis
and is thus not natural.

Let (U*)* = Hom(U*, G) be the dual of the dual of U. Let j : U — (U*)* be
defined by mapping v € U to j(u) = ¢ € (U*)* such that ¢(f) = f(u) for every
feur.

(ii) Prove that j is an isomorphism.

Classifying 3-manifolds (one credit). Recall the two steps of the algorithm
for classifying a triangulated 2-manifold described in Chapter II: deciding ori-
entability and computing the Euler characteristic.

(i) Generalize both steps of the algorithm to a triangulated 3-manifold.
(ii) Why does the algorithm in (i) not suffice to classify 3-manifolds?

Poincaré duality (two credits). Use the Perfect Pairing Lemma to prove the
first form from the second form of the Poincaré Duality Theorem.

2-manifold with boundary (one credit). Let M be a 2-manifold with genus
g and b boundary circles.

(i) Use the first form of the Lefschetz Duality Theorem to determine the
ranks of H, (M) and H,(M, OM) for p =0, 1, 2.

(ii) Draw generators for the first absolute and relative homology groups and
check your drawing against the second form of the Lefschetz Duality The-
orem.

. d-dimensional boundary (three credits). Let M be a (d + 1)-manifold and

OM its boundary, a d-manifold without boundary.

(i) Use Lefschetz and Poincaré duality to show that the kernel of the map
fa : Hy(OM) — Hg(M) induced by the inclusion 0M C M has rank exactly
half the d-th Betti number of OM.

(ii) Show that x -y = 0 for all classes x and y in ker fg4.

. Water and land on a manifold (one credit). Let M be a combinatorial

d-manifold and K its triangulation. Let N be a subcomplex of K, N’ the
subcomplex of Sd K whose underlying space is the same as that of N, and N”
the smallest subcomplex of Sd?K that contains all simplices incident to vertices
in N'.

1 OWwW at is the union of closed stars over a vertices o .
S] ]: Z\f// ]: [‘ ] j ]] [ Z\f/
11 Sh()W thal 1S a d—InaIllf()ld wit h b()undar y.
N,/ . . .



Chapter VI

Morse Functions

The class of real-valued functions on a manifold is an unwieldy animal, and re-
stricting it to continuous functions does not do a whole lot to tame it. Even smooth
functions can be rather complicated in their behavior, and it is best to add another
requirement, namely genericity. What we get then is the class of Morse functions,
which distinguishes itself by having only simple critical points. Most of the the-
ory is concerned with the study of these critical points, their structure, and what
they say about the manifold and the function. In spite of the fact that we rarely
find Morse functions in actual applications, or smooth functions for that matter,
knowing about their structure significantly benefits our understanding of general,
smooth functions and even piecewise linear functions.

VI.1 Generic Smooth Functions

Many questions in the sciences and engineering are posed in terms of real-valued
functions. Instead of struggling with the wild character of general functions, we
restrict our attention to a class that achieves structural simplicity without undue
limitation of shape.

The upright torus. We start with an example that foreshadows many of the
results on generic smooth functions. Let M be the 2-dimensional torus and f(x)
the height of the point x € M above a horizontal plane on which the torus rests, as
in Figure VI.1. We call f : M — R a height function. Each real number a has a
preimage, f~!(a), which we refer to as a level set. It consists of all points z € M at
height a. Accordingly, the sublevel set consists of all points at height at most a:

M, = [-oc,a] = {zeM]f(x)<a)

We are interested in the evolution of the sublevel set as we increase the level a.
Critical events occur when a passes the height values of the points u,v,w,z in

125
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N

Figure VI.1: The vertical height function on the torus with critical points u,
v, w, z and level sets between their height values.

Figure VI.1. For a < f(u), the sublevel set is empty. For f(u) < a < f(v), it is a
disk, which has the homotopy type of a point. For f(v) < a < f(w), the sublevel
set is a cylinder. It has the homotopy type of a circle. For f(w) < a < f(z), the
sublevel set is a torus with a disk removed. It has the homotopy type of a figure-
eight curve. Finally, for f(z) < a, we have the complete torus. It is obtained by
gluing on the final disk. Figure VI.2 illustrates the three intermediate stages of the
evolution. We need some background in differential topology to explain in what
sense this evolution of the sublevel set is representative of the general situation.

—— LN

Figure VI.2: Going from a disk to a cylinder is homotopically the same as
attaching a 1-cell. Similarly, going from the cylinder to the capped torus is
homotopically the same as attaching another 1-cell.

Smooth functions. Let M be a smooth d-manifold; that is, M has an atlas
of coordinate charts each diffeomorphic to an open ball in R%. We recall that a
diffeomorphism is a homeomorphism that is smooth in both directions. Technically,
being smooth means that derivatives of all orders exist. Practically, we just need
derivatives of first and second order for most of the things we do, but it is easier
to assume than to keep books. Denote the tangent space at a point x € M by
TML,. It is the d-dimensional vector space consisting of all tangent vectors of M at
2. A smooth mapping to another smooth manifold, f : M — N, induces a linear
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mapping between the tangent spaces, the derivative Df, : TM, — TNy (). We are
primarily interested in real-valued functions for which N = R. Accordingly, we have
linear maps Df; : TM, — TRy(,). The tangent space at a point of the real line
is again a real line, so this is just a fancy way of saying that the derivatives are
real-valued linear maps on the tangent spaces. Being linear, the image of such a
map is either the entire line or just zero. We call x € M a regular point of f if Df,
is surjective and we call x a critical point of f if Df, is the zero map. If we have a

local coordinate system (z1, s, ...,xq) in a neighborhood of z, then x is critical iff
all its first-order partial derivatives vanish:

of of of

— = — = ... = — = 0.

81‘1 (:L' 8:52 (l‘) a:L'd (1})

The chain rule tells us that whether a point is critical or not is independent of
coordinates. The image of a critical point, f(x), is called a critical value of f. All
others are regular values of f. We use second derivatives to further distinguish
between different types of critical points. The Hessian of f at the point x is the
matrix of second derivatives:

o%f o2 f o%f
89328001 (.17) 6908126902 (1’) e 60081289% (.T)
f f f
H(l‘) _ Ox20x1 (x Oxo0xs (:L. e Oxo0xyq T
o? . 22 . . 22
Bzcdafacl (‘T) Bxdgnw ( ) to Bmdéfmd (CE

A critical point x is non-degenerate if the Hessian is non-singular, that is, det H (z) #
0. Again, this does not depend on coordinates. The points u, v, w, z in Figure VI.1
are examples of non-degenerate critical points. Examples of degenerate critical
points are z1 = 0 for the function f: R — R defined by f(z1) = 23 and (z1,22) =
(0,0) for f : R? — R defined by f(z1,72) = 23 — 3z123. The degenerate critical
point in the latter example is often referred to as a monkey saddle. Indeed, the
graph of the function in a neighborhood goes up and down three times, providing
a convenient resting place for the two legs as well as the tail of the monkey.

Morse functions. At a critical point, all first-order partial derivatives vanish. A
local Taylor expansion has therefore no linear terms. If the critical point is non-
degenerate, then the behavior of the function in a small neighborhood is dominated
by the quadratic terms. Furthermore, we can find local coordinates such that there
are no higher-order terms.

MORSE LEMMA. Let u be a non-degenerate critical point of f : Ml — R. There
are local coordinates with u = (0,0, ...,0) such that

f@) = flw)—af—.. -2+l +... +a]

for every point x = (x1, 22, ...,24) in a small neighborhood of w.
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The number of minus signs in the quadratic polynomial is independent of coordi-
nates and is called the indez of the critical point, index(u) = ¢. The index classifies
the non-degenerate critical points into d + 1 types. For a 2-manifold, we have three
types, minima with index 0, saddles with index 1, and mazima with index 2. Ex-
amples of all three types can be seen in Figure VI.1. In Figure V1.3, we display
them by showing the local evolution of the sublevel set. A consequence of the

Figure VI.3: From left to right: the local pictures of a minimum, a saddle, and
a maximum. Imagine looking from above with the shading getting darker as
the function shrinks away from the viewpoint.

Morse Lemma is that non-degenerate critical points are isolated. In other words,
each critical point has a local neighborhood that separates it from the others. This
implies that a Morse function on a compact manifold has at most a finite number of
critical points. To contrast this with a function that is not Morse, take the height
function of a torus, similar to Figure VI.1 but placing the torus sideways, the way
it would naturally rest under the influence of gravity. This height function has an
entire circle of minima and another circle of maxima. All these critical points are
degenerate, and their index is not defined.

DEFINITION. A Morse function is a smooth function on a manifold, f : M — R,
such that (i) all critical points are non-degenerate and (ii) the critical points have
distinct function values.

Sometimes the second condition is dropped, but in this book we will always require
both. For a geometrically perfect torus, the height function satisfies condition (i) for
all but two directions, the ones parallel to the symmetry axis of the torus. Condition
(i) is violated for another two circles of directions along which the two saddles have
the same height. The height function of S? is a Morse function for all directions.
The distance from a point is a Morse function for almost all points. Exceptions for
the torus are points on the symmetry axis and on the center circle, but there are
others. The only exception for the 2-sphere is the center.

Gradient vector field. A wector field on a manifold is a function X : M — TM
that maps every point x € M to a vector X(z) in the tangent space of M at x.
Given f : M — R and X, we denote the directional derivative of f along the
vector field by X[f]. It maps every point x € M to the derivative of f at z in
the direction X (z). A particularly useful vector field is the one that points in the
direction of steepest increase. To define it, we need to measure length, which we
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do by introducing a Riemannian metric, that is, a smoothly varying inner product
defined on the tangent spaces. For example, if M is smoothly embedded in some
FEuclidean space, then the tangent spaces are linear subspaces of the same Euclidean
space and we can borrow the metric. Given a smooth manifold M, a Riemannian
metric on M, and a smooth function f : M — R, we define the gradient of f as the
vector field Vf : Ml — TM characterized by (X (x), Vf(x)) = X[f] for every vector
field X. Assuming local coordinates with orthonormal unit vectors x;, the gradient
at the point z is

vit) = | 2w

of o ]
81’1 '

,8—362(36),..., 8md(x)

We use the gradient to introduce a 1-parameter group of diffeomorphisms ¢ : R X
M — M. There are two characteristic properties of this group. First, the map
©r + M — M defined by ¢i(x) = ¢(t,z) is a diffecomorphism of M to itself for
each t € R, and second, ¢, = ¢ 0 4, for all £,y € R. Such a group defines a
vector field by differentiation, and we require that this vector field be parallel to
the gradient vector field:

fpe(2)) = f(x) Vi(z)

L = WP

This group of diffeomorphisms follows the evolution of the sublevel set and can be
used to prove that there are no topological changes that happen between contiguous
critical values. Specifically, let f : M — R be smooth and let a < b be such that
f~a, ] is compact and contains no critical points of f. Then M, is diffeomorphic
to Mb.

Attaching cells. The situation is different when we consider regular values a < b
such that f~'[a,b] is compact but contains one critical point of f. Let this critical
point be u and let its index be ¢. In this case, Ml has the homotopy type of M, with
a g-cell attached along its boundary. To explain what this means, we recall that BY
is the g-dimensional unit ball with S9! as its boundary. Let ¢ : S~! — bd M, be
a continuous map. To attach the cell to M,, we identify each point z € SI~! with
its image g(z) € bd M. The only case that is a bit different is ¢ = 0. Then S™1! is
empty and attaching the O-cell just means adding a point.

We illustrate this construction for a 3-manifold, M. There are four types of
critical points, namely minima with index 0, saddles with index 1 or 2, and maxima
with index 3. The two types of saddles deserve some attention. To illustrate the
local evolution of the sublevel set, we draw spheres around them and shade the
portion that belongs to the sublevel set, as in Figure VI.4. The level set that passes
through a saddle forms locally a double-cone with the apex at the critical point.
This is the same for both types, the only difference being the side on which the
sublevel set resides. For the index-1 saddle, we imagine a two-sheeted hyperboloid
approaching from two sides until the two sheets meet at the saddle. Thereafter, the
sublevel set thickens around the saddle as its boundary continues as a one-sheeted
hyperboloid (an hour glass). Homotopically, this evolution is the same as attaching
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Figure VI.4: The double-cone neighborhood of the index-1 saddle on the left
and of the index-2 saddle on the right. The volume occupied by the sublevel
set is shaded.

a 1-cell connecting the two sheets. For the index-2 saddle, the sequence of events
is reversed. Specifically, a one-sheeted hyperboloid approaches along a circle of
directions until it reaches the saddle. Thereafter, the sublevel set thickens around
the saddle as its boundary continues as two sheets of a hyperboloid. Homotopically,
this evolution is the same as attaching a 2-cell closing the tunnel formed by the
one-sheeted hyperboloid.

Bibliographic notes. Morse theory developed first in infinite dimensions, as part
of the calculus of variations; see Morse [113]. The classic source on the subject for
finite-dimensional manifolds is the text by Milnor [111], but see also Matsumoto
[105] and Banyaga and Hurtubis [14].

V1.2 Transversality

Given a Morse function, we can follow the gradient flow and decompose the manifold
depending on where the flow originates and where it ends. For this decomposition
to form a complex, we require that the function satisfy an additional genericity
assumption.

Integral lines. Recall the 1-parameter group of diffeomorphisms, ¢ : R xM — M,
defined by a Morse function, f, on a compact manifold, M, with a Riemannian
metric. The integral line that passes through a regular point, x € M, is v = 7, :
R — M defined by v(t) = ¢(¢, z); see Figure VL.5. It is the solution to the ordinary
differential equation defined by 4(¢) = Vf(v(t)) and the initial condition v(0) = x.
Because ¢ and therefore « are defined for all t € R and M is compact, the integral
line necessarily approaches a critical point, both for ¢ going to plus and to minus
infinity. We call these critical points the origin and the destination of the integral
line:
org(y) = lm ~(¢), dest(y) = lim ~(¢).
t—o0

t——o00
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The function increases along the integral line, which implies that org(y) # dest(y).
The Existence and Uniqueness Theorems of ordinary differential equations imply
that the integral line that passes through another regular point y is either disjoint
from or the same as the one passing through z, im~, = im~, or im~, Nim~y, = 0.
This property suggests we decompose the manifold into integral lines or unions of
integral lines with shared characteristics.

Figure VI.5: The upright torus with the four integral lines that end at the two
saddles.

Stable and unstable manifolds. The stable manifold of a critical point u of
f is the point itself together with all regular points whose integral lines end at w.
Symmetrically, the unstable manifold of u is the point itself together with all regular
points whose integral lines originate at u. More formally,

S(u) = {u}U{zeM|dest(y,) =u},
Uw) = {u}U{yeM]org(yy) = u}.

The function increases along integral lines. It follows that f(u) > f(x) for all points
z in the stable manifold of w. This is the reason why S(u) is sometimes referred
to as the descending manifold of u. Symmetrically, f(u) < f(y) for all points y
in the unstable manifold of u, and U(u) is sometimes referred to as the ascending
manifold of u.

Suppose the dimension of M is d and the index of the critical point u is ¢. Then
there is a (¢ — 1)-sphere of directions along which integral lines approach u. It can
be proved that together with wu, these integral lines form an open ball of dimension
g and that S(u) is a submanifold homeomorphic to R? that is immersed in M. Tt is
not embedded because distant points in R? may map to arbitrarily close points in
M, as we can see in Figure VI.5. For example, the saddle v has a stable 1-manifold
consisting of two integral lines that merge at v to form one open, connected interval.
The two ends of the interval approach the minimum, u, which does not belong to
the 1-manifold. While the map from R! to M is continuous, the inverse defined on
its image is not.
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Morse-Smale functions. The stable manifolds do not necessarily form a com-
plex. Specifically, it is possible that the boundary of a stable manifold is not the
union of other stable manifolds of lower dimension. Take for example the upright
torus in Figure VI.5. The stable 1-manifold of the upper saddle, w, reaches down
to the lower saddle, v, but the latter is not a stable 0O-manifold. The reason for this
deficiency is a degeneracy in the gradient flow. In particular, we have an integral
line that originates at a saddle and ends at another saddle. Equivalently, the inte-
gral line belongs to the stable 1-manifold of w and to the unstable 1-manifold of v.
Generically, such integral lines do not exist.

DEFINITION. A Morse-Smale function is a Morse function, f : M — R, whose
stable and unstable manifolds intersect transversally.

Roughly, this requires that the stable and unstable manifolds cross when they inter-
sect. More formally, let o : R? — M and v : R? — M be two smooth maps. Letting
z € M be a point in their common image, we say that ¢ and v intersect transver-
sally at z if the derived images of the tangent spaces at preimages = € o~ '(z) and
y € v~ 1(z) span the entire tangent space of M at z:

Do, (TR?) + Dv, (TR)) = TM..

We say that o and v are transversal to each other if they intersect transversally at
every point z in their common image.

Complexes. Assuming transversality, the intersection of a stable g-manifold and
an unstable p-manifold has dimension ¢+p—d. Furthermore, the boundary of every
stable manifold is a union of stable manifolds of lower dimension. The set of stable
manifolds thus forms a complex which we construct one dimension at a time.

0-skeleton: add all minima as stable O-manifolds to initialize the complex;

1-skeleton: add all stable 1-manifolds, each an open interval glued at its endpoints
to two points in the 0-skeleton;

2-skeleton: add all stable 2-manifolds, each an open disk glued along its boundary
circle to a cycle in the 1-skeleton;

etc. It is possible that the two minima are the same so that the interval whose
ends are both glued to it forms a loop. Similarly, the cycle in the 1-skeleton can
be degenerate, such as pinched or even just a single point. Similar situations are
possible for higher-dimensional stable manifolds. An example is the height function
of the d-sphere. It has a single minimum, a single maximum, and no other critical
points. The minimum has index 0 and forms a vertex in the complex. The maximum
has index d and defines a stable d-manifold. It wraps around the sphere, and its
boundary is glued to a single point, the minimum, as illustrated for d = 2 in Figure
VL6.
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Figure VL.6: All integral lines of the height function of S? originate at the
minimum and end at the maximum. We therefore have two stable manifolds,
a vertex for the minimum and an open disk for the maximum.

Morse inequalities. If we take the alternating sum of the numbers of stable
manifolds in the above example, we get 1+ (—1)¢, which is the Euler characteristic
of the d-sphere. This is not a coincidence. More generally, the alternating sum of
the numbers of stable manifolds gives the Euler characteristic, and this equation is
one of the strong Morse inequalities. We state both the weak and the strong Morse
inequalities, writing c, for the number of critical points of index q.

MORSE INEQUALITIES. Let M be a manifold of dimension d and let f: M — R
be a Morse function. Then

(i) WEAK: ¢ > (3,(M) for all g;
(i) STRONG: Y7 _(=1)779%, > Y27 _((—1)7795,(M) for all j.

As mentioned above, the strong Morse inequality for j = d is an equality. We can
recover the weak inequalities from the strong ones. Indeed

J j—1
D=1 = B(M) = Y (=1)T By (M)
q=0 q=0
> B,M) = Y (-1P e,
q=0

Removing the common terms on both sides leaves ¢; > 3;(M), the j-th weak in-
equality. We omit the proof of the strong inequalities and instead refer to the proof
of their piecewise linear versions in the next section.

Floer homology. Assuming a Morse-Smale function, we can intersect the stable
and unstable manifolds and get a refinement of the two complexes, which we refer
to as the Morse-Smale complex of f. Its vertices are the critical points, and its
cells are the components of the unions of integral lines with common origin and
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common destination. It is quite possible that the stable manifold of a critical
point intersects the unstable manifold of another critical point in more than one
component. By definition of transversality, the index difference between the origin
and the destination equals the dimension of the cell. In particular, the edges are
isolated integral lines connecting index ¢ — 1 with index ¢ critical points.

Figure VI.7: The Morse-Smale complex of the height function for the almost
but not entirely upright torus.

To recover the homology of the manifold, we set up a chain complex. The ¢-
chains are the formal sums of index ¢ critical points. The boundary of an index ¢
critical point, u, is the sum of index ¢ — 1 critical points connected to v by an edge
in the Morse-Smale complex. If there are multiple edges, we add the index ¢ — 1
point multiple times. We illustrate this construction with the example depicted in
Figure VI.7. We have a slightly tilted torus whose height function is a Morse-Smale
function. There are one minimum, two saddles, and one maximum. The non-trivial
chain groups are therefore Cy ~ G, C; ~ G2, Cy ~ G, with G = Z,, as usual. In this
example, each critical point appears twice in the boundary of every other critical
point, or not at all. Hence, the boundary of each one of the four critical points is
zero. It follows that the boundary groups are trivial and the cycle groups as well as
the homology groups are isomorphic to the chain groups. The Betti numbers are
therefore By = 1, B2 = 2, B2 = 1, which is consistent with what we already know
about the torus.

Bibliographic notes. The concepts of integral lines and stable as well as unsta-
ble manifolds rely on fundamental properties of solutions to ordinary differential
equations, in particular the Existence and Uniqueness Theorems; see e.g. Arnold
[10]. The extra requirement of transversality between stable and unstable manifolds
that distinguishes Morse from Morse-Smale functions has been proven to be generic
by Kupka [97] and Smale [133]. The chain complex whose groups are formal sums
of critical points is sometimes referred to as the Morse-Smale-Witten complex and
the resulting homology theory is referred to as Floer homology [69].
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V1.3 Piecewise Linear Functions

We rarely find smooth functions in practical situations. Instead, we often find
non-smooth functions that approximate smooth functions or a series of non-smooth
functions that approach a smooth limit. In this section, we turn things around and
use insights gained into the smooth case as a guide in our attempt to understand
the piecewise linear case.

Lower star filtration. Let K be a simplicial complex with real values specified
at all vertices. Using linear extension over the simplices, we obtain a piecewise
linear (PL) function f :|K| — R. It is defined by f(z) = >, bi(z)f(u;), where
the u; are the vertices of K and the b;(x) are the barycentric coordinates of x;
see Section III.1. It is convenient to assume that f is generic, by which we mean
that the vertices have distinct function values. We can then order the vertices by
increasing function value as f(u1) < f(ug) < ... < f(up). For each 0 < i < n,
we let K; be the full subcomplex defined by the first ¢ vertices. In other words, a
simplex o € K belongs to K; iff each vertex u; of o satisfies j <. Recall that the
star of a vertex u; is the set of cofaces of u; in K. The lower star is the subset of
simplices for which u; is the vertex with maximum function value:

St_u; = {oeStu; |zeo= f(z) < flu)}.

Similar to the star, the lower star is generally not a complex. Adding the missing
faces to the set, we get the closed lower star, which is a subcomplex of K. By as-
sumption of genericity, each simplex has a unique maximum vertex and thus belongs
to a unique lower star. It follows that the lower stars partition K. Furthermore, K;
is the union of the first i lower stars. This motivates us to call the nested sequence
of complexes ) = Ko C K| C ... C K,, = K the lower star filtration of f. It will be
useful to notice that the K; are representative of the continuous family of sublevel
sets. Specifically, for f(u;) < a < f(u;+1) the sublevel set |[K|, = f~'(—o00,q]

Figure VL.8: We retract |K|, to |K;| by shrinking the line segments decom-
posing the partial simplices from the top downward.

has the same homotopy type as K;. To prove this, consider each simplex with at
least one vertex in K; and at least one vertex in K — K;. Write this simplex as
a union of line segments connecting points on the maximal face in K; with points
on the maximal face in K — K;. In other words, express the simplex as the join of
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these two faces; see Figure VI.8. The sublevel set contains only a fraction of each
line segment, namely the portion from the lower endpoint z in |K;| to the upper
endpoint y with f(y) = a. To get a deformation retraction, we let (1 —t)y + tz be
the upper endpoint at time t. Going from time ¢ = 0 to t = 1 deformation retracts
| K|, onto |K;|, so they have the same homotopy type.

PL critical points. We study the change from one complex to the next in the
lower star filtration in more detail. Recall that the link of a vertex is the set of
simplices in the closed star that do not belong to the star. Similarly, the lower link
is the collection of simplices in the closed lower star that do not belong to the lower
star. Equivalently, it is the collection of simplices in the link whose vertices have
smaller function value than wu;:

Lk u; = {oelku;|zeco= f(z)< f(u)}

When we go from K;_; to K;, we attach the closed lower star of u;, gluing it along
the lower link to the complex K; 1. Assume now that K triangulates a d-manifold.
This restricts the possibilities dramatically since every vertex star is an open d-ball
and every vertex link is a (d — 1)-sphere. A few examples of lower stars and lower
links in a 2-manifold are shown in Figure VI.9. We classify the vertices using the

Figure VI.9: From left to right: the lower star and lower link of a regular
vertex, a minimum, a saddle, and a maximum.

reduced Betti numbers of their lower links. Recall that BO is one less than gy, the
number of components. The only exception to this rule is the empty lower link,
for which we have 5y = Sy = 0 and f_; = 1. Table VI.1 gives the reduced Betti
numbers of the lower links in Figure VI.9. We call u; a PL regular vertex if its lower

| B-i Bo B
regular 0 0 0
minimum 1 0 0
saddle 0 1 0
maximum 0 0 1

Table VI.1: Classification of the vertices in a PL function on a 2-manifold.

link is non-empty but homologically trivial, and we call v; a simple PL critical vertex
of index q if its lower link has the reduced homology of the (¢ — 1)-sphere. In other
words, the only non-zero reduced Betti number of a simple PL critical vertex of
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index q is qul = 1. We call a piecewise linear function f : |K| — R on a manifold
a PL Morse function if (1) each vertex is either PL regular or simple PL critical and
(ii) the function values of the vertices are distinct.

Unfolding. In contrast to the smooth case, PL Morse functions are not dense
among the class of all PL functions. Equivalently, a PL function on a manifold may
require a substantial perturbation before it becomes PL Morse. As an example,
consider the piecewise linear version of a monkey saddle displayed in Figure VI.10.
It is therefore not reasonable to assume a PL Morse function as input, but we can

Figure VI.10: Left: a PL monkey saddle of a height function. The areas of
points lower than the center vertex are shaded. Right: the unfolding of the
monkey saddle into two simple saddles.

sometimes alter the triangulation locally to make it into a PL. Morse function. In
the 2-manifold case, a k-fold saddle is defined by 50 = k. We can split it into &
simple saddles by introducing k — 1 new vertices and assigning appropriate function
values close to that of the original, k-fold saddle; see Figure VI.10 for the case
k = 2. Tt is less clear how to unfold possibly complicated PL critical points for
higher-dimensional manifolds.

Alternating sum of indices. Let K be a triangulation of a d-manifold and let
f K| = R be a PL Morse function. It is not difficult to prove that the alternating
sum of the simple PL critical points gives the Euler characteristic:

X(K) _ Z(_l)index(u).

Since it is easy and instructive, we give an inductive proof of this equation. To go
from K;_1 to K;, we add the lower star of u;. By the Euler-Poincaré Theorem, the
Euler characteristic of the lower link, A = Lk_u;, is

X(A) = D (1) (4)

q>1

= 1+ ()T B (A).

q=>0

By definition, this is 1 if u; is PL regular and 1+ (—1)mdex(wi)=1 if 4; is PL critical.
Each j-simplex in the lower star corresponds to a (j — 1)-simplex in the lower link,
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except for the vertex wu; itself. Adding the lower star to the complex thus increases
the Euler characteristic by 1 — x(A), which is zero for a PL regular point and
(—1)dex(w) for a simple PL critical point. The claimed equation follows.

Mayer-Vietoris sequences. We prepare the proof of the complete set of Morse
inequalities for PL Morse functions by recalling the Mayer-Vietoris sequence of a
covering of a simplicial complex by two subcomplexes. Let K = K’ U K" be the
covering and note that the intersection of the two subcomplexes, A = K’ N K" is
also a subcomplex of K. As discussed in Section IV.4, the reduced version of the
corresponding Mayer-Vietoris sequence is

e Py (K) 55 Py (4) 58 R (K7 @ iy (K) — Ay () = Py (4) >

It is exact, which means that the image of every homomorphism is equal to the
kernel of the next homomorphism in the sequence. We are interested in the reduced

Figure VI.11: A portion of the Mayer-Vietoris sequence. By exactness, the
rank of the kernel of every map complements the rank of the cokernel of the
preceding map.

p-th homology group of A. Let k, be the rank of ker, and let k¥ be the rank
of cok ¢, = H,(A)/imp,. By exactness at H,(A), we have 5,(A) = k, + kP. As
illustrated in Figure VI.11, exactness also implies that the rank of im 1, is kP and
the rank of H, 1 (K)/ker @, is k,.

We note that ker, and cok ¢,, distinguish two kinds of cycles in A. A cycle in
the kernel bounds both in K’ and in K", and these two (p + 1)-chains fit together
to make a cycle of dimension p + 1 in K. In contrast, a cycle in the cokernel is

not in the image of the connecting homomorphism and thus represents a non-trivial
homology class in K’ or in K" or in both.

PL Morse inequalities. We are now ready to state and prove the PL versions
of the weak and strong Morse inequalities.

PL MORSE INEQUALITIES. Let K be a triangulation of a manifold of dimension
d and let f:|K| — R be a PL Morse function. Writing ¢, for the number of index
q PL critical points of f, we have

(i) WEAK: ¢ > (,(K) for all ¢;
(i) STRONG: Y27 _((=1)779%¢, > Y3 _((—1)779B4(K) for all j.
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ProOOF. We prove the inequalities inductively, for each K;. They hold initially, when
Ky is empty. For the inductive step, we note that K; is the union of K;_; and the
closed lower star of u;. To study the situation, we use the Mayer-Vietoris sequence
obtained by setting K = K;, K’ = K;_1, K" = St_u; ULk_u;, and A = Lk_u;.
Since K" is the cone over a complex, it is homologically trivial. Referring to Figure
VI11, we let @, : Hy1(K) — Hy(A) be the connecting homomorphism and ), :
H,(A) — H,(K")®H,(K") be induced by inclusion. Furthermore, k, = rank ker 1,
and kP = rankcok,, as before. Since K" is homologically trivial, the rank of
H,(K) is the rank of H,(K’) minus the rank of the image of 1, plus the rank of the
kernel of 1,—1. Translating this back to the lower star filtration, we have

rank H,(K;) = rankH,(K; 1) — k" +k, 1.

By exactness of the sequence, k,_1 + kP~ is the rank of the reduced (p—1)-st Betti
number of A. This number is 1 if u; is a simple PL critical point of index p and
0 otherwise. Specifically, if u; is PL regular, then k,_, = EP~1 = 0 for all p and
the ranks of the homology groups do not change. Similarly, none of the counters
of critical points change, so all Morse inequalities remain valid. If index(u;) = p
and kp—; = 1, then both ¢, and Bp go up by one, which maintains the validity of
all Morse inequalities. On the other hand, if index(u;) = p and kP~! = 1, then
¢p goes up and Bp_l goes down. Since the two have opposite signs, this maintains
the validity of all Morse inequalities that contain both. The only strong Morse
inequality that contains one but not both terms is the one for j = p—1. It contains
the relevant Betti number with a plus sign, so this inequality is also preserved.

We note that the strong Morse inequality for j = d is actually an equality, namely
the one we have proved above, before recalling the Mayer-Vietoris sequence. It
contains both changing terms, in all cases, so there is never a chance that the two
sides become different. We also note that the proof of the Morse inequalities in the
smooth case is the same. Indeed, passing a non-degenerate critical point has the
same effect as adding the lower star of a simple PL critical vertex of the same index.

Bibliographic notes. Piecewise linear functions on polyhedral manifolds were
studied by Banchoff [12]. He defines the index of a vertex as the Euler characteristic
of its lower link. This is coarser than our definition but leads to similar results, in
particular, a short and elementary proof that the Euler characteristic is equal to
the alternating sum of critical points. However, it does not lend itself to a natural
generalization of the other Morse inequalities to non-Morse PL functions. Our
classification of PL critical points in terms of reduced Betti numbers can be found
in [58], where it is used to compute the PL analog of the Morse-Smale complex for
2-manifolds. There are industrial applications of these ideas to surface design and
segmentation based on curvature approximating and other shape-sensitive functions
in R? [55].
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V1.4 Reeb Graphs

The structure of a continuous function can sometimes be made explicit by visualizing
the evolution of the components of the level set. This leads to the concept of the
Reeb graph of the function. It has applications in medical imaging and other areas
of science and engineering.

Iso-surface extraction. The practical motivation for studying Reeb graphs is the
extraction of iso-surfaces for 3-dimensional density data. In topological language,
the density data is a continuous function, f : [0,1]> — R, and an iso-surface is
a level set, f~%(a). If f is smooth and a is a regular value of f as well as the
restrictions of f to the faces of the cube, then the level set is a 2-manifold, possibly
with boundary. Similarly, if f is generic PL and «a is not the value of a vertex, then
the level set is a 2-manifold, again possibly with boundary. Figure VI.12 illustrates
this fact for a PL function on the unit square. Assuming we enter a triangle at

L1y
AN Y]
AKX A

Figure VI.12: The level set of a generic PL function on a triangulation of the
unit square. The superlevel set is white, and the sublevel set is shaded.

a boundary point x with f(z) = a, there is some other unique boundary point y
with f(y) = a where we exit the triangle. We draw the line segment from z to y as
part of the level set and repeat the construction by entering the next triangle at y.
There is never any choice as we trace the curve until we arrive at its other end. The
procedure is similar for a PL function on the unit cube, except that we use a graph
search algorithm to collect the triangular and quadrangular surface pieces we get
by slicing the tetrahedra with planes. The most popular choices are Breadth-first
Search and Depth-first Search, as described in Section II.2.

Given a first point on the level set, it is easy to trace out the component in
which it is contained. However, to avoid missing any of the other components, we
need to check the remainder of the triangulation. The desire to avoid this costly
computation leads to the introduction of the contour tree. This is a data structure
which can be queried for initial points on components of the level set without
checking the entire triangulation. It is based on the concept of a Reeb graph.
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Space of contours. Given a continuous map, f : X — R, we note that the level
sets form a partition of the topological space X. We are interested in a possibly
finer partition defined by calling two points x,y € X equivalent if they belong to a
common component of a level set of f. We refer to the equivalence classes as the
contours of f. The Reeb graph of f is the set of contours, R(f), together with the
standard quotient topology. We recall that it is defined by taking all subsets whose
preimages under ¢ : X — R(f) are open in X, where ¢ (z) is of course the contour
that contains x. Let w : R(f) — R be the unique map whose composition with ) is
f. In other words, it is the map such that

X N R

1[1\,1 /(71'
R(f)

commutes. We use it to explain how the Reeb graph speeds up the construction
of a level set, f~!(a). Instead of going directly from R to X, we first compute the
preimage of a under 7, a set of points in the Reeb graph. The level set consists
of a number of contours, one for each point r in 7~*(a). In a medical imaging
application, X would be represented by a triangulation of the unit cube, and to go
from a point r in R(f) back to X would be facilitated by a pointer to an edge in
the triangulation that intersects the contour, ¢»~1(r).

Besides using the Reeb graph as a data structure to accelerate the extraction of
level sets, we may hope to learn something about the function or the topological
space on which the function is defined. Even though the Reeb graph loses aspects
of the original topological structure, there are some things it shows. First of all,
¢ : X = R(f) maps components to components. Furthermore, the Reeb graph
reflects the 1-dimensional connectivity of the space in some cases. To describe this,
we refer to a 1-cycle in R(f) as a loop and write #loops for the size of the basis. The
preimage of a loop in R(f) is necessarily non-contractible in X, and two different
loops correspond to non-homologous 1-cycles. Expressing the two properties in
terms of Betti numbers, we get

50(R(f)) = BO(X)»
Bi(R(f)) < Bi(X).

Hence, if X is contractible, then the Reeb graph is a tree, independent of the function
f. In medical imaging, the space is a cube and thus contractible, which justifies the
practice of calling R(f) a contour tree.

Reeb graphs of Morse functions. More can be said if X = M is a manifold of
dimension d > 2 and f : M — R is a Morse function, as in Figure VI.13. Recall
that each point u € R(f) is the image of a contour in M. We call u a node of the
Reeb graph if ¥ ~!(u) contains a critical point or, equivalently, if u is the image
of a critical point under 1. By definition of Morse function, the critical points
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Figure VI.13: Level sets of the 2-manifold map to points on the real line and
components of the level sets map to points of the Reeb graph.

have distinct function values, which implies a bijection between the critical points
of f and the nodes of R(f). The rest of the Reeb graph is partitioned into arcs
connecting the nodes. A minimum starts a contour and therefore corresponds to a
degree-1 node. An index-1 saddle that merges two contours into one corresponds to
a degree-3 node. Symmetrically, a maximum corresponds to a degree-1 node and
an index-(d — 1) saddle that splits a contour into two corresponds to a degree-3
node. All other critical points correspond to nodes of degree two. Indeed, the only
quadratic polynomials of the form f(z) = —22 —...— xg + 3;3“ +...+ 27 that have
level sets with two components are the ones for ¢ = 1,d — 1.

We note that the Reeb graph is a 1-dimensional topological space with points on
arcs being individually meaningful objects. However, there is no preferred way to
draw the graph in the plane or in space.

Loops in Reeb graphs. If M is an orientable 2-manifold, then every saddle
either merges two contours into one or splits a contour into two. Either way, the
saddle corresponds to a degree-3 node in the Reeb graph. We use this fact to show
that the number of loops depends only on M and not on the function as long it
is Morse. In the non-orientable case, we also have degree-2 nodes and therefore a
number of loops that is no longer independent of the function.

Loor LEMMA FOR 2-MANIFOLDS. The Reeb graph of a Morse function on a con-
nected 2-manifold of genus g has g loops if the manifold is orientable and at most
£ loops if it is non-orientable.

Proor. Let ¢, be the number of critical points of index ¢ and n; the number of
nodes with degree i in the Reeb graph. We first consider the orientable case for
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which the number of nodes is n = n; + n3. We note that n; = ¢g + ¢o and n3 = ¢;.
The number of arcs in the Reeb graph is m = %(nl + 3n3). The number of loops
exceeds the surplus of arcs by one; that is,

1
#loops = 14+m—-n = 175(00—01—4—02).

By the last strong Morse inequality, the expression in parentheses is the Euler
characteristic, which for orientable 2-manifolds is y = 2 — 2¢g. It follows that
#loops = 1 — %(2 —2g) = g, as claimed. In the non-orientable case, the num-
ber of nodes is n = ny + ng +ns3, where ny = c¢g + co and ns +n3 = ¢;. The number
of arcs is m = %(nl + 2ny + 3n3). The number of loops is again one more than the
surplus of arcs; that is,

1 1
#loops = 1+§(—n1+n3) = 1—§(co—cl+02+n2).

Substituting the Euler characteristic for the alternating sum of critical points, wet
get #loops = 1— %(X-FTLQ). For a non-orientable 2-manifold, we have y = 2— g and
therefore #loops = %(g —ng). Since the number of degree-2 nodes is non-negative,
this is at most half the genus, as claimed.

Coincidentally, the proof implies that the number of degree-2 nodes has the same
parity as the genus. Subject to this constraint, it can be anywhere between zero
and g, which implies that the upper bound is tight and any integer number of loops
between zero and half the genus can be achieved.

Constructing a Reeb graph. We finally consider the algorithmic problem of
constructing the Reeb graph of a function on a 2-manifold. We assume the manifold
is triangulated and the function, f : Ml — R, is PL. Morse. The algorithm sweeps
the manifold in the order of increasing function values. We thus begin by sorting
the vertices such that f(u;) < f(uiy1) for 1 < i < n. Consider a corresponding
sequence of interleaved values, s1 < f(u1) < s2 < ... < 8, < f(up) < Spy1. Since
s; is not the value of any vertex, its preimage is a 1-manifold, consisting of finitely
many contours. Each contour is represented by a cyclic list of triangles in the
triangulation. Every triangle contributes a line segment, and any two contiguous
triangles meet in an edge that contributes a shared endpoint of two line segments to
the contour. The representation is the same for all values strictly between f(u;—1)
and f(u;). Adjustments need to be made when we move into the next open interval,
between f(u;) and f(u;q1).

CASE 1: u; is a minimum. Add a degree-1 node to the Reeb graph. It starts a new
arc associated with a cyclic list initialized to the triangles in the star of wu;.

CASE 2: u; is a regular vertex. Then two or more triangles in its star form a
contiguous sequence in one of the cyclic lists. Except for the first and the last,
all these triangles belong to the lower star. We remove the lower star triangles
and replace them by the symmetrically defined upper star triangles of w;.
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CASE 3: wu; is a saddle. Then the triangles in its star form two contiguous sequences
in the representation of the current level set. They may be part of the same
cyclic list or of two different lists. Similarly to Case 2, we keep the first and
last triangle of each sequence and replace the lower star triangles in between
by the corresponding upper star triangles of u;. Either list can be empty. We

Figure VI.14: From left to right: merging two cyclic lists into one, splitting
one list into two, reconnecting one list. Correspondingly, we add a down-fork,
an up-fork, a degree-2 node to the Reeb graph.

do this by cutting the lists and regluing them when we add the upper star
triangles. The global effect of the operation depends on whether the cutting is
done on one or two cyclic lists and which ends are glued together. There are
three different cases, as illustrated in Figure VI.14. In each case, we add a new
node to the Reeb graph and represent the modified lists by arcs that end and
start at that node.

CASE 4: u; is a maximum. Remove the cyclic list of triangles in its star and end
the corresponding arc by adding a new degree-1 node to the Reeb graph.

To implement the algorithm, we need a data structure that supports the following
operations:

e CUT a cyclic list open by removing the links between two adjacent triangles;
e DROP a triangle from the end of an open list;

e APPEND a new triangle to the end of an open list;

e GLUE two ends of the same or of two different open lists;

e FIND the cyclic list that contains a specified triangle.

The cutting and gluing can be done without knowing whether the ends belong to
the same or to different cyclic lists. However, to update the Reeb graph, we need
to know which case we are in and we use the FIND operation to find out. All five
operations are supported in time logarithmic in the length of the list if we store it
in a data structure commonly referred to as a balanced search tree. Letting m be
the number of edges in the triangulation, we thus get an algorithm that constructs
the Reeb graph in time proportional to mlog, m. This is a significant improvement
over the more straightforward algorithm that constructs the Reeb graph in time
proportional to m2. No such improvement is currently known for functions on

manifolds of dimension three or higher.
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Bibliographic notes. The most common method for extracting iso-surfaces from
density data is the Marching Cube Algorithm due to Lorensen and Cline [103].
As the name suggests, it works with a cube complex rather than a triangulation.
The portion of the iso-surface within a single cube can be complicated, and the
implementation of the algorithm requires some care. The idea of speeding up the
iso-surface extraction with a contour tree is more recent [144]. This tree is really the
Reeb graph of a PL function on a cube, which has no loops. The concept of the Reeb
graph of a smooth function is much older [126]. The analysis of the number of loops
and the Reeb Graph Algorithm for triangulated 2-manifolds are relatively recent
results [39]. From a practical point of view, the most demanding operations are CUT
and GLUE, as they require the splitting and melding of search trees. Particularly
easy implementations of these operations are provided by the splay tree, a type of
balanced search trees [132]. For contractible domains, the construction of the Reeb
graph can be improved to time proportional to ma(m), where « is the extremely
slow growing inverse of the Ackermann function [27].

Exercises

The credit assignment reflects a subjective assessment of difficulty. A typical ques-
tion can be answered using knowledge of the material combined with some thought
and analysis.

1. Hessian (two credits). Compute the Hessian and, if defined, the index of the
origin, which is critical for each function in the list below.

x1,T0) = 23 + 23

$1,$2) = X1x9.

.731,.73‘2) = (Z‘1 -+ .TZ)Q.

X1, X9, T3) = T1T2X3.

X1,T2,T3) = T1T2 + T1T3 + Taks.
21, T2, 23) = (21 + 20 + 23)°2.

~ o~~~ o~

2. Approximate Morse function (two credits). Let M be a geometrically perfect
torus in R3; that is, Ml is swept out by a circle rotating about a line that lies
in the same plane but does not intersect the circle. Let f : M — R measure
height parallel to the symmetry axis and note that f is not Morse.

(i) Describe a Morse function g : M — R that differs from f by an arbitrarily
small amount, ||f — g/ <e.
(ii) Draw the Reeb graphs of both functions.

3. Morse-Smale complex (two credits). Let M be the torus in Exercise 2 and
let f: M — R measure height along a direction that is almost but not quite
parallel to the symmetry axis of the torus.
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(i) Draw the Morse-Smale complex of the height function.
(ii) Give the chain, cycle, and boundary groups defined by Floer homology.

. Quadrangles (three credits). Let M be a 2-manifold and f : M — R a Morse-

Smale function.

(i) Prove that each 2-dimensional cell of the Morse-Smale complex of f is a
quadrangle. In other words, each 2-dimensional cell is an open disk whose
boundary can be decomposed into four arcs each glued to an edge in the
complex.

(ii) Draw a case in which one edge is repeated so that the disk is glued to only
three edges but twice to one of the three.

Distance from a point (three credits). Let M be the torus swept out by a unit
circle rotating at unit distance from the zs-axis. More formally, M consists of
all solutions to 2% + 23 = (2 + /1 — 22)? in R3. For a point z € R? consider
the function f, : M — R defined by f.(z) = ||z — 2.

(i) Describe the set of points z for which f, violates the first property of a
Morse function.
(ii) Describe the set of points z for which f, is not a Morse function.

Morse inequalities (two credits). Recall that the unstable manifolds of a
Morse function f : M — R are the stable manifolds of —f. Furthermore, if M
is a d-manifold, then an index-p critical point of f is an index-(d — p) critical
point of —f.

(i) Use this symmetry to formulate collections of inequalities symmetric to
the weak and strong Morse inequalities of f.

(ii) Use these inequalities to prove that the Euler characteristic of M vanishes
if d is odd.

Reeb graph (one credit). Consider the upright torus at time ¢ = 0 and imagine
it falling down in slow motion until it rests on its side at time ¢ = 1.

(i) What is the corresponding 1-parameter family of Reeb graphs of the height
functions?

(ii) At which position (moment in time) does the Reeb graph not have a loop?

BCC lattice (two credits). Instead of the cubic lattice, we may consider con-
structing iso-surfaces from the body centered cubic (BCC) lattice obtained by
adding the centers of all integer unit cubes. More formally, this is the set of
points Z3 union Z3 4 (%, %, DT
(i) Show that there is an (infinite) simplicial complex whose vertex set is the
BCC lattice and whose tetrahedra are pairwise congruent, that is, one can
be obtained from any other by a rigid transformation.
(ii) Give a geometric description of the tetrahedron in (i), complete with all
face, dihedral, and solid angles.
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Chapter VII

Persistence

The central concept of this chapter is motivated by the practical need to cope
with noise in data. This includes defining, recognizing, and possibly eliminating
noise. These are lofty goals and the challenge can be overwhelming. Indeed, the
distinction between noise and feature is not well-defined but lies instead in the eye
of the beholder. In any particular case, the focus is on a range of scales and a desire
to ignore everything that is smaller or larger. In other words, we make ourselves
the measure of all things and by doing so derive a unit, a point of view, and an
opinion. Motivated by this thought, we take an agnostic approach and offer a means
to measure scale, a tool that can be used to make judgments based on quantitative
information, if one so desires.

VII.1 Persistent Homology

Persistent homology can be used to measure the scale or resolution of a topological
feature. There are two ingredients, one geometric, defining a function on a topolog-
ical space, and the other algebraic, turning the function into measurements. The
measurements make sense only if the function does.

The elder rule. We begin with a simplified scenario in which we develop our
intuition. Let X be a connected topological space and f : X — R a continuous
function. The sublevel sets of f form a l-parameter family of nested subspaces,
Xo € Xy whenever a < b. It is convenient to write about this family as if it were
one sublevel set that evolves as the threshold increases. We visualize this evolution
by drawing each component of X, as a point. The result is a 1-dimensional graph,
G(f), not unlike the Reeb graph discussed in the previous chapter. Thinking of f
as a height function, we draw the graph from bottom to top. Since components
never shrink, the arcs of the graph may merge, but they never split. In the end,
for large enough threshold a, we have a single component. It follows that G(f)
is a tree, and we refer to it as the merge tree of the function; see Figure VII.1.
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We decompose this tree into disjoint paths that increase monotonically with f. To
obtain the paths, we draw them from bottom to top, simultaneously, while keeping
their upper endpoints at the same height, a. Paths extend; however, when they
merge, we end the one that started later. Thinking of the difference between two
function values as age, we give precedence to the older path.

(o)

VG
JR(©

Figure VII.1: Left: a function on the unit square visualized by drawing six
level sets with lighter shades of gray indicating larger values. Right: the path
decomposition of the merge tree of the function.

//

-/

ELDER RULE. At a juncture, the older of the two merging paths continues and
the younger path ends.

Letting a < b be two thresholds, we let $(a,b) be the number of components in
X, that have a non-empty intersection with X,. In terms of the merge tree, this is
the number of subtrees with topmost points at value b that reach down to level a
or below. Each such subtree has a unique path, its longest, that spans the entire
interval between a and b. It follows that §(a,b) is also the number of paths in the
path decomposition of G(f) that span [a,b]. We note that any path decomposition
that is not generated using the Elder Rule does not have this property. In particular,
if f is Morse, then the Elder Rule generates a unique path decomposition, which
is the only one for which the number of paths spanning [a,b] equals 3(a,b) for all
values of a < b.

Filtrations. We obtain persistence by formulating the Elder Rule for the ho-
mology groups of all dimensions. Consider a simplicial complex, K, and a function
f+ K — R. We require that f be monotonic, by which we mean it is non-decreasing
along increasing chains of faces, that is, f(o) < f(7) whenever o is a face of 7.
Monotonicity implies that the sublevel set, K(a) = f~!(—oc0,a], is a subcomplex of
K for every a € R. Letting m be the number of simplices in K, we get n+1 < m-+1
different subcomplexes, which we arrange as an increasing sequence:

)=KyCK C...CK,=K.
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In other words, if a1 < as < ... < a, are the function values of the simplices in
K and ap = —oo, then K; = K(a;) for each . We call this sequence of complexes
the filtration of f and think of it as a construction by adding chunks of simplices at
a time. We have seen examples before, namely the Cech and the alpha complexes
in Chapter IIT and the lower star filtration of a piecewise linear function in Section
VI.3. More than in the sequence of complexes, we are interested in the topological
evolution, as expressed by the corresponding sequence of homology groups. For
every i < j we have an inclusion map from the underlying space of K; to that of
K and therefore an induced homomorphism, f;;j : Hp(K;) — Hp(Kj), for each
dimension p. The filtration thus corresponds to a sequence of homology groups
connected by homomorphisms,

0=H,(Ky) = H,(K1) = ... > Hy(K,,) = Hy(K),

again one for each dimension p. As we go from K; ; to K;, we might gain new
homology classes and we might lose some when they become trivial or merge with
each other. We collect the classes that are born at or before a given threshold and
die after another threshold in groups.

DEFINITION. The p-th persistent homology groups are the images of the homomor-
phisms induced by inclusion, H;” = im f/, for 0 < < j <n. The corresponding
p-th persistent Betti numbers are the ranks of these groups, ﬂ;’j = rank H;;j .

Similarly, we define reduced persistent homology groups and reduced persistent
Betti numbers. Note that Hl ¢ = H,(K;). The persistent homology groups consist
of the homology classes of K that are still alive at K; or, more formally, HW =
Z,(K;)/(Bp(K;) N Zy(K;)). We have such a group for each dimension p and each
index pair ¢ < j. We can be more concrete about the classes counted by the
persistent homology groups. Letting v be a class in H,(K;), we say it is born at K;
if v & H;,_l’i. Furthermore, if 7 is born at K, then it dies entering K if it merges
with an older class as we go from K;_1 to Kj, that is, fi/~'(y) ¢ HL"17~1 but
[ () € Hi-1I; see Figure VIL2. This is again the Elder Rule. If ~ is born at K;
and dies entering K, then we call the difference in function value the persistence,

Hy (K1) Hp(m /\

Figure VIL.2: The class v is born at K; since it does not lie in the (shaded)
image of H,(K;_1). Furthermore, v dies entering K since this is the first time
its image merges into the image of H,(K;—1).
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pers(y) = a; — a;. Sometimes we prefer to ignore the actual function values and
consider the difference in index, j — 4, which we call the index persistence of the
class. If v is born at K; but never dies, then we set its persistence as well as its
index persistence to infinity. We note that births and deaths can also be defined
for a sequence of vector spaces that are not necessarily homology groups. All we
need is a finite sequence and homomorphisms from left to right, which, for vector
spaces, are usually referred to as linear maps.

Persistence diagrams. We visualize the collection of persistent Betti numbers
by drawing points in two dimensions. Some of these points may have coordinates
equal to infinity, and some might be the same, so we really talk about a multiset of
points in the extended real plane, R? = (R U {40c0})2. Letting ,u;';j be the number
of independent p-dimensional classes that are born at K; and die entering K, we
have

W= (=B - (B g,

for all i < j and all p. Indeed, the first difference on the right-hand side counts the
classes that are born at or before K; and die entering K;, while the second difference
counts the classes that are born at or before K;_; and die entering K;. Drawing
each point (a;,a;) with multiplicity /L;’j , we get the p-th persistence diagram of
the filtration, denoted as Dgm,,(f). It represents a class by a point whose vertical
distance to the diagonal is the persistence. Since the multiplicities are defined only
for ¢ < 7, all points lie above the diagonal. For technical reasons which will become
clear in the next chapter, we add the points on the diagonal to the diagram, each
with infinite multiplicity. Examples of persistence diagrams can be seen in Figure
VIL5. It is easy to read off the persistent Betti numbers. Specifically, ﬁ]’j’l is the
number of points in the upper left quadrant with corner point (ay,a;). A class that
is born at K; and dies entering K is counted iff a; < a; and a; > a;. The quadrant
is therefore closed along its vertical right side and open along its horizontal lower
side.

FUNDAMENTAL LEMMA OF PERSISTENT HOMOLOGY. Let ) = Ko C K; C ... C
K,, = K be a filtration. For every pair of indices 0 < k <1 < n and every dimension
p, the p-th persistent Betti number is ﬁg’l =D i<k Zj>l Hy? -

This is an important property. It says the diagram encodes all information about
persistent homology groups.

Matrix reduction. Besides having a compact description in terms of diagrams,
persistence can also be computed efficiently. The particular algorithm we use is a
version of matrix reduction. Perhaps surprisingly, we can get all the information
with a single reduction. To describe this, we use a compatible ordering of the
simplices, that is, a sequence o1,09,...,0, such that i < j if f(o;) < f(o;) or if
o0; is a face of 0. Such an ordering exists because f is monotonic. Note that every
initial subsequence of simplices forms a subcomplex of K. We use this sequence
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when we set up the m-by-m boundary matrix, 9, which stores the simplices of all
dimensions in one place; that is,

i, j] = 1 if 0; is a codimension-1 face of o;;
»J 0 otherwise.

In words, the rows and columns are ordered like the simplices in the total ordering
and the boundary of a simplex is recorded in its column. The algorithm uses column
operations to reduce 9 to another 0-1 matrix R. Let low(j) be the row index of the
lowest 1 in column j. If the entire column is zero, then low(j) is undefined. We call
R reduced if low(j) # low(jo) whenever j and jo, with j # jo, specify two non-zero
columns. The algorithm reduces 9 by adding columns from left to right.

R = 0;
for j=1to mdo
while there exists jo < j with low(jo) = low(j) do
add column jy to column j
endwhile
endfor.

The running time is at most cubic in the number of simplices. In matrix notation,
the algorithm computes the reduced matrix as R = 9 - V; see Figure VIL.3. Since
each simplex is preceded by its proper faces, 9 is upper triangular. The j-th column
of V encodes the columns in 9 that add up to give the j-th column in R. Since we
only add from left to right, V' is also upper triangular and so is R.

J J

low(j)

R 0 Vv

Figure VII.3: Reducing 0 expressed as matrix multiplication. White areas are
necessarily zero while entries in shaded areas can be either 0 or 1.

To get the ranks of the homology groups of K, we notice that the number of
zero columns of R that correspond to p-simplices is the rank of Z,. Similarly, the
number of non-zero columns gives the rank of B,. The difference is the p-th Betti
number.

Pairing. However, there is significantly more information that we can harvest. To
see this, we need to understand how the lowest 1s relate to the persistent homology
groups. We begin by showing that they are unique, and this in spite of the fact
that the reduced matrix, R, is not. Indeed, R is characterized by being reduced and
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is obtained by left-to-right column operations. But we may or may not continue
the operations once we have reached a reduced matrix. To see that the lowest 1s
are unique, we consider the lower left submatrix R} of R whose corner element is
RJ[i,j]. In other words, Rg is obtained from R by removing the first ¢ — 1 rows
and the last n — j columns. Since left-to-right column operations preserve the rank
of every such submatrix, the rank of R is the same as that of the corresponding
submatrix of 0, the one similarly obtained by removing the first i — 1 rows and the
last n — j columns. We consider the expression
rr(i,j) = rank Rf — rank Rgﬂ + rank Rf;ll — rank Rf;l

and note that rr(4,j) = ra(4, j) for all 7 and j, where r5(7, j) has an analogous def-
inition except when we take ranks of submatrices of 0. To evaluate this expression,
we observe that the linear combination of any collection of non-zero columns in R’
is again non-zero. It follows that the rank of Rf is equal to its number of non-zero
columns. Now, if R[i,j] is a lowest 1, then Rz has one more non-zero column than
the other three submatrices, which implies rg(i,j) = 1. If R[i,j] is not a lowest 1,
then we consider two subcases. If none of the columns from 1 to j — 1 has its lowest
1 in row 4, then R} and R} 41 have the same number of non-zero columns and so do

R{ ! and RZ;ll . Second, if one of these columns has its lowest 1 in row 4, then Rf
has one more non-zero column than R’ 41 and R} ~! has one more non-zero column
than Rf;ll In either case, rg(i,j) = 0. Since the ranks of the lower left submatrices

of R are the same as those of 9, we have a characterization of the lowest 1s that
does not depend on the reduction process.

PAIRING LEMMA. We have i = low(j) iff r9(i,j) = 1. In particular, the pairing
between rows and columns defined by the lowest 1s in the reduced matrix does not
depend on R.

Now that we know for sure that the lowest 1s are not an artifact of the particular
strategy used for reduction, we ask what exactly they mean. Note that column
j reaches its final form at the end of the j-th iteration of the outer loop. At
this moment, we have the reduced matrix for the complex consisting of the first j
simplices in the total ordering. We distinguish the case in which column j ends up
zero from the other in which it has a lowest 1.

CASE 1: column j of R is zero. Consistent with the terminology introduced in
Section V.4, we call o; positive since its addition creates a new cycle and thus
gives birth to a new homology class.

CASE 2: column j of R is non-zero. It stores the boundary of the chain accumu-
lated in column j of matrix V' and is thus a cycle. Again consistent with the
terminology in Section V.4, we call o; negative because its addition gives death
to a homology class.

The class that dies in Case 2 is represented by column j. We still need to verify that
it is born at the time the simplex of its lowest 1, o; with i = low(j), is added. But
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this is clear because the cycle in column j of R just died and all other cycles that
die with it have 1s below row i; otherwise, we could further reduce the matrix and
obtain low(j) < ¢, which contradicts the algorithm. It follows that the lowest 1s
indeed correspond to the points in the persistence diagrams. More precisely, (a;, a;)
is a finite point in Dgm,,(f) iff i = low(j) and o0; is a simplex of dimension p. In this
case, 0; is a simplex of dimension p + 1. We have (a;,00) in Dgm,,(f) iff column i
is zero but row ¢ does not contain a lowest 1. In other words, o; is positive, but it
does not get paired with a negative simplex.

0123 4567 01 23 4567 01234567

[ 1]

0 0 [ 0
! | l_bJ |
2 2 2
3 : _ 3 3
4 " - 4
5 5 | 5
6 6 L 6
7 7 7
R 0 \%4

Figure VII.4: Reducing the boundary matrix of the complex consisting of a
triangle and its faces. The shaded squares mark 1s in the matrices. The dark
shaded squares mark lowest 1s in the reduced matrix.

An example. We illustrate the definitions with a small example. Let K consist of
a triangle and its faces. To get a filtration, we first add the vertices, then the edges,
and finally the triangle, numbering them in this order from 1 to 7. To make the
exercise more interesting, we add the non-zero element of the (—1)-st reduced chain
group as a dummy simplex of index 0 to compute reduced rather than ordinary
homology. We recall that the augmentation map defines the boundary of each
vertex as this dummy simplex. The resulting boundary matrix is shown as part of
the matrix equation in Figure VIL.4. We reduce it as described and get four non-

=)

[P Y )

O =W S
.

o -

01234567 01234567 01234567

Figure VIL.5: From left to right: the minus first, the zeroth, and the first
persistence diagrams of the filtration that constructs a complex by first adding
the three vertices, then the three edges, and finally the triangle.

zero columns in R. The first lowest 1 in R is in row 0 and column 1 and corresponds
to the (—1)-dimensional reduced homology class that dies when we add vertex 1.
The second lowest 1 is in row 2 and column 4. In words, the vertex 2 gives birth to
the O-cycle that the edge 4 kills. Similarly, the vertex 3 gives birth to the 0-cycle
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that the edge 5 kills. Adding the edge 6 does not kill anything, which we see in the
matrix since column 6 is zero. It corresponds to a 1-cycle obtained by adding the
prior columns 4, 5, and 6, as indicated in V. The edge 6 thus gives birth to a 1-cycle
that is then killed by the triangle 7. Figure VIL.5 shows the corresponding three
persistence diagrams which are drawn assuming the function value of a simplex is
the same as its index. This particular function is injective, so all points in the
diagrams have multiplicity one.

Bibliographic notes. The concept of persistent homology has been introduced
for components by Frosini and Landi [73] and for general homology groups by
Robins [127] and independently by Edelsbrunner, Letscher, and Zomorodian [60].
The latter paper gives the first fast algorithm for persistence, the same as described
in this section but with the sparse matrix implementation discussed in the next
section. A generalization of the notion of persistence to coefficient groups that are
fields can be found in [161]; see also the monograph based on Zomorodian’s thesis
[160]. A recent survey on persistent homology is [57].

VII.2 Efficient Implementations

For practical applications, the number of simplices can be large so that storing the
entire boundary matrix becomes prohibitive. As an alternative, we present a sparse
matrix implementation of the Persistence Algorithm and give bounds on its running
time that are better than cubic in the input size for many cases.

Sparse matrix representation. As in the previous section, we assume a mono-
tonic function on a simplicial complex, f : K — R, and a compatible ordering of
the simplices, o1,09,...,0m,. We store the data using a linear array, d[1..m], and
a linked list of simplices per entry. The list in 9[j] corresponds to the j-th column
of the boundary matrix, storing the codimension-1 faces of ¢;. By the end of the
algorithm, the list in the j-th array entry corresponds to the column of the reduced
matrix whose lowest 1 is in the j-th row. If there is no such column, then the list
will be empty. To emphasize the transition, we change the name for the array from
0 at the beginning to R at the end of the algorithm. All lists are sorted in the order
of decreasing index so that the most recently added simplex is readily available at
the top; see Figure VIL.6. We see a general migration of the lists from right to left.

1 i k 1 j m

Figure VII.6: The sparse matrix representation of the reduced matrix with
only one linked list shown.
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To describe the algorithm that governs this migration, we write L for the linked list
of the j-th array entry and ¢ = Top(L) for the index of its top simplex. We call the
i-th array entry occupied if it stores a non-empty list and unoccupied otherwise.

R=0;
for j=1tomdo
L = 9[j].cycle; R[j].cycle = NULL;
while L # NULL and R[] with ¢ = TOP(L) is occupied do
L = L+ RJi].cycle
endwhile;
if L # NULL then R[i].cycle = L endif
endfor.

Adding two lists means merging them while deleting both copies of every duplicate
simplex. Since we store the lists in consistent sorted order, each addition can be
done in parallel scans. It is instructive to compare this sparse matrix version of the
Persistence Algorithm with its standard matrix implementation.

Analysis. The main structure of the sparse matrix implementation is that of two
nested loops, the outer and the inner loop. The addition of two lists is another loop
in disguise, so the running time is at most cubic in the input size. To improve on
this first estimate, we define a collision as an attempt to deposit the list L that
fails because the entry is occupied. Each collision requires the merging of two lists,
which takes time proportional to the sum of their lengths. The loop ends when
L runs empty or when the non-empty list L is successfully deposited. The first
case identifies o; as giving birth to a homology class. The second case identifies
o; as giving death and the simplex, o;, where the deposit happens as triggering
the corresponding birth. Each list R[k].cycle contains oy, as its topmost simplex.
Similarly, oy, is the topmost simplex in L when it collides with the list in R[k]. Using
modulo 2 arithmetic, o gets deleted, which implies that the topmost simplex in
the merged list has index less than k. The inner loop thus proceeds monotonically
from right to left. It follows that collisions for a simplex ¢; happen only at entries
between i and j, where i = 1 if 0 gives birth and 7 is the index of the corresponding
birth if o; gives death. Note that in the latter case, j — i is what we call the index
persistence of o;. Consider now the inner loop for o;. A collision at entry k can
happen only if o), gave birth to a class that died at o; before o; is reached. We have
i < k <l < j,as in Figure VIL6. Similarly, the collisions during the inner loop
for o; correspond to birth-death pairs nested within [k, []. Inductively, this implies
that the lists added at collisions contain only faces of simplices with index in [¢, j].
Letting p be the dimension of o}, the number of such faces is at most p 4 1 times
the number of indices in the interval. The time to merge two lists is therefore at
most proportional to this number. In summary, the running time of the inner loop
for a p-simplex o; is at most (p+ 1)(j — ).

There are situations in which we know ahead of time which simplices give birth
and which give death. For example, if the complex is geometrically realized in
R3, the Incremental Betti Number Algorithm described in Section V.4 gives such a



158 VII PERSISTENCE

classification. With this information, we can then save the effort for the simplices
that give birth so that the total running time of the algorithm becomes output-
sensitive, and in particular bounded by the dimension times the sum of squares of
the index persistences. Assuming constant dimension, this is at most proportional
to m3, but for most practical data it is significantly smaller than that.

Zeroth diagram. The structure of the lists used to compute the 0-th persistence
diagram is simpler than for dimensions beyond zero. This diagram depends solely
on the vertices and edges of K and on their sequence in the compatible ordering.
A vertex has no boundary and always gives birth to a component, so no choice
there. An edge o; has two vertices as its boundary, Jdo; = v+ w. Suppose v comes
first, that is, u = 0, w = oy, and i < k. The first step of the algorithm is then
its attempt to deposit the list L consisting of v and w in R[k]. If L, = R[k].cycle
is empty, then the deposit is successful, oy, 0; is a pair, and the inner loop ends.
Otherwise, Ly, is itself a list of two vertices, v and w in which v comes first. Adding
the two lists gives L + Lj, which consists of v and v. Indeed, all non-empty lists
have length two so that each addition takes only constant time. This implies that
the total effort for dimension 0 is at most the sum of indices, for edges that give
birth, and at most the sum of index persistences, for edges that give death. In any

case, this is bounded from above by m?.
u\ % [ w
D/—\X Ui

Figure VIL.7: Adding the edge o; on the left gives birth to a 1-cycle while on
the right it gives death to a component.

But we can do even better. Consider again the two cases for the edge with
boundary do; = u + w. It gives birth iff v and w belong to the same component
of K;_1, the complex right before we add o;; see Figure VIL7 on the left. Starting
with o, the algorithm adds an edge to the growing path at each collision, and L
keeps track of its boundary, the two endpoints. Eventually, the two ends meet, L
becomes empty, and the path becomes a 1-cycle. The edge o gives death iff v and
w belong to two different components of K;_1; see Figure VIL.7 on the right. The
inner loop ends when one of the ends of the growing path reaches the first (oldest)
vertex, o;, of one component. Since the inner loop works monotonically from right
to left, this implies that the oldest vertex of the other component is even older.
Following the Elder Rule, L gets deposited in R[i] and o;, 0; form a pair. Note that
the outcome is predictable. All we need to know is whether or not v and w belong
to different components in K;_q, and if they do, which are the oldest vertices of
these components. This is exactly the kind of information we can extract from the
union-find data structure, as explained in Chapter I. Recall that this data structure
stores each component as a tree of vertices. Given a vertex, we traverse the path up
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to the root to determine the name of the component. Using the index of the oldest
vertex as the name gives the information we need at negligible cost. In summary,
we compute the 0-th persistence diagram in time at most proportional to ma(m),
where « is the inverse of the Ackermann function which, for all practical purposes,
is bounded from above by a constant.

Surfaces. We now consider a simplicial complex, K, that triangulates a 2-
manifold. This case is of some practical importance and it allows for a fast imple-
mentation of the Persistence Algorithm. Let f : |[K| — R be obtained by piecewise
linear interpolation of its values at the vertices, as explained in Section III.1. There
is possibly non-trivial information in the 0-th and the 1-st persistence diagrams of
f but not in any of the others. To compute these two diagrams fast, we need to
answer two questions.

1. How can we turn the 1-parameter family of sublevel sets into a filtration that
we can feed to our algorithm?

2. How can we improve the slower running time for the 1-st persistence diagram
to roughly the time needed for the 0-th diagram?

We deal with the first question now and defer the second question to later. Assume
for simplicity that the restriction of f to the vertices of K is injective. As defined
in Chapter VI, the lower star filtration is then the sequence ) = Ko C K; C ... C
K,, = K, where K; is the union of the lower stars of the first i vertices in the ordering
by f. It is also the filtration generated by the monotonic function g : K — R defined
by mapping each simplex to g(o) = max,e, f(2). The diagrams of f are defined by
the homology groups of the sublevel sets of f, |K|, = f~'(—oc0,a], while those of
g are defined by the homology groups of the sublevel sets of g, K, = g~(—o00,al.
By definition of lower star filtration, we have |K,| C |K]|,, and the inclusion is a
homotopy equivalence; see Figure VI.8 and the discussion around it. It follows that
the vertical maps in the following diagram are isomorphisms:

Hp(IK,)  — Hp(IK],)

T T
Hp(Ka)  — Hy(K),

where p is any dimension and a,b, with a < b, are any two real numbers. The
square commutes because all four maps are induced by inclusion. Indeed, these two
conditions suffice for the diagrams defined by the two sequences to be the same.

PERSISTENCE EQUIVALENCE THEOREM. Consider two sequences of vector spaces
connected by homomorphisms ¢; : U; — V;:

Vo - Vi — ... = V,.1 — V,
t T ) T
Uy — U —- ... —- U,_1 — U,.

If the ¢; are isomorphisms and all squares commute, then the persistence diagram
defined by the U; is the same as that defined by the V.
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The proof is not difficult but it is tedious and is therefore omitted. As explained
above, the 0-th persistence diagram of g can be computed in time at most pro-
portional to ma(m). The equivalence with the 0-th persistence diagram of f thus
implies that the latter can be computed in the same amount of time.

First diagram. Instead of computing the 1-st persistence diagram of f directly,
we construct the 0-th persistence diagram of —f and derive the diagram of f from
it. We begin by describing the relation between Dgm, (f) and Dgmg(—f), omitting
proofs since the relations are consequences of the more general theorems given in
the next section.

rd
death

birth

Figure VIL.8: The white points of Dgm, (f) are reflections of the black points
of Dgm(—f) across the minor diagonal.

The 1-st persistence diagram of f consists of the diagonal, a finite portion of
off-diagonal points (a,b), and an infinite portion of off-diagonal points (¢, 00). We
construct the finite portion from the 0-th persistence diagram of —f. Specifically,
the point (a,b) marks the birth of a 1-dimensional homology class at a and its
death at b. Looking at —f is like taking the complement and going backward.
We thus have the birth of a 0-dimensional homology class at —b and its death at
—a. It follows that a point (a,b) belongs to Dgm, (f) iff the point (—b, —a) belongs
to Dgmg(—f). In other words, the finite portion of Dgm, (f) can be obtained by
reflecting the finite portion of Dgm,(—f) across the minor diagonal, as illustrated
in Figure VII.8. We get the points at infinity by partitioning the set of edges in
the complex into three subsets: edges that give death in the lower star filtration of
f, edges that give death in the lower star filtration of —f, and the rest. The first
two contribute coordinates to the finite portions of the O-th and the 1-st diagrams
of f. For each edge in the third set, we have a point at infinity in the 1-st diagram,
namely a class born when the edge is added and living on even when the complex
K is complete. In summary, we have a three-pass algorithm for computing the
persistence diagrams of a piecewise linear function f on a triangulated 2-manifold
in time at most proportional to ma(m).
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Bibliographic notes. The original paper on persistent homology by Edelsbrun-
ner, Letscher, and Zomorodian [60] describes the sparse matrix version of the Per-
sistence Algorithm explained in this section. Furthermore, the paper focuses on
cases in which birth and death information is available using the Incremental Betti
Number Algorithm by Delfinado and Edelsbrunner [45]. The standard matrix re-
duction version of the Persistence Algorithm came later historically and brought
with it a more general appeal at the expense of increased computational resources.
The Persistence Equivalence Theorem relating diagrams of different functions first
appeared in [161].

VI1I.3 Extended Persistence

In this section, we discuss an extension of persistence that is motivated by an
approach to fitting shapes to each other. The problem of fitting shapes arises when
we solve a puzzle but also in the assembly of mechanical shapes, in the reconstruction
of broken artifacts, and in protein docking.

Elevation on a surface. We give a brief sketch of the approach to fitting shapes
and refer to Section IX.2 for a more detailed description. Let M be a smoothly
embedded 2-manifold in R3. Given a direction u € S%, the height function in this
direction, f : M — R, is defined by mapping each point = to f(z) = (z,u). We
usually draw u vertically going up and think of the height as the signed distance
from a horizontal base plane, as in Figure VIL.9. Given a threshold a € R, we recall

Figure VIL.9: A smoothly embedded 2-manifold with level sets shown and
critical points of the vertical height function marked.

that the sublevel set consists of all points with height a or less, M, = f~1(—o0, al.
As mentioned in the previous sections, the sublevel sets are nested and define per-
sistence through the corresponding sequence of homology groups. For a generic
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smooth surface, the homological critical values of a height function are the height
values of isolated critical points. If, furthermore, the direction is generic, then there
are only three different types: minima which start components, saddles which merge
components or complete loops, and maxima which fill holes. Assuming the critical
points have distinct heights, the points in the persistence diagrams of f correspond
to pairs of critical points. The elevation at the points  and y of such a pair is set
to [f(z) — f(y)|- Since x is critical for two opposite directions, we need to make
sure that the pairing is the same in both directions, else we get contradictory as-
signments of elevation. We also need all critical points to be paired; otherwise, we
get white areas in which elevation remains undefined. The latter is the reason for
why we extend persistence and the former is a constraint we need to observe in this
extension.

Extended filtration. Let a; < as < ... < a, be the homological critical values
of the height function f: M — R. At interleaved values

bh<ar<bi<ax<...<a,<b,

we get sublevel sets M, = f~!(—o0, b;] which are 2-manifolds with boundary. Sym-
metrically, we define superlevel sets M = [b;, 00), which are complementary 2-
manifolds with the same boundary. Finally, we use both to construct a sequence
of homology groups going up and a sequence of relative homology groups coming
back down:

0 = Hp(Mbo) — ... Hp(Mbn)
= Hp(M,Mb") — .= Hp(M,MbO) = 0

for each dimension p. The homomorphisms are induced by inclusion. We recall that
for modulo 2 arithmetic, the homology groups are isomorphic to the cohomology
groups. Furthermore, Lefschetz duality implies H? (M) ~ Hg_,, (M, M?). This shows
that the construction is intrinsically symmetric although not necessarily within the
same dimension. Since we go from the trivial group to the trivial group, everything
that gets born eventually dies. As a consequence, all births will be paired with
corresponding deaths, as desired.

Tracing what gets born and dies in the relative homology groups is a bit less
intuitive than for the absolute homology groups going up. However, we can translate
the events between the absolute homology of M? and the relative homology of the
pair (M, M?). Coming down, the threshold decreases, so the superlevel set grows.
We call a homology class in the superlevel set essential if it lives all the way down
to by and inessential otherwise.

RULE 1: a dimension p homology class of M” dies at the same time that a dimension
p + 1 relative homology class of (M, M) dies.

RULE 2: an inessential dimension p homology class of MP? gets born at the same
time that a dimension p + 1 relative homology class of (M, M) gets born.

RULE 3: an essential dimension p homology class of M? gets born at the same time
that a dimension p relative homology class of (M, M?) dies.
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We can prove these relationships by studying the kernels and cokernels of the maps
from the homology groups of M’ into those of M. Leaving this to the interested
reader, we develop our intuition by considering an example.

Example. Consider the height function of the genus-2 torus in Figure VIL.9. Go-
ing up, a; and as give birth to classes in Hg, a4, a5, ag, a7, ag give birth to classes
in Hy, and ayg gives birth to a class in Ho. All classes live until the end of the
ascending pass, except for the dimension 0 class born at as, which dies at az, and
the dimension 1 class born at ag, which dies at ag. These are the only two finite
off-diagonal points in the ordinary persistence diagrams. Coming down, aig kills
the class in Hy and ag gives birth to a class in Hy that dies at ag. Furthermore,
az, ag, as, aq Kill the classes in Hy, ag gives birth to a class in Hy that dies at as, and
finally aq kills the class in Hy that was born going up at ajg. To summarize, the
pairs of critical values defining the points in the diagrams are (a1, a10), (a2, as) in
dimension 0, (a4, a7), (a5, as), (as, as), (az, as), (as, ag), (ag, ag) in dimension 1, and
(a10,01), (a3, az) in dimension 2. We show the diagrams in Figure VII.10 using
different symbols for classes born and dying going up, born going up and dying
coming down, and born and dying coming down. They make up the ordinary, the

ao ayg

ay a3 a3 a4 as ag a7 ag ag ayp a] az az a4 as ag ay ag ag ajp ay a2 az a4 as ag a7 ag ag ay

Figure VII.10: From left to right: the 0-th, 1-st, 2-nd persistence diagrams of
the height function in Figure VII.9.

extended, and the relative subdiagrams, which we denote as Ord, Ext, and Rel, with
the dimension in the index and the function in parentheses, as before. Note that the
points of the ordinary subdiagrams lie above and those of the relative subdiagrams
lie below the diagonal. The points of the extended subdiagrams can lie on either
side.

Duality and symmetry. The symmetries we observe in Figure VII.10 are not
coincidental. They arise as consequences of Lefschetz duality between absolute and
relative homology groups of complementary dimensions, H,(M,) ~ H;_, (M, M?).
This translates into a duality result for persistence diagrams, which we state without
proof. We use a superscript ‘T’ to indicate reflection across the main diagonal,
mapping the point (a,b) to (b,a).
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PERSISTENCE DUALITY THEOREM. Let f be a function on a d-manifold without
boundary. Then the persistence diagrams are reflections of each other as follows:

Ord,(f) = Relj_,(f),
Ext,(f) = Exti_,(f),
Rel,(f) = Ordj_,(f).

Equivalently, the full p-th persistence diagram is the reflection of the full (d — p)-th
persistence diagram, Dgm,,(f) = ngg_p( f). We have d = 2 for the example illus-
trated in Figures VIL.9 and VII.10 and we indeed have diagrams that are reflections
of each other as described. For 2p = d, the extended subdiagram is the reflection
of itself and is therefore symmetric across the main diagonal.

Recall that the definition of elevation requires that the pairing of critical points
be the same for antipodal height functions. We can use duality to prove that they
are indeed the same. More specifically, we have the following structural result,
again expressed in terms of subdiagrams of the persistence diagrams. We use the
superscript ‘R’ to indicate reflection across the minor diagonal, mapping the point
(a,b) to (=b,—a). Similarly, we use the superscript ‘0’ to indicate central reflection
or rotation by 180 degrees, mapping the point (a,b) to (—a, —b).

PERSISTENCE SYMMETRY THEOREM. Let f be a function on a d-manifold with-
out boundary and let — f be its negative. Then the persistence diagrams of the two
functions are reflections of each other:

Ord,,(f) ordf ,_i(—f),
Ext,(f) = Exti_,(—f),
Rel,(f) = Relf . (—f).

In lieu of a proof, we just mention that each of the three equations can be obtained
using the Persistence Duality Theorem together with the above three rules relating
events in the parallel sequences of absolute and relative homology groups.

Lower and upper stars. To describe how we compute extended persistence, let
K be a triangulation of a d-manifold M. We assume the height function is defined
at the vertices. We also assume that the height values are distinct, so we can index
the vertices such that f(vi) < f(ve) <...< f(v,). Let f: |K| — R be obtained by
piecewise linear extension. Writing a; = f(v;) and introducing interleaved values
bg < a; < by < ... < a, < b,, we can define sublevel sets and superlevel sets
as before. The set of points € |K| with f(z) < b; is homeomorphic to M,
and thus is a manifold with boundary. Similarly, the set of points with f(x) > b; is
homeomorphic to M and is a manifold with boundary. We can retract the partially
used simplices and get homotopy equivalent subcomplexes of K. Specifically, let
K; be the full subcomplex defined by the first i vertices in the ordering and K*
the full subcomplex defined by the last n — i vertices. The two subcomplexes of K
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are disjoint although together they cover all n vertices. The only simplices not in
either subcomplex are the ones that connect the first ¢ with the last n — i vertices.
Recall that the lower star of a vertex v; consists of all simplices that have v; as their
highest vertex. Symmetrically, we define the upper star to consist of all simplices
that have v; as their lowest vertex. More formally,

St_v; = {oeSty, |ze€o= f(z)

<
StTv; {c €Sty |ze€c= f(z) >

f(vi)},
fvi)}-
Since every simplex has a unique highest and a unique lowest vertex, the lower
stars partition K and so do the upper stars. With this notation, Ky = @ and
K; = K;_1USt_v; for 1 <i < mn. Equivalently, K; is the union of the first i lower
stars. Symmetrically, K™ = (), K! = K1 USttv;;1, and K’ is the union of the
last n — i upper stars.

Computation. By the Persistence Equivalence Theorem in the previous section,
the K; have the same homotopy type as the sublevel sets, and the K* have the
same homotopy types as the superlevel sets of M. We can therefore use them to
compute persistence. Let A be the boundary matrix for the ascending pass, storing
the simplices in blocks that correspond to the lower stars of vy to v,, in this order.
Within each block, we store the simplices in order of non-decreasing dimension and
break remaining ties arbitrarily. All simplices in the same block are assigned the
same value, namely the height of the vertex defining the lower star. If two simplices
in the same block are paired, they define a point on the diagonal of the appropriate
persistence diagram. In other words, the homology class dies as soon as it is born
and therefore has zero persistence. Only pairs between blocks carry any significance.

Let B be the boundary matrix for the descending pass, storing the simplices in
blocks that correspond to the upper stars of v,, to v1, in this order. Using A and
B, we form a bigger matrix by adding the zero matrix at the lower left and the
permutation matrix P that translates between A and B at the upper right, as in
Figure VII.11. We can think of the result as the boundary matrix of a new complex,
namely the cone over K. We pick a new, dummy vertex, vy, and for each i-simplex
o in K add the (i 4+ 1)-simplex o U {vg}. Adding the cone removes any non-trivial
homology. This explains why reducing the big matrix works. As we move from left
to right, we first construct K, forming pairs by reducing A. At the halfway point,
the only unpaired simplices are the ones that gave birth to the essential homology
classes. As we continue, we cone off K step by step, eventually removing all non-
trivial homology. In the end, the ordinary, extended, and relative subdiagrams are
given by the lowest 1s in the upper left, upper right, and lower right quadrants of
the reduced matrix.

Indeed, we draw the diagram that corresponds to one of the three quadrants by
marking each lowest one as a point, replacing indices by function values. For A,
the birth values increase downward and the death values from left to right, so we
need to turn the quadrant by 90° to get the ordinary subdiagram. Symmetrically,
we turn the quadrant of B by —90° to get the relative subdiagram and we reflect
the quadrant of P across the main diagonal to get the extended subdiagram. Since
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Figure VII.11: The block structure of the boundary matrix representing the
construction of K going up and the subsequence destruction coming down.

the reduced versions of A and B are upper triangular, we indeed get the ordinary
subdiagram above and the relative subdiagram below the diagonal.

Bibliographic notes. The extension of persistence described in this section is due
to Cohen-Steiner, Edelsbrunner, and Harer [35]. It makes essential use of Poincaré
and Lefschetz duality to obtain the desired symmetry properties for manifolds. The
construction applies equally well to general topological spaces but without guarantee
of duality and symmetry. The main motivation for the extension is the definition
of the elevation function of a smoothly embedded surface in R?; see Section IX.2.
This definition requires that all critical points be paired, which is not the case
for ordinary persistence. The original paper on elevation contains an elementary
description of extended persistence just for the case of surfaces [3].

VII.4 Spectral Sequences

Topologists will immediately recognize a connection between persistence and spec-
tral sequences. We shed light on this relation by reviewing spectral sequences, first
in terms of the matrix reduction algorithm and second in terms of groups and maps
between them.

The matrix reduction view. As usual, we start with a filtration of a simplicial
complex,
l=KyCK,C...CK,=K,
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letting k; = card K; be the number of simplices in the i-th complex. Using a
compatible total ordering of the simplices, we let @ be the boundary matrix which
we write in block form. Specifically, J; consists of the rows numbered k;_; + 1 to
k; corresponding to the simplices in K; — K;_1, and &7 consists of the columns
numbered k;_; + 1 to k; corresponding to the simplices in K; — K;_;. We write (9{
for the intersection of the i-th block of rows and the j-th block of columns; that is, 9!
records the codimension-1 faces of the simplices in K; — K; 1 that lie in K; — K; 1.
Since the boundary matrix is upper triangular, we have 8/ = 0 whenever i > j.
We reduce the boundary matrix with left-to-right column additions, as before, but
instead of sweeping the matrix from left to right, we sweep it diagonally. More
precisely, we work in phases, and in Phase r, we reduce columns in ¢/ by adding
columns in the blocks from §7="*! all the way to 07 itself. The Spectral Sequence
Algorithm thus reduces the columns from the diagonal outward, as illustrated in
Figure VII.12.

81 aj o

O

871

Figure VII.12: After three phases, the triple blocks along the diagonal are
reduced. The highlighted blocks of rows and columns intersect in the block
matrix 7.

forr=1tondo
for j =r tondo
for e =k;_1+1to k; do
while Jk;_, < ¢ < with kj_, < low(/") = low(:) < kj_y41 do
add column ¢’ to column ¢
endwhile
endfor
endfor
endfor.

The result is the same as that of the Persistence Algorithm in the first section of
this chapter; only the order in which the columns are added is different. An easy
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connection to persistence arises by considering the monotonic function f : K — R
mapping a simplex o € K; — K;_1 to f(o) = i. A leftmost lowest one in 9] then
belongs to a simplex pair of persistence j — i. The Spectral Sequence Algorithm
thus computes the pairs in the order of non-decreasing index persistence.

Groups and maps. We now interpret the algorithm in terms of groups that make
up the spectral sequence of the filtration. Recall the chain groups and boundary
maps, 0 : C, = C,_1, which form the chain complex defined by K. For each j, we
let Cg, be the group of p-chains of K; — K;_;, and for each chain ¢ € Cf), we let 8170
be the sum of terms of dc that lie in K; — K;_;. Suppressing the dimension in the
notation for the boundary map, we have 97 : Cg, — C;;71 and

Jec = 8§c+8§_1c+...+8{c.

The block ag' in the boundary matrix represents the maps 8f simultaneously for all
dimensions. In spectral sequences, we approximate 0 by the sum of maps 3; to 85
and then decrease i. The spectral sequence itself consists of a collection of groups
E; , and maps dj . between them. To describe them, we break with the convention
of using p for the dimension. Instead, we follow the convention entrenched in the
spectral sequence literature in which the first subscript, p, identifies the block of
columns, the sum of subscripts, p + ¢, gives the dimension, and the superscript, r,
counts the phases in the iteration.

As usual, we think of the columns of the boundary matrix as generators of the
chain groups. Limiting our attention to the p-th block of columns, 07, we get the
groups of (p+ ¢)-chains of K, — K,_1, for all ¢. If we further limit 9” to the blocks
of rows 0; to 0,, we effectively ignore any boundary in K; ;. For i = p, this is
equivalent to taking the relative chain groups, Cpq(Kp, Kp—1). For i < p, we have
a subgroup of the relative chain group C,y,(K,, K;_1), namely the one generated
by the (p + ¢)-simplices in K, — K,_1; see Figure VIL.13. For what follows, it is

or

o | |

% | |

Figure VII.13: The darker shaded portion of the p-th block of columns repre-
sents the chains of K, — K1 and their boundaries in K, — K;_1.
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important to remember that the boundary matrix, 0, represents simplices of all
dimensions at once. Hence, each block will correspond to a sequence of groups, one
for each dimension.

The E°-term of the spectral sequence. To prepare for the first phase of the
algorithm, we focus on the diagonal blocks of the boundary matrix. Fixing r = 0,
we write Egﬂ = Cg+q for the group of (p 4 ¢)-chains of K, — K,_;. Fixing p and
varying ¢, these groups are generated by the p-th block of columns. Furthermore,
we let

0 .pEo0 0
dpyq : Ep,q - Epyq—l

be defined by the (p + ¢)-dimensional boundary map restricted to the block 85 . In
other words, d%q is O applied to (p + g)-chains. We note that Eg_’q is isomorphic
to the relative chain group Cp,4(K,, K,—1) and dgﬁq agrees with the corresponding
relative boundary map. It follows that the maps satisfy the Fundamental Lemma
of Homology, that is, d27q71 o dgﬂ = 0. Indeed, a codimension-2 face of a (p + q)-
simplex in K, — K,_; either does not belong to K, — K,_; or it does, but then
both codimension-1 faces that contain it also belong to K, — K, _;. Hence, we get
a chain complex,

... E°

0 0
P+l Ep,q - Ep,qfl e

in which the maps are implied. It is customary to draw this chain complex vertically,
and adding the chain complexes for the other diagonal blocks, we get a 2-dimensional
grid of groups, as shown in Figure VII.14. To reduce the clutter, we omit the arrows
that connect the groups in each vertical line from top to bottom. We call this the
EO-term of the spectral sequence, noting that a vertical line in the grid contains all
groups represented by a diagonal block of the boundary matrix.

E(l]‘l Eg,l Eg,l E2,1 Eg,1
B, E, E, E, E,
Bl . ES.. ES. El, ES.,
0 Eg,fz Eg,—Q E2,72 Eg,—?

0 0 B By By

Figure VII.14: The E°-term of the spectral sequence. We have maps going
vertically downward, from EY , to E) ,_; for every choice of p and gq.

The E'-term. After interpreting the diagonal blocks of the original boundary
matrix in terms of relative chain groups, we now push this interpretation through
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the phases of the algorithm. For the first phase, we take the homology of the above
vertical complexes and define Ellqu = ker d?,’q/im d%qH. An element of Ezlj’q is thus
the equivalence class of a chain ¢ € C,, with d%c¢ = 0, where two chains are
equivalent if their difference lies in the image of 0¥, taking of course the boundary
map that applies to chains of one higher dimension. In other words, the element is a
relative homology class and more generally E;% ¢ = Hprq(Kp, K;—1). Representatives
of Ezl,,q are computed by reducing the matrix 9%, which is what the algorithm does
in Phase » = 1. The zero columns in 811; correspond to simplices that give birth
and represent cycles. Some are paired and have zero persistence since their classes
come and go within K, — K,,_;. Others are not paired, and their cycles are the
generators of Exluq' Next, we let
Ao Epg = Epig

be defined by the (p+¢)-th boundary map restricted to 9% ~1. Recall that an element
in Ezlw is represented by a relative (p + ¢)-cycle, ¢. Hence, (956 = 0, but Bg_lc is
possibly non-zero and represents a class in E117—1, 4+ All this sounds complicated, but
it is rather straightforward if interpreted in terms of the boundary matrix after one
phase of the algorithm. As before, the boundary maps satisfy the Fundamental

Lemma of Homology, d;)qu o d}%q =0, so we again get a chain complex:

1

1 1
s EP+1.,(1 - Ep,q - Ep—l,q

Going back to the grid in Figure VII.14, we can see these complexes as horizontal
lines going from right to left. Of course, we are now in the next phase, so we need
to substitute 7 = 1 for the superscript 0 everywhere. This is the E'-term of the
spectral sequence.

The E?-term. We take one more step before appealing to induction, taking the
homology of the horizontal complexes, EZ , = kerd}  /imd},, ,. An element of

E?Lq is the equivalence class of the sum of a chain ¢ € CZ 44 and another chain

¢’ € C1.. The chains satisfy 9%c = 0 and dy e+ 85:11 ¢ =0, and being equivalent
means that the difference lies in im 9f +im 5§71 +im 85:%. The group Eiq is not a
relative homology group by itself but a subgroup of one, namely EZ’ s EILL g1 =~

Hptq(Kp, Kp—2). Representatives of Ef,,q are computed by reducing the double block

of matrices 9%, a;j:ll , 81’,’_17 85_1. The first two have already been reduced, and the
third is zero. Phase r = 2 completes the reduction of the double block for the

remaining fourth matrix. Next, we let
2 g2 2
dp,q : Ep,q - Ep—2,q+1

be defined by the (p + ¢)-th boundary map restricted to (95_2. By construction, an
element of E?)’q is represented by a (p+ ¢)-chain, ¢, whose boundary in K, — K,_» is
empty. Its boundary in K,_o — K,_3 is possibly non-empty and represents a class
in E§_2’q+1, the image of the class of ¢ in Efm. Taking the thus defined boundary

map twice gives zero again, so we get a chain complex,

2 2 2
o B 2B 2B i 2
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similar to before. Going back to the grid in Figure VII.14, we see this complex
along a line of slope one half going from right to left. In other words, the groups
are connected by knight moves in chess, two to the left and one up. Of course, we
are now in the next phase, so we need to substitute » = 2 for the superscript 0
everywhere. This is the E2-term of the spectral sequence.

Iteration. The process continues, and for general phase numbers r, the maps take
the topologist’s chess move, that is, r steps to the left and » — 1 steps up:
d;,q : E;,q - E;—T',q+r—1'

This gives a set of chain complexes, and we take homology to enter the next phase.
Since K is finite, the maps are eventually zero and the sequence converges to a
limit term, E" = E* for r large enough. The homology groups of K are obtained
by taking direct sums along the diagonal lines in the limit term for which the
dimension is constant.

Before reaching the limit term, we may consider each class in Ej , as generated by
an “almost” cycle of dimension p+¢. This is a chain whose boundary in K, — K,_,
is empty but may have non-empty boundary in K,_,. It is either an essential
cycle of K, or a cycle of persistence at least r, assuming the monotonic function
f K — R that maps 0 € K, — K,_1 to f(c) = p, as before. This leads to the
following summary connection between persistence and spectral sequences.

SPECTRAL SEQUENCE THEOREM. The total rank of the groups of dimension p+¢q
after r > 1 phases of the Spectral Sequence Algorithm equals the number of points
in the (p + ¢)-th persistence diagram of f whose persistence is r or larger; that is,

Zrank E,, = card{a € Dgm,,  (f)|pers(a)>r},
p=1

where ¢ decreases as p increases so that the dimension remains constant.

In the limit, for r large enough, we have 377 rank E, | = rank H,1,(K) equal to
the number of points in the (p + ¢)-th persistence diagram whose persistence is
infinite.

Bibliographic notes. A comprehensive account of spectral sequences can be
found in [109]. The treatment in this section follows the more concise presentation
in the survey of persistent homology [57]. Similar to persistent homology, working
over a field is crucial for the construction of spectral sequences. Over Z, there are
extension problems to solve because of torsion; see [24].

Exercises

The credit assignment reflects a subjective assessment of difficulty. A typical ques-
tion can be answered using knowledge of the material combined with some thought
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and analysis.

1. Tetrahedron complex (one credit). Let K consist of a tetrahedron and its
faces.

(i) Apply the matrix reduction algorithm to the filtration of K obtained by
adding the simplices in the order of dimension.

(ii) Do any of the three diagrams depend on the way you order the simplices
of the same dimension?

2. Matrix reduction revisited (two credits). Change the standard matrix re-
duction implementation of the persistence algorithm described in Section VII.1
by adding each j-th column to columns on its right rather than adding columns
on its left to it. Specifically, consider the following implementation.

R = 0;
for j =1 tomdo
while there exists jo > j with low(jo) = low(j) do
add column j to column jg
endwhile
endfor.

(i) Show that this implementation of the persistence algorithm generates the
same lowest 1s as the standard matrix reduction implementation.

(ii) Give an example for which this and the standard implementation of the
persistence algorithm compute different reduced matrices.

3. Sublevel sets (two credits). Let f : |[K| — R be a piecewise linear function
defined by its values at the vertices, f(u1) < f(uz) < ... < f(un). Let b be
strictly between f(u;) and f(u;11), for some 1 <i < n — 1, and recall that the
sublevel set defined by b is f~!(—o0,b].

(i) Prove that the sublevel sets defined by b and by f(u;) have the same
homotopy type.

(ii) Draw an example for the case in which the sublevel sets defined by b and
by f(u;4+1) have the same homotopy types, and another example for the
case in which they have different homotopy types.

4. Graphs without branching (three credits). Let K be a 1-dimensional simpli-
cial complex in which each vertex belongs to one or two edges. In other words,
K is a simple graph whose components are paths and closed curves. Show
that the sparse matrix implementation of the persistence algorithm described
in Section VII.2 takes time proportional to the number of simplices in K.

5. Persistence diagram (one credit). Draw a genus-3 torus, consider its height
function, and draw the non-trivial persistence diagrams of the function. Dis-
tinguish between points in the ordinary, extended, and relative subdiagrams.

6. Breaking symmetry (two credits). Design a topological space X and a con-
tinuous function f : X — R such that
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(1) the persistence diagrams violate the Persistence Duality Theorem in Sec-
tion VIIL.3;

(ii) the persistence diagrams violate the Persistence Symmetry Theorem in
the same section.

7. Matrix reduction once again (one credit). Prove that the reduced matrix
computed by the spectral sequence algorithm in Section VII.4 is the same as
that generated by the persistence algorithm in Section VII.1.

8. Parallel matrix reduction (three credits). First, rewrite the Spectral Se-
quence Algorithm of Section VII.4 for the case in which each block, K; — K;_1,
consists of a single simplex. Second, show that the thus simplified algorithm
can be run on a parallel computer architecture using n processors taking time
at most proportional to n?.






Chapter VIII

Stability

Persistence is a measure-theoretic concept built on top of algebraic structures. Its
most important property is the stability under perturbations of the data. In other
words, small changes in the data imply at most small changes in the measured
persistence. This has major ramifications, including the study of 1-parameter fam-
ilies and the comparison and classification of shapes. Of particular importance are
biological shapes, with their sheer endless variety in the midst of unmistaken sim-
ilarity and delicate variation. This book touches upon this fascinating topic, and
we foresee future inroads based on the notion of persistent homology as developed
here.

VIII.1 1-parameter Families

In this section, we study how continuous change of the data affects the measured
persistence. We focus on the structural effects and their computation. A conse-
quence of the analysis is a first proof of stability.

Straight-line homotopy. Let f: K — R and g : K — R be two monotonic
functions on the same simplicial complex. We recall that this means that the
functions are non-decreasing along increasing chains of the face relation. We use
the straight-line homotopy F : K x [0,1] — R defined by

Flo,t) = (1-1)f(o)+1g(o)

to interpolate between f and g. Define f;(c) = F(o,t) and note that fy = f and
f1 =g, as intended. Furthermore, f; is monotonic for each ¢ € [0, 1]. Indeed, if o is
a face of 7, then f(0) < f(7) and g(o) < g(7) and therefore f;(o) < fi() for every
t € [0,1]. Hence, we can find a compatible ordering of the simplices, that is, a total
order that extends the partial orders defined by f; and by the face relation. Using
this compatible ordering, we compute the persistence diagrams of f; as explained

175



176 VIII STABILITY

in the previous chapter. However, if we somehow already have the diagrams for f,
then we may consider modifying them to get the diagrams for f;. This turns out
to be more efficient than recomputing the diagrams provided the two total orders
are not too different. To describe exactly what this means, we plot the function
values with time, giving us a straight line for each simplex; see Figure VIII.1. It

/I

=t
~
—

Figure VIIL.1: Each line tracks the function value of a simplex as ¢ increases.
At any moment ¢ € [0,1], we get f; by intersection with the corresponding
vertical line.

is convenient to assume that f and g are injective because this implies that f; is
injective except at finitely many moments ¢ when two or more of the lines cross. To
further simplify the situation, we make the generic assumption that no two different
pairs of lines cross at the same moment. Equivalently, every f; has at most one
violation of injectivity, namely at most two simplices with the same function value.
As we sweep from left to right, in the direction of increasing t, we pass through
each violation by transposing the two simplices in the compatible ordering. This
motivates us to study the impact of a transposition on persistence.

Matrix decomposition. We recall that we compute the persistence diagrams of
f: K — R by reducing the boundary matrix whose rows and columns are ordered
like the simplices in a compatible ordering. Starting with R = 0, we perform left-
to-right column additions until R is reduced, that is, each non-zero column has its
lowest 1 in a unique row. In other words, the mapping from non-zero columns to
rows defined by low is injective. Each lowest 1 gives a pair of simplices, namely
(0;,0;) if i = low(j), and a finite off-diagonal point in the p-th persistence diagram,
namely (f(o;), f(o;)) in Dgm,,(f) with p = dimo;. It will be convenient to assume
a bijection between the lowest 1s and the off-diagonal points in the persistence
diagrams. In other words, we assume there are no off-diagonal points at infinity or,
equivalently, that every zero column in the reduced matrix corresponds to a row
with a lowest 1. We get this property in reduced homology iff K is homologically
trivial. This is no loss of generality since we can always add simplices at the end
so that they do not alter the earlier homological evolution along the filtration. For
example, we can form the cone over a given simplicial complex, which is necessarily
homologically trivial.
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The reduced matrix can be written as R = 9V, where V keeps track of the
column operations. Its j-th column stores the chain whose boundary is stored in
the j-th column of R. Since we only use left-to-right column additions, V' is upper
triangular, with V[i,i] = 1 for each 4. The matrix V' is therefore invertible. Let U
be the right inverse of V' and note that it is again upper triangular and invertible.
Multiplying on the right, we get RU = 9V U and therefore

0 = RU.

We call this an ru-decomposition of the boundary matrix, using lowercase letters to
emphasize that we mean the form rather than the names of the matrices. Implicit
in this definition are the requirements that U be upper triangular and invertible
and that R be reduced. We get these properties from the way we compute the
matrices, but there are other ru-decompositions that may be obtained by other,
similar algorithms. Indeed, the ru-decomposition of 9 is not unique, but as noted
in the previous chapter, the lowest 1s in the reduced matrix are. The specific
question we now ask is how we can update the ru-decomposition of the boundary
matrix if we transpose two simplices in contiguous positions along the compatible
ordering.

Updating the decomposition. Suppose 0 is the boundary matrix for the or-
dering of the simplices as o1,09,...,0,. We write & for the boundary matrix
after transposing o; with o;41. Letting P = Pf“ be the corresponding permuta-
tion matrix, we have & = POP. The difference between P and the unit matrix,
I, is localized to the 2-by-2 submatrix for which P[i,i] = P[i + 1,i 4+ 1] = 0 and
Pli,i+ 1] = P[i+ 1,4 = 1. Multiplying by P from the left exchanges the two rows,
and multiplying by P from the right exchanges the two columns. Note also that P
is its own inverse, that is, PP = I. We therefore get

o = POP = PRUP = (PRP)(PUP).

But this is not necessarily an ru-decomposition of the new boundary matrix. It
fails to be one if R’ = PRP is not reduced or if U’ = PUP is not upper triangular.
We will now show that either deficiency can be remedied with little effort, namely
a constant number of row and column operations.

The only way R’ can fail to be reduced is when rows ¢ and i+ 1 of R both contain a
lowest 1, i = low(k) and i+1 = low(l), and row 7 has a 1 in column [ as well. Notice
that 7,4 + 1 < k,l. There are two cases, distinguished by k <[ and [ < k. In both
cases, we add the left column to the right column before we do the transposition.
This fixes the deficiency, as illustrated in Figure VIII.2, by changing R before we
even make the transposition of o; with ;1.

The only way U’ can fail to be upper triangular is if U[¢,: + 1] = 1. We fix this
deficiency by adding row i+ 1 to row ¢ in U and adding column 7 to column 7+ 1 in
R. Letting S = S/™' be the matrix whose only difference from the identity matrix
is that S[i,i+1] = 1, we thus consider SU and RS. Since PP = [ and SS = I, this
does not change the matrix product; that is, &' = (PRSP)(PSUP) = PRUP, as
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Figure VIIL.2: After swapping rows ¢ and ¢ + 1 in R, the matrix would be no
longer reduced. We thus add the left to the right column before exchanging
the two rows.

before. With this modification, PSUP is upper triangular, but PRSP may again
fail to be reduced. If column i is zero or low(i) < low(i + 1), then multiplying
by S preserves the lowest 1s and RS is reduced. In this case, we have an ru-
decomposition after the transposition. On the other hand, if column i 4+ 1 is zero
while column 7 is not or if low(i) > low(i + 1), as in Figure VIIL.3, then we need
to make the lowest 1s unique again. To do this, we add column i 4+ 1 to column %
after the transposition resulting in a left-to-right column addition. This repairs all
deficiencies, and we have an ru-decomposition of &’

ioi+1 i1+ 1 i+1 4 i+1 4

[ ] ﬁ‘ ‘h ﬁ‘ ‘h

]
| \‘ | | |
N [ o

R RS PRSP

]

—
| |
C ]

| &

| 1

Figure VIIL.3: After adding column i to i+ 1 and exchanging the two columns,
the matrix PRSP is no longer reduced. Adding column i 4 1 to i after the
transposition finally produces a reduced matrix.

How the pairing changes. It takes additional work to understand which trans-
positions have an effect on the pairing. The ones that do we call switches. Recall
that each lowest 1 establishes a correspondence between a positive simplex (a row)
and a negative simplex (a column). For example, in Figure VIIL.2 on the left, we
have the pairs (0;,0%) and (0441, 07), which are preserved throughout the transpo-
sition. On the right, we have the same two pairs but they change to (o;,0;) and
(0it1,0k). This identifies the transposition as a switch. In Figure VIIL.3, we have
the pairs (0%, 0;41) and (o7, 0;), which change to (oy,0;) and (07,0;41), again a
switch.

As a rule of thumb, most transpositions are not switches. For example, if o; and

0i+1 do not have the same dimension, then their transposition does not require any
changes other than the obligatory swapping of rows and columns. Even if they have
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the same dimension but if ¢; is positive and o, is negative, then the transposition
cannot be a switch. This is because row 4 has no lowest 1, so ' = PRP is reduced
and requires no further effort. Similarly, column 7 of R is zero, so we can set
Uli,i + 1] = 0 to make sure U’ = PUP is upper triangular, if necessary. In words,
the ru-decomposition is maintained without any of the repair operations that change
the pairing. However, the remaining three combinations of types can be switches,
and we see an example of each in Figure VIII.4. We get a switch between two

Figure VIII.4: The vertices u, v, w are the oldest in their respective compo-
nents, which are eventually joined by the edges  and y. On the right, the two
edges form a hole, which is eventually filled by the triangle z.

positive vertices, v and w, when we go from uvwzxy to uwvzry in the drawing on the
left. Indeed, the pairs (v,y) and (w, ) before the transposition of v and w change
to (v,z) and (w,y) after the transposition. We get a switch between two negative
edges, x and y, when we go from wvwzy to uvwyzx, again on the left. Indeed, the
transposition of x and y produces the same change between pairs as in the previous
example. Finally, we get a switch between a negative edge, x, and a positive edge,
y, when we go from wvxyz to uvyzrz in the drawing on the right. Indeed, the pairs
(v, z) and (y, z) before the transposition of x and y change to (v,y) and (z, z) after
the transposition. The last switch is the most interesting of all. Besides changing
the pairing, it convinces the negative x to become positive and the positive y to
become negative. The two edges thus contribute to different persistence diagrams
before and after the transposition.

Summary. When we transpose o; and 0,11, we touch only the columns of ¢; and
oi+1 and of the simplices o and o; paired with them. The changes are therefore
limited to these two pairs. Furthermore, there are no changes unless the transposed
simplices have the same dimension. Assuming p = dimo; = dimo;1, the other
two simplices have dimension p — 1 and p+ 1. The only possible change is therefore
that the transposed simplices trade places. We state this result for later reference.

TRANSPOSITION LEMMA. Let d and @' be the boundary matrices for compatible
orderings of two monotonic functions on a simplicial complex that differ by a single
transposition of two contiguous simplices, o; and o;11. Then the pairings defined
by ru-decompositions 9 = RU and &' = R'U’ differ only if dimo; = dimo;,1, and
if they differ, then only by ¢; and o;4; trading places.
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The computational effort for updating the ru-decomposition is small, namely a
constant number of row and column operations, each computable in time propor-
tional to the number of simplices. Returning to our two monotonic functions,
f,9 : K — R, we have m simplices and thus at most (’;L) transpositions to go
from a compatible ordering for f to a compatible ordering for g. To get started, we
compute the persistence diagrams of f in m? time using the algorithm explained
in Section VIL.1. Thereafter, we spend m time per transposition and therefore
m(’;) < m3 time in total until we arrive at the persistence diagrams of g. This
is roughly the same amount of time required to compute the diagrams of g from
scratch, at least in the worst case. However, going through the transposition has
the advantage that we get the interpolating diagrams for free.

Bibliographic notes. The material of this section is fashioned after [38], where
continuous families of persistence diagrams are proposed as a tool to study
parametrized families of functions. As explained, the algorithm constructs these
diagrams by maintaining the ru-decomposition of the boundary matrix through a
sequence of transpositions scheduled by sweeping an arrangement of lines. We can
find these transpositions in logarithmic time each by sorting the crossings or in
constant time each by sweeping the arrangement topologically [56].

VIII.2 Stability Theorems

Like any good measurement device, persistence gives similar readings for similar
functions. We make this statement precise for two notions of similarity between
persistence diagrams. The bottleneck distance is the cruder of the two but leads to
a more general result. The Wasserstein distance is more sensitive to details in the
diagrams but requires additional properties to be stable.

Bottleneck distance. Recall that a persistence diagram is a multiset of points in
the extended plane, R2. Under the assumptions on the input functions considered in
this book, the diagram consists of finitely many points above the diagonal. To this
finite multiset, we add the infinitely many points on the diagonal, each with infinite
multiplicity. These extra points are not essential to the diagram, but their presence
simplifies upcoming definitions and results. Now let X and Y be two persistence
diagrams. To define the distance between them, we consider bijections : X — Y
and record the supremum of the distances between corresponding points for each.
Measuring distance between points x = (x1,22) and y = (y1,y2) with Lo.-norm
|z =yl o = max{|z1 —y1], |r2 — y2|} and taking the infimum over all bijections, we
get the bottleneck distance between the diagrams:

Wa(X)Y) = n:;(niyglelg [z —n(2)] -

As illustrated in Figure VIIL.5, we can draw squares of side length twice the bot-
tleneck distance centered at the points of X so that each square contains the
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Figure VIIL.5: The superposition of two persistence diagrams consisting of the
white and the black points. Only the marked points on the diagonal correspond
to off-diagonal points in the other diagram. The bottleneck distance is half
the side length of the squares illustrating the bijection.

corresponding point of Y. Clearly, W (X,Y) = 0 iff X = Y. Furthermore,
Woo(X,Y) = Weo (Y, X) and W (X, Z) < Wo(X,Y) + W (Y, Z). We see that
W satisfies all axioms of a metric and thus deserves to be called a distance.

Bottleneck stability. Letting f,g : K — R be two monotonic functions, we
consider the straight-line homotopy f; = (1 —t)f + tg, as in the previous section.
This gives a monotonic function f; with a persistence diagram for each dimension
p and each ¢ € [0,1]. Fixing a dimension p, the family of persistence diagrams
is a multiset in R? x [0,1]. Drawing ¢ along a third coordinate axis, we get a 3-
dimensional visualization of how the persistent homology evolves as we go from
fo=f to fi = g. To describe this, we assume that K has no non-trivial (reduced)
homology, as in the previous section. Adding the third coordinate, each off-diagonal
point of Xy = Dgm,(f;) is of the form z(t) = (fi(0), fi(7),t), where o and 7 are
simplices in K. The point represents the fact that when we construct K by adding
the simplices in the order defined by f;, then adding o gives birth to a p-dimensional
homology class and adding 7 gives death to the same. There are only finitely
many values at which the pairing of the simplices changes, and we denote these as
0=tyg <ty <...<ty, <ty =1. Within each interval (¢;,t;11), the pairing is
constant and each pair o, T gives rise to a line segment of points z(t) connecting
points in the planes t = t; and t = t;41. If the endpoint is an off-diagonal point
at t;11, then there is some other unique line segment that begins at that point.
This line segment may correspond to the same simplex pair and thus continue on
the same straight line, or it may correspond to a different pair created in a switch
and make a turn at the shared point. It is also possible that the endpoint lies on
the diagonal at t;—1, in which case there is no continuation. In summary, the line
segments form polygonal paths that monotonically increase in ¢. Each path begins
at an off-diagonal point in X = X or at a diagonal point in some X;, and ends at
an off-diagonal point in ¥ = X; or at a diagonal point in some X;,. We call each
polygonal path a vine and the multiset of vines a vineyard; see Figure VIIL.6.

The fact that the points in the family of persistence diagrams form connected
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Figure VIIL.6: The 1-parameter family of persistence diagrams of the straight-
line homotopy between fo = f and fi = g. One point traces out a vine
spanning the entire interval while the other merges into the diagonal halfway
through the homotopy.

vines is important. It is a way of saying that the persistence diagram is stable.
To further quantify this notion, we differentiate z(t) = (1 — ¢)(f(o), f(7),0) +
t(9(0),9(7),1) to get Z2(t) = (g(0) — f(0), 9(7) = f(7),1). Projecting the endpoints
of the line segment back into R?, we get two points whose L..-distance is ¢;41 — t;
times the larger of the differences between f and g at the two simplices. Letting v
be the simplex in K that maximizes this difference, we get the L..-distance between
the two functions, ||f — g/, = |f(v) — g(v)|. This is also an upper bound on the
slope of any line segment in the vineyard and therefore an upper bound on the
Lo-distance between the projected endpoints of any vine.

STABILITY THEOREM FOR FILTRATIONS. Let K be a simplicial complex and
f,9 : K — R two monotonic functions. For each dimension p, the bottleneck
distance between the diagrams X = Dgm, (f) and Y = Dgm,(g) is bounded from
above by the L.-distance between the functions, W (X,Y) < [|f — g]| -

Tame functions. To apply the Stability Theorem, it is convenient to get it into
a form that allows for more general functions. According to the Simplicial Ap-
proximation Theorem in Chapter III, every continuous function on a triangulable
topological space can be approximated by a piecewise linear function, and as shown
in Chapter VII, for every piecewise linear function there is a monotonic function that
generates the same persistence diagrams. It is therefore not surprising that what
we said about filtrations can indeed be generalized. We explain this for functions
that satisfy a mild tameness condition.

Let X be triangulable and f : X — R continuous. Given a threshold a € R, recall
that the sublevel set consists of all points x € R with function value less than or
equal to a, X, = f~!(—o0,a]. Similar to the complexes in a filtration, the sublevel
sets are nested and give rise to a sequence of homology groups connected by maps
induced by inclusion, one for each dimension. Writing f;’b s Hp(X,) = Hp(Xp) for
the map from the p-th homology group of the sublevel set at a to that at b, we
call its image a persistent homology group, as before. The corresponding persistent
Betti number is ﬂ;’b = rankim f;}>b. As long as the topology of the sublevel set
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does not change, the maps between the homology groups are isomorphisms. We
thus call a € R a homological critical value if there is no € > 0 for which fl‘j*’a*s is
an isomorphism for each dimension p. Finally, we call f tame if it has only finitely
many homological critical values and all homology groups of all sublevel sets have
finite rank. The main motivation for this definition is the relative ease with which
we can define persistence diagrams. Letting a1 < as < ... < a, be the homological
critical values of f, we choose interleaved values by to b, with b; 1 < a; < b; for all 4.
Adding b1 = ag = —o0 and a1 = b, 411 = 00, we then consider the corresponding
sequence of homology groups,

0= Hp(Xb_l) - Hp(Xbo) e Hp(an) - Hp(anH) = HP(X)7
and the maps between them. For 0 < i < j < n + 1, the multiplicity of the pair
bi—1,bj—1  pbi—1.b

ai, a; is now defined as p," " = (Bt — ghibiy _(Bh 7). To gct the
p-th persistence diagram of f, we draw each point (a;, a;) with multlphclty '
and we add the points of the diagonal, each with infinite multiplicity. With these
definitions, we have the following stability result, which we state without proof,
illustrating it in Figure VIIL.7.

STABILITY THEOREM FOR TAME FUNCTIONS. Let X be a triangulable topolog-
ical space and let f,g : X — R be two tame functions. For each dimension p, the
bottleneck distance between X = Dgm,(f) and Y = Dgm,(g) is bounded by the
Lo-distance between the functions, Weo (X,Y) < || f — g/l o

death
Lo
)

It birth

Figure VIIL.7: Left: two functions with small L..-distance. Right: the corre-
sponding two persistence diagrams with small bottleneck distance.

Wasserstein distance. A drawback of the bottleneck distance is its insensitivity
to details of the bijection beyond the furthest pair of corresponding points. To
remedy this shortcoming, we introduce the degree-q Wasserstein distance between
X and Y for any positive real number ¢. It takes the sum of ¢-th powers of the
L-distances between corresponding points, again minimizing over all bijections:

1/q

W ¥) = |t 3 le— el
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As suggested by our notation, the bottleneck distance is the limit of the Wasserstein
distance as ¢ goes to infinity. Similar to the bottleneck distance, it is straightforward
to verify that W, satisfies the requirements of a metric and thus deserves to be called
a distance.

It should be obvious that we cannot substitute the degree-g Wasserstein distance
for the bottleneck distance and expect that the Stability Theorem for Tame Func-
tions still holds. Indeed, we can approximate a function f : R — R with a function
g that has arbitrarily many wrinkles without deviating from f by more than some
positive €; see Figure VIIL.7. Each wrinkle generates a point with persistence about
2¢ in the 0-th persistence diagram. Making the wrinkles narrow, we can get an arbi-
trarily large number and therefore an arbitrarily large Wasserstein distance between
the diagrams of f and g.

Wasserstein stability. Although a general stability result like the one for the
bottleneck distance is out of reach, we get stability under the Wasserstein distance
for a reasonably large class of functions. Let X be a metric space, that is, a topo-
logical space for which the distance between points =,y € X, denoted as ||z — y||, is
well defined. A function f : X — R is Lipschitz if there is a constant C' such that
|f(x) — f(y)| < ||z — y|| for all points z,y € X. Without loss of generality, we only
consider Lipschitz functions with constant C' = 1. This condition prevents narrow
wrinkles. Indeed, each wrinkle now requires an amount of space that relates to its
persistence. It is therefore not possible to crowd arbitrarily many wrinkles together
without shrinking their persistence. What we suggest here is a packing argument,
the metric version of the combinatorial pigeonhole principle, but homology classes
can interact so that the packing argument cannot be applied directly. Indeed, mak-
ing it a rigorous proof is work which we would rather skip. Instead, we introduce
the precise conditions on the space X for which we can prove stability of persistence.

Assume X is triangulable and consider a triangulation, that is, a simplicial com-
plex K together with a homeomorphism ¢ : |K| — X. Letting its mesh be the
maximum distance between the images of two points of the same simplex in K, we
define N(7) as the minimum number of simplices in a triangulation with mesh at
most r. We say the triangulations of X grow polynomially if there are constants c
and j such that N(r) < ¢/r7. Finally, we define the degree-k total persistence of a
persistence diagram X as the sum of k-th powers of the persistences of its points,
PH(X) =2 ,cx pers(:p)k. To finesse the difficulties caused by points with infinite
persistence, we restrict the sum to the finite points in X. The main technical insight
is that polynomial growth implies bounded total persistence. Specifically, if X is
a metric space whose triangulations grow polynomially with constant exponent j,
[ X = R is Lipschitz, and X = Dgm,(f), then ®*(X) is bounded from above by
a constant for every k > j. The proof of this implication is omitted. For example
the d-dimensional sphere is triangulable, and its triangulations grow polynomially,
with constant exponent j = d. It follows that for every k£ > d, the degree-k total
persistence of a Lipschitz function on the sphere is bounded by a constant. Using
these ingredients, we are now ready to prove an upper bound on the Wasserstein
distance that implies stability for ¢ > k.
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STABILITY THEOREM FOR LiPsCHITZ FUNCTIONS. Let f,g : X — R be tame
Lipschitz functions on a metric space whose triangulations grow polynomially with
constant exponent j. Then there are constants C and k£ > j no smaller than 1 such
that the degree-g Wasserstein distance between X = Dgm,(f) and Y = Dgm,(g)

is Wo(X,Y)<C-||f - gH;k/q for every ¢ > k.

PROOF. Let n : X — Y be a bijection that realizes the bottleneck distance; that
is, |z —n(z)|, <e=|f—gl. for each point z € X. In addition, we require
that ||z —n(z)||, < i[pers(z) + pers(n(z))]. Indeed, if this inequality does not
hold, then pers(xz) < 2e¢ and pers(n(z)) < 2¢ and we can change the bijection by
matching both with points on the diagonal within L..-distance . The ¢-th power
of the degree-¢ Wasserstein distance is therefore

Wy (X, )1 < Y =)L

zeX
< &Y r @)k,
zeX
g1k .
< i D lpers(z) + pers(n(z))]
reX
q—k
< S Y [@pers(a)” + (2pers(n()))"),
rzeX

where the last step uses the fact that taking the k-th power is convex. The sum is 2%
times the degree-k total persistence of X plus that of ¥, which gives W,(X,Y)? <
17 F[®*(X) + ®*(Y)]. By assumption, the degree-k total persistence is bounded by
a constant. Taking the g-th root thus gives the claimed inequality.

Bibliographic notes. Vineyards have been introduced as a tool for studying
parametric families of functions in [38]. The proof that the vines in it are connected
paths is equivalent to establishing the stability for monotonic functions under the
bottleneck distance between diagrams. The first proof of stability goes back to
Cohen-Steiner, Edelsbrunner, and Harer [34] who used a homological algebra ar-
gument to establish it for tame functions. A further generalization to 1-parameter
families of vector spaces can be found in [31]. A proof of the Stability Theorem for
Lipschitz Functions along with applications in systems biology can be found in [36].
The Wasserstein distance is named after the author of [153]. It is related to optimal
transportation as studied by Monge [112] and Kantorovich [89]; see also [148].

VIII.3 Length of a Curve

In this section, we use the stability of persistence to generalize a classic result on
curves, proving an inequality connecting the lengths and total curvatures of two
curves. At this time, no other proof of this connection is known.
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Closed curves. We consider a closed curve v : S' — R?, with or without self-
intersections. Assuming ~ is smooth, we have derivatives of all orders. The speed at
a point v(s) is the length of the velocity vector, ||¥(s)||. We can use it to compute
the length as the integral over the curve:

length(s) = [ ()l
ES

It is convenient to assume a constant speed parametrization, that is, speed =
[I7(s)]| = length(y)/27 for all s € St. With this assumption, the curvature at a
point y(s) is the norm of the second derivative divided by the square of the speed,
w(s) = ||5(s)||/speed®. The reciprocal of the curvature is the radius of the circle
that best approximates the shape of the curve at the point v(s). To interpret this
formula geometrically, we follow the velocity vector as we trace out the curve. Since
its length is constant, it sweeps out a circle of radius speed, as illustrated in Figure
VIIL.8. The curvature is the speed at which the unit tangent vector sweeps out the

Figure VIIL.8: A curve with constant speed parametrization and its velocity
vector sweeping out a circle with radius equal to the speed.

unit circle as we move the point with unit speed along the curve. This explains
why we divide by the speed twice, first to compensate for the length of the velocity
vector and second for the actual speed. The total curvature is the distance traveled
by the unit tangent vector:

curv(y) = spccd/ k(s) ds.
seSt

As an example consider the constant speed parametrization of the circle with radius
r, v(s) = rs. Writing a point in terms of its angle, we get

S:[cwy V(S):[Tcos«p], ry(s):{—rsingp].

sin ¢ rsin @ T COS

We thus have speed = 7 and length(y) = [speedds = 2mr. The curvature is
k(s) = ||5(s)||/speed® = 1/r, which is of course independent of the location on
the circle. The total curvature is curv(y) = [ £ds = 27, which is independent of
the radius. Indeed, the unit tangent vector travels once around the unit circle, no
matter how small or how big the parametrized circle is.
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Integral geometry. The length and total curvature of a curve can also be ex-
pressed in terms of integrals of elementary quantities. We begin with the length.
Take a unit length line segment in the plane. The lines that cross the line seg-
ment at an angle ¢ form a strip of width sin . Integrating over all angles gives
f;T:O sinpdy = [—cosy|f = 2. In words, the integral of the number of intersec-
tions over all lines in the plane is twice the length of the line segment. Since we
can approximate a curve by a polygon whose total length approaches that of the
curve, the same holds for our curve . To express this result formally, we introduce
gu : R? — R defined by g,(x) = (u,x), mapping each point z € R? to its height
in the direction u € S'. The preimage of a value z € R, g, (), is the line with
normal direction u and offset z. The composition with the curve, f,, = g, o~, maps
each s € S! to the height of the point v(s). The preimage of this function thus
corresponds to points at which the line intersects the curve. We are now ready to
formulate the length of the curve in terms of the number of intersections.

CAUCHY-CROFTON FORMULA. The length of a curve in the plane is one quarter
of the integral of the number of intersections with lines:

length(y) = i/ . / Rcard(qul(z))dzdu.
ueSt Jze

Here we divide by two twice, once because [singdy = 2 and again because we
integrate over all u € S' and therefore over all lines twice. To get an integral
geometry expression of the total curvature, we again consider a direction u € S!
and the height of the curve in that direction, f, : S' — R. For generic directions
u, this height function has a finite number of minima and maxima, as illustrated
in Figure VIIL.9. Recall that the total curvature is the length traveled by the unit

Figure VIIL.9: The vertical height function defined on the curve has four local
minima which alternate with the four local maxima along the curve.

tangent vector. Equivalently, it is the length traveled by the outward unit normal
vector. The number of maxima of f, is the number of times the unit normal
passes u € S', and the number of minima is the number of times it passes —u € S'.
Writing #crit( f,, ) for the number of minima and maxima, we get the total curvature
by integration.
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ToTAL CURVATURE FORMULA. The total curvature of a smooth curve in the
plane is half the integral of the number of critical points over all directions:

1

curv(y) = 5/;81 #crit(fy,) du.

The integral in the above formula can be interpreted as 27 times the average number
of critical points, where the average is taken over all directions. Hence the total
curvature is 7 times this average.

Theorems relating length with total curvature. Suppose the image of v fits
inside the unit disk in the plane, im~ C B?. Then v must turn to avoid crossing
the boundary circle of the disk. We can therefore expect that the total curvature is
bounded from below by some constant times the length. A classic result in geometry
asserts that this constant is one.

FARY THEOREM. Let v : S' — R be a smooth closed curve with im~ C B2. Then
its length is at most its total curvature, length(vy) < curv(y).

To generalize this result, we consider two curves, 7,7 : S* — R?, and the ‘shortest
leash distance’ between them. Specifically, we trace out both curves simultane-
ously and connect the two moving points by a leash so that their distance can
never exceed the length of that leash. Formally, this concept is known as the
Fréchet distance between the curves. To define it, we record the leash length for
a homeomorphism 71 : S' — S! and take the infimum over all homeomorphisms,
F(v,7) = inf,; max; ||v(s) — 70(n(s))||. This notion of distance does not depend on
the parametrizations of the two curves.

GENERALIZED FARY THEOREM. Let 7,7 : S' — R? be two smooth closed
curves. Then |length(y) — length(vg)| < [curv(y) + curv(yo) — 27| F(v,70)-

To see that Féary’s Theorem is indeed a special case, let the image of « be contained
in the unit disk and let the image of vy be a tiny circle centered at the origin, as in
Figure VIIL.10. Since 7 is a circle, its total curvature is 2. Furthermore, we can
make it arbitrarily small so its length approaches zero. While for some curves -+,
the Fréchet distance to vy exceeds one, it approaches the maximum distance from
the origin, which is at most one. Substituting 0 for length(yo), 27 for curv(~yg), and
1 for F(,70) in the Generalized Féary Theorem gives the original Fary Theorem.

Length and total curvature in terms of persistence. A first step toward
proving the Generalized Fary Theorem is a re-interpretation of the length and the
total curvature. Fix a direction u € S' and consider f,, = g, o, the height function
of the first curve. Almost all level sets, f; 1(z), consist of an even number of points,
decomposing v into the same number of arcs, half of which belong to the sublevel
set, f.'(—o0, z]. The number of arcs in the sublevel set is equal to the number of
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Figure VIII.10: Two curves inside the unit disk. The Fréchet distance between
the tiny circle and the other curve approaches a constant at most one as the
circle shrinks toward the origin.

components that are born at or before z and are still alive at z. To be precise, this
is true as long as z does not exceed the height of the global maximum of f,. To
make it true for all height values, we declare that the component born at the global
minimum dies at the global maximum; see Figure VIII.11. This is, incidentally,

:

Figure VIII.11: The zeroth persistence diagram of the height function on the
curve. We simplify the situation by pairing the global minimum with the global
maximum so that all the pair information is contained in this one diagram.

what we would get with extended persistence as described in the previous chapter.
Drawing the vertical lines from the off-diagonal points in the persistence diagram
down to the diagonal gives a set of line segments with total length equal to the total
persistence of Dgm,(f,) as defined in the preceding section. We simplify notation
by listing the function rather than its persistence diagram as argument, writing
®(f,) = > pers(a), where the sum is over all points a in Dgmy(f,). By what
we said above, the number of line segments that intersect the horizontal line at
height z is equal to half the number of points in f, !(z). Integrating the number of
intersections between v and lines with normal direction u thus gives twice the total
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persistence:

Lmﬁf@)= 20(1.).

The relationship between total curvature and the persistence diagram is even more
straightforward. Assuming f, is Morse, we have a finite number of critical points.
This number is even, with equally many minima and maxima paired up to give
half the number of off-diagonal points in the persistence diagram. We get similar
relationships for the height function of the second curve.

Bounding the difference and integrating. To relate the quantities for the
two curves, we write ¢ = F(v,70) for the Fréchet distance and assume that -
and 7o are parametrized such that [|v(s) — vo(s)|| < e, for all s. It follows that
|fu(s) = fou(s)] < e, for all s. The Stability Theorem for Tame Functions then
implies that there is a bijection between the points of Dgm(f,,) and of Dgmg(fo,.)
such that corresponding points have L..-distance at most . It follows that the
difference in persistence between two corresponding points is at most 2e. If both
are off-diagonal points, then we have four critical points (two of f, and two of fy )
that we can hold responsible for the difference. However, if an off-diagonal point is
matched with a point on the diagonal, then we have only two critical points to take
responsibility for the 2¢ difference. This is indeed the worse of the two possibilities,
but we can guarantee that at least two off-diagonal points can be matched within
Lso-distance e, namely the two points formed by the global min-max pairs. This
is because these critical points correspond to points at infinity in the ordinary
persistence diagrams, and being at infinity, they cannot be matched to points on
the diagonal. In summary, the difference in total persistence between f, and fo.,
is at most ¢ times the number of critical points of f,, and fy, minus two. We are
now ready to integrate over all directions u € S! to get the final result. Specifically,

length(y) ~ length(oo)| < 5 [ [8() ~ B(fo)|du
uest
5 ) .
< 3 /u681 [#crit(f) + #erit(fo) — 2] du

= elewrv(y) + curv(yy) — 27,

using first the Cauchy-Crofton Formula, second the re-interpretations in terms of
persistence, third the inequality implied by the Stability Theorem for Functions, and
fourth the Total Curvature Formula. This completes the proof of the Generalized
Fary Theorem.

Bibliographic notes. The inequality that connects the length with the total
curvature of a closed curve is due to Fary [67]. The generalization that compares
the lengths of curves that are close in the Fréchet distance is more recent [33].
Both results have generalizations to curves in dimensions beyond two. The integral
geometry interpretations of length and total curvature can be found in Santald
[129].
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VIIl.4 Bipartite Graph Matching

In this section, we consider algorithms for the bottleneck and Wasserstein dis-
tances between persistence diagrams. Both problems reduce to constructing optimal
matchings in bipartite graphs.

Distance from matching. We begin by reducing the computation of distance
to constructing a matching. Let X and Y be two persistence diagrams. We assume
both consist of finitely many points above the diagonal and infinitely many points
on the diagonal. Letting X be the finite multiset of off-diagonal points in X and
X{, the orthogonal projection of Xy onto the diagonal, we construct a complete
bipartite graph G = (UUV,E) with U = XqUY{, V =YyU X/, and E=U x V.
For each ¢ > 0, we introduce the cost function ¢ = ¢? : E — R defined by mapping
the edge uv € E to the ¢-th power of the L., -distance between the points:

ol .
c(uv) {||u vl ifue Xoorve Yy

0 if we Yy and v € X{.

By construction, the minimum cost edge connecting an off-diagonal point u to a
point on the diagonal is the edge uu’, where u’ is the orthogonal projection of u.
For ¢ = 1, the cost of this edge is half the persistence of u.

A matching of G is a subset of vertex disjoint edges, M C E. It is maximum if
there is no matching with more edges and perfect if every vertex is the endpoint of an
edge in M. Since G is complete with equally many vertices on the two sides, every
maximum matching is also a perfect matching. We will also consider matchings for
graphs G(e) = (U UV, E.) obtained from G by removing all edges uv € E with cost
c(uv) > €. Of course, every perfect matching of G(g) is a maximum matching but
not necessarily the other way around. A minimum cost matching is a maximum
matching that minimizes the sum of costs of the edges in the matching. We refer to
this sum as the total cost of the matching. It is not difficult to prove the following
relation between distance and matching.

REDUCTION LEMMA. Let X and Y be two persistence diagrams and let G =
(U UV, E) be the corresponding complete bipartite graph. Then

(i) the bottleneck distance between X and Y is the smallest £ > 0 such that the
subgraph G(e) of G with cost function ¢ = ¢! has a perfect matching;

(ii) the g-th Wasserstein distance between X and Y is the ¢-th root of the total
cost of the minimum cost matching of G with cost function ¢ = ¢?.

We are therefore interested in recognizing bipartite graphs that have perfect match-
ings and in constructing minimum cost matchings.

Augmenting paths. We begin by considering the algorithmic problem of con-
structing a maximum matching of the bipartite graph G(¢) = (UUV, E.). The
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algorithm is iterative, improving the matching in each round, until no further im-
provement is possible. Let M; be the matching after i iterations. The crucial
concept is a path that alternates between edges in and out of M;. To explain this,
we introduce a directed graph D; that depends on G(g) and M;. For the most part,
it is the same as G/(¢) except that each edge is drawn with a direction, namely from
V to U if the edge belongs to M;, and from U to V if the edge does not belong
to M;. In addition to the vertices in G(g), the directed graph contains two new
vertices, the source s with an edge from s to every unmatched vertex v € U, and
the target ¢t with an edge from every unmatched vertex v € V to t; see Figure
VIIL.12. An augmenting path is a directed path from s to ¢ that visits every vertex

Figure VIII.12: A bipartite graph with six plus six vertices and a matching
with four edges giving rise to a directed graph with three paths from s to t.

at most once. By construction, an augmenting path consists of 2k + 1 edges, one
from s to U, an interleaved sequence of k edges not in M; and k — 1 edges in M;,
and finally an edge from V to t. Clearly, if we have an augmenting path, we can
improve the matching by substituting the k& edges not in M; for the k — 1 edges in
M;. When we make this improvement, we say we augment the matching using the
path. To get an algorithm, we also need the existence of an augmenting path unless
M; is maximum. To construct such a path, draw the edges of an assumed maximum
matching from U to V and those of M; from V to U. Each vertex is incident to
at most two edges, one incoming and the other outgoing, so we can partition the
edges into maximal, vertex disjoint paths and closed curves that interleave edges
from the two matchings. A path in this partition extends to an augmenting path
from s to t iff it contains one more edge from the maximum matching than from
M;. Since M; is smaller, there is at least one such path. We use this fact to give
an algorithm for constructing a maximum matching of G(e).

My=0; i=0;

while there exists an augmenting path in D; do
augment M; using this path to get M, 1;
=141

endwhile.
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Each iteration increases the size of the matching by one. The number of edges in
the maximum matching is at most n = cardU = card V, which implies that the
algorithm terminates after at most n iterations. We can use Depth-first Search or
Breadth-first Search to find an alternating path in time proportional to the number
of edges, m. = card E.. In either case, we have an algorithm that runs in time at
most proportional to m.n < n?.

Shortest augmenting paths. The running time of the algorithm can be im-
proved if we use multiple augmenting paths at a time. Specifically, we use a maximal
set of edge disjoint, shortest, augmenting paths. To find them, we use Breadth-first
Search to label all vertices by their distance from the source and Depth-first Search
to construct a maximal set of paths in the thus labeled directed graph. Since
Depth-first Search has been explained in detail in Section I1.2, we focus on the first
step.

So = {s}; label s with 0; j =0;
while S; # 0 do
forall vertices x € S; do
forall unlabeled successors y of = do
label y with j 4+ 1 and add y to S;41
endfor
endfor; j=7+1
endwhile.

Assuming suitable data structures, we can iterate through the vertices in the sets S
and their successors in constant time per vertex. Using repeated Depth-first Search
in the labeled graph D;, we construct a maximal set of edge disjoint paths from s
to t. If we remove edges and vertices as they become useless, we get an algorithm
that computes the paths in time proportional to m.. For example, if we start with
the directed graph in Figure VIII.12, we get either two paths of length seven, one
on the left and the other on the right, or just one path of the same length, as shown
in Figure VIII.13. Finally, we augment the matching using all paths in the maximal
set.

Figure VIII.13: The two maximal sets of edge disjoint, shortest, augmenting
paths in the directed graph of Figure VIIIL.12.
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Analysis. We now show that the new strategy leads to a substantially smaller
number of iterations. In a nutshell, the reason is that there cannot be many aug-
menting paths that are all long. Playing off length against number, we get a bound
of some constant multiplied with the square root of the number of vertices.

ITERATION BOUND. Starting with the empty matching and augmenting the
matching of G(¢) using a maximal set of edge disjoint, shortest, augmenting paths
each time, we reach a maximum matching in fewer than 2v/2n iterations.

ProoFr. We first show that the length of the shortest path from s to t increases
from one iteration to the next. Let ¢;(x) be the length of the shortest path from
s to the vertex x in Dy; it is the label assigned to x by Breadth-first Search. We
prove that ;11 (t) is strictly larger than ¢;(¢), assuming both are defined. Consider
a shortest path 7 from s to ¢ in D;,q. It is also a path in D; iff none of its edges
belongs to the paths selected in the i-th round. If 7 is a path in D;, then it cannot
be shortest; otherwise, it would have been added to the maximal set. On the other
hand, if 7 is not in D;, then it has at least one edge xy that is reversed in D;. Since
yx belongs to a shortest path in D;, we have ¢;(y) = ¢;(x) — 1. For an edge zy of w
that is not reversed in D;, we have ¢;(y) < ¢;(z) + 1 by definition of ¢;. As we walk
along the path, ¢;,;1 grows by one at each step while ¢; grows by at most one and
at least once it shrinks. Hence ¢;(t) < £;11(t), as required.

For the second part of the proof, we note that two edge disjoint paths from s to ¢
share no vertices other than the source and the target. This is because each vertex
of U has only one incoming edge and each vertex of V has only one outgoing edge.
Let m; be the size deficit of M;; that is, the number of edges is short of being a
maximum matching. Since M; can be improved by this much, there are at least m;
augmenting paths from s to t in D;. Using the construction of augmenting paths
given earlier in this section, we find m; augmenting paths that share no vertices
other than s and ¢. By the pigeonhole principle, the shortest of these paths contains
at most a fraction of 1/m; of the vertices of G(g). Equivalently, ¢;(t) < 2n/m; + 1.
Since the distance of ¢ from s begins at three and grows with increasing i, this
implies @ < 2n/m; — 2. To increase M; by another m; edges takes at most m;
additional iterations. The total number of iterations is therefore bounded from
above by 2n/m; — 2 + m;. Setting m; to the smallest integer no smaller than Von
implies the claimed bound.

Recall that each iteration takes time at most proportional to the number of edges.
The bound on the number of iterations thus implies that the algorithm runs in time
at most proportional to m.y/n < n?/2.

Minimum cost matching. To compute the smallest ¢ for which G(¢) has a per-
fect matching, we do binary search in the list of edges sorted by cost, constructing a
maximum matching at every step. Similarly, constructing a minimum cost match-
ing of G is done by iterating the maximum matching algorithm, but the iteration
is different. There are two easy structural insights that show the way.
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1. If the subgraph G(0) consisting of the cost zero edges in G has a perfect match-
ing, then this is a minimum cost matching. Indeed, its total cost is zero, which
is as small as it gets.

2. Subtracting the same amount from the cost of all edges incident to a vertex in
G affects all perfect matchings the same way. In particular, a perfect match-
ing minimizes the total cost before the subtractions iff it does so after the
subtractions.

To compute a minimum cost matching of G, we begin with all zero cost edges and
construct a maximum matching of G(0). If the matching is perfect, we are done.
Otherwise, we change the costs of the edges in G while preserving the ordering of
the perfect matchings by total cost. To describe how this is done, we introduce
deduction maps d; : UUV — R. Starting with the zero map, do(z) = 0 for all
vertices x, the algorithm will change the map and will this way modify the costs.
Writing c(zy) for the original cost of the edge zy in G, the modified cost after i
iterations is

ciley) = clay) —di(z) = di(y).

It is important for the efficiency but also the correctness of the algorithm that all
modified costs always be non-negative. This will be an invariant of the algorithm.
Letting G; be the graph G with costs modified using d;, the algorithm iterates the
construction of a maximum matching of G;(0), the graph G, with edges of positive
modified cost removed. Increasing the maximum matching by one edge each time,
we get a perfect matching after n iterations. By construction, all edges in this
matching have zero modified cost.

Minimum cost paths. We now show how to change the deduction map so that
the maximum matching increases. Let M; be a maximum matching of G;(0) and
let D;(0) be the directed graph defined by G;(0) and M;. Because M; is maximum,
D;(0) has no directed path from s to t. Let D; be the directed graph defined by G;
and the same matching M; and note that it contains D;(0) as a subgraph. Assuming
M; is not perfect, it is not maximum for G;, which implies that D; has directed
paths from s to t. Each such path is an augmenting path, and we define its total
cost as the sum of modified costs of its edges. By definition, the modified cost of
the first edge, from s to U, is zero, and so is the modified cost of the last edge,
from V to t. Let m be the augmenting path in D; that minimizes the total cost.
It can be computed by an algorithm similar to Breadth-first Search. Indeed, the
only difference is that it visits the vertices in a particular ordering that depends on
the modified costs of the edges. At every moment during the construction, we have
a set of visited vertices forming a tree rooted at s and we have a set of unvisited
vertices. For each unvisited vertex, y, we consider the minimum cost path that
starts at s, goes to a vertex x using edges in the tree, and ends with the edge from
x to y. The next vertex visited by the algorithm is the unvisited vertex y that
minimizes this cost, and we add y together with the last edge of its path to the tree.
This is known as Dijkstra’s Single Source Shortest Path Algorithm, or Dijkstra’s
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Algorithm for short. We compute the minimizing vertex y and update the costs of
all yet unvisited vertices in time proportional to n. Iterating this step n times, we
find the minimum cost path 7 in time proportional to n?.

We augment the matching M; using 7 to get M, ;. This increases the matching,
but to be sure that we made progress toward computing a minimum cost matching,
we have to show that it is possible to change the deduction map so that all edges
in M;11 have zero modified costs. To this end, let v;(z) be the minimum total cost
of a path from s to x; it is the total cost of the path from s to x within the tree
computed by Dijkstra’s Algorithm. Using these quantities, we update the deduction
map to

B di(z) —i(z) ifx € U;
dipa(x) = {di(x)+zi(95) ifzeV.

For vertices w € U and v € V, the new modified cost of the edge connecting u with
v is
civr(uww) = c(uww) — diy1(u) = dit1(v)
= c(w) — di(u) — di(v) + 7i(w) — 7 (v).

In words, it is the old modified cost plus v;(u) — v;(v), no matter whether the edge
goes from u to v or from v to w in D;. If v;(u) > 7;(v), we use induction to get
¢it1(uv) > 0 from ¢;(uv) > 0. Otherwise, v;(v) — vi(u) < ¢;(uv), because ~;(v) is
the minimum total cost of a path from s to v. If follows that all new modified costs
are non-negative. But we need more, namely zero new modified cost for all edges
of the new matching. There are two kinds of such edges uv, those that belong to
M; and those that belong to the path 7. For the first kind, we have v;(v) = v;(u)
because ¢;(uv) = 0, and the only way to reach u is along the directed edge from v
to u. For the second kind, we have ~;(v) — v;(u) = ¢;(uv) by definition of ~;. In
both cases, we have ¢;1(uv) = 0, as required.

This completes the proof that the iteration ends with a perfect matching mini-
mizing the total cost. The maximum matching gains one edge per iteration. We
thus have n iterations each taking time proportional to n2. Our algorithm thus
constructs a minimum cost matching in time at most proportional to n>.

Bibliographic notes. Computing a maximum matching of a bipartite graph is a
classic optimization problem discussed in operations research texts [7]. As explained
in [140], it is a special case of the more general maximum flow problem in networks.
Indeed, Dinic’s maximum flow algorithm for so-called unit networks [50] specializes
to the n/? time algorithm for maximum matching independently discovered by
Hopcroft and Karp [85] and explained in this section. The Minimum Cost Matching
Algorithm is a variant of what is known as the Hungarian method [96]. Following
[92], we describe a version that uses Dijkstra’s Algorithm for finding shortest paths
in a weighted graph as a subroutine [49]. Using the geometry of the persistence
diagrams, the Maximum Matching Algorithm can be improved to run in time at
most proportional to n3/2log, n [65], and the Minimum Cost Matching Algorithm
can be improved to run in time at most proportional to n?*¢ [5].
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Exercises

The credit assignment reflects a subjective assessment of difficulty. A typical ques-
tion can be answered using knowledge of the material combined with some thought
and analysis.

1. Examples of switches (two credits). Give examples for the types of switches
analogous to the ones shown in Figure VIII.4 but one dimension up in each of
the three types.

2. Matrix maintenance (two credits). Formulate an algorithm that maintains
the reduced boundary matrix under transpositions for 0 = RV that is, it
maintains the matrix V instead of its inverse, U.

3. Sparse matrix representation (two credits). Give a sparse matrix represen-
tation that allows an implementation of the maintenance algorithm running in
time proportional to the number of ones in the changed columns and rows of

R=0U.

4. Measuring vineyards (two credits). Let f,g : K — R be two monotonic
functions on a simplicial complex and let f; = (1 —¢)f + tg for t € [0, 1] be
the straight-line homotopy between them. Each vine of the homotopy is a map
z:]a,b] - R? with 0 < a < b<1. Let

b
pw) = [ lals) ~ata)las

and define a measure by summing the integrals over all vines in the p-th vine-
vard, pp(f,g9) = >, m(x). Give examples that show that p, and the first
Wasserstein distance are incomparable, that is, there are monotonic functions
fs 9, fo, go such that pu,(f,g) < Wi(Dgm,(f),Dgm,(g)) and p,(fo,g0) >
Wi (Dgm,(fo), Dgm,,(g0))-

5. Cauchy-Crofton (two credits). Generalize the Cauchy-Crofton formula for
curves in the plane given in Section V.3 to

(i) curves in 3-dimensional Euclidean space;

(ii) surfaces in 3-dimensional Euclidean space.

6. Mean and Gaussian curvatures (three credits). Use the structure of the
proof of the Generalized Fary Theorem to show the following relationship be-
tween the total mean curvature and the total absolute Gaussian curvature of
two homeomorphic closed surfaces embedded in R?:

|mean(S) — mean(Sp)| < [gauss(S) + gauss(Sy) — 47 (1 + ¢)]F(S, So),

where g is the common genus of S and Sy, S and Sy are the solid bodies
bounded by the two surfaces, and F(S,Sy) is the Fréchet distance between
them.
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7.

VIII STABILITY

Breadth-first Search (one credit). Reformulate the Breadth-first Search al-
gorithm for labeling the vertices of D; using a single queue to represent all sets
of vertices S; in one data structure. As suggested by the name, this is a data
structure that supports adding an element at the end and removing it from the
front, both in constant time.

. Incremental matching (three credits). Recall that the maximum matching of

a bipartite graph with n vertices can be constructed in time at most propor-
tional to n%/2. Running this algorithm within a binary search routine, we find
the perfect matching of a complete bipartite graph that minimizes the largest
cost of any of its edges in time at most proportional to n%/2log, n. Show that
the two algorithms can be integrated to avoid the log, n overhead, constructing
the perfect matching in time at most proportional to n°/2.



Chapter IX

Applications

The primary application of the mathematical and computational tools introduced
in the previous chapters is in data analysis, an activity that reaches into every
discipline in science and engineering. The data may comprise the readings of an
array of sensors, the pixels of an image, the accumulation of observations, or what
have you. Invariably, there is noise in the data, which may be systematic or random.
It may also reflect genuine properties of the measured phenomenon but at a scale
that is outside the window of interest. The traditional approach to noise is to
‘smooth’ or ‘regularize’ the data, which invariably means we change the data. This
is in contrast to the approach we advocate here, namely to measure the noise and
not change the data. What is new is the measurement and the additional level of
rationality and consistency it affords us. The four case studies selected to illustrate
the possibilities that this paradigm affords us all start with biological data.

IX.1 Measures for Gene Expression Data

Our first application deals with 1-dimensional real-valued functions, the simplest
kind of objects about which persistent homology can make meaningful statements.
Such functions arise in the development of somites in vertebrates.

Background. Vertebrates are characterized by a spinal column consisting of a
sequence of vertebrae that provide a periodic segmentation of their body along the
axis. Mice are one example, with a spinal column of about sixty-five vertebrae.
The numbers are larger for snakes, whose columns might be segmented into a few
hundred vertebrae. This structure arises in the development of the embryo, when
the vertebral precursors, the somites, are formed rhythmically from the presomitic
mesoderm. This process is associated with a molecular oscillator that drives gene
expression with a period corresponding to that of somite formation. We refer to
this oscillator as the segmentation clock. The desire to fully understand this clock
is the motivation for the work described in this section.
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An early indication of the molecular underpinnings of somite development was
the visual exposure of a cyclically expressed gene called lunatic fringe. Adding
a fluorescent marker, its expression could be observed as a wave initiated in the
posterior presomitic mesoderm. Migrating up, the wave narrows as it moves to the
anterior, where the somites form.

Technology. The segmentation clock is one of the most reliable organic struc-
tures, and it has a built-in counter that terminates its rhythm after some number of
periods. Its operation suggests an elaborate mechanism involving more than a few
genes. Microarray technology offers a way to pursue the broad question of which
genes are involved by testing the entire genome of an organism at once. An array
is a 2-dimensional organization of array elements, each measuring the expression of
a particular gene. This is done by depositing pieces of DNA that are specific to
the RNA product of that particular gene. These pieces bind to copies of particular
RNA strands, if they are present in the tissue probe. The binding event is made ob-
servable by fluorescence whose intensity quantifies the abundance of the particular
strand in the tissue.

The organism of choice for the study of the segmentation clock is the mouse. We
start with a microarray primed with the entire mouse genome. Copies of this array
are used to measure the expression of all genes several times during a single period.
In the mouse, a somite is developed roughly every two hours, and measurements
are taken at seventeen time points in that interval. It is important to mention
that this description is a simplification of the actual experiment. Tissue probes
are taken from seventeen embryos and during five periods. Rather than timing the
probes with a stopwatch, the time within a period is estimated from the state of
the observed wave of lunatic fringe expression. Instead of quantified time, we thus
have ranked time, events subjectively ordered by visual inspection. In the end, we
have a series of seventeen measurements for each of about seven and a half thousand
genes in the mouse genome. Each measurement is a real number representing the
observed intensity at the particular array location, which quantifies the abundance
of the corresponding strand of RNA.

Before discussing the mathematical analysis of this data, we draw attention to
an inherent limitation that results from folding data from several periods into one.
Suppose we have a gene that is rhythmically expressed but with a different period,
say, three instead of two hours. The sorting process will shuffle the data collected
for this gene, destroying any clear signal if there was one. It is thus reasonable to use
this data to decide whether a gene is rhythmically expressed with a period consistent
with somite development, but not whether a gene is rhythmically expressed at all,
or what the most likely length of the period would be.

Lipschitz functions on the circle. We model the results of the time series of
microarray experiments as a set of functions from the circle to the real numbers,
f:S' = R, one for each gene. The circle represents the two hours of one period, and
the function tracks the abundance of the gene product within the period. Change
requires energy, namely for the production and degradation of RNA. We use this
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as a justification to assume that f is Lipschitz, that is, there is a smallest positive
constant, called the Lipschitz constant of f and denoted as Lip(f), such that | f(s)—
F(@®)| < Lip(f)|ls — t||, where the distance between s and ¢ is measured along the
circle. For a differentiable function, this is equivalent to constraining the derivative
between £Lip(f). Defining the total variation as the integral of the norm of the
derivative, we thus get

va() = [ "IFs)ds < 2nLip(f).

s=0

This inequality will be relevant shortly, when we study the stability of different
ways to measure functions on the circle. To prepare this study, we consider the
persistence diagram of f. It expresses the history of births and deaths in the
sequence of sublevel sets, f~!(—o0,a]. Assuming f is Morse, we have the birth of
a component at every minimum and the death of a component at every maximum,
except at the last, global maximum at which we have the birth of a 1-dimensional
class. This class never dies. Similarly, the 0-dimensional class born at the global
minimum never dies. All other classes are born and die at finite values. Using
the notation from Chapter VI, we write ¢y for the number of minima and ¢; for
the number of maxima of f. Clearly, ¢co = ¢;. By what we said above, the only
persistence diagram that contains interesting information is the zeroth, Dgm(f),
containing one point at infinity and n = ¢y — 1 = ¢; — 1 points in its finite portion,
R2. Each finite point corresponds to a minimum paired with a maximum, and
we write x; = (b;,d;), where b; and d; are the values of f at the minimum and
the maximum. Let by and b,+1 be the values of f at the global minimum and
the global maximum, remembering that (b, c0) is the point at infinity in Dgm,(f)
and (bn41,00) is the only point in Dgm, (f). Consistent with the notation in the
preceding chapter, we write

n

O(f) = D (di—bi)

=1

for the total persistence of f. Note that this is the same as half the total variation
minus the amplitude; that is, ®(f) = £ Var(f) — (bnt1—bo). Indeed, ®(f)+ (bpi1—
bp) is the sum of the values of f at the n + 1 maxima minus the sum of the values
at the n 4+ 1 minima. Decomposing f into increasing and decreasing portions, we
can write Var(f) as the sum of two integrals, each equal to the same difference of

sums. Hence, Var(f) = 2®(f) + 2(bn+1 — bo), as claimed.

Simplification. Before we introduce a measure for how close a function f: S' —
R is to being periodic, in our assessment, we need to understand how we can simplify.
Call another continuous function f. : S' — R an e-simplification of f if

(i) |f(s) = f-(s)| < e for all s € S

(ii) an off-diagonal point belongs to Dgm,,(f.) iff it belongs to Dgm,,(f) and its
vertical distance from the diagonal exceeds e.
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Condition (ii) says the persistence diagrams of the two functions are the same except
that the diagrams of f. have no points of persistence € or less. We prove the existence
of e-simplifications by explicit construction of a function f.. It is convenient to

Figure IX.1: Simplifications of the expression profile of the gene Axin2. From
left to right: the original function and the simplified functions obtained by
canceling one, two, and all three minimum-maximum pairs. Notice that the
last cancellation affects the curve at both ends, because the domain of the
function is the circle.

assume that f is PL Morse. If f has only one minimum and one maximum, then its
persistence diagrams have no finite points and f is its own e-simplification for every
real number € > 0. So assume f has at least two minima and two maxima. Let u and
v be a pair with minimum persistence and let x = (f(u), f(v)) be the corresponding
point in the zeroth diagram. By assumption of minimality, the function value
increases monotonically to ¢ = f(v) on both sides of u. Let t # v be the point with
f(t) = c reached from u going in the direction away from v. If f(v) — f(u) < e,
we change f by setting f(s) = ¢ for all points s on the arc from ¢t to v that
contains u. The values on the complementary arc are preserved. We can make
the new function PL Morse by giving a subtle slope to the flat interval between
v and t, slightly extending it beyond t to pick up a small amount of height. The
persistence diagrams of the new f are the same as before, except that the point z
has disappeared. We get f. by repeating this step for all minimum-maximum pairs
with persistence ¢ or less. This construction is illustrated in Figure IX.1, which
shows the function for the gene Axin2 along with three simplifications.

Measures. The sine function, which maps points of S' to their second Cartesian
coordinates in R?, is the prototypical periodic function. It has a single minimum
and a single maximum and varies smoothly between the two. Allowing for more
general patterns to increase and decrease, we retain the property of having only
two critical points as the characteristic ideal of a periodic function. To quantify
periodicity more generally, we assign zero to a function with ¢y + ¢; = 2 and a
positive number to every other function. Again, we find it convenient to restrict the
discussion to PL Morse functions. Specifically, we set yi9(f) = & (co+c1)—1, and for
every positive integer ¢, we define the degree-q periodicity measure by integrating
the degree-(¢ — 1) measure over the e-simplifications of f:

pe(f) = ﬁzoﬂqfl(fes) de.
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Note that py(f) is proportional to the average number of critical points of the e-
simplifications. To see that j,(f) is well defined, we show that the measures do not
depend on which e-simplifications we use. We do this by proving that 1, is equal
to the degree-q total persistence of f defined as ®4(f) = >"1" | (d; — b;)?.

PERIODICITY MEASURE LEMMA. Let f:S' — R be a PL Morse function. Then
tq(f) = @9(f) for all non-negative integers g.

PROOF. We use induction over ¢ to prove that the contribution of the point x; =
(bi,d;) in Dgmgy(f) to the degree-g periodicity measure is (d; — b;)?. For ¢ = 0,
this point contributes one to ug(f) as well as to ®°(f). This establishes the base
case. Let ¢ > 1. By definition of e-simplification, the point x; belongs to the
zeroth diagram of f. for all 0 < ¢ < d; — b; but not for any larger values of e.
The contribution of x; to the degree-q periodicity measure is therefore d; — b; times
its contribution to the degree-(¢ — 1) measure, which, by inductive assumption, is
(d; — b;)7~'. Summing over all points z;, for 1 < i < n, gives ®4(f). There are no
other finite points in the diagrams of the f., which implies the claim.

The Periodicity Measure Lemma implies an algorithm for computing pq(f),
namely constructing the zeroth persistence diagram and summing the g-th pow-
ers of the vertical distances of its finite points from the diagonal. It also provides a
definition of p, for real values ¢ that are not integers.

Instability for small degree. Whether or not the periodicity measure is stable
depends on the choice of ¢q. Clearly, g is not stable because arbitrarily small per-
turbations can change the measure by an arbitrary amount. Perhaps less obviously,
1 is also not stable. Perhaps less obviously, p is also not stable. To see this,

PN

0 2m

Figure 1X.2: The graphs of the functions g, for k = 0, 1,2, 3,4, with vertical
off-set for clarity.

we construct a series of Lipschitz functions, g, : S' — R, that approach the zero
function while their total persistence approaches 7. Replacing each point of S' by
its angle, ¢ € [0, 27), we set go() = min{¢p, 27 — ¢} and define gi(¢) = Lgp_1(2¢)
for all positive integers k; see Figure IX.2. The maximum difference between g, and
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the zero function is ||gk|/ec = maxo<p,<2r g(¢) = /2%, which goes to zero as k goes
to infinity. On the other hand, every function g; has slope £1 almost everywhere.
The total variation is therefore Var(gy) = 2m. We divide by two and subtract the
amplitude to get the total persistence as ®'(f) = 7 — 7/2*, which goes to 7 as k
goes to infinity.

Stability for degree at least two. There is a qualitative difference between the
periodicity measures when ¢ passes from one to two. In particular, p, is stable for
every constant g > 2.

STABILITY THEOREM FOR TOTAL PERSISTENCE. Let f,g:S' — R be Lipschitz
functions with Lipschitz constant one and let ¢ > 2. Then

[@9(f) = U(g)] < Agr®-|If — gllo-

PROOF. We begin by noting that y? — 7 = [’ qt?~'dt < qly — x| max{z,y}9~"
for all xz,y > 0 and ¢ > 1. We use the Stability Theorem for Tame Functions in
Chapter VIII to index the persistences of the finite points in the zeroth diagrams
of f and g such that

(I)l(f) = ¢1+¢2+-..+¢7ﬂ7
d'(9) = m+rt...+Tm

and |¢; — v;| < 2¢ for all ¢, where € = || f — g||,, possibly after adding zeros. Both
sums are bounded from above by half the total variation, which implies ®*(f) +
®l(g) < 2m. We also note that ¢; < 7 and v; < 7 for 1 < i < n. Writing
A = ®9(f) — ®(g), we therefore get

Al < D lef =4
i=1
< Y aléi — vilmax{e;, v}
i=1
< q(20)7? Y max{es, v}

=1

The sum in the last expression is bounded from above by > | (¢; +7;) < 2m. The
claimed inequality follows.

For constant g > 2, the right-hand side of the inequality in the theorem is at most
some constant times the L-difference between the two functions. It follows that
the difference between the degree-q total persistences goes to zero as the difference
between the functions goes to zero. The above theorem is thus a statement of
stability for total persistence and therefore for the periodicity measure.
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Notes. The background for the material in this section is provided by the bio-
logical work on somite development in Pourquié’s group; see e.g. [118, 123]. The
microarray time series data of the mouse genome forms the motivation for our work.
It had originally been analyzed using a variant of Fourier analysis [47]. Because of
limitations in the discerned patterns, the same data was later re-analyzed using
four custom-made mathematical methods, all designed to recognize rhythmic gene
expression of the kind exhibited by a small number (fewer than 30) of genes verified
to participate in somite development. One of these methods was the periodicity
measure described in this section. Assessing all seven and a half thousand expres-
sion profiles, each method generated a list of the genes, ordered from most to least
compatible with the rhythm of somite development. These lists were then compared
on the basis of their ranking of the verified genes. The results of the comparison
can be found in [46], including the discussion of a small number of newly identified
genes.

Figure I1X.3: The step functions characterizing the distribution of the verified
genes in the ordered lists generated with the periodicity measures pq, for ¢ =
0,1,2,3,4. For better visibility, we truncate the lists after the first three and
a half thousand genes. Moving northwest, toward the upper left corner of the
rectangle, we first cross the graph of fo, then that of fi, and finally the graphs
of fa, f3, fa in an order that depends on the exact route we choose.

The particular periodicity measure used in the re-analysis was o, which we
preferred over the other choices because ¢ = 2 is the smallest power for which
we know that the measure is stable. There is indeed evidence that stability is
an important property for the task at hand. This is illustrated in the following
comparison of the measures for ¢ = 0, 1,2, 3,4. For each ¢, we generate an ordered
list of the genes, as before, and we construct a step function, f, : [0,1] — [0, 1],
that counts the verified genes in every initial segment of the list. In other words,
fq(z) equals the percentage of the total number of verified genes that lie within the
initial x percent of the list. If the verified genes are distributed evenly among the
others, then we get a step function whose graph is close to the diagonal. On the
other hand, if the verified genes are all listed first, then the function shoots up to
one and stays there until the end. In general, one measure performs better than
another if the first function majorizes the second. As shown in Figure IX.3, there



206 IX APPLICATIONS

is indeed a marked difference between the unstable measures, g and pq, and the
stable measures, jio, i3, and 4. In summary, the graph of fy is slightly above the
diagonal, indicating that po performs only marginally better than giving a random
ordering. The visibly most striking improvement is from pg to pi. However, as we
get closer to the ideal step function, improvements are more difficult to come by,
so the improvement from p; to pe is also significant. Thereafter, the graphs for
q = 2,3,4 are almost indistinguishable.

Recall that the periodicity measures are defined in terms of e-simplifications of
the expression profiles. The concept of an e-simplification was introduced in [61],
where the main result is a construction for functions on 2-manifolds. As described
in this section, existence is obvious for functions on a 1-manifold. The situation is
much less understood for functions on a 3-manifold. The question of the stability
of the total persistence for Lipschitz functions was considered in [36]. Similar to
the degree-g Wasserstein distance between diagrams studied in Section VIII.2, the
difference between degree-q total persistences goes to zero as the functions approach
each other for some values of ¢ and not for others. For both concepts, the qualitative
change happens at a value of ¢ that depends on the dimension of the manifold on
which the Lipschitz functions are defined.

IX.2 Elevation for Protein Docking

In this section, we express the protrusions and cavities of a surface using a real-
valued function whose design is motivated by the 3-dimensional shape matching
problem central to the molecular basis of life.

Background. According to the central dogma of biology, strands of DNA are
transcribed to pieces of RNA, which are then translated into proteins. Transcrip-
tion works by complementarity, while translation is more involved, going from an
alphabet of four nucleotides to one of twenty amino acids. Proteins are made of
strings of amino acids. These strings are highly variable in order and length. In
principle, this suggests an astronomical number of different possible proteins, but
nature apparently uses only a tiny fraction of perhaps a few hundred thousand
types. Once a protein has been formed, it folds into a characteristic shape. This
shape determines its function, that is, how the protein acts within its environment
and, in particular, how it interacts with and binds to other proteins.

The interaction between proteins is one of the most fundamental processes in
biology and holds the key to how biological systems work. Cells send signals to one
another and build machines that perform the many tasks that make life possible.
To understand these and other processes, it would be wonderful if we could predict
which proteins interact with which other proteins simply by knowing their shapes
and the forces exerted by their atoms. This is the protein docking problem, the
computational prediction of protein interaction. However, this prediction has proven
notoriously difficult. There is significant debate in the biochemistry community
about the relative importance of the geometry (shape) and the physics (forces), but
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it is clear that both are involved. It stands to reason that the relative importance
of the geometry increases with the size of the involved molecules. But proteins flex,
so geometry alone cannot predict the matching of undocked proteins. Nevertheless,
geometric analysis is the first step.

Technology. The starting point for most docking efforts is geometric structures of
proteins and other molecules collected by the biochemical community. The Protein
Data Bank is an archive that contains information about experimentally determined
geometric structures of proteins and nucleic acids. Data comes in the form of 3-
dimensional atomic coordinates labeled by atom type and other descriptors. Data
is determined primarily using two technologies, x-ray crystallography and nuclear
magnetic resonance. For the former, biochemists crystallize the molecule and image
the crystallized arrangement with a beam of x-rays that scatter in a variety of direc-
tions. From the angles and intensities of the scattered rays, a 3-dimensional picture
of the density of electrons in produced. This density then allows the estimation of
the positions of atoms in the crystal, as well as their chemical bonds. In contrast,
nuclear magnetic resonance aligns nuclei with a magnetic field and perturbs this
alignment with an orthogonal field. The response to the perturbation is then used
to estimate the location of individual atoms.

Figure IX.4: Cut-away view of a molecular skin surface.

Protein surfaces. Given atomic coordinates, we are interested in features on the
surface of a protein that suggest binding configurations. The first problem is to
define what we mean by the protein surface. Individual atoms attract and repel
one another in several ways. The strong forces that hold the molecule together
are chemical bonds and electrostatic interaction of ions. A weaker set of forces,
known collectively as the van der Waals force, is strongly repulsive at short distance,
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attractive at medium distance, and negligible at large distance. It favors a fixed
distance along a large patch of contact, which is the reason why geometry plays a
role in the interaction. To model this contact, we place a small sphere, called the van
der Waals sphere, around the center of each atom. To define a surface, we keep the
spheres fixed while rolling a ball about the configuration, always touching but never
overlapping any of the spheres. The radius of the ball is chosen to approximate that
of a water molecule. As the ball rolls around, it traces out the molecular surface,
which is made up of sphere and torus patches. This is roughly how the surrounding
water experiences the protein. Except for the occasional sharp edge formed by
intersecting blending surfaces, the patches meet to form a continuous bundle of
normal vectors. If continuity is important everywhere, we may alternatively use
the molecular skin, which consists of sphere and hyperboloid patches; see Figure
I1X.4. However a protein surface is defined, we look for protrusions and cavities
that might line up when two proteins interact. The mathematical tool we use to do
this is called elevation, and it can be defined for curves in the plane or surfaces in
3-dimensional space. Although our primary application is to surfaces, we simplify
the discussion by restricting ourselves to curves.

Curves in the plane. Suppose M C R? is the image of a smooth embedding of
the circle. Define F': M x S — R by mapping each point z € M and each u € S! to
the height of x in the direction w, that is, F(x,u) = (z,u). Fixing a direction, we
get f, : Ml — R defined by f,(z) = F(x,u), the height function in the direction .
We are interested in conditions for which this height function is Morse. Recalling
the definition in Section VI.1, we note that f, may fail to be Morse for two reasons,
namely because it contains a degenerate critical point or it has two critical points
sharing the same height value.

A simple degenerate critical point is modeled by the family of functions g,(t) =
t3 + st. For s < 0, we have two critical points, one a local maximum and the
other a local minimum. For s = 0, we have a degenerate critical point at ¢ = 0,
and for s > 0, we have no critical points. As s goes from negative to positive,
the pair of critical points cancel each other. We call this event a cancellation,
or an anti-cancellation if we go in the other direction. Similarly, we can use a
parametrized fourth degree polynomial to model an interchange at which two critical
points momentarily share the function value. In our case, varying the parameter,
s, corresponds to moving the direction such that the critical points slide on the
curve. A cancellation occurs when two critical points collide, which happens at
an inflection point. This motivates us to assume that the curve has only a finite
number of inflection points and only a finite number of lines that are tangent at two
or more points. It follows that there are only a finite number of directions for which
fu is not Morse. Equivalently, the 1-parameter family of height functions passes
through only a finite number of cancellations, anti-cancellations, and interchanges.

Elevation function. When f, is a Morse function, we can use extended persis-
tence to pair up its critical points. These are the points for which u is normal to
the curve, and we associate to each the persistence of the pair to which it belongs,
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calling this real number the elevation of the point. By the Persistence Symmetry
Theorem of Section VIL.3, the pairing is the same if we substitute —u for u. It
follows that f, and f_, = —f, define the same elevation values for the same points.
In other words, elevation depends only on the normal line to the curve. Since every
point of M has a unique normal line, this defines the elevation function, E : Ml — R,
except at points at which the height functions are not Morse. We take limits to
define F also at these exceptional points.

Recall that a cancellation happens at an inflection point, z, for which we set
E(x) = 0. Indeed, it is easy to see that the two critical points are paired right
before they meet and cancel each other at z. The limit is the same from both sides,
namely zero, which implies that F is continuous at x. At the points involved in
an interchange, however, we may have different left and right limits and thus an
ambiguity of how to define E. This is illustrated in Figure IX.5. Here, the point x

Figure IX.5: The four white points share the same normal direction, as do the
four light shaded and the four dark shaded points.

would be paired with either y or z. In fact, if we rotate the vertical, upward directed
vector u slightly to the right, the critical point near x is paired with the critical
point near y. In contrast, if we rotate u slightly to the left, the critical point near z
is paired with the critical point near z. Thus, there is a jump from y to z in moving
the normal from right to left. The elevation near x varies continuously, so we can
simply set E(z) equal to the absolute height difference between = and y, which is
the same as the absolute height difference between x and z. But the left and right
limits at y are different, jumping from the absolute height difference between y and
x to that between y and w. We get the same two different limits and the opposite
jump at z. Continuity can therefore be obtained through surgery. Specifically, we
cut M at y and at z and we glue the four ends in pairs to get a new curve on which
F is continuous at the cut points. Of course, the new curve is no longer embedded
in the plane. In this particular case, the new curve consists of two components, a
long loop that contains w and a short loop that contains x. If we perform surgery
at all such discontinuities, we get a curve, N, on which F is everywhere continuous.

Elevation maxima. Our interest in surgery is merely a means to an end, namely
the determination of the interesting features of the curve. Call a point x € N a
local mazimum of E if it has an open neighborhood such that E(y) < E(x) for all y
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in this neighborhood. For convenience, we assume the smooth curve is generic by
which we mean

(i) it has only finitely many height functions that are not Morse;

(ii) its elevation function has only a finite number of local maxima.

Condition (i) has been discussed earlier, where it was used to define the elevation
function. Condition (ii) prohibits curves of (locally) constant width, such as for
example the circle. Consider the curve in Figure IX.5 as an example. Its elevation
function has six local maxima, x and w, the two cut points formed by gluing the
four ends obtained by cutting the curve at y and at z, as well as the leftmost point,
p, and the rightmost point, g, of the curve (both not shown).

The local maxima come in pairs, by construction. For example, p and ¢ form a
pair, and E(p) = E(q) is the Euclidean distance between p and ¢. Since neither
point is a cut point, we call this pair a one-legged elevation maximum. We note that
having p and ¢ paired by extended persistence is necessary to form an elevation
maximum but it is not sufficient. In the one-legged case, the line connecting p and
g must be in the direction of the normal vector, and the curvature at p and at ¢
must be such that a small rotation does not increase the local width. A second pair
is formed by x and the cut point produced by gluing the right end at y to the left
end at z. We call this a two-legged elevation mazximum because we have two legs
connecting x to y and to z on the original curve. Again, having x paired to y and
to z by extended persistence is necessary but not sufficient to form a two-legged
elevation maximum. We also need the property that the orthogonal projection of z
onto the line of y and z falls between the points y and z. Finally, we have a third
pair formed by w and the cut point produced by gluing the left end at y to the right
end at z. This is another two-legged elevation maximum.

Piecewise linear curves. To design an algorithm for computing the elevation
maxima of a curve, we face the usual dilemma that input is never smooth. Instead,
we assume a simple, closed polygon with vertices xg,x1,...,2x,-1 and edges e;
connecting x; to x;11, for 0 < i < n where we take indices modulo n. We assume
the polygon is generic, by which we mean that no two of the (g) lines connecting the
n vertices are parallel or orthogonal to each other. We may think of this polygon
as approximating a smoothly embedded curve and this way get an idea of what the
elevation maxima ought to be. Alternatively, we may approximate the polygon by
a generic, smooth curve and obtain the definitions by limit considerations. This is
what we do next.

Let P be the subset of R? whose boundary is the polygon. We write P¢ for the
set of points at distance at most & from P and (P¢)~° for the set of points of P¢ at
distance more than ¢ from the complement. For 6 = § and sufficiently small € > 0,
the boundary of (P*)~? alternates between an arc on a circle with center x; and
radius 0 and a straight line segment parallel to e;. Finally, we replace the straight
line segment by circular arcs of ever so small, positive curvature, s, calling them the
chords connecting the circular arcs around the vertices. While the resulting curve
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Figure IX.6: Turning a polygon into a generic curve. To simplify the drawing,
we have chosen to ignore the requirements for a generic polygon. The circles
at the vertices have radius ¢ and § = §; they illustrate the construction of
(P*)7%. On the right, we see the circle of directions decomposed into arcs of

constant height ordering.

is not smooth, its normal bundle is continuous and it satisfies the requirements of
a generic curve, which suffices to define the elevation function; see Figure IX.6. For
sufficiently small € > k > 0, the points on a chord are all paired with points on the
same circular arc. In contrast, points on a circular arc may be paired with points
of more than one chord or arc.

Algorithm. We begin by recalling the Extended Persistence Algorithm applied
to a height function, f,, defined on the polygon. Assume the vertices have distinct
height values and they are relabeled such that fi(yo) < fu(y1) < ... < fu(Yn—1).
Then each vertex can be unambiguously classified as a minimum, a regular vertex,
or a maximum. Since minima and maxima alternate along the polygon, we have
the same number of each, and the algorithm outputs a pairing (a perfect matching)
between the two collections. The global minimum, g, is necessarily paired with the
global maximum, ¥, _1. The other pairs depend on the sequence of sublevel sets
or, equivalently, the lower star filtration of f,, as explained in Chapter VII. We
note that the pairing is the same for other piecewise linear functions for which the
ordering of the vertices is the same. It thus suffices to run the Extended Persistence
Algorithm for (g) height functions, one per antipodal pair of arcs defined by the
vertex pairs; see Figure IX.6. Skipping a few details, we note that this can be done
in time at most some constant times n?.

We now discuss how the (%) pairings are used to extract all elevation maxima.

As mentioned earlier, there are two types. We first discuss the one-legged elevation
maxima. Let z;,z; be two vertices and u = (z; — x;)/||x; — 24| the direction they
define. Then z; and z; form a one-legged elevation maximum iff x; and x; are
paired by the algorithm applied to f,. In the piecewise linear case, the condition
on the curvature at the two points is void. We second discuss two-legged elevation
maxima. Let x;, x;, ¥ be three vertices and let u be normal to x, — ;. Suppose
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furthermore that x; and xj lie on opposite sides of the line with direction u that
passes through ;. Let u_ and uy be directions sufficiently close to and on opposite
sides of u. Then x; and x;, x) form a two-legged elevation maximum iff x; and x;
are paired for f, and z; and ) are paired for f, . In summary, the (Z) runs of
the Extended Persistence Algorithm provide all the information we need to identify
the elevation maxima of the polygon.

Notes. The difficulty of predicting the binding between proteins of known ge-
ometric structure combined with the importance of this question has lead to a
community organized competition [87]. Using yet unpublished geometric structures
determined by x-ray crystallography [52] or by nuclear magnetic resonance [159],
the participants are asked to submit their best predictions, which are then compared
to the observed configuration. The idea of using protrusions and cavities of protein
surfaces to predict binding configurations goes back to Connolly [40]. He represents
the protein by its molecular surface, which decomposes R? into the inside and the
outside, two 3-manifolds with disjoint interiors and common boundary, namely the
molecular surface. Fixing a radius, » > 0, he places the center of a sphere with
radius r at every point x of the surface and assigns to = the fraction of the sphere
contained in the inside. As shown in [29], the limit of this function, as r approaches
zero, is related to the mean curvature function of the surface. This should be con-
trasted to the relationship between the total mean curvature and the elevation that
follows from integral geometric considerations described in [33]; see also Section
VIIL.3. As demonstrated in [152], the elevation maxima are useful in the coarse
alignment of protein structures. This suggests we use elevation as a first pass to-
ward predicting a binding configuration and refine the resulting alignments with
methods that incorporate detailed knowledge of the physical behavior of molecular
systems [130].

While this section focuses on the simpler setting of a curve embedded in R?, the
important setting is of course that of a surface embedded in R®. This is described
in the original paper on the subject by Agarwal, Edelsbrunner, Harer, and Wang
[3]. In going from curves to surfaces, the ideas remain the same but get technically
more complicated. For smoothly embedded surfaces, the construction is based on
Cerf theory [30], which is part of differential topology. Instead of two, we get four
types of elevation maxima; see Figure IX.7. Except for the one-legged case, each

Figure IX.7: From left to right: a one-, two-, three-, and four-legged elevation
maximum of a surface embedded in 3-dimensional space.



IX.3 Persistence for Image Segmentation 213

type arises at an ambiguity of the pairing of critical points produced by extended
persistence. The algorithms are again for piecewise linear functions. Similar to the
polygonal case, we construct all elevation maxima by running the Extended Persis-
tence Algorithm for a finite collection of height functions. We refer to Section VII.2
for a fast implementation of the Persistence Algorithm for piecewise linear func-
tions on a 2-manifold. Computing the extended persistence pairs is, however, more
difficult and a similarly efficient algorithm requires sophisticated data structures
[77].

IX.3 Persistence for Image Segmentation

In this section, we discuss image data and, in particular, the problem of segmenting
the data into meaningful pieces. A popular approach is the watershed method, but
it is sensitive to noise in the data, tending to overdo the segmentation. We show
how to use persistent homology to cope with this difficulty.

Background. When we collect data about a physical phenomenon, we do so
to varying degrees of resolution. Images are high-resolution data sets, representing
shapes and scenes in great detail. A large part of biological and medical research, as
well as medical practice, depends on technology that produces 2- and 3-dimensional
images. But we can go beyond three dimensions, eg. with video sequences that
unwind in time. There are also reasons for generating images synthetically, using
methods such as Fourier transforms, for finding symmetries and for other purposes.
The high resolution of image data suggests we think of it as a continuous object and
apply methods from continuous rather than discrete mathematics for its analysis.
By its nature, an image contains more than the desired information. Therefore the
first task is often the extraction of interesting features. Capturing and describing
these features is the province of image analysis. It includes tasks such as denoising,
segmentation, registration, comparison, and more.

Technology. The last decades have witnessed a revolutionary change in how sci-
ence is practiced, and this change is fueled by ever improving ways of acquiring
data. Using new technology, we are able to collect high-resolution data on physical
events that have traditionally been beyond our reach. Examples are sensor net-
works monitoring environments and microarrays measuring the expression of the
entire genomes. These are relatively recent technologies for which we can expect
rapid improvements in the accuracy and volume of collected data. More traditional
imaging technologies generate 2- and 3-dimensional arrays of measurements.

Microscopy. This is an umbrella under which we distinguish different technologies
depending on the medium used to generate the image. Optical microscopy involves
light diffracted from an object passing through a lens to allow for a magnified view.
Similarly, electron microscopy measures the diffraction of electromagnetic radia-
tion by an object. In contrast, scanning probe microscopy, as the name suggests,
measures the interaction of a probe with an object. In each case, the output is a
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2-dimensional array of tiny squares, referred to as pizels, short for picture elements.
Being 2-dimensional, the number of pixels is usually not more than perhaps a few
million, which is easy to manage with current computer storage technology.

Magnetic resonance imaging. The principles are the same as for nuclear magnetic
resonance, but the N-word has been dropped for medical applications. Here we use
a magnetic field to align the nuclei of hydrogen atoms in water. Radio frequency
fields are then used to systematically alter the alignment, which creates the signal
detected by the scanner. This technology is widely employed in radiology to study
the internal structure of the human body. The output is a 3-dimensional array of
tiny cubes, referred to as wvozels, short for volume elements. Being 3-dimensional,
the voxel array provides a lot more information than a pixel array generated with
microscopy. This wealth comes with a cost, namely the added difficulty of managing
and analyzing such a large amount of data.

Segmentation. Once an image is acquired, it becomes a mathematical object
that we can study. In particular, a 2-dimensional image is a function that is piece-
wise constant on a rectangular configuration of pixels; see Figure I1X.8. Inside a
pixel, the function is constant and measures intensity or gray value, and similarly
for color pictures, except that we get three separate images, one for red, one for
green, and one for blue. Given an image, the segmentation problem looks to identify

Figure 1X.8: Confocal microscopy image of a cross-section of the cells in a
Drosophila embryo during the developmental process known as dorsal closure
[image courtesy of Daniel P. Kiehart and Adrienne Wells, Biology, Duke Uni-
versity].

regions of interest from these values. In Figure IX.8, these regions would be the
cells imaged by microscopy. The general problem is hopelessly ill-defined but of
major importance. As a result, the state of the art in the field is at best imperfect.
Every type of image provides a different set of challenges, motivating a variety of
approaches to the problem. Specifying global or adaptive thresholds to define the
regions is a good first step. Methods of mathematical morphology can then be
used to refine the result. Deformable models or level set methods solve differen-
tial equations to shrink-wrap a region with a curve or a surface. Region growing
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and region splitting methods seek to improve segmentations by locally improving a
quality assessment. In this section, we consider yet another approach, one that fits
nicely into the framework of computational topology.

Watershed intuition. We begin with an intuitive description of the method. Let
us treat an image as a continuous function defined on a region of the plane, usually
a rectangle, although for this description we assume it is defined on all of R?. Think
of the graph of this function, a surface in R?, which we imagine permeable, with soil
below and air above. Now suppose it rains and the water level rises everywhere on
the plane. Asis common on planet Earth, we call land only the part of the surface
above the water level. As the level rises, we see the land shrinking and its topology
changing. When the water reaches a local minimum, a lake forms and grows as the
level rises. When the water reaches a saddle point, two lakes merge into a single
lake or an island separates from the mainland. When the water reaches a local
maximum, the corresponding island has completely submerged under water.

We can keep the water from overflowing by building watershed lines as we pass
saddles. These are the curves that separate lakes where the water meets as it rises.
Mathematically, they form the unstable or ascending 1-manifolds corresponding to
the saddles. They prevent the lakes from merging and form roads (anti-canals)
between the islands and the mainland, thus maintaining the lakes as topological
disks throughout the process.

The Watershed Algorithm. To formalize this process, we construct a piecewise
linear function that represents a given image. For each pixel, we have a vertex at
its center and we connect the vertices to form a triangulation. It is convenient
to compactify by adding a dummy vertex to get a triangulation of S?. Specifying
a value at each vertex, we get a function by piecewise linear interpolation; see
Section III.1. More generally, we can begin with a triangulated 2-manifold and a
piecewise linear function, f : Ml — R. Recall that in Section VI.2, we constructed a
complex whose vertices were the maxima, edges were the unstable 1-manifolds, and
regions were the unstable 2-manifolds of the function. We now give an algorithm
that constructs an approximation of the unstable manifolds. It is convenient to
assume that the vertices have distinct function values and they are indexed such
that f(z1) < f(z2) < ... < f(x,). We recall from Section VI.3 that each vertex
is classified as regular or critical by looking at the values of f in its link. Call the
part of the link spanned by vertices whose function value exceeds f(z;) the upper
link of x;. Then x; is a minimum if the upper link is the entire link, a maximum
if the upper link is empty, and a k-fold saddle if the upper link consists of k£ + 1
components, each a path or an isolated vertex. The vertex is regular if it is a 0-fold
saddle, that is, if it has a non-empty, connected, upper link that does not exhaust
the entire link.

We process the vertices from lowest to highest. Specifically, we run a loop from
i =1 to i = n and distinguish between the different types of vertices. Initially, all
simplices in the triangulation are unmarked.
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CASE 1: x; is a saddle. We mark x; together with the edges that connect the sad-
dle to the highest vertex in each component of the upper link.

CASE 2: z; is regular. If z; has an incoming marked edge, then we mark z; together
with the edge to the highest vertex in the upper link.

CASE 3: x; is a maximum. We mark x;.

In the end, we have k 4 1 paths running upward from a k-fold saddle. Sometimes
these paths merge, but then they continue together until they reach a maximum.
The number of paths ending at a maximum varies depending on the surrounding
configuration of minima and saddles. It is even possible that a maximum is isolated,
without a path ending at the vertex. But this can only happen if the manifold is a
sphere and f has one minimum, one maximum, and no saddles. It is not difficult to
see that the paths consisting of the marked edges and vertices cut the 2-manifold
into open disks, one for each minimum. This is also true if we have no saddles and
therefore no marked edges. The open disk is then the sphere minus the maximum,
which is marked by the algorithm.

Cleaning up. The Watershed Algorithm is widely used, but it tends to overdo
the segmentation, creating too many regions and identifying small noise in the
image rather than just the desired features. For this reason, there is always a clean-
up step, sometimes done systematically and sometimes in an ad hoc way or even
manually. This is illustrated in Figure IX.9, where the goal of the segmentation is
to identify the location and the shape of cells of a fly embryo. To appreciate the
importance of a reliable and consistent segmentation, we note that the image shows
a cross-section of the embryo and similar images are taken at other cross-sections.
Furthermore, the images are taken in a time series. After segmenting each cross-
section, the task is to connect the results to reconstruct the 3-dimensional cells and
then the cells to reconstruct the motion. Finally, the details of the motion are used
as cues to hypothesize the forces that drive the motion. We can clearly see that
the segmentation in Figure IX.9 at the top is too fine to capture individual cells.
We need to simplify the segmentation by distinguishing more from less important
separations. Persistence gives us just the tool we need for this.

Simplification. We begin by computing the persistence of the minima, saddles,
and maxima, which can be done during the same bottom-up sweep that constructs
the segmentation. We get infinite persistence for the critical vertices, giving birth
to essential homology classes, and finite, positive persistence for all other critical
vertices. For simplicity, assume that all saddles are 1-fold and thus get assigned a
unique persistence value, the absolute height difference to the paired minimum or
maximum.

We simplify the segmentation in the order of increasing persistence. Assuming
the absolute height differences of the vertex pairs computed by the Persistence
Algorithm are distinct, the pair with minimum persistence is unique. Consider first
the case in which this pair consists of a minimum, =, and a saddle, y. Passing
y during the sweep merges the component started at  with another component
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Figure IX.9: Top: the initial watershed segmentation before clean-up. Bottom:
the result of simplifying the segmentation using persistence.

started earlier. By minimality of persistence, the watershed line started at y is part
of the boundary of the region of z. Therefore, we can simplify by removing this
line, which we do in two passes, both beginning at y. Unmarking edges and vertices
in sequence, we stop each pass when we reach a maximum or the line merges with
another. The result is that the two regions separated by y are now joined, and
since  was the minimum of one of these, the other minimum represents the merged
region. Consider second the case in which the minimum persistence pair consists of
a saddle, y, and a maximum, z. By minimality of persistence, the watershed line
started at y ends at z on one side and at a higher maximum on the other side. If
this is the only watershed line ending at z, we remove it by unmarking its vertices
and edges in sequence, beginning at z. Otherwise, we let the watershed line be,
except that we think of it as an extension of the other lines ending at z.

We note that the change effectively treats the critical vertices of the minimum
persistence pair as if they were regular. The rest of the persistence pairing re-
mains unchanged. We can therefore proceed to the next lowest persistence pair
and continue until we exceed a pre-chosen threshold. Applying this strategy to the
segmentation in Figure IX.9, top, we get the segmentation shown at the bottom.
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Notes. Images are generated by a plethora of technology, including microscopy
[42] and magnetic resonance [81]. The 2-dimensional images in this section are from
work on the dorsal closure in fly embryos [91]. Algorithms for processing images are
described in the image analysis literature [135]. Many problems in this area are of a
topological nature [93], including the segmentation of images into regions of interest.
The Watershed Algorithm for segmentation goes back to the early eighties of last
century [18]; see [128] for a survey of the general literature on the topic. Because
of the importance and the large amount of medical data, the 3-dimensional version
of the algorithm is of particular interest. We refer to [131] for the description of
the method for magnetic resonance images using a diffusion filter to cope with the
endemic over-segmentation. The algorithm for 3-dimensional images is similar to
but more complicated than for 2-dimensional images. From Morse theory, we know
that we have four types of simple critical vertices: minima, index-1 saddles, index-2
saddles, and maxima. We get a 3-dimensional cell for each minimum, a surface
for each index-1 saddle, a curve for each index-2 saddle, and a vertex for each
maximum. Together, they form a complex akin to the unstable manifolds discussed
in Chapter VI. Persistence pairs minima with index-1 saddles, index-1 with index-2
saddles, and index-2 saddles with maxima. The simplification can again be done
in the order of increasing persistence, but this is now more complicated than for
2-manifolds.

IX.4 Homology for Root Architectures

In this section, we look at the problem of recovering the structure of a plant root
from photographic images. We combine standard image processing techniques with
homology computations to capture interesting traits, such as the branching pattern
and the distribution in space.

Background. Plant biologists understand much more about how plants grow and
develop above the ground than underground. Yet, the root is every bit as important
in how a plant responds to environmental variation and how it adapts to soil and
moisture conditions. Learning about root architecture beyond what we know today
is necessary before we can begin to understand the connection between phenotype
and genotype in root development. The genotype is studied in a variety of biological
experiments, many involving microarrays used to measure the expression of an
entire collection of genes. To characterize the phenotype, we need an accurate set
of measurements, preferably obtained without moving or damaging the plant. This
way we can repeat the measurements during development, while the root makes
decisions about where and when to grow.

We focus here on topological features of a plant root, in particular on a decompo-
sition into tips, forks, and branches and on a characterization of space utilization.
At a fork, a growing root either divides into two or a lateral root emerges. If we
remove the fork, the rest of the root is branches, and we call the end of a branch
that is not a fork a tip. Plant roots grow from the tip, so the number and location
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of these is of importance to biologists. Note, however, that the location of the forks
and tips along the root says little about the way the root distributes itself in the
soil. To study this distribution, we consider the complement of the root embedded
in space and measure its connectivity using persistent homology.

Technology. For simple and rather obvious reasons, studying the architecture of
a plant root is a difficult undertaking. We can dig up the plant to measure traits
like length, branching, and more, but there are limitations to this approach. The
first is that removing a plant from the ground seriously disrupts its growth pattern
and may even kill it. A second is a lack of information about space utilization.
We would like to find out how the root distributes itself in the soil and how its
growth varies in response to a variety of stimuli, such as soil nutrient abundance
and distribution, other forms of environmental stress, and the availability of water.

Figure IX.10: Rice root system growing in gel [image courtesy of Philip N.
Benfey and Anjali Iyer-Pascuzzi, Biology, Duke University].

To cope with these difficulties, we need a new medium to grow the plant and a
way to image the root. We know of two solutions: growing the plants in styrofoam
containers and taking x-ray images, and growing them in transparent gel and taking
photographs. The styrofoam provides a fairly realistic medium for the plant and
both nutrition and water conditions are easy to vary without disturbing the plant.
The disadvantage is the need to vacuum the container to remove as much water as
possible before taking images. Water is an issue because x-rays refract when they
pass through water, so any moisture left in the container shows up as noise in the
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image. The problem is severe since vacuuming disturbs the plant while moisture
compromises the images. The transparent gel provides a nutrient mix that is less
realistic than that of the styrofoam but much more than that of a hydroponic system,
for example. The main advantage is the ease with which we can take photographic
images; see Figure IX.10. Placing the gel together with the root inside a glass
container, we can take photographs 360 degrees around. The task thus reduces to
extracting the desired information from a 2-parameter sequence of images, going
around the root and taking the photographs over a period of a few weeks. Each
image is a 2-dimensional array of pixels. We discuss the extraction of features
directly from these images as well as attempts to reconstruct a 3-dimensional image
from the sequence of 2-dimensional images.

Tips, forks, and branches. Suppose first that we are working with a single
photographic image, that is, a projection of our root to the plane represented by an
array of pixels, p, with intensities, f(p). Specifying a threshold, 6, we decompose
the image into foreground, the union Y of all pixels with intensity f(p) > 6, and
background, the union X of pixels with intensity f(p) < 6. We recall that each pixel
is a closed square so that foreground and background are both closed and intersect
in their common boundary, which is 1-dimensional.

OPDE

Figure IX.11: From left to right: schematic local pictures of a tip, a branch, a
fork, and a crossing.

Assuming the foreground represents the root, it consists of streams of pixels
forming roads that fork and cross and eventually end. While the roads vary in
their thickness, we think of them as forming a 1-dimensional graph, with nodes
connected by arcs. We call a degree-1 node a tip, a degree-3 node a fork, and an arc
between two such nodes a branch. We illustrate the definitions by showing typical
local pictures in Figure IX.11. There are also degree-4 intersections, but since
roots rarely sprout two lateral branches at the same location, we assume these are
artifacts of occlusion and represent them as crossings between branches rather than
nodes in the graph. Of course, there can be more complicated situations caused by
accumulated occlusion. These are better dealt with in three dimensions, and we
ignore them for the time being.

Persistent local homology. As suggested by Figure IX.11, we look at the ho-
mology of the foreground and the background within small circular windows to
classify a pixel to belong to a tip, a fork, or a branch. Fixing a point 2 € R? and
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a real number r > 0, we write B(r) = B,(r) for the closed disk with center x and
radius r. The foreground and background within this window are Y(r) = Y N B(r)
and X(r) = XN B(r). We are interested in the first homology of the foreground
within the window relative to its boundary on the circle, Hy (Y(r), bd B(r)). Assum-
ing the generic case in which the circle intersects the boundary of Y transversally,
we replace the boundary on the circle by the boundary Y(r) shares with X(r). Since
Y(r) is in the plane, it is easy to see that this gives an isomorphic first homology
group; compare with Exercise 7 at the end of this chapter. We thus get

Hi(Y(r),bd B(r)) =~ Hi(Y(r),Y(r)nX(r))

where we get the second line by excision and the third line using the exact sequence
of the pair (B(r),X(r)). Instead of looking at the first relative homology group,
we can therefore use the zeroth absolute homology group of the local complement,
X(r), to distinguish between the different types of neighborhoods; see Table IX.1.
Using persistence, we eliminate the dependence on the choice of r. Specifically, we

‘tip branch fork crossing
rank Ho (X(7)) ‘ 1 2 3 4

Table IX.1: The rank of the zeroth homology groups of the neighborhoods of
a pixel inside a tip, a branch, a fork, and a crossing.

increase r from zero to infinity and consider the zeroth persistence diagram of the
local background pictures, X(r) C X(s) for 0 <r < s < oo. If x is part of a tip, we
see the following typical behavior as we grow the window.

Tip. For very small v, X(r) will be empty. Its first component will be born when r
reaches the distance from x to X. This might be the only event for a while, but
more likely we will see births and deaths of components in quick succession.
However, these extra components correspond to points in the diagram whose
persistence is negligible. Of course, once r gets large, all kinds of things may
happen. In summary, we see only one birth that happens for small r and whose
persistence is not negligible.

Similarly, for a branch we see two births for small r with larger than negligible
persistence, for a fork we see three such births, and for a crossing we see four. As
one can imagine, using persistence instead of a fixed radius greatly increases the
number of pixels that can be correctly classified, but it is still a long shot from
classifying all pixels. Ambiguities arise for a variety of reasons, including spurious
foreground and background components, thicker than expected branches, and other
root portions reaching into the local window. We can conceive of heuristics coping
with these difficulties, but ultimately we need to face the fact that the problem as
described does not admit a perfect solution.
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3-dimensional reconstruction. Important information about the root, includ-
ing estimates for the number of tips and forks, can be computed directly from the
2-dimensional images. However, to learn how the root distributes itself to explore
the soil requires a reconstruction as a subset of 3-dimensional space. We describe

Figure I1X.12: Schematic cross-section of a root growing inside a cylindrical
container. We reconstruct the two shaded spots from their images in the five
projections.

here an image processing approach to this problem. It starts with a cubic block
of voxels from which the algorithm sculpts the root. We assume a small, but not
too small, number of photographic images taken of the same root from different
directions and at about the same time. For each image, we know the position of
the camera and the direction of the projection. As before, we use a threshold to
decompose an image into foreground and background. If the projection of a voxel
into the plane of the image lands inside the background, then the voxel cannot be
part of the root. As illustrated in Figure IX.12, the Space Carving Algorithm com-
bines the information gleaned from all 2-dimensional images and this way arrives
at a first approximation of the 3-dimensional structure.

The quality of the reconstruction depends on the number and resolution of the
images, the calibration of the cameras, and other factors. As before, we can make
amendments to the algorithm to improve the quality, such as estimating probabili-
ties for a voxel to belong to the root or using prior knowledge about the structure
of the root. While we can perhaps reach acceptable results, we should keep in mind
that perfection is at best reachable in the limit of our improvement efforts.

Utilization of space. Suppose now that we have reconstructed the 3-dimensional
structure of the root. Reusing the 2-dimensional notation, we write Y C R? for the
space we use to represent the root. We may revisit the decomposition of the root
into tips, forks, and branches using local homology within spherical balls. Since
crossings no longer confuse the picture, we can expect a higher success rate in the
classification. We can also address the global question of how the root distributes
itself in space. For this purpose, we introduce the Euclidean distance function,
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f : R3 = R, defined by mapping every point z € R? to its distance from Y, that
is, f(z) = infyey ||z — y||. Note that Y = f~1(0). The sublevel sets of f form a
nested sequence of spaces, Y, = f~1[0,7]. The corresponding sequence of reduced
homology groups,

OHHP(YO)%...%HP(Y,«)H...%O,

characterizes how thickening up the root fills space. As described in Chapter VII,
we use the persistence diagram to characterize the main events in the filtration. The
root is connected, so the zeroth diagram, Dgmg(f), should be empty. Any devia-
tion from this ideal will have to be explained by failures to accurately reconstruct
the root. There is more interesting information in the first and second diagrams.
Consider for example a diffuse root system, that is, a root that distributes itself
reasonably densely and more or less uniformly in the available space. Then Y,. will
have trivial first and second homology groups already for small values of r. Cor-
respondingly, Dgm, (f) and Dgm,(f) will have no points of larger than negligible
persistence. On the other hand, if the root has a tendency to grow around pieces of
space, then this will express itself in voids and tunnels of Y,.. Correspondingly, one
of the two or both diagrams will have points with larger than negligible persistence.
We note that this discussion neglects the possibility of a root that grows radially in
a non-uniform manner but avoids the creation of tunnels and voids while exploring
space. But we can detect such behavior by considering spherical cross-sections, for
example.

There is more than one way we can compute the persistence diagrams of f. For
example, we can grow Y,. by successively adding voxels to the initial space, Y = Y.
Alternatively, we may let S C R? be the set of centers of the voxels constituting Y.
We then compute the Delaunay complex of S and the family of alpha complexes,
as explained in Chapter III. The Stability Theorems of Chapter VIII imply that
the diagrams we get from these and reasonable other methods are only a small
bottleneck distance away from each other.

Notes. The study of plant roots has a long tradition in biology [26]. The project
that provides the background for the discussions in this section targets agricultural
plants, such as rice and maize. Local homology is a natural choice in the study
of structural features such as forks and tips in roots. In mathematics, the con-
cept makes its first appearance in Poincaré duality. Letting M be a d-dimensional
manifold without boundary and x a point of M, we find that the relative homol-
ogy group H,(M,M — {z}) is trivial for all dimensions p # d and has rank one
for p = d. Using integer coefficients, the latter group has two generators, and a
choice of one is called an orientation of M at x. Making consistent choices at all
points, an element of Hy(M) is a fundamental class of M if its image under the
induced map to Hg(M, M — {z}) is the chosen orientation. This class is used to
define Poincaré duality; see Hatcher [82, Section 3.3]. The idea of using this con-
struction in combination with persistent homology appears for the first time in [17].
Given a finite point set S C R?, the paper uses persistent versions of local homology
towards reconstructing a stratified space that best approximates S. Basic tools in
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this study are the persistent kernels and cokernels of maps from one filtration to
another. The algorithms for these are similar to but more involved than those for
ordinary persistence [37].

The problem of reconstructing shapes from sequences of images is studied in the
general field of computer vision; see e.g. [72, 86]. The idea of carving out the shape
from a block of voxels is due to Kutulakos and Seitz [98], but see also [100]. Given
such a reconstruction, we can use standard algorithms for Delaunay complexes [54],
alpha shapes [63], and persistent homology [60] to characterize the distribution of
the root in space.

Exercises

The credit assignment reflects a subjective assessment of difficulty. A typical ques-
tion can be answered using knowledge of the material combined with some thought
and analysis.

1. Antipodal functions (two credits). A function f : S' — R is antipodal if
f(s) = f(—s) for all s € S'. Equivalently, the function defined by g(s) =
f(s) — f(—s) is the zero function.

(i) Design a measure for quantifying the distance of a function from being
antipodal.

(ii) Prove that your measure is stable or, alternatively, change your measure
such that it is stable.

2. Lipschitz function on the sphere (three credits). Let d be a positive integer
constant and f : S — R a Lipschitz function. Note that the d-dimensional
volume of S? is bounded from above by a constant that depends on d.

(i) Prove that for ¢ > d, the degree-q total persistence of f is bounded from
above by a constant.

(ii) Use the result in (i) to show that for ¢ > d + 1, the degree-q total persis-
tence measuring Lipschitz functions on S? is stable.

3. Fast pairing (two credits). Let f : S' — R be a continuous, piecewise linear
function specified by its values at the vertices of a triangulating n-gon.

(i) Assuming f(x;) # f(z;) for all pairs of vertices x; # x; of the n-gon,
characterize the vertices that are paired by extended persistence.

(ii) Furthermore assuming the vertices are given in the order of increasing
function value, show that the extended persistence pairing can be com-
puted in time at most some constant times n.

4. Inflection points and bitangent lines (one credit). Let 7 : S! — R be a
smooth embedding of the circle in the plane. Suppose the curvature vanishes
only at a finite number of points. Show that there are only a finite number of
lines that are tangent to the curve at two or more points.
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5. Labeling regions (two credits). Consider the Watershed Algorithm for seg-
menting a triangulated 2-manifold given in Section IX.3.

(i) Modify the algorithm so it labels the simplices in each region with the
index of the generating maximum.

(ii) Define the i-th region as the union of the interiors of the simplices labeled
i by the modified Watershed Algorithm. Prove that it is homeomorphic
to an open disk.

6. Ordering the pixels (two credits). Let n = 2% and consider an n-by-n array
of pixels p] for 1 < 4,5 < n. We define what it means to list the pixels in
Z-order. For k = 1, we have four pixels which we arrange as p}, p?, ps, p3. For
k > 1, we decompose the array into four equal blocks and list the upper left,
the upper right, the lower left, the lower right blocks in this sequence and each
in Z-order.

(i) Assume the pixels are listed in lexicographic ordering of their index pairs,
(,7). Write an algorithm that rearranges the pixels in Z-order.

(ii) Write computer programs that translate back and forth between the row-
column index pairs of a pixel and its index in Z-order.

7. Isomorphic relative homology groups (three credits). Let Y be a d-manifold
with boundary and let bd Y = A UB be a decomposition of the boundary into
two (d — 1)-manifolds with common, (d —2)-dimensional boundary and disjoint
interiors. Prove that Hy_,(Y,A) ~ H,(Y,B) for all dimensions p.

8. Distance function (two credits). Let S be a finite set of points in R? and let
f : R?Y = R be defined by f(z) = minyes ||z —u. Recall from Chapter I1I
that Alpha(r) is the alpha complex defined by S and a radius r > 0.

(i) Let r < s and consider the diagram of homology groups in which all four
maps are induced by inclusion:

Hp(f_;[oﬂ) — Hp(f?[@éﬂ)
H,(Alpha(r)) — Hy,(Alpha(s)).

Prove that the vertical maps are isomorphisms and that the diagram com-
mutes.

(ii) Show that the persistence diagrams of f are the same as those of the
sequence of alpha complexes.
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