MEDIAL/SKELETAL LINKING STRUCTURES FOR
MULTI-REGION CONFIGURATIONS

JAMES DAMON! AND ELLEN GASPAROVIC?2

ABSTRACT. We consider a generic configuration of regions, consisting of a
collection of distinct compact regions {€2;} in R?*1 which may be either regions
with smooth boundaries disjoint from the others or regions which meet on
their piecewise smooth boundaries B; in a generic way. We introduce a skeletal
linking structure for the collection of regions which simultaneously captures the
regions’ individual shapes and geometric properties as well as the “positional
geometry” of the collection. The linking structure extends in a minimal way
the individual “skeletal structures” on each of the regions. This allows us to
significantly extend the mathematical methods introduced for single regions
to the configuration of regions.

We prove for a generic configuration of regions the existence of a special
type of Blum linking structure which builds upon the Blum medial axes of the
individual regions. As part of this, we introduce the “spherical axis”, which
is the analogue of the medial axis but for directions. These results require
proving several transversality theorems for certain associated “multi-distance”
and “height-distance” functions for such configurations. We show that by
relaxing the conditions on the Blum linking structures we obtain the more
general class of skeletal linking structures which still capture the geometric
properties.

The skeletal linking structure is used to analyze the “positional geometry”
of the configuration. This involves using the “linking flow” to identify neigh-
borhoods of the configuration regions which capture their positional relations.
As well as yielding geometric invariants which capture the shapes and geome-
try of individual regions, these structures are used to define invariants which
measure positional properties of the configuration such as: measures of rela-
tive closeness of neighboring regions and relative significance of the individual
regions for the configuration.

All of these invariants are computed by formulas involving “skeletal linking
integrals” on the internal skeletal structures of the regions. These invariants
are then used to construct a “tiered linking graph”, which for given thresholds
of closeness and/or significance, identifies subconfigurations and provides a
hierarchical ordering in terms of order of significance.
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1. INTRODUCTION

We consider a collection of distinct compact regions {€;} in R"*! with piecewise
smooth generic boundaries 5;, where we allow the boundaries of the regions to meet
in generic ways (see Figure 2). For example, in 2D and 3D medical images, we
encounter collections of objects which might be organs, glands, arteries, bones, etc.
Researchers have already begun to recognize the importance of using the relative
positions of objects in medical images to aid in analyzing physical features for
diagnosis and treatment (see especially the work of Stephen Pizer and coworkers
in MIDAG at UNC for both time series of a single patient and for populations of
patients [CP], [LPJ], [GSJ], [JSM], [JPR], and [Jg]) and other approaches such as
by e.g. Pohl et al [PFL].

These physical configurations in images can be modeled by such a configuration
of regions (see Figure 1). Now, the geometric properties of the configuration are
determined by both the shapes of the individual regions and the positions of the re-
gions in the overall configuration. The “shapes”of the regions capture both the local
and global geometry as well as the topology of the regions. The overall “positional
geometry” of the configuration involves such information as: the measure of relative
closeness of portions of regions, characterization of “neighboring regions”, and the
“relative significance” of an individual region within the configuration. Such prop-
erties are not captured by single numerical values such as the Gromov-Hausdorff
distance between such configurations nor by invariants that would be appropriate
for a collection of points.

(a) (b)

FIGURE 1. Examples of 3-dimensional medical images (obtained
by MIDAG at UNC Chapel Hill) of a collection of physiological
objects which can be modeled by a multi-region configuration. a)
Prostate, bladder and rectum in pelvic region and b) mandible,
masseter muscle, and parotid gland in throat region.

The goal of this paper is to introduce for such configurations “medial and skeletal
linking structures”, which allow us to simultaneously capture shape properties of
the individual objects and their “positional geometry”.

Such structures build on earlier work in which the first author developed the
notion of a “skeletal structure”for a single compact region 2 with smooth boundary
B [D1]. It consists of a pair (M,U), where the “skeletal set” M is a Whitney
stratified set in the region and U is a multivalued “radial vector field”defined on
M. Skeletal structures generalize the notion of the Blum medial axis of a region
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FIGURE 2. Multi-region configuration in R2.

with smooth boundary [BN] (also called the “central set”, see [Y]), which is the
locus of centers of spheres in 2 tangent to B at two or more points (or having a single
degenerate tangency). The Blum medial axis is a special type of skeletal structure
(with U consisting of the vectors from points of M to the points of tangency).

The Blum medial axis M captures the shape of a region. It has several alternate
descriptions as the shock set of the “grassfire/eikonal flow” from the boundary as in
Kimia-Tannenbaum-Zucker [KTZ] and as the Maxwell set of the family of “distance
to the boundary functions”, see Mather [M2]. These multiple descriptions have
allowed for the classification of the local structure of M for regions with generic
boundaries B [Y], [M2], [Gb], [GK]. In addition, these have led to several different
methods for computing the medial axis using properties of the grassfire/eikonal flow
[BSTZ], [DDS] and Voronoi methods (see [PS] for a survey of these methods) and
a recent method using B-spline representations to directly evolve the medial axis
[MCD].

The skeletal structure relaxes several of the conditions in the Blum case, and
allows more flexibility in applying skeletal structures to model objects including;:
using skeletal structures as deformable templates for modeling objects [P], over-
coming the lack of C!-stability of the Blum medial axis, allowing alternate models
based on a region being swept out by a family of hyperplanes, [D7] and the related
[GK2], and providing discrete models to which statistical analysis can be applied
[P2], [PJG]. This has enhanced their usefulness for modeling and computer imaging
questions for medicine and biology (see e.g. [PS] for a survey of results).

Furthermore, the structure enables both the local, relative, and global geometric
properties of the region and its boundary to be computed from the “medial geome-
try” of the radial vector field on the skeletal structure [D2], [D3], [D4]. This includes
conditions ensuring the nonsingularity of a “radial flow” from the skeletal set to the
boundary. This allows the region to be fibered with the level sets of the flow and
implies the smoothness of the boundary [D1, Thm 2.5]. As the Blum medial axis is
a special type of skeletal structure these results also apply to it, and to the related
“symmetry-set” [BGG].
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In this paper, we introduce the “medial and skeletal linking structures” which
build upon individual skeletal structures of the regions in a minimal way, but still
enable us to analyze the positional geometry of the configuration along with the
shapes of the individual regions. The added structure consists of a multivalued
“linking function”/; defined on the skeletal set M; for each region 2; and a re-
finement of the Whitney stratification of M; on which it is stratawise smooth.
The linking functions ¢; together with the radial vector fields U; yield multivalued
“linking vector fields” L;, which satisfy certain linking conditions. Even though the
structures are defined on the skeletal sets within the regions, the linking vector
fields allow us to capture geometric properties of the external region as well. In
addition, we identify the regions which are unlinked and classify their local generic
structure by introducing the spherical axis which is the analog of the Blum medial
axis but for the family of height functions on the region boundaries.

The paper is divided into four parts. In Part I, we define and give the basic
properties of medial/skeletal linking structures and state two theorems assuring
the existence of a skeletal linking structure for generic configurations. First, for
a general generic multi-region configuration with singular shared boundaries, we
establish the existence of a generic “full Blum linking structure” for the configuration
(Theorem 4.18). In the special case where all of the regions are disjoint with smooth
generic boundaries, this yields a “Blum medial linking structure” (Theorem 4.17).
This special case for disjoint regions was obtained in the thesis of the second author
[Ga]. Then, in the case of a generic configuration with singular boundaries, the
Blum structure now contains the singular points of the boundaries in its closure
and we give an “edge-corner normal form”near such singular points. This requires
providing an addendum (Theorem 4.5) to the result of Mather [M2] for a single
region, where we now allow a singular boundary. In Section 5 we explain how to
modify the resulting Blum structure to obtain a skeletal linking structure.

In Part II, we use the linking structure to determine properties of the “posi-
tional geometry” of the configuration. We introduce and compute several invariants
of the positional geometry, and deduce properties of these invariants. These use
the linking flow (which extends the radial flow into the external region) and allows
the determination of the linking neighborhoods between regions. The nonsingular-
ity of the linking flow will follow from linking curvature conditions on the linking
functions, having a form analogous to those given in [D1, Thm 2.5] for the radial
flow.

This allows us to introduce invariants which include measures of relative closeness
and positional significance of the individual regions for the configuration. These
are given in terms of volumetric measurements on the regions themselves and on
associated regions defined by the linking flow. The measure of significance allows
us to identify the central regions as well as outliers from among the regions. We
prove that using the linking structure, we can compute these volumetric invariants
(which involve regions outside the configuration) as “skeletal linking integrals”on
the internal skeletal sets. These invariants are then used to construct a “tiered
linking graph”. When given thresholds of closeness and significance are applied
to this graph, they yield subgraph(s) identifying subconfigurations and provide a
hierarchical ordering of the regions. The skeletal linking structure also allows for
the comparison and statistical analysis of collections of objects in R"*!, extending
the analyses given in earlier work for single regions.
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In Parts III and IV, we prove the existence and derive the generic properties
of the (full) Blum linking structure. The properties of the Blum structure result
from generic properties of several associated “multi-functions” which include “multi-
distance functions”and “height-distance functions”. Because these latter functions
are examples of divergent diagrams of functions, the usual theorems of singularity
theory do not apply (see e.g. [DF]). Nonetheless, in Part III we prove a multi-
transversality theorem (Theorem 13.2) which applies to the multi-functions relative
to a “partial multijet space”. This yields the generic properties for the Blum linking
structures for an open dense set of the space of embeddings of configurations of each
given type. This transversality theorem extends earlier transversality theorems for
families of functions due to Looijenga [L] and Wall [Wa] and is based on a “hybrid
transversality theorem” (Theorem 16.5) using results from [D5].

In Part IV we construct the families of perturbations needed for applying the
transversality theorems. We then carry out the necessary derivative computations
needed to prove the applicability of the transversality theorems to the space of
embeddings of a configuration. This allows us to deduce for an open dense set of
mappings the existence of the Blum linking structures with their generic properties.

The authors would like to thank Stephen Pizer for sharing with us his early work
with his coworkers on medical imaging involving multiple objects in medical images.
This led us to seek a completely mathematical approach to these problems. We
also are very grateful to the several referees for their careful reading and multiple
suggestions for improving the exposition in the paper, and to the editor Alejandro
Adem for his considerable help in moving the process forward. Hopefully the final
version reflects all of this.

Overview of the Genericity and Transversality Results.

To establish the results of this paper for the generic properties of the geometric
structures, we will carry out extensions of earlier work of Mather [M2], Looijenga
[L], and Wall [Wa]. We indicate exactly the form that these extensions will ulti-
mately take.

First, in the Blum case, rather than consider the disjoint Blum medial axes for
different regions, we consider the “generic linking properties” for the distinct re-
gions. This forces us to consider the interplay between the stratifications on the
boundaries that arise from the individual Blum medial axes and the stratification
resulting from the family of height functions. These interactions result from having
two distance functions or a distance function and a height function at the same
point. This problem already arises in the case of distinct regions with smooth
boundaries as the linking occurs via the complementary region. To handle this
situation we introduce transversality theorems for multi-functions, which will yield
the generic interplay between the stratifications. These “hybrid transversality the-
orems” allow us to prove transversality for the multijets of such multi-functions
relative to partial jet spaces, which are subbundles of jet bundles. We apply these
theorems in the context of continuous mappings from Baire spaces of embeddings of
configurations to the spaces of parametrized families of functions. These theorems
extend earlier relative and absolute transversality theorems in [D5].

Second, Mather’s results for the Blum medial axis concentrated on the local
structure of the Blum medial axis by using a multi-germ versality theorem. This
by itself does not imply anything about the corresponding properties of points on
the boundaries corresponding to the medial axis points. Several partial results
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were obtained by Porteous [Po] and Bruce-Giblin-Tari [BGT] from the point of
view of the geometry of the boundary as a surface. We address this by establishing
a general result for the resulting stratifications of the boundary by the “generic
linking type” of the points. We also apply the transversality theorem of Wall for
the family of height functions and our extension for “height-distance” functions to
give the generic properties of the “spherical axis”, the resulting properties of the
stratification of the unlinked region, and its relation with the Blum stratifications
on the boundaries.

Third, one of the principal extensions is to collections of regions allowing bound-
aries and corners where the regions may share portions of their boundaries allowing
specific generic local forms. The methods we develop allow us to include these non-
smooth features in our analysis. For the global theory we prove special versions
of the transversality theorem to overcome the problem on stratified sets in sev-
eral ways. This depends upon replacing the Seeley extension theorem [Se] used by
Mather with a more general extension theorem due to Bierstone [Bi]. This then
extends traditional transversality theorems so they can apply to this situation. One
consequence is to provide an addendum to Mather’s theorem on the local generic
form of the Blum medial axis for a region with generic smooth boundary to the
case where the region has a generic boundary with corners.

Fourth, genericity proved from the multi-transversality theorems only yields the
results for a residual set of mappings of configurations. By contrast, Mather [M2]
asserts that the generic set of embeddings for the Blum medial structure form an
open set, although he does not prove it in his paper. We give a treatment in our
general case to prove that the set of smooth embeddings of configurations which
exhibit the generic linking properties forms an open set in the space of smooth
embeddings (and hence smooth mappings). We do so by relating the versality of
the distance and height functions with the infinitesimal stability of associated map-
pings, and then applying Mather’s general theorem “infinitesimal stability implies
stability” [M5].
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2. MUuLTI-REGION CONFIGURATIONS IN R7+!

Local Models for Regions at Singular Points on Boundary. We begin by
defining what exactly we mean by a “multi-region configuration”. First, we consider
compact connected n+1- dimensional regions 2 C R"*! which are smooth manifolds
with boundaries and corners, with boundaries denoted by B. We recall that  is
a manifold with boundaries and corners if each point x € B has a neighborhood
U C Q diffeomorphic, with = — 0, to an open subset of C, = Rﬁ xR 1=k for some
0 < k < n. We refer to such = as a k-edge-corner point. Here Ri ={(z1,...,2k) €
R : z; > 0}. Then B is stratified by the strata consisting of k-edge-corner points
x € B. Those strata of dimension n will be referred to as the open (or regular)
strata of the boundary.

Second, we require that the regions satisfy the boundary intersection condition: if
two such regions intersect, they do so only on their boundaries; and their common
intersection is a union of strata (defined above). Third, the regions satisfy the
boundary edge condition: if a point x is contained in more than one region then
the union of the boundaries of the regions containing x is locally diffeomorphic in
a neighborhood of x to one of the following regions P, or @ in R"*! for k =
1,...n+1.

Fory = (y1,...,ykr1) € R¥L welet gry1(y) = Zf:ll yi- Then, we may identify
R+ with Ly, x R*1~F where Ly = {y € R¥*1 : g111(y) = 0}. We then define

i) P, =Y, x Rtk where
Y = {y € Ly, : for some i # j, y; = y; < ye for £ # 1, j}
and for 1 < k <n,
11) Qk = Zn+1 U (Hn-i—l N Pk)a
where for (y,z) € L, x R"17F with 2 = (2p41,...,7001) € R*FFZ, 11 is the
hyperplane defined by z,4+1 = 0, and H,; is the half-space defined by z,4+1 > 0.

The local forms for R? consist of a smooth surface together with those shown in

Figure 3.

2@ HE

FIGURE 3. Generic local forms for intersecting regions in R3: a)
Pg; b) P3; C) Ql; and d) Qg.

We note that P; denotes a smooth boundary region of each of two regions, so
a point of the common boundary region will be in the closure of the open strata
unless it is a point where more than two regions (including the exterior) meet. For
k > 1, a Py-point of a region §2; will be a singular point of the boundary, and hence
lies in the singular set of B;.

By contrast, there are two possibilities for Qg-points. First, a region may have
for its boundary the hypersurface Z,,4+1 in the local model at a Qg-point. We refer
to the point as a smooth Qp-point. Second, the boundary in the local model at a
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Qr-point may be formed from both part of Z,,;1 and a face from Py in the local
model. The Qg-point will be a singular point of its boundary, and we refer to it as
a singular Qi-point. For a region €2;, the set of smooth Qg-points for all k defines
a compact Whitney stratified set ¥¢g;. This locally consists of the intersection
of Z, 1 with the other faces. It is contained in the set of smooth points of the
boundary B;. We let ¥q = U;Xq;.

Remark 2.1. For the local configurations in a) and b) in Figure 3, one of the
complementary regions may denote the external complement of the union of re-
gions. For c¢) and d), only one of the regions to the right of the plane may be a
complementary external region. Physically such local configurations of type a) or
b) arise when regions with flexible boundaries have physical contact. This includes
the singularities in soap bubbles. For ¢) and d), the region to the left of the plane
would represent a rigid region with which one or more flexible regions have contact.

Definition 2.2. A multi-region configuration consists of a collection of compact
(n + 1)-dimensional regions Q; C R"™1 4 = 1,... m, which have smooth bound-
aries with corners, with boundaries denoted by B;, and satisfying the boundary
intersection condition and the boundary edge condition.

For a given configuration of regions @ = {€;}7,, the union U*,Q; has a Whit-
ney stratification consisting of the interiors of the €2; together with the strata of
the boundaries of the €2; formed from the k-edge-corner points for each given k,
and their complement consisting of smooth points of each boundary (for detailed
treatments of Whitney stratifications and their properties see e.g. [Wh], [M1], [M3],
or [GLDW]). Also, we let Qg denote the closure of the complement R\ U™ | ;.

The Space of Equivalent Configurations via Mappings of a Model. In
order to consider generic configurations, we describe how we will deform such a
configuration of regions preserving the form of the intersections via mappings of the
configuration. Let A be a configuration of multi-regions {A;} (in R™*!) satisfying
Definition 2.2.

Definition 2.3. A multi-region configuration €2 based on model configuration A is
given by a smooth embedding ® : A — R™*! which restricts to diffeomorphisms
A; ~ §; for each i. Multi-region configurations with model configuration A will
be said to be configurations of the same type as €.

The space of configurations of type A is given by the space of embeddings
Emb (A, R" 1) with the C*°-topology.

For such a configuration, we let the boundary of A; be denoted by X; and then
B; = ®(X;) is the boundary of ;. Even though the configuration varies with ®
we still use the notation €2 for the resulting (varying) image configuration (with a
specific ® understood). We have the stratification of A as described above and by
applying ® we obtain a corresponding stratification of €2.

We note that the union of the regions can be viewed as a manifold with bound-
aries and corners except edges and corners are inward pointing. Nonetheless, we
shall see that the basic properties that are used for mappings on manifolds with
boundaries and corners will still be valid.

Definition 2.4. The regions A; and A; are adjoining regions if X; N X; # 0.
If X;\ Ujz X; # 0, we say A; adjoins the complement. These then have the
corresponding meanings for the image regions €2;, {; and ).
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FIGURE 4. A multi-region configuration in R%. The stratification
consists of the interiors of the regions, the open boundary curves,
excluding branch points which are either of type P> or Q.

Remark 2.5. In the special case of a configuration consisting of disjoint regions
with smooth boundaries, each region is thus only adjoined to the complement.
Then, we shall see that the geometric relations between the regions will be captured
only via linking behavior in the external region.

As all of the A; are compact, ®(A) is compact and hence bounded. However,
we introduce a stronger notion of being bounded. If we are given an ambient region
Q so that Q; C int (Q) for each i, then we say that € is a configuration bounded
by Q. Then we may either consider bounded configurations given by an embedding
®: A — R"! with ®(A) denoting Q, and & = ®|A; or fix Q and consider
embeddings ¢ : A — int (Q) Such a might be a bounding box or disk or an
intrinsic region containing the configuration, for examples see §9.

Configurations allowing Containment of Regions. In our definition of a
multi-region configuration, we have explicitly excluded one region being contained
in another. However, given a configuration which allows this, we can easily identify
such a configuration with the type we have already given. To do so, we require
that the boundaries of two regions still intersect in a union of strata which form
the closure of strata of dimension n. Then, if one region is contained in another
; C Q;, then we may represent §2; as a union of two regions €}; and the closure
of Q;\(int (£;) U (B; N B;)), which we refer to as the region complement to €2; in
;. By repeating this process a number of times we arrive at a representation of
the configuration as a multi-region configuration in the sense of Definition 2.2. See
Figure 5.
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, o @S

FIGURE 5. a) is a configuration of regions contained in a region
Q. Tt is equivalent to a multi-region configuration b) which is with-
out inclusion. Note that in this representation, the boundary of
contained regions will meet in a transverse fashion, any boundary
region of the containing region.

3. SKELETAL LINKING STRUCTURES FOR MULTI-REGION CONFIGURATIONS IN
R"+1

The skeletal linking structures for multi-region configurations will build upon
the skeletal structures for individual regions. We begin by recalling their basic
definitions and simplest properties.

Skeletal Structures for Single Regions. We begin by recalling [D1] that a
“skeletal structure” (M, U) in R"™! [D1, Def. 1.13], consists of: a Whitney strat-
ified set M and a multivalued “radial vector field” U on M. We will not give
every condition in detail, but instead point out the key features and just mention
certain technical conditions that are needed so the structure has the correct global
properties.

M satisfies the conditions for being a “skeletal set” [D1, Def. 1.2], which we
briefly recall. The skeletal set M consists of smooth strata of dimension n, denoted
by M;eq, and the set of singular strata Mging, with OM denoting the singular
strata where M is locally a manifold with boundary (for which we must use special
“boundary coordinates”, see [D1, Def. 1.3]). It satisfies the following properties.

i) For each point zg € Mging, and each connected component My of M4 in
a sufficiently small neighborhood of zg, there is a unique limiting tangent
space lim T, M,, for any sequence {z;} C M, converging to xg.

ii) Locally in a neighborhood of a singular point xg, M may be expressed as
a union of (smooth) n—manifolds with boundaries and corners M, , where
two such intersect only on boundary facets (faces, edges etc.). We will refer
to this as a “paved neighborhood” of zy (see Figure 6).

iif) If z9 € OM then those M,, in (2) meeting OM meet it in an n — 1 dimen-
sional facet.

Condition ii) is a simplified form of a local triangulation of a stratified set, see [Go],

[V].
Second, the multivalued vector field U has the following properties.

i) For each smooth point xg € Mg, there are two values of U which point

toward opposite sides of T,,, M. Moreover, on a neighborhood of a point of

M,.cq, the values of U corresponding to one side form a smooth vector field.

ii) For a singular point xq ¢ M, with M, a connected component containing

2o in its closure, both smooth values of U on M, extend smoothly to

values U(xg) on the stratum of zg. If M,; does not intersect M in a
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neighborhood of xg, then U(xg) ¢ Tp,M,,;. In addition, for each local
connected component C; of Be(z¢) N (R**1\M) in a small ball B.(xo),
there is a unique value of U pointing into C; and the values at points in
a neighborhood B (z9) N M of z¢ which point into C; define a continuous
vector field which is smooth on each stratum of M (see a) in Figure 6 or
Figure 9).

iii) At points zp € OM, there is a unique value for U which is tangent to the
stratum of M,.4 containing ¢ in the closure and points away from M.

When we refer to a smooth value of U at z¢p we mean either a smoothly varying
choice of U on one side of M if xg € M, or one on M, extending smoothly to
xg if 29 € Msing. This allows various mathematical constructions on the smooth
strata to be extended to the singular strata M;,4, see [D1, §2].

Using the multivalued radial vector field U, we can define a stratified set (with
smooth strata) M, called the “double of M”. Points of M consist of all pairs
Z = (U,x) where U is a value of the radial vector field at x, and neighborhood of
points Z are defined in M using continuous extensions of U near x. For example,
the neighborhood in a) of Figure 6 gives the neighborhoods in M corresponding
to b) and c¢). There is also defined a finite-to-one stratified mapping  : M — M
defined by (U, z) = z, see [D1, §3].

On M is defined a “normal line bundle” N, such that over # = (U, z), Nz = {a-U :
a € R}. Tt is a trivial line bundle, with a “half-line bundle” Ny = {c¢-U : ¢ > 0}. We
also define “one-sided neighborhoods”of the zero section N, = {c¢-U : 0 < ¢ < a}.

T g T

FIGURE 6. a) illustrates a “paved neighborhood”of a point in
M showing the paving by manifolds with boundaries and corners
and the multivalued vector fields pointing to the local complemen-
tary components. b) and c) illustrate the two corresponding paved
neighborhoods in M.

Then, using M, we can define the “radial flow”. In a neighborhood W of a point
xo € M with a smooth single-valued choice for U, we define a local representation
of the radial flow by 1:(z) = x4+t -U(z). It yields a global radial flow as a mapping
U : N, — R"L Lastly, there are two technical conditions for a skeletal structure,
the “local initial conditions”[D1, Def. 1.7] which ensure that the radial flow for
small time remains one-to one (and stratawise nonsingular).

We also recall from [D1] that beginning with a skeletal structure (M,U) in
R"1) we associate a “region”) = W(N;) and its “boundary”B = {z + U(z) : v €
M all values of U}. Then, provided certain curvature and compatibility conditions
are satisfied, which we will recall in §7, it follows by [D1, Thm 2.5] that the radial
flow defines a stratawise smooth diffeomorphism between N;\M and Q\M, with
the boundary. From the radial flow we define the radial map ¥1(x) =  + U(x)
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from M to B. We may then relate the boundary and skeletal set via the radial flow
and the radial map.

A standard example we consider will be the Blum medial axis M of a region )
with generic smooth boundary B and its associated (multivalued) radial vector field
U. Then, the associated boundary B we consider here will be the initial boundary
of the object.

Skeletal Linking Structures for Multi-Region Configurations.

We are ready to introduce skeletal linking structures for multi-region configura-
tions. These structures will accomplish multiple goals. The most significant are
the following.

i) Extend the skeletal structures for the individual regions in a minimal way to
obtain a unified structure which also incorporates the positional information
of the objects.

ii) For generic configurations of disjoint regions with smooth boundaries, pro-
vide a Blum medial linking structure which incorporates the Blum medial
axes of the individual objects.

iii) For general multi-region configurations with common boundaries, provide
for a modification of the resulting Blum structure to give a skeletal linking
structure.

iv) Handle both unbounded and bounded multi-region configurations.

Later we shall also see that the skeletal linking structure has a second important
function allowing us to answer various questions involving the “positional geome-
try”of the regions in the configuration.

We begin by giving versions of the definition for both the bounded and un-
bounded cases.

Definition 3.1. A skeletal linking structure for a multi-region configuration {€;}
in R™*! consists of a triple (M;,U;,¢;) for each region €; with the following two
sets of properties.

S1) (M;,U;) is a skeletal structure for §2; for each ¢ with U; = r; - u; for u;
a (multivalued) unit vector field and r; the multivalued radial function on
M;.

S2) ¢; is a (multivalued) linking function defined on M; (excluding the strata
M; o, see L4 below), with one value for each value of U;, for which the
corresponding values satisfy ¢; > r;, and it yields a (multivalued) linking
vector field L; = ¢; - u; .

S3) The canonical stratification of M, has a stratified refinement S;, which we
refer to as the labeled refinement.

By S; being a “labeled refinement” of the stratification Mi we mean it is a refinement
in the usual sense of stratifications in that each stratum of M; is a union of strata
of §;; and they are labeled by the linking types which occur on the strata.

In addition, they satisfy the following four linking conditions.
Conditions for a skeletal linking structure

L1) ¢; and L, are continuous where defined on M; and are smooth on strata of
S;.
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L2) The “linking flow” (see (3.1) below) obtained by extending the radial flow
is nonsingular and for the strata S;; of S;, the images of the linking flow
are disjoint and each W; ; = {x + L;(z) : € S;;} is smooth.

L3) The strata {W;;} from the distinct regions either agree or are disjoint
and together they form a stratified set My, which we shall refer to as the
(external) linking axis.

L4) There are strata M;» C Mi on which there is no linking so the linking
function ¢; is undefined. On the union of these strata M., = U; M, o, the
global radial flow restricted to Ny |M is a diffeomorphism with image the
complement of the image of the linking flow. In the bounded case, with Q
the enclosing region of the configuration, it is required that the boundary
of Q is transverse to the stratification of My and where the linking vector
field extends beyond €, it is truncated at the boundary of (this includes
M).

We denote the region on the boundary corresponding to M., by B and that
corresponding to M; o by B; -

Remark 3.2. By property L4), B; - does not exhibit any linking with any other
region. We will view it as either the unlinked region or alternately as being linked
to 0o, where we may view the linking function as being co on M; . In the bounded
case with Q the enclosing region of the configuration, we modify the linking vector
field so it is truncated at the boundary of Q). We can also introduce a “linking vector
field on M..” by extending the radial vector field until it meets the boundary of €.
Then, in the bounded case, we let M, denote the set of points in M whose linking
vector fields end at the boundary of Q. Then, M., C M, C M, and in the generic
bounded case, M} has a natural stratification, and it provides the linking to the
boundary of €.

For this definition, we must define the “linking flow” which is an extension of
the radial flow. We define the linking flow from M; by

(3.1) Ai(z,t) = z + xi(x, t)u(x) where
1
2tr;(x 0< =
21 — t)ri(z) + (2t — 1)4;(x) 5 <1

As with the radial flow it is actually defined from M; (or M;\M.). The combined
linking flows \; from all of the M; will be jointly referred to as the linking flow A.
For fixed ¢t we will frequently denote A(-,t) by A:.

Convention: Because we will often view the collection of objects for the linking
structure as together forming a single object, we will adopt notation for the entire
collection. This includes M for the union of the M; for i > 0, and similarly for M.
On M (or M) we have the radial vector field U and radial function 7 formed from
the individual U; and r;, the linking function ¢ and linking vector field L formed
from the individual ¢; and L;; as well as the linking flow A and M, already defined.

We see that for 0 <t < % the flow is the radial flow at twice its speed; hence,
the level sets of the linking flow, B;;, for time 0 < ¢ < % will be those of the radial
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flow. For % <t <1 the linking flow is from the boundary B; to the linking strata
of the external medial linking axis.

By the linking flow being nonsingular we mean it is a piecewise smooth home-
omorphism, which for each stratum S;; C Mi, is smooth and nonsingular on
Sij % [O, %] Also, either: S;; x [%, 1] is smooth and nonsingular if S; ; is a stratum
associated to strata in B;o; or S;; is not associated to strata in B;o, £; = r; on
S;;, and so the linking flow on S;; x [3,1] is constant as a function of ¢. That the
linking flow is nonsingular will follow from the analogue of the conditions given in
[D1, §3] for the nonsingularity of the radial flow. These will be given later, when
we use the linking flow to establish geometric properties of the configuration.

FIGURE 7. Skeletal linking structure for multi-region configura-
tion in R?. Note that the linking axis includes the shared boundary
curves of adjoined regions.

In Figure 7 we illustrate (a portion of) the skeletal linking structure for a configu-
ration of four regions. Shown are the linking vector fields meeting on the (external)
linking axis. The linking flow moves along the lines from the medial axes to meet
at the linking axis.

Linking between Regions and between Skeletal Sets. A skeletal linking
structure allows us to introduce the notion of linking of points in different (or
the same) regions and of regions themselves being linked. We say that two points
x € M; and 2’ € M; are linked if the linking flows satisfy \;(z,1) = \;(2/,1). This
is equivalent to saying that for the values of the linking vector fields L;(z) and
L;(z'"), x + Li(z) = 2’ + Lj(z). Then, by linking property L3), the set of points
in Mi and M ; which are linked consist of a union of strata of the stratifications S;
and S;. Furthermore, if the linking flows on strata from S; C M, and Sjw C Mj
yield the same stratum W C M, then we refer to the strata as being linked via the
linking stratum W. Then, u; ; = A;(-,1)71 0 A;(+, 1) defines a diffeomorphic linking
correspondence between S; and S; .

In Part II we will introduce a collection of regions which capture geometrically
the linking relations between the different regions. For now we concentrate on un-
derstanding the types of linking that can occur. There are several possible different
kinds of linking. More than two points may be linked at a given point in Mj. Of
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these more than one may be from the same region. If all of the points are from a
single region, then we call the linking self-linking, which occurs at indentations of
regions. If there is a mixture of self-linking and linking involving other regions then
we refer to the linking as partial linking, see Figure 8.

(@

i\ ¥

S

FIGURE 8. Types of linking for multi-region configuration in R?:
a) linking between two objects; b) self-linking; and c¢) partial link-
ing.

Remark 3.3. If Q; and 2; share a common boundary region, then certain strata
in M; and M; are linked via points in this boundary region, and for those x € M;,
li(x) = ri(x); see Figure 7.

4. BLUM MEDIAL LINKING STRUCTURE FOR A GENERIC MULTI-REGION
CONFIGURATION

Blum Medial Axis for a Single Region with Smooth Generic Boundary.
In the case of a single region ) with smooth generic boundary B, the Blum medial
axis M is a special example of a skeletal structure which has special properties for
both the medial axis M and the radial vector field U. The generic local structure of
M is given by normal forms defined in terms of properties of the family of distance-
squared functions. This family is the restriction of the “distance-squared function”
o(x,u) = ||z — ul|* on R"™ x R We let p = o|(B x int (Q)). Then, the Blum
medial axis M is the Maxwell set of p, which is the set of u € int (2)) at which the
absolute minimum of p(-,u) occurs at multiple points or is a degenerate minimum.
To describe the generic structure of M, we begin by recalling a result of Mather.
In [M2], Mather is concerned with determining the generic structure of the distance
function §(z) = minyep ||z — y|| from points z € R"™\B to B. He gives such a
classification theorem which for generic B with n + 1 < 7 gives the structure of §
off of a finite set of points. He excludes a finite set of points for two reasons, which
he does not really explain in the paper. One is that his classification excludes
the classification at critical points of § on strata of M. The second is because for
n + 1 = 7 there can be isolated points where the structure theorem for generic
germs in terms of versal unfoldings as explained below does not directly apply.
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We begin our discussion of his results stated in a form where they yield the
generic structure of M, but do not consider the structure of the global distance
function J to B.

Structure of Maxwell Set Described by R*-Versal Unfoldings. At a point
ug € M of the Maxwell set, we let S = {x1,...,2x} C B be the points with
ro = p(z;) = p(x;) for all 1 < 4,5 < k, the minimum value for p(-,uo) and consider
the multigerm p : B x R"™ S x {uy} — R, 79, We view the coordinates of u as a
set of parameters for u € int () C R"*1. The mapping p is an “unfolding”of the
multigerm pg = p(-,uo) : B, S — R, rg on the parameters u. Such multigerms and
their unfoldings are studied using R -equivalence of multigerms py and p; via the
action of the group of pairs (g, ¢) which consist of a multigerm of a diffeomorphism
v : B,S — B,S and constant ¢ € R, so pp is RT-equivalent to p1 = ppo ¢ + ¢
(or for unfoldings p, pairs ¥(z,u) = (¥(z,u), \M(u)) : B x R"™1 S x {ug} — B x
RS x {up} and a smooth function germ c(u) so that p is RT-equivalent to po¥+
c(u)). Singularity theory applies to the classification of such multigerms and their
unfoldings. Provided py has “finite R T-codimension”in an appropriate sense, then
there is an R*-versal unfolding which is a finite parameter unfolding which captures
all possible unfoldings of py up to RT-equivalence (this extends to multigerms
Thom’s versal unfolding theorem for germs which he used in Catastrophe Theory
[Th]). The minimum number of parameters needed for the versal unfolding is the
R} -codimension of pg. These results are discussed by Mather in [M2], and some
details relating versality and transversality that were left out are treated in a more
general context in e.g. [D6].

These are applied by Mather to classify the local structure of the Blum medial
axis. We view  as the region enclosed by the boundary B = ¢(X), for ¢ : X —
R"*! a smooth embedding and X a smooth compact n-manifold. Then, there is
the following theorem of Mather [M2] which describes the generic properties of the
Blum medial axis of 2. The notion of “genericity” will be explained in more detail
in §13.

Theorem 4.1 (Generic Properties of the Blum Medial Axis). Ifn+1 < 6, there is
an open dense set of embeddings ¢ € Emb (X, R"*1) such that for any finite subset
S CB=p(X) and u € M, for which z,z' € S satisfy p(x,u) = p(a’,u)(=r), then
the multigerm p : Bxint (Q), Sx{u} — R, r is a versal unfolding for R -equivalence
of multigerms.

If n+1 =17, then there is a finite set of points Eyr C M which form strata of
dimension 0 such that for u € M\ Ep the same conclusions hold for multigerms
of p; while for each point u € Eyr, there is a unique point S = {x} in B and the
unfolding p at (x,u) defines a transverse section to the Eq-stratum (see below).

Remark 4.2. In the case n + 1 = 7, there may be isolated points v € M with
each having a unique corresponding point 2 € B such that the germ of p(-,u)|B
at z is RT—equivalent in local coordinates (yi,...,ys) to an E; singularity yi +
ys + ayiyld +y3 + - - - + y2, where |a| < 2. However the corresponding unfolding is
not Rt—versal as a is a modulus and the entire stratum in jet space formed by the
RT-orbits allowing a to vary has RT—codimension 7, while the individual orbits
have codimension 8. Generically a germ in the stratum may occur at an isolated
point; and the resulting unfolding cannot be versal but it does define a transverse
section to the Fy-stratum.
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Now such unfoldings of E7 germs are understood by a result of Looijenga [L2],
from which it follows that the topological classification of M near such FE; points is
independent of a for |a|] < 2. Moreover, it follows that the associated mappings used
in Lemma 15.3 are topologically stable by Looijenga’s theorem using the argument
in [D8, Thm. 4]. Thus, the arguments in §15 still can be applied when appropriately
modified in neighborhoods of the E; points using topological stability. We refer to
such points as generic E; points.

For n + 1 < 7, Mather’s theorem then gives the list of possible multigerms and
hence the corresponding local structure of M resulting from the normal forms for
the versal unfolding, except at the finite set of points in Fy; whenn+1=T7.

Excluding the case of Ej; when n 4+ 1 = 7, since each germ represents a local
minimum for points on the Blum medial axis, the only germs which occur are

the Ay singularities, which are R*-equivalent in local coordinates (y1,...,yn) to
Yt 2?22 yJ2 for k odd. If p(-,u) is a germ of type A,; at the point z;, then
the multigerm is said to be of generic type Aq where o = (aq,...,ax), and is

denoted Ay, Aq, -+ Aa, (where it is customary to denote A,, repeated r times
using exponent notation Ay, ).

In the generic case, the set of points u € M of type A, forms a submanifold Eg\?)
whose codimension in R"*! equals the R} codimension of a multigerm of type Ao,
which equals |a| — 1, with || = Ele a;. In addition, the {25\‘;) Co| <n+2}
form a Whitney stratification of M (because by the versality theorem, the structure
of M is analytically trivial along the strata, while for different simple types the
topological structure of the stratification differs). The smooth points of M are the
points u where p(-,u) has an A? singularity. The singular strata are of two types.
The stratum consisting of points u with p(-, u) having a single A3 singularity forms
the edge of M, denoted OM. This is part of the boundary of the regular stratum
viewed as an n-manifold. The closure M consists of strata Eg\?)
(and in the case n + 1 = 7 the E7 germs). The second type of singular strata are
the A} strata with & > 2 which are interior strata. For R3 see Figure 9 and the
accompanying Example 4.3.

with some «; > 3

Stratification of the Boundary B.

Mather does not explicitly refer to the stratification of the boundary. However, it
plays an important role when we consider configurations of regions. Corresponding
to each stratum Zg\cj) are strata of B consisting of the individual z; which belong
to the subset S defining points in Zg\?), see Figures 9 and 10. We denote the
corresponding strata of B by E(Ba). These strata are the images under projection
onto B of strata in the space of the versal unfolding. In turn, those strata consist of
subsets of points where the unfolding defines multigerms of a given type. However,
the unfolding theorem does not assert that the strata in B need be smooth of the
same dimension as corresponding strata in M. We shall later prove that generically
the E?) are indeed smooth submanifolds of the same dimension as Eg\?). As S and
o have no intrinsic ordering, when we refer to one of these strata in B which contains
x; we shall place a; first in the ordering. If n 4+ 1 = 7, there are unique generic E;
points on B corresponding to each of (the finite number of) points of Ej;; these
form a set of O-dimensional strata Ejg.

Stratification of B by ng) :
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The ng) define a stratification of B which we may view as consisting of three
parts:

(1) The first part consists of edge closure points and has a Whitney stratifica-
tion consisting of the strata Egga) containing the point x1 with oy > 3. This
is the subset of B where p(-,u) has a local minimum of Thom-Boardman
type X1 for some u € Q; orif n+1 =7, it also contains the 0-dimensional
strata Eg.

(2) The second part has a Whitney stratification consisting of the strata Egga)
with all o; = 1.

(3) The third part consists of the A; points which belong to a tuple in ng)
with some a;; > 3 for j > 1 (thus, they are points associated via the medial
axis to edge-closure points in the Blum medial axis).

Although we will only show that the first two of these subsets of strata each sep-
arately form Whitney stratifications, it should be possible with considerably more
work to show that together they form a Whitney stratification of B.

Example 4.3. For a generic region in R2, the refinement of M only involves adding
a finite number of isolated points to smooth curve segments, so the stratification
is Whitney. For a generic region in R3, the standard local Blum types are A%, Aj,
Ay Az, A3, and Al (the first consists of smooth points of M and the others are
shown in Figure 9). In Figure 10, we show the corresponding local stratification
types for the boundary. The A3 and A3A; points correspond to the edge-closure
points; the A3 and A} points form the A}-types, and the last A; point of type A; A3
is the third type. In this case, a direct calculation shows that the closure of the A?
points at an AsA; point in the boundary is a smooth curve, so that the Zgga) form
a Whitney stratification of B.

B P

a) edge b) Y-branching c) fin creation point d) "6-junction”

FIGURE 9. Generic local medial axis structures in R3: in a) the
Az points form the edge curve and in b) the A3 points form the
“Y-branch curve”; for ¢) there is an isolated Ay As point which is
the fin point and for d), an isolated A} point which is the “6-
junction” point.

Addendum to Generic Blum Structure for a Region with Boundaries
and Corners. There is an addendum to Mather’s theorem in the case of regions
Q which are manifolds with boundaries and corners. It concerns the local form
of the Blum medial axis in a neighborhood of a k-edge-corner point for regions
with boundaries and corners, which we introduced at the beginning of §2. This is
described using the following normal form .
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FIGURE 10. Generic local stratification of the boundary B for a
region in R? in terms of the corresponding types on the medial axis
listed in Figure 9 in terms of their A,-type: As and Aj are the
dimension 1 strata in B corresponding to edge and Y-branching
curves (with 3 A3 strata in the boundary for each Y-branching
curve), while the other three are dimension 0 strata of B corre-
sponding to the 0-dimensional strata of the medial axis in Figure
9; and the complement consists of open strata in B correspond-
ing to the 2-dimensional strata in the medial axis consisting of A?
points. Note there are 4 A} strata in the boundary for each 6-
junction point, and the last two figures represent strata on the two
opposite boundary regions correponding to the “fin creation
pOiIlt”AlAg.

Definition 4.4. The edge-corner normal form for the Blum medial axis of a k-
edge-corner point x consists of a smooth diffeomorphism v from the neighborhood
of 0in Cp = RY x R"™17F 'k > 2 to a neighborhood W of & with 0 — @ such that
the medial axis in W is the image (E), where

Er ={u=(u1,...,upt1) € Ck : there are 1 <4,j < k such that ¢ # j and u; = u;}
with the canonical Whitney stratification of Ej U 0CYk.

For example in R3, a) and b) of Figure 11 illustrate the edge-corner normal forms
for the Blum medial axis at P, and Ps-edge-corner points.

o

a) b) c)

FIGURE 11. a) and b) edge corner normal forms for P, and P;
points. The darker shaded regions are the Blum medial axis. c)
Example at a (1 point of the transverse intersection of Yo with
the Az curve in the boundary.

We use similar notation for Mather’s Theorem, where now X is the boundary of
the compact region A C R™*! which has boundaries and corners. In addition, for
an embedding ¢ : A — R Q = p(A) and B = ¢(X). Then, the addendum is
the following.

Theorem 4.5 (Addendum to Generic Properties of the Blum Medial Axis). If

n+1<7, then there is an open dense set of embeddings ¢ € Emb (A, R"T1), such
that:
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i) the Blum medial axis has the same local properties in the interior of the
region int () as given in Theorem 4.1.

ii) if n+1 =7, then at a point uy € Ep with corresponding o € Ep, the
unfolding germ (z,u) — (p(x,u),u) : B x int (), (xg,up) — R x int () is
a topologically stable unfolding of an Er germ;

iii) the set of closure points in the boundary B of the Blum medial axis consists
of the edge-corner point strata of B;

iv) at these edge-corner points, the Blum medial azis satisfies the edge-corner
normal form.

For noncompact Q, the same result holds on a given compact region of R*1 for
an open dense set of embeddings.

If there is a compact Whitney stratified set S contained in the smooth strata of the
boundary, then for an open dense set of embeddings, the strata of S are transverse

to the strata E%a).

This addendum will be proved in the process of establishing the generic Blum
structure for general multi-region configurations (Theorem 4.18) in §15. The specific
information about Ej; follows using a result of Looijenga [L2] and is explained in
§15.

Remark 4.6. The Blum medial structure M for a region with boundary and
corners contains the singular points of the boundary in its closure, and at such
points the radial vector field U = 0. Hence, (M,U) does not define a skeletal
structure in the strict sense. However, it can still be used in exactly the same way
to compute the local, relative, and global geometry and topology of both the region
and its boundary, just as for skeletal structures. Hence, we can view it as a “relaxed
skeletal structure”, where “relaxed” means that M includes the singular boundary
points and U = 0 on these points.

Spherical Axis of a Configuration. Along with the medial axis, we will also find
use for its analog for the family of height functions. This family is the restriction of
the “height function” v : R"*! x 8" — R, defined by v(z,v) = z-v, to 7 : Bx S™ —
R (S™ is the unit sphere in R"*1). Here B may denote the smooth generic boundary
of a single region (2, or more generally the boundary for a configuration defined by
®: A — R*". We define the spherical azis Z C S™ of Q or the configuration 2
defined by ® to be the Mazwell set of —7, which is the set of v € S™ at which the
absolute maximum of (-, v) occurs at multiple points or is a degenerate maximum.
This consists of directions v € S™ for which the supporting hyperplanes z-v = ¢ for
the convex hull of 2 or € have more than two tangencies with B or a degenerate
tangency, (and v is normal to B at these points) see e.g. Figure 13. Recall that
- v = c¢ defines a supporting hyperplane for € if it meets the boundary B of €2,
which is contained in the half-space defined by z - v < c.

Remark 4.7. We note that while the height function depends on the choice of
the origin, the spherical axis doesn’t. Choosing a different point for the origin
only changes the height function by adding a constant. This will not change which
points on B are critical points, nor which type of singularity occurs at these critical
points. If there are multiple critical points at the same “height”, they will remain
at the same height when we shift the point (but the height will change by the same
amount for all).



MEDIAL/SKELETAL LINKING STRUCTURES 23

Then, there is the following analog of the addendum to Mather’s Theorem.

Theorem 4.8 (Generic Properties of the Spherical Axis). Ifn+1 <7, there is an
open dense set of embeddings of configurations ® € Emb (A, R"1) such that for any
finite subset S C B and v € M, for which z,2' € S satisfy T(x,v) = 7(2',v)(= 1),
then the multigerm 7 : B x S™,8 x {v} — R,r is a versal unfolding for R -
equivalence of multigerms.

If n+ 1 = 8, then there is a finite set Ez C Z such that for any v € Z\Fz,
the same conclusions hold for the multigerms of T; while at points v € Ez, T has a
generic F; singularity.

This result will follow from the transversality results in Proposition 14.8 as ex-
plained in §14.

Note: this holds for n + 1 < 8, because the dimension of the parameter space
S™ is one less than that of R™*!. This again gives the list of possible multigerms
and hence the corresponding local structure of M resulting from the normal forms
for the versal unfolding. Again since each germ for points on the spherical axis
represents a local minimum of —7 (or local maximum for 7), the only germs which
occur are the Ay singularities, for k& odd, which are local minima (or local maxima
for 7).

In the generic case, it follows that the set of points v € Z of type Ay forms

a submanifold E(Za) whose codimension in S™ equals the R} codimension of a

multigerm of type Aq. In addition, the {E(Za) : |lal < n+ 1} form a Whitney
stratification of Z. This stratification has the same generic form as for the Blum
medial axis except for one lower dimension.

Spherical Structure for a Configuration. Just as for the Blum medial axis, we may
associate to the spherical axis Z, both a height function A and a multivalued vector
field V. To do this we need to initialize the origin. Then, the height for a point u
on the spherical axis, which is a unit vector, defined for a point x € B is just the
dot product x-u. Furthermore, there may be multiple points associated to u, all of
which lie in the supporting hyperplane H defined by x-u = h(u), for the maximum
value h = h(u) for B. For each point z; € H N B, there is a vector V = x; — hu
orthogonal to the line spanned by u. This defines a multivalued vector field V.

Definition 4.9. The full spherical structure for the spherical axis of the multi-
region configuration is the triple (Z,h, V'), consisting of the spherical axis Z, the
height function h, and the multivalued vector field V. This depends upon the choice
of an origin on which all height functions are 0.

From the spherical structure, we can reconstruct the boundary of By, by x =
V(u) + h(u)u for u € Z and the multiple values of V' at u. Here z denotes a
collection of points corresponding to the values of V.

Then, the regions in int (B, ) are the regions in the complement of the boundary
of By which have supporting hyperplanes for at least one point in one of the
corresponding complementary regions to the spherical axis. If we have in addition
the height function for the configuration defined on all of S™, then we can construct
the supporting hyperplanes for all u € S™, and the envelope of these hyperplanes
yields Boo.
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Example 4.10. For generic configurations in R?, the spherical axis consists of
a finite number of points in S' representing bitangent supporting lines. This is
illustrated in Figure 12.

In the case of generic configurations in R3, the spherical axis consists of curve
segments which may either end or three may join at a “Y-branch point”. These
curves divide the complement in S? into connected components which correspond
to regions of the B; which will not be linked in the Blum case to follow. In Figure 13
are illustrated the three configurations in R? which exhibit the basic properties for
the spherical axis: a) smooth curve segment, b) Y-branch point, and ¢) end point
at an A3 singularity.

Blum Medial Linking Structure. We now consider the analogous Blum medial
linking structure for a generic multi-region configuration. First, we note that if the
configuration has regions with boundaries and corners, then the Blum medial axes
of the individual regions will not define skeletal structures. This is because the Blum
medial axis will actually meet the boundary at the edges and corners. However, in
the case of disjoint regions {Q;} in R"*! with smooth generic boundaries (which
do not intersect on their boundaries) there is a natural Blum version of a linking
structure, which we introduce.

Definition 4.11. Given a multi-region configuration of disjoint regions @ = {Q;}
in R"™%, for i = 1,...,m, with smooth generic boundaries (which do not intersect
on their boundaries), a Blum medial linking structure is a skeletal linking structure
for which:
B1) the M; are the Blum medial axes of the regions ; with U; the corresponding
radial vector fields;
B2) the linking axis My is the Blum medial axis of the exterior region €y; and
B3) M, o0, which consists of the points in Ml which are unlinked to any other
points, corresponds to the points in B; o C B; for which a height function

FIGURE 12. a) Configuration of four regions with the bitangent
supporting lines, and b) the corresponding spherical axis, which
consists of the points on S'. The regions between points represent
subregions of B in B.. If the same region €; is indicated on both
sides of a radial line, then in B; is a region involving self-linking.
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2)

FiGure 13. The generic multigerms for the height function.
These determine the local structure for the boundary strata of
M, for a multi-region configuration in R3 : a) of type A%, b) of
type A3, and c) of type Az. The tangent planes shown are to points
of multiple tangencies (except for the single A3 point on the left in
¢). The darker curves (including the darker dashed curves) denote
the boundary strata bounding regions of M, (consisting of points
whose outward pointing normals point away from the other re-
gions).

has an absolute maximum on B (or minimum for the height function for
the opposite direction).

Because of B2), we will frequently in the Blum case refer to My as the linking
medial azis.

Remark 4.12. It follows from B2) that if x € M; and 2’ € M; are linked, the
corresponding values of the radial and linking functions satisfy ¢;(z) — r;(x) =

ti(a') = rj(@").

Generic Linking Properties.

Consider a configuration {€;} with B; the boundary of Q;, and M; the Blum
medial axis of ;. We let B = UB; and let o(z,u) = ||z — u||* denote the distance
squared function on R"™! x R"*! as earlier. We consider a collection of smooth
boundary points S = {z1,...,z,} with z; € B;,.

Definition 4.13. The set of points S = {x1,...,x,} exhibits generic Blum linking
of type (Aa : Ag,,...,Ag ) if:
i) there is a ug € Qg so that o(-,up)|B has a common minimum on .S with
value o(x;,up) = yo, and o : B x R (S w) — R,y is of generic type
Aqa;
ii) for each 4, there is a subset S; C Bj, and a point u; € M;, so that o (-, u;)|B;,
has a common minimum on S; with value r; and o : B x R"*1 S, x {u;} —
R, r; is of generic type Ag ;
ili) the singular sets Eg") C B and Zgj?) C Bj, intersect transversely in Bj,;
and
. . (o) B) . (@) . . -
iv) the images of the strata Xz’ N EBj. in ¥,° intersect in general position.

If n+1 = 7, then we may also have generic Blum linking involving generic E;
points for either self-linking (E7 : A?) or simple linking (A% : E;, A?).

We will often abbreviate the above notation with 3 = {34,...,8,}, by (A« :
Ag). For a given (o : 3), we let Zg\zﬁ) denote the set of points ug € ) exhibiting
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the properties in i) - iv) in Definition 4.13. We shall prove that it is a smooth
submanifold of the stratum ES\';O) of the Blum medial axis My of Q. Along with
the stratum 25{;;" ). we also have the corresponding stratum Eggoj_‘fﬂ ) ¢ B;, consisting

of those points z;, € Egj ) which correspond to points in Zg\?f ). We shall prove

for a generic configuration, that the {Eggoj_‘ﬁ)} give a refinement of the stratification

of B; by the {E(Bf ")}, and {Eg\%ﬁ )} gives a refinement of the Whitney stratification
of MO.

For a given B; we may divide the strata into groups based on whether for z;, €
Bj, aj > 3 or a; = 1 for all + and whether 3;; > 3 or 8;; = 1 for all i. The
intersection of the strata for each of the pairs of groups will satisfy the Whitney
conditions. In the low dimensional cases of multi-region configurations in R? or R?,
the E(B'jﬁ ) give a Whitney stratification of B;.

For a configuration in R? the stratifications of a boundary B; given by either

E(Bc;‘) or E(Bﬁj 7) locally have the forms in Figure 10. Their transverse intersection
implies that 0 dimensional strata of one will lie in a smooth strata of the other.
Also, the 1 dimensional strata will intersect transversally giving four possibilities.
For a point in one of these intersections, any other point in another B; associated

to the corresponding point in ZS\Z) must be of type A? by property iv) of Definition

4.13. If instead the point in ES\?O) is in a singular stratum of dimension 0, then all
associated points in some B; are of type A2. A third possibility for a smooth point of
My, which is an A? point for say B; and B;, is that the images of the corresponding
1-dimensional strata E(Bﬁi ) and Egj ) intersect transversally in a smooth point of
My. This gives a corresponding analysis. Together these yield all of the generic
linking types listed in Table 1 in the Addendum.

Examples of some linking types and the strata are illustrated in Figure 14.

FIGURE 14. Examples of linking types. In a) points (a) and
(b) illustate linking of type (4% : Az, A3), and (c) of type (A? :
A3Aq,A?). In b) is illustrated via the dark curve consisting of
1-dimensional strata of type (A% : A3, A%) and isolated points of
types (A% : A3, A3) and (A? : A3z, A3) where the curve crosses the
Y-branch curve of the medial axis My of 5, resp. where it meets
the edge of Ms.
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Remark 4.14. For a general multi-region configuration, we can substitute in place
of Qp a region €; which has multiple adjoining regions (including possibly the
complement €2y) and the definition of “generic linking”of the adjoining regions
relative to €2; has the same form as in Definition 4.13. We shall see that generically
they have the same properties as for €.

If we consider the double M;, only part of the stratification of M, coming from
one side of {2; appears and this simplifies the resulting stratification of M;. Only for
the complement Qy and M, does the stratification of My itself play an important
role.

Generic Structure for Boo and M.

We recall that B, and My, denote the unions of the B; ., respectively M; .
We will show in the generic case for n 4 1 < 7 that the stratification of By, has the
following properties. The interior points of B, are those points where a height
function has a unique absolute minimum on B. In addition, the boundary of B; o
consists of strata 2&2‘ ) defined by the R*- versal unfolding of a multigerm of the
height function of type A4 of R —codimension < n. These strata lie in the smooth

strata of the B; and correspond to the strata E(;) of the spherical axis Z and

are of the same dimensions. The strata E((S ) again forms a collection of three
stratifications with the same properties listed for the distance function for types
1) - 3). For R? and R3, these together form Whitney stratifications for B, for
elementary reasons.

Furthermore, we will show that generically this stratification intersects tranver-
sally the stratification E(Bf ) for the Blum medial axis of Q;. Then, the strata of

M, are the images in ]\Zfi of the transverse intersections E((S) N E(Bﬁj).

Definition 4.15. By M, and B, having generic structure we mean that each B; o
has the above local structure with the resulting generic structure for each M; .

Remark 4.16. In the Blum case for disjoint regions with smooth boundaries, if
we remove the self-linking set from the external linking axis, then we obtain what
is classically called the “conflict set”, see e.g. SiersmalSi], Sotomayor-Siersma-
Garcia[SSG], and Van Manen [VaM].

Existence of a Blum Medial Linking Structure. We use the notation of §2
and consider a model configuration A but with the A; disjoint regions with smooth
boundaries X;. Then, we let 2 be a configuration based on A via the embedding
¢ A — R" 5o that Q; = ¢(A;) for each i (in this case each T'; = Q;). As
earlier, the space of configurations of type A is given by the space of embeddings
Emb (A, R"*1).

Then, the existence of Blum medial linking structures is guaranteed by the fol-
lowing, which in addition ensures generic linking (see also [Gal).

Theorem 4.17 (Existence of Blum Medial Linking Structure). Forn+1 <7, we
consider multi-region configurations Q@ modeled by A = {A;}, consisting of disjoint
regions with smooth boundaries (which do not intersect on their boundaries). Then,
for any compact region Q C R™1 with nonempty interior, there is an open dense

set of embeddings ® € Emb (A, int () such that :

(1) the resulting configuration {2; = ®(A;)} has a Blum medial linking struc-
ture such that each M; (including My) has generic local properties given by
Theorem 4.1;
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(2) the linking structure exhibits generic linking as in Definition 4.13; and

(3) My and Boo have generic structure as given in Definition 4.15.

(4) In the case that Q is convex, the properties for a linking structure in the
bounded case hold.

We shall prove Theorem 4.17 as a special case of the following more general
genericity result for the full Blum linking structure for a multi-region configuration.

Theorem 4.18 (Full Blum Linking Structures). Forn+1 <7, let A = {A;} be a
model multi-region configuration. For a compact region Q c R*! with nonempty
interior, there is an open dense set of embeddings ® € Emb (A, int (Q)) such that
the resulting configuration €@ modeled by A, with {Q2;(= p(A;))}, has the following

properties:

i) each Q; has a Blum medial azis M; exhibiting the generic local properties
in int (Q;) given by Theorem 4.17;

ii) the complement Qg exhibits the generic local properties on My in int () N
Q;

iti) the local structure of M; (including i = 0) near a boundary point of type Py
or singular Q point has the local generic edge-corner normal form given
by Definition 4.4;

iv) at a smooth Qi boundary point of a region Q;, L, intersects the strata
ngg) transversally (and if n+1 =7 it does not contain F; points);

v) generic linking occurs between the smooth points of the regions and no link-
ing occurs at edge-corner points, and this holds as well for generic linking
between adjoining regions of a given region ); relative to the region ;; and

vi) Bioo is contained in the smooth strata of the B; (as a piecewise smooth
manifold), and B; » and the corresponding strata of M; o, exhibit the generic
properties given in Definition 4.15.

The last two parts of this paper will be devoted to developing the necessary
transversality theorems, associated computations, and auxiliary results for proving
this theorem.

Remark 4.19. For a bounded region  whose boundary 9 is transverse to the
linking vectors of My (i.e. the extension of the radial lines from M, are tranverse to
the limiting tangent spaces at points of 8()), we can modify the linking vectors that
extend beyond Q, or the extension of the radial vectors from Mo, by truncating
them at dQ. They will be stratawise smooth when we add the strata corresponding
to the intersection My N d). For example if (1 is convex, then, for almost all small
translations of the configuration, the resulting My is transverse to 9.

An alternate approach for a more general region Q) is to let the exterior region be
Qo N and allow linking from 8 with the other internal regions. Then, including
Q as part of the configuration, we may apply the existence theorem to give the
result.

As an example, ¢) of Figure 11 illustrates iv) of the Theorem. By property iii)
we see that the intersection of the closure of M; with the boundary consists of the
singular points on the boundary. This holds equally well for the complement with
the closure of M containing the singular strata of the T'; in int (29) N Q.
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One consequence of the characterization of generic linking in terms of the ver-
sality of the distance functions from Theorem 4.1 and the transversality of the
stratifications is the determination of the codimensions of the strata.

Corollary 4.20. For a generic embedding ® : A — R™t! as in Theorems 4.17 or
4.18, for (a: By,...,8,), the codimensions of the strata EE;:'B) and Eg\zﬁ) satisfy

(4.1) codim g, (Eg::ﬁ)) = COdimRn+l(ES\?i:B)) -1,

and

(4.2) COdimRn+l(ES\?;B)) = RS- codim (Ay) + Z’Rj-codim (Aﬁjp) -
p=1
This will be derived in §14.
As a consequence of the corollary, we can immediately list the generic linking
types which can occur for a given R"*! as codim (Zg\zﬁ)) <n+1

Addendum: Classification of Linking Types for Blum Medial Linking
Structures in R3. For a generic configuration € in R3, the Blum medial linking
structure exhibits generic linking properties given by the Table 1. We first briefly
explain the features of the table. Dimension refers to the dimension in R? of the
strata where the given linking type occurs. There are three types of linking: 1)
linking between points on distinct medial axes; “partial linking” involving more
than one point from one medial axis and point(s) from another; and 3) “self-linking”
where linking is between points from a single medial axis. “Pure linking type”
refers to cases only occurring for self linking. The A% and A; A3 linking can occur
for either linking or self-linking; while A3 and A7 linking can occur for any of the
three linking types.

Table 1: Classification of Linking Types for Blum Medial Linking
Structures in R3

Linking Type Dimension Description of Linking
A? Linking
i) (A2 . A2 A3) 2 between 2 smooth points
ii) (A% : A3, A2) 1 between a smooth point
and a Y-junction point
iii) (A2 : A3, A3) 1 between a smooth point
and an edge point
iv) (A% : A3A,, A?) 0 between a fin point
and a smooth point
V) (A2 : A1 A3, A?) 0 between a smooth point

associated to a fin point and
another smooth point

vi) (A7 : A1, A3) 0 between a smooth point
and a 6-junction point

vii) (A2 : A3, A3) 0 between 2 Y-junction points
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Table 1: Classification of Linking Types for Blum Medial Linking
Structures in R?

Linking Type Dimension Description of Linking
viii) (A% : Az, A3) 0 between 2 edge points
ix) (A% : A3, A3) 0 between a Y-junction point

and an edge point

A3, A} and A; A3 Linking

X) (A3 : A2, A2 A2) 1 between 3 smooth points

xi) (A3 : A3, A3 A2) 0 between 2 smooth points
and a Y-junction point

xii) (A3 : A3, A3, A) 0 between 2 smooth points
and an edge point

xiii) (A A2 A3 A2 A?) 0 between 4 smooth points

xiv) (A1 Az : A2, A2) 0 Aj A linking between 2

smooth points

Pure Self-Linking

xV) (Az : A?) 1 edge-type self-linking with
a smooth point
xvi) (A3 : A3) 0 edge-type self-linking with

a Y-junction point

xvii) (As : A3) 0 edge-type self-linking with
an edge point

5. RETRACTING THE FuLL BLUM MEDIAL STRUCTURE TO A SKELETAL
LINKING STRUCTURE

We know by Theorem 4.18 that a generic multi-region configuration has a Blum
medial structure. If the regions are disjoint with smooth boundaries, then the
Blum linking structure is a skeletal linking structure. However, if the configuration
contains regions which adjoin, then the Blum linking structure does not satisfy all
of the conditions for being a skeletal linking structure. Specifically the individual
Blum medial axes of both the regions and the complement will extend to the singular
points of the boundaries.

There are two perspectives on this. On the one hand, as mentioned in 4.6, we
may view this as a “relaxed form of a skeletal linking structure”. We shall see that
from this structure we still obtain all of the local, relative, and global geometry of
the individual regions and the positional geometry of the configuration. However,
if we consider the stability and deformation properties, such a structure does not
behave well.

There are two approaches to modifying the full Blum linking structure to a
skeletal linking structure. One approach is when the configuration with adjoined
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regions can be viewed as a deformation of a configuration with disjoint regions.
The second is to modify the full Blum linking structure by a process of “smoothing
the corners”of the regions. We consider each of these.

Example of Evolving Skeletal Linking Structure for Simple Generic Tran-
sition. We will not attempt to handle the most general case but illustrate the
method for an adjoining of two regions. We assume that initially we have a con-
figuration of two disjoint compact regions €; in R"*! with smooth boundaries B;
defined by the model ® : A — R"*!. We consider a simple generic transition in
the configuration defined by a smooth map ¥ : A x [0,1] — R" ™! with ¥y = &,
where disjoint regions becoming adjoined causes a transition in the full Blum medial
linking structure as in Figure 15.

a) b) c)

FIGURE 15. The stages for a simple generic transition of two
evolving regions €}, becoming adjoined: a) disjoint regions, b)
simple tangency at ¢t = tp, and c¢) regions adjoined along Z; at
t > to.

We denote ¥y = U(-,¢) and suppose the restriction ¥;|X;, ¢ = 1,2, is an em-
bedding for each t. Then, let A;; = ¥4(A;) be the individual regions bounded by
B;+ = U(X;). Suppose

i) The individual A;; have generic Blum medial axes for all ¢.

ii) There is a 0 < tg < 1 such that Ay, and Ag; are disjoint for ¢ < tg, and
at to there is a generic transition of tangency occurring at a single point
corresponding to smooth points on the medial axes, so that for ¢t > g, B1¢
and By intersect transversally and each is transverse to the radial lines of
the other.

iii) The external Blum medial axis of A; = Ay, U Agy is generic for all t > ¢g.

iv) For t > to, there is a smooth submanifold Z; C Ay, N Ay, so that 07, =
Bi1:NBs: and Z; is transverse to the radial lines from smooth points of the
Blum medial axes for each A;; (see Figure 15 and 16).

We then can form for ¢ > ¢y new configurations consisting of €}, bounded by
(Bit\Ay 1)U Zy for (i,i") = (1,2),(2,1). The Q, are adjoined along Z;. The Blum
medial structure for each 2}, would now extend to dZ;. However, we can modify
the Blum medial structure as shown in ¢) of Figure 16 by:

a) retaining the Blum medial axes M;; of each A;y;
b) shortening the radial vectors which extend into Aj; N Ag¢ so they end at
Zy;
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¢) refine the stratification of each M;, by adding as a stratum S;; C M, the
submanifold of each M;; which extends radially to 0Z;;

d) extend those radial vectors which still meet the original B;; until they meet
the external Blum medial axis. Those together with those shortened radial
vectors give the linking vector field; and

e) retain the evolving external Blum medial axis for A; as the linking medial
axis.

These now define a family of skeletal linking structures for the varying configu-
rations €2}, which evolve continuously (and stratawise differentiably on the added
strata S;¢), see Figure 16.

(s,

A~_

a)

F1GURE 16. Comparison of generic bifurcation of the full Blum
linking structure versus evolution of the retracted skeletal linking
structure for two evolving regions {2;, becoming generically ad-
joined as in Figure 15. Full Blum linking structure bifurcates by
adding branches from a) unjoined regions to b) after becoming ad-
joined. By contrast, the retracted skeletal linking structure evolves
while retaining the structure of the skeletal sets, from a) unjoined
regions to ¢) after being adjoined.

Retracting Full Blum Linking Structure via Smoothing. We consider a
second situation where we modify the full Blum linking structure of a configuration
with adjoining regions to a skeletal linking structure. We do this using a “smoothing
of the corners of the regions”, in a small neighborhood of the singular set. To
precisely describe this we suppose we have a multi-region configuration €2, which
includes regions which adjoin, modeled by ® : A — R"*! 5o that it exhibits a
generic full Blum medial structure, with (M;, U;, ¢;) the Blum medial structure for
each ;, and My the external medial linking axis. Given a neighborhood W of the
singular set of €2, i.e. the union of the singular strata of the boundaries, the goal
is to modify the regions €2; in the neighborhood W so that the region boundaries
are smooth and agree with the original boundaries outside of W, and such that the
resulting Blum medial axes extend to a skeletal structure for €2.

Definition 5.1. A smoothing of the configuration €2 defined by ®, with a neigh-
borhood W of the singular set of €2, consists of a disjoint configuration A’, with
a region A’ for each A;, and an embedding &' : A" — R"! satisfying the follow-
ing conditions. We let 2, = ®'(A}) and B, = ®'(X/). There is a neighborhood
W' C W such that:
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i) Each Q) C Q;, and Q has a generic Blum medial axis M/ such that B/\W’ =
B;\W’. Moreover, the portion of the medial axis of ; defined from W’'NB;
is contained in W so that M/ = M; off W.

ii) The radial flow of Q} from M/NW is nonsingular and remains transverse to
the radial lines out to and including its first intersection with My, and the
radial lines intersect both B; and My transversally (including the limiting
tangent spaces of it at singular points). This agrees with the radial flow for
the full Blum structure off W’.

ili) The pull-back of the singular set of My by the radial flow in ii) refines the
stratification of M/ on W',

Remark 5.2. The verification that the radial flow is nonsingular and transverse
to the radial lines is done using the radial and edge curvature conditions in [D1,
Thm. 2.5

An example of such a smoothing is given in Figure 17.

a) b)

FIGURE 17. An example of a smoothing of a configuration with
adjoining regions €27 and 25 in the neighborhood of a corner point
with linking vector fields shown: a) Blum linking structure and b)
Smoothing and resulting retracted skeletal linking structure.

The smoothing gives rise to a skeletal linking structure as follows.

Proposition 5.3. For a configuration of regions with generic full Blum linking
structure, a smoothing of the configuration allows the Blum linking structure to be
replaced by a skeletal linking structure.

Proof. To define the skeletal structure, given the smoothing, we begin by letting
the skeletal set in each €; be the Blum medial axis M; for Q. By ii) the radial
lines from M extend to the boundary B; and the vectors from points z € M/ to
the intersection points of the radial lines from x with B; are the radial vectors U/
for the skeletal structure. The stratification of M is given by the refinement M/
of M/ given by condition iii). Since the singular set of each B; is a portion of the
singular set of My, condition iii) guarantees that the radial flow is nonsingular and
smooth on the strata out to the boundary B;.

To extend the individual skeletal structures on the €2; to a skeletal linking struc-
ture, we use My for the external linking medial axis. We use the extensions of the
radial lines of Q) until they meet My. These extensions define the linking vector
fields L;, which agree with the Blum linking vector fields off W’. The linking flow
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will agree with that for the Blum structure off W’. On M/ N W' the linking flow
will agree with the radial flow in B;. From B; to My, the radial flow will be nonsin-
gular and transverse to the radial lines. It follows by the radial, edge, and linking
curvature conditions (see Propositions 7.4 and 8.1 in §§7 and 8), that the linking
flow is also nonsingular and transverse to the radial lines. Lastly, since both the
radial flow and linking flow have the radial lines as flow lines, the inverse image of
the singular set of My under the linking flow will be the same as for the extended
radial flow. By the definition of the refinement of M/ in iii), the L} (and hence
¢, = ||L%|)) will be smooth on the strata of the refinement.
Thus, the collection of (M/, U/, ¢;) define the resulting skeletal linking structure.
O

We indicate an approach to constructing a smoothing of the corners of a config-
uration. However, we will not give the details here to verify that the conditions are
satisfied. First, we construct for each region €2; a smooth function f; defined on a
neighborhood of ©; such that: f; > 0 on ©;, f; =0 on B;, with grad (f;) non zero
on the smooth points of B;; and second, in a neighborhood of a k-edge-corner point
the normal lines to the level sets of f; meet the limiting tangent planes of both the
boundary and the external medial axis transversally. Next, we use a bump function
d; which does not vanish on sing (B;) and has its support in a neighborhood W of
sing (B;), and so that it and its first derivatives (in the corner coordinates) are
bounded by € > 0. Then, the hypersurface defined by f;(x) = d;(x) will satisfy the
conditions for a sufficiently small W and appropriate d;. To construct f; we use the
local model coordinates for a k-edge-corner point. We then use a partition of unity
to piece together functions of the form h =g - H§:1 xj, with grad (¢g) pointing into
Q; and g nonvanishing on the boundary. This gives the desired smoothing.
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6. QUESTIONS INVOLVING POSITIONAL GEOMETRY OF A MULTI-REGION
CONFIGURATION

Introduction. Having introduced medial/skeletal linking structures for a multi-
region configuration £ = {Q;} in R"*! in Part I, we now develop an approach to
the “positional geometry” of the configuration using mathematical tools defined in
terms of the linking structure. We do so by building upon the methods already
developed in the case of a single region with smooth boundary [D1], [D2]. More-
over, we will see that certain constructions and operators used for determining the
geometry of single regions can be combined to give geometric properties of the
configuration.

There are several possible aspects to this. One approach is to measure the
differences between two configurations. More generally given a collection of con-
figurations, we may ask what are the statistically meaningful shared geometric
properties of the collection of configurations, and how do the geometric properties
of a particular configuration differ from those for the collection. To provide quanti-
tative measures for these properties, we will directly associate geometric invariants
to a configuration. Such invariants may be globally defined depending on the en-
tire configuration or locally defined invariants depending on local subconfigurations
associated to each region.

For example, if we view the union of the regions as a topological space, then
we can measure the Gromov-Hausdorff distance between two such configurations.
We may also use the geodesic distance between the two configurations measured
in a group of global diffeomorphisms mapping one configuration to another. Such
invariants give a single numerical global measure of differences between two con-
figurations. Instead, we will use skeletal linking structures associated to the con-
figurations to directly associate both global and local geometric invariants which
can be used to measure the differences between a number of different features of
configurations.

In introducing these invariants, we will be guided by several key considerations.
The first involves distinguishing between the differences in the shapes of individual
regions versus their positional differences and how each of these contributes to the
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FIGURE 18. Images exhibiting configurations of four regions. A
basic problem is to determine the differences between the config-
urations that are due to changes in shapes of the regions versus
those due to changes in positions. Furthermore, one would want
to find invariants which capture these differences.
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differences in the configurations. As illustrated in Figure 18, the three configura-
tions differ; but it is not clear to what extent this is due to shape differences of the
regions versus changes in position, nor how these different contributions should be
measured.

In measuring the relative positions of the regions, more than just the minimum
distance between region boundaries is required. As illustated in Figure 19, while
region {3 touches €2y, it does so only on a small portion of €23. By comparison, 2
does not touch €27, but it remains close over a larger region. A goal is to define a
numerical measure of closeness of regions which takes into account both aspects.
Related to this is the issue of which regions that do not touch should be considered
neighbors and what should be the criterion?

FIGURE 19. Measuring closeness of regions in a configuration.
Although Q3 touches €21, only a small portion of €23 is close to €2;.
In contrast, Q25 does not touch 1, but it remains close over a larger
region.

A third issue for a configuration is viewing it as a hierarchy of the regions,
indicating which regions are most central to the configuration and which are less
geometrically significant. For example in Figure 20, the position of region €2; makes
it more important for the overall configuration in b) than in a), where it is more of
an “outlier”. For example, a small movement of Q; in a) would be less noticeable
and have a smaller effect to the overall configuration than in b). By having a smaller
effect we mean that the deformed configuration could be mapped to the original
by a diffeomorphism which has smaller local distortions near the configuration in
the case of a) versus b). We will also provide a numerical measure of geometric
significance of a region for the configuration.

Along with issues of closeness, significance and hierarchy, there is also the ques-
tion of when there are natural subconfigurations. An example of this is seen in
Figure 21. In a) is shown a configuration with distinct subconfigurations. As these
subconfigurations are moved together, a point is reached when they are no longer
distinguished by geometric features. This raises the question of whether there are
numerical invariants which can be used to determine when there are identifiable
subconfigurations.

We will combine the invariants which measure these geometric features to provide
a “tiered graph structure”, which is a graph with vertices representing the regions,
edges between vertices of neighboring regions, and values of significance assigned to
the vertices, and closeness assigned to the edges. Then, as thresholds for closeness
and significance vary, the resulting subgraph satisfying the conditions will exhibit
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FI1GURE 20. Images exhibiting configurations of four regions. In
a), region € is a greater distance from the remaining regions,
and hence is less significant when modeling the configuration. In
b), the closeness of region {27 to the other regions makes it more
significant for the configuration.

FIGURE 21. Subconfigurations of regions. In a) a configuration
is formed from three groups of regions. In b), the groups of regions
have been moved closer; based on geometric position, the groups
are no longer clearly distinguished.

the central regions of the configuration, various subgroupings of regions and the
hierarchy of relations between the regions.

Our goal in the subsequent sections is to first use the skeletal linking structure
to identify neighboring regions and introduce linking neighborhoods between the
regions. Second, we will introduce numerical “volumetric invariants” for the indi-
cated measures. In turn, we will use the skeletal linking structure to compute the
volumetric invariants via “skeletal linking integrals” computed on the skeletal sets.
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7. SHAPE OPERATORS AND RADIAL FLOW FOR A SKELETAL STRUCTURE

In preparation for obtaining the desired properties of the linking flow, we recall
how for the skeletal structure (M,U) for a single region 2 we may introduce ra-
dial and edge shape operators. Using them, we have sufficient conditions for the
nonsingularity of the radial flow and smoothness of the associated boundary (see
[D1]). Furthermore, these operators can be used to compute both the intrinsic
differential geometry of the boundary and the global geometry of the region (using
“skeletal integrals” on M, see e.g. [D2] and [D4]). Our eventual goal is to show
using the skeletal linking structure that these results can be extended to the entire
multi-region configuration.

The Radial Flow. In §3, we briefly recalled how from a skeletal structure (M, U)
in R**! we can define the “associated boundary”

B = {z+U(z):x € M, all values of U}.

However, conditions are required on the skeletal structure to ensure that the bound-
ary is smooth. This is achieved using the radial flow and the radial map which is the
time one map of the radial flow. This allows us to establish additional properties
of the region €2 bounded by B. The radial flow is defined as a map from the “nor-
mal line bundle” N on M, the “double of M” which has a finite-to-one stratified
mapping 7w : M — M. In the neighborhood W of a point ¢y € M with a smooth
single-valued choice for U, we define a local representation of the radial flow by
Yi(x) =z +t-Ux), 1 <t <1,and the radial map ¢ (z) = z+ U(z). Together the
local 1), define a global map 1) : N — R™*!. We will next recall the role of the radial
and edge shape operators in guaranteeing the nonsingularity of the radial flow and
the smoothness of the level sets B, = {x +t-U(z) : « € M, all values of U}.

Radial and Edge Shape Operators. We define “shape operators” for the skeletal
structure (M,U). At a smooth point z¢ of M we choose a “smooth value”of U.
We recall from §3 that in a neighborhood of any smooth point of M (i.e. a point
in Myeg), values of U on one side form a smooth vector field. By a smooth value
of U we mean such a smooth choice of U values. Then, U = r - u for a unit radial
vector field u.

Radial Shape Operator: We define for v € T, M

., Ou
Srad(v) = _prOJU(%)

where proj;; denotes projection onto T, M along U (in general, this is not orthog-
onal projection, see a) in Figure 22). The principal radial curvatures k., ; are the
eigenvalues of S,qq. For a basis v = {vy,...,v,} for T, M, we let S, denote the
matrix representation of S,,q with respect to v.

For a non—edge point ¢y € M, a value of U extends to be smooth on some local
neighborhood of xy on any regular stratum containing x¢ in its closure. For this
smooth value of U, we may likewise define the radial shape operator at xy. Thus,
the radial shape operator is also multivalued in that at a non—edge point x( there
will be a radial shape operator for each value of U at xg, which at smooth points
of M means a value for each side of M.

Edge Shape Operator: For an edge (closure) point g, a smooth value of U is a
smoothly varying choice of values for U, defined on a neighborhood of xy one side
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a)

FIGURE 22. Illustrated in a) is the radial shape operator and in
(b) the edge shape operator.

of M for edge coordinates. Then for a normal vector field n to M on the same side
of M as U, we define

., 0u
Se() = —prof(5m).

Here proj’ denotes projection onto T,,,0M@® < n > along U (again this is not
orthogonal, see b) in Figure 22). Let v = {v1,...,v,} be a basis of T,;, M so that
{v1,...,0p—1} is a basis T,,,0M, and v,, maps under the edge parametrization map
to ¢-U for ¢ > 0. We refer to v as a special basis for T, M. Then, Sg+ is a matrix
representation of Sg with respect to the basis v in the source and {v1,...,v,—1,n}
in the target. We let I,,_1 1 be the n x n—diagonal matrix with 1’s in the first
n — 1 diagonal positions and 0 in the last. The principal edge curvatures kg ; are
the generalized eigenvalues of (Sgv,In—1,1) (i.e. A such that Sgy — A - I,_11 is
singular).

Curvature Conditions and Nonsingularity of the Radial Flow. We now
recall conditions guaranteeing the smoothness of the radial flow on smooth strata
and the resulting smoothness of the level sets. We emphasize that this is a local
result as neither the flow defined on a stratified set nor its level sets are smooth,
but rather they are stratified. Along with the radial and edge shape operators, an
important role is also played by the multi-valued compatibility 1-form ny = dr+wy,
where ||U|| = r is the radial function and wy(v) = v -u for U = r - u, with u the
multivalued unit vector field along U. Then, ny is also multivalued with one value
for each value of U.

Then, we consider the following three conditions for a skeletal structure (M, U):

(1) (Radial Curvature Condition ) for a point g € M\OM and all values U (x)

r <min{—1} for all positive principal radial curvatures ,; ;

T

(2) (Edge Condition ) for a point xq € M (closure of OM) ;

r < min{ }  for all positive principal edge curvatures kg ;

KEi
(3) (Compatibility Condition ) for a point xy € M (which includes edge points),
nu = 0.
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Remark 7.1. The radial curvature, edge, and compatibility conditions involve
choices of values for U and hence are multi-valued conditions at each point. In the
radial curvature condition it is to be understood that the r value associated to a
given value of U satisfies the inequality for the shape operator associated to that
value. Thus, at smooth points of M, we have inequalities corresponding to each
side of M.

The first two conditions allow us to control the local behavior of the radial
flow, ensuring that singularities do not develop from smooth points, nor further
singularities from singular or edge points.

While the first two conditions are open conditions and hence robust, the third
compatibility condition is not and reveals an essential feature about the level sets
of the flow. For any time ¢t < 1 the level sets are singular at points coming from
the singular points of M (including edge points). The compatibility condition at
singular points of M ensures that only at ¢t = 1 when the flow reaches the boundary
do the singularities simultaneously disappear so the boundary becomes weakly C*
at the points corresponding to singular points of M (which means there are unique
limiting tangent spaces at these points, and as a consequence the boundary is C!
at points coming from the strata of codimension 1, see [D1, Lemma 5.4]). However,
if the compatibility condition does not hold on a stratum, then the boundary may
have edges and corners at these image points. Hence, skeletal structures can also
be used for regions with boundaries and corners.

Local Nonsingularity of the Flow from Smooth and Edge Points. We begin by stat-
ing how the radial curvature and edge conditions imply the local nonsingularity of
1 and 9, (these are given in [D1, Props. 4.1 and 4.4]).

Proposition 7.2. Let U be a smooth value of the radial vector field defined in a
neighborhood W of xo € M. Suppose either that xy € M,.q, and satisfies the radial
curvature condition in the neighborhood W ; or xg € OM (or is an edge closure
point) and satisfies the edge condition on the neighborhood W. Then,

(1) ¥ : W xR — R"™ is a local diffeomorphism at (zo,t) for 0 <t <1 (and
also t = 0 for smooth points);

(2) ¥y : W — R s a local embedding at xo for any 0 <t < 1; and

(3) (W) is transverse to the line spanned by U for each 0 <t < 1.

Conversely, suppose 1 is nonsingular at (xo,t) for 0 < t < 1, which

is equivalent to (W) being nonsingular at i(xo) and transverse to the
radial line for 0 <t < 1. Then the radial, resp. edge, curvature condition
is satisfied for xo and the value U, depending on whether xy is a nonedge
closure point, resp. an edge closure point.

Although only one direction for this proposition was proven in the propositions
just cited in [D1], an examination of the proof given there also establishes the
converse. [

Global Nonsingularity of the Radial Flow. The preceding local results at all points
of M can be combined with the compatibility condition at singular points to yield
the following global result (given in [D1, Thm. 2.5]).

Theorem 7.3. Let (M,U) be a skeletal structure which satisfies: the radial cur-
vature condition at all nonedge points, the edge condition at edge points and edge
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closure points, and the compatibility condition at all singular points. Then (see
Figure 23):
(1) The associated boundary B is an immersed topological manifold which is
smooth at all points except those corresponding to points of Mgipng.
(2) At points corresponding to points of Msing, it is weakly C* (this implies
that it is Ot on the points which are in the images of strata of codimension
1).
(3) At smooth points, the projection along the lines of U will locally map B
diffeomorphically onto the smooth part of M.
(4) Also, if there are no nonlocal intersections, then B will be an embedded
manifold and Q\M is fibered by the level sets B, 0 <t < 1.

FIGURE 23. Illustrating the radial flow from the skeletal set M,
with the radial vector field U, flowing in the region €2 to the bound-
ary B, where the level sets are stratified sets forming a fibration of

This allows us to completely describe the structure of the interior of the regions
in a multi-region configuration. This extends to the geometry via the next results.

Evolution of the Shape Operators under the Radial Flow. The last feature
of the radial flow which we recall is the evolution of the radial and edge shape
operators under the radial flow, with the eventual goal of extending these results
to the linking flow. This allows us to relate in the Blum case the radial geometry
on the medial axis with the differential geometry of the boundary.

We first consider the evolution of the radial shape operator under the radial
flow. Let xp € Myeg, and let {v1,...,v,} be a basis for T, M. We suppose we have
chosen a smooth value of U in a neighborhood of xg. If zg is a non—edge singular
point, then we can carry out an analogous argument on a local component for zg.

For a given t, let

Oy
(9’Ui
With r denoting the radial function as in §3, we suppose that ;- is not an eigen-
value of Syqq (at xg). Then, by the proof of Proposition 4.1 of [Dl} 1 maps a
neighborhood W of zy diffeomorphically to a smooth submanifold transverse to
U(zp). Thus, the image of U along v, remains transverse in some neighborhood of
xy = Pi(x0) to W' =90 (W) C B,. Hence, it has a well-defined radial shape oper-
ator, which we denote by S,q.q:. We will compute Sy, the matrix representation
of Syqat with respect to the basis {v}}.

Then, the following two results are consequences of Proposition 2.1 and Corollary
2.2 of [D2].

vl = dify(v;) = fori=1,....n
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Evolution of the Radial Shape Operator from Smooth Points.

Proposition 7.4. Suppose that at a smooth point xo € Myeq, we have a smooth
value of U and a basis {v;} for Ty, M. Let {v.} denote the image of {v;} under
dve(xo). If # is not an eigenvalue of the radial shape operator Sy at xq, then the
radial shape operator Sy for By at x{, = V¥(xo) for the corresponding smooth value
of U is given by

(7.1) Syry = (I—tr-S,)7'S,.

With the identification of the tangent spaces di¢(z) : To M ~ Ty, (5B, we may
write the preceding in the basis independent form

(72) Srad,t = (I —tr- Srad)_lsrad .

Remark 7.5. If the compatibility 1-form 7y vanishes on an open subset of Mreg,
then U will be orthogonal to B at each point of its the image under the radial flow
(see §7) as happens for the Blum case. It follows that the formula (7.1) gives the
differential geometric shape operator for B; thus, capturing the geometry of the
boundary, see [D2].

Principal Radial Curvatures for B;. Then, we can deduce information about the
principal radial curvatures at xj, in terms of those at zg.

Corollary 7.6. Under the assumptions of Proposition 7.4, there is a correspon-
dence (counting multiplicities) between the principal radial curvatures k,.; of M at
xo and kyq; of By at xyy given by

Ry Ryt
(1 —tre.;) (1 +treee)
Furthermore, if e; is an eigenvector for the eigenvalue Kr; of Srad, then €}, which
has the same coordinates with respect to v’ as e; has with respect to v, is an eigen-
vector with eigenvalue Ky y; of Srad.t-

Kpti = or equivalently kKp; =

Evolution of the Radial Shape Operator from Edge Points. We can carry out an
analogous line of reasoning for the evolution of the radial shape operator for points
corresponding to an edge point xg. A smooth value of U in a neighborhood of z
corresponds to one side of M. Although B; is not smooth at ¢;(x) if ¢ < 1, we
note that by Proposition 4.4 of [D1], provided # is not a generalized eigenvalue for
(Sev,In—1,1), the one side of B, corresponding to U is smooth and is transverse to
U at g when ¢ > 0. Thus, the radial shape operator is defined for B, at points
corresponding to edge points when ¢ > 0. Hence, we may compute the radial shape
operator Sy for this one side using [D2, Proposition 2.3] as follows.

Proposition 7.7. Suppose that at an edge point xo € OM, we have a smooth value
of U (corresponding to one side of M) and a special basis {v;} for Tp, M. Let {v}}
denote the image of {v;} under dipy(zo). If = is not a generalized eigenvalue of
(Sev,In—1,1), then the radial shape operator Sy for B, at x(y = 1y (x0) s given by

(73) Sy = (Infl,l —tr- SEv)ilsEv .

We note that unlike the situation for the radial shape operator, Sg. does not
necessarily commute with I,,_1 1 so the order of the factors is important.

Unlike the case of non—edge points, we cannot in general deduce a simple formula
for the principal radial curvatures for Sy in terms of the principal edge curvatures.
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However, in certain special cases, we can carry out the calculations (see e.g. [D2]
or [D7]).

8. LINKING FLOW AND CURVATURE CONDITIONS

We consider a skeletal linking structure {(M;, U;, ¢;)}. If each (M;,U;, ) satisfies
the conditions of Theorem 7.3, then we obtain regions €2; which, provided the
regions are disjoint or intersect appropriately, give a multi-region configuration
Q = {Q;}. There are additional conditions to be satisfied for {(M;, U, £;)} to be
the skeletal linking structure for 2. One part of this requires properties of the
linking flow. Using analogs of the preceding results for the radial flow, we will
give sufficient conditions for nonsingularity of the linking flow. We also will derive
analogous formulas for the evolution of the radial and edge shape operators under
the linking flow.

Nonsingularity of the Linking Flow. We first establish the conditions for the
nonsingularity of the linking flow A (or \;) introduced in the definition of the skeletal
linking structure (see (3.1) in §3). For the skeletal linking structure {(M;, U, ¢;)},
we have the following two conditions:

(1) (Linking Curvature Condition ) For all points xo € M;\0M,; and all values
Ui (Io),

1
¢; < min{
R j

(2) (Linking Edge Condition ) For all points xy € OM; (the closure of OM;)

}  for all positive principal radial curvatures &, ; ;

1
¢; <min{——} for all positive principal edge curvatures £, .
REj
Then, given a skeletal structure {(M;, U;, ¢;)} the smoothness of the linking flow is
guaranteed by the following analog of Proposition 7.2.

Proposition 8.1. Let U be a smooth value of the radial vector field defined in a
neighborhood W of xog € M;. Suppose either that xo € M;\OM; and satisfies the
linking curvature condition in the neighborhood W ; or xo € OM; and satisfies the
linking edge condition on the neighborhood W. Then,

(1) A: W xR — R s a local diffeomorphism at (zo,t) for 0 <t <1 (and
also t = 0 for nonedge closure points);

(2) X\t : W — R is a local embedding at zo for any 0 <t < 1; and

(3) At(W) is transverse to the line spanned by U for each 0 <t < 1.

Conversely, suppose A is nonsingular at (xo,t) for 0 < t < 1, which is

equivalent to \e(W') being nonsingular at A¢(xo) and transverse to the line
spanned by U for 0 <t < 1. Then the linking curvature, resp. linking edge
condition s satisfied at xo, depending on whether it is a nonedge closure
point, resp. an edge closure point.

Then, we can combine these conditions to conclude the following.

Corollary 8.2. For a skeletal structure {(M;,U;, ¢;)}, if the linking curvature con-
dition or linking edge condition is satisfied at all points of a stratum S; of M;, then
the linking flow from S; is nonsingular and remains transverse to the radial lines.



44 JAMES DAMON AND ELLEN GASPAROVIC

Thus, the images of strata of the labelled refinement of each M; under the linking
flow are immersed submanifolds for all 0 < ¢ < 1, and provided distant points from
the same strata are not linked, then the images of strata are submanifolds.

Proof of Proposition 8.1. First, we may view the linking flow from M, for t > %
as the composition of the flow for ¢ = %, with level set the boundary B;, followed
by a flow from B; for time t' = 2(¢t — %) Thus, for % < t < 1, if we denote the
radial flow by ¢, then A\t (x) = 1 (z) + (x(¢) — i (2))u; (x) (with x(¢) as defined in
(3.1)). Hence, the linking flow can itself be viewed as a radial flow for (B;,U/) at
the point z{, = A 1 (x0) reparametrized at twice the speed. Here the vector field U]
is the translate along the radial lines to z{ of the vector field (¢; — r;)u;, where u;
is the unit vector field in the direction of Uj;.

As r; < {;, the linking radial curvature and linking edge conditions imply the
corresponding radial curvature and edge conditions for the radial flow. Hence, by
Proposition 7.2 we have nonsingularity of the linking flow and the level surfaces for
0<t< %, with the level surfaces transverse to the radial lines. Also, at t = %, the
level surface is the boundary B; of the associated region ;.

Then, we can further verify the nonsingularity of the linking flow for % <t <1,
and the corresponding level sets by again applying the radial curvature conditions
to (Bl, U{) .

Now, t = 2(t — 3), and

X(t) —ri = 2(t—3)(li—ri) = t'(l;—r).

Thus, the linking flow for % <t <1 gives the radial flow for (B;,U]) for 0 < ¢ < 1.
Hence, by Proposition 7.7 we obtain

(8.1) Svri = (L= (x(t) =1)Sy 1) Sy 1

where Sy, 1 is the matrix representation for the radial shape operator for (B;,U!)
at x(, with respect to the basis v’ corresponding to the basis v for T, M under the
radial flow.

However, by Proposition 7.2, the radial curvature condition is equivalent to the
nonsingularity of I — (x(t) —7:)Sy/. 1 for 1 <t < 1; or equivalently the existence of
Sy ¢ given by (8.1) for % <t < 1. We now claim there is an alternate formula for
Sy ¢+ given for % <t <1 in the case of non-edge closure points xg by

(82) SV//ﬂg = (I — x(t)Sv)_lSv,

where Sy is the matrix repesentation for the shape operator with respect to the
basis v. For edge closure points g, it is given by

(83) Sv”,t - (In—l,l - X(t)SE,V)_lsE,va

with S denoting the matrix representation for the edge shape operator.

It then follows in the first case, that S ; will be defined for 0 < ¢ <1 provided
ﬁ is not an eigenvalue for S, for 0 < ¢ < 1. This says that the eigenvalues of S
do not lie in the interval [f%’ o0), or that the positive eigenvalues of Sy < e%v which
is equivalent to the linking curvature condition. Likewise, in the second case we

require ﬁ is not a generalized eigenvalue for (Sg v, In—11), for 0 < ¢ < 1. Again,

this is equivalent to the linking edge condition. This establishes the result. O
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It remains to verify the assertions regarding (8.2) and (8.3). We do this by
expressing the linking flow in either case via a semigroup of special Mobius tran-
formations on matrices and operators.

Special Mobius Transformations of Matrices and Operators. We will repre-
sent the evolved radial and edge shape operators under the linking flow as resulting
from applying Mobius transformations to matrices and operators. We begin by
considering for either n x n matrices A and B or operators A,B:V — V, for V a
vector space of dimension n, a family of special Mobius transformations defined by

Epi(A) = (B—tA) A

Here we view B as fixed and either view =g ;(A) as a function of ¢ € R for fixed A4,
or as a function of A for fixed t. We observe that the evolution equations for both
the radial and edge shape operators under the radial flow have this form for either
(A,B) = (Sy,I) or (Sg,v,In—1,1). We shall concentrate on the case of matrices,
but the corresponding statements for operators are similar.

In general, if ker(A) Nker(B) = 0, then Ep ;(A) is defined for all but the finite
set of ¢ such that 1 is not a generalized eigenvalue of (A, B) (i.e. A so that A — AB
is singular). Viewed as a function of ¢, we see

78(5352(‘4)) = —((B—tA) " (~A)(B - t4)H4
(8.4) = (B—tA)'A)? = (Ep.(A)*.
Thus, Zp,+(A) is a solution of the simplest matrix Riccati equation
0=p (A -
(8:5) %72() = (Epa(4)*.

If B is nonsingular, Zp ;(A) is the solution to the basic matrix Riccati equation
(8.5) with initial condition Zp ¢(A) = B1A.
We consider the special cases of Zp 1(A) relevant for the evolution equations

ui(A) = (I—tA)~'A and
(86) Vt(A) = (In_171—tA)_lA.

For these to be well-defined we require for p; that % is not an eigenvalue of A; while
for v¢, we require that % is not a generalized eigenvalue of (4, I,—11).
If B is nonsingular, then there is the relation

(8.7) Zp.(A) = (I - B A)(B714),

so that
Epu(A) = w(B71A).

In particular, u:(A) is the basic solution of the matrix Riccati equation with initial
condition po(A) = A. We next observe two further properties of pi(A): i) it is a
“one-parameter” group of transformations (where we understand that it is defined
except for a finite set of values ¢), and ii) u; acts on the curves defined by Zp ,(A).
These basic properties of these transformations are given by the following two
lemmas.

Lemma 8.3. If% and (tTls) are not eigenvalues of A, then

Ms(Mt(A)) = peys(A).
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Lemma 8.4. If% and ﬁ are not generalized eigenvalues of (A, In_11), then

ps(Epi(A)) = Ep+s(A).

Although Lemma 8.3 gives u:(A) as a one-parameter group, we will principally
be interested in the semi-group for ¢ > 0. Also, Lemma 8.4 has as a consequence,

ps(e(A)) = vips(A).

We give the proof for Lemma 8.3. That for Lemma 8.4 is similar.

Proof of Lemma 8.3. Let B = p;(A). First we observe that if % is not an eigenvalue
of A, then v is an eigenvector of A with eigenvalue « if and only if v is an eigenvector
for B with eigenvalue a(1 —ta)~t. This follows because we may solve the equation
B = i (A) to obtain A = B(I+tB)~!. Then, we directly see that v is an eigenvector
of A if and only if it is an eigenvector of B, with the eigenvalues related as claimed.

Next, we claim that % is not an eigenvalue for B. Otherwise, there is an eigen-
value a of A such that 1 = A(1—ta) ™. However, solving for a we obtain o = (H-;s)’

a contradiction. As 1 is not an eigenvalue for B, yi,(B) is defined, and
u(B) = (I—sB)"'B
(I = s((I —tA)™HA))THT —tA)™HA)
= (I —tA)I —s((I —tA)~HA)) A
(I —tA)I —sA)" A
(8.8) = (I =(t+5)A) A = pee(A).
O
Proof of (8.2) and (8.3).
In terms of these M&bius transformations, we express the evolution of the radial
and edge shape operators under the radial flow and rewrite (8.2) and (8.3) as

(8.9) Sy = pe(Sy)
and
(8.10) Sevii = vi(SEN).

We next use the Lemmas to represent the evolution of the radial and edge shape
operators under the linking flow.

We use the same argument explained at the beginning of the proof of Proposition
7.7. To be specific, we first consider the radial shape operator in the neighborhood
of a non-edge point z¢g € M; for some i. We consider the linking flow A; on each
half interval. Hence, by Proposition 7.4, provided % is not an eigenvalue of S,qq
for0 <t < %, then the evolved radial shape operator at time ¢t = % has matrix

representation

(8.11) Sv’,% = pr,(Sv) = (I_X(%)SV)ilsv'

Now, as explained earlier, the linking flow beginning at time ¢ = % can itself be

viewed as a radial flow from B; with radial vector field U] = (¢; — r;)u;, except

again traveled at twice the speed t' = 2(t — %) Hence, we can apply Proposition
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8.1 to conclude for % <t <1, that if t’(&+n) is not an eigenvalue of ., (Sy), which

is equivalent to —~ =

NO) not being an eigenvalue of Sy, then

1
Sv//ﬁt = uQ(tf%)(fifTi)(SV’,%)
which by Lemma 8.3 equals

= /Lri+2(t7%)(6i7n)(sv)
(8.12) (I —x(t)Sy) 'Sy,
yielding (8.2).
A similar argument, but replacing (8.11) by
(8.13) Syry = v, (Se~v) = (In-11—x(3)Se~v) ' SENV,

and then applying Lemma 8.4 yields instead (8.3).

Evolution of the Shape Operators under the Linking Flow. We obtain the
following corollaries describing the evolution of the radial and edge shape operators
under the linking flow from M (which we recall is the union of the M;).

Corollary 8.5. Let xg € M\OM be a point on the closure of a manifold component
of M with U(xo) a smooth value in a neighborhood of xy on this component. If ﬁ
is not an eigenvalue of Sy for 0 <t < 1, then the linking flow is nonsingular and
the evolved radial shape operator on the level surface By = A\¢(M;) in a neighborhood
of Mt(xo) is given by
SV//ﬂg = (I — x(t)Sv)_lSv.
Here v" is the image of the basis v under di(xg).
0O.

Corollary 8.6. Let xg € OM be a point on the closure of an edge manifold compo-
nent of OM with U(xo) a smooth value in a neighborhood of x¢ on this component.
Ifﬁ is not a generalized eigenvalue of (Sg v, In—1,1) for 0 <t <1, then the linking
flow is nonsingular and the radial shape operator on the level surface By = A (M;)
in a neighborhood of A\¢(xo) is given by

Sv”,t = (In—l,l - X(t)SE,V)_ISE,V .
Here v" is the image of the basis v of Ty,OM under di:(zo).
0.

Shape Operator on the Linking Azis. As a consequence of the corollaries, we can
deduce the shape operator for the linking axis My. Let x € My, and suppose x’ € M;
is a point for which the linking flow ends at . Then, x = A\ (2') = 2’/ + L;(2'),
for some choice of the linking vector field at x’. Then, to such a point there is the
corresponding point 2" = ¢y (2’) € B;. We then have a value of a radial vector field
Up = —(¢; — ri)u; at © € My, with £;, r;, and u; associated to the value L;(x').
This vector ends at z”/. We obtain a value of Uy at x for each such point in some
M; linked at z. This defines a multi-valued vector field on Mj.

Then, the associated unit vector field at x is ug = —u;. Thus, the radial shape
operator for (Mo, Uy) at = € My, the “double of the linking axis” is the negative of
that for the stratum of My, viewed as a level set of the linking flow from x’ € M.
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Hence, by the corollaries we obtain the following calculation of the corresponding
radial shape operator.

Corollary 8.7. If x € My is as in the above discussion, then the radial shape
operator for the skeletal structure (Mo, Upy) at x is given by either: if ' is a non-
edge closure point, then with the notation of Corollary 8.5,

Sv”,t - _(I_ éiSv)il‘S’v;
or if ¥’ is an edge closure point, then with the notation of Corollary 8.6,
Sy = —(In-11 —4iSp~v) 'Sev .

0.
Hence, any calculation which could be performed using the radial shape oper-
ators on My could be performed using the radial or edge shape operators on the
appropriate M;.

9. PROPERTIES OF REGIONS DEFINED USING THE LINKING FLOW

We will next consider how the medial/skeletal linking structure {(M;, U, ¢;)}
for a multi-region configuration Q = {Q;} in R**! allows us to decompose the
region external to the configuration into sub-regions reflecting the positional rela-
tions between the individual regions. We referred to this in §3. We now provide
more details and terminology which we will employ in the next sections. We will
separately consider the unbounded and bounded cases.

Medial/Skeletal Linking Structures in the Unbounded Case. The principal
difference for the “unbounded case”, for which the configuration is considered in
R™*1, is that the associated external regions which naturally reflect the positional
information are also usually unbounded. We begin by defining regions €2; and Q;
in the configuration that are linked via the linking structure, and introduce basic
notation using the linking flow A; on ;. We recall that a point x € M; is linked
to a point z’ € ]\7[j if for the corresponding values of the linking vector fields
x+ Li(z) = 2’ + Lj(2'), or equivalently X;(z) = A\;(z’). Then, by property L2) in
Definition 3.1, entire strata of M; are linked to entire strata of ]\7[j, or the images
of the strata remain disjoint under the linking flow.
Then, we introduce regions defined using the linking flow

Definition 9.1. For a skeletal linking structure {(M;, U;, ¥¢;)} for the configuration
Q = {Q;}, we define regions associated to the structure as follows:

i) M;_,; will denote the union of the strata of Ml which are linked to strata
of Mj, and we refer to it as the strata where M; is linked to M; (the strata
being in M; indicate on which “side”of M; the linking occurs).

i) Qi = M(Mi—j [0, %}) denotes the region of Q; linked to ;.

i) Ni—j = Ni(M;—j % [%, 1}) denotes the linking neighborhood of ; linked to
iv) Bjﬁj =0 ﬂ./\/iHj is the boundary region of B; linked to B;.
v) Ri; = Qi; UN;_;, is the total region for Q; linked to Q;.

In the case that the configuration in bounded within ©, the regions will be those
for the corresponding bounded linking structure.
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(b)

FIGURE 24. Configuration of three regions with portions of the
regions Q7 and 3 which are linked to each other (darkly shaded
regions are parts of ;5 and Qa_,1), and their linking neighbor-
hoods (grey shaded regions are parts of N1 and Na_,1). Then,
Bi_.5 is the portion of the boundary B; where Nj_,» meets Q;_.o,
while R1_,5 is the union of the two regions Ni_. and ;_,5. Note
that in the unbounded case in a), much of the linking in the infinite
region occurs between small parts of 27 and €23, and this would
not occur for a bounded linking structure in a bounded region as
in b) where a threshold is imposed.

We illustrate these regions in Figure 24.

Then, we make a few simple observations: first, by property L2) in Definition
3.1 of the skeletal linking structure, N;_,; NN;_; will consist of a union of strata of
the linking axis M, where the linking between 2; and €2; occurs; and second, the
regions for a fixed ¢ but different j may intersect on the images under the linking
flow of strata where there is linking between €2; and two or more other regions.

Next, strata of M; may involve self-linking. We will still use the notation M;_.;,
Q;_.;, etc for the strata, regions etc. involving self-linking. Then, N;_,; will intersect
N;_; on strata where partial linking occurs. Finally the remaining strata in M; lie
in M; , which consists of the union of strata which are unlinked. Then, property
L4) of Definition 3.1 of skeletal linking structure requires that the global radial
flow from the union of the N |M; o defines a diffeomorphism to the complement of
the linking flows (see e.g. Figure 12). We then also let ©; oo, N oo, Bico and R
denote the corresponding regions for M; .

Then, we have the decompositions
(91) Q; = (Uj#iﬂi_,j) U UQ o with (Uj;éiﬂi_,j @] Qz_n) NQiso = 0 ,
but the various Q;_,; and/or ©;_,; may have non-empty intersections, as explained
above. There are analogous decompositions for M; and B;. Also, we denote the
total linking neighborhood by N; = U;2N;—;. Then, N; UN;_,; UN;  is the total
neighborhood of Q; (in the complement of the configuration), whose interior consists
of points external to the configuration which are closest to €2;.

Using the notation of §3, B;y denotes the portion of the boundary B; not shared
with any other region. We recall that the strata in B;\B;g, are of the form Bi j,
which are boundary strata shared with the boundary of another €;. Then, on the
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strata of M; corresponding to these strata, the linking flow is constant in ¢ for
% < t < 1, remaining at the shared boundary region. Hence, N; at these points
only consists of boundary points of B;\B;o. Off of these points we can describe
the structure of A; using the linking flow. We summarize the consequences of the
properties of the linking flow for the various regions.

Corollary 9.2. For a configuration of regions Q@ = {§;} with skeletal linking struc-
ture {(M;,U;, £;)}, there are the following properties for each region associated to
1) Q\M; is fibered by the level sets of the linking flow for 0 <t < 3;
2) Ni\(B:i\B;o) is fibered by the level sets of the linking flow for 3 <t <1;
3) Niwi\My is fibered by the level sets of the linking flow for § <t <1; and
4) N oo 15 fibered by the level sets of the radial flow for 1 <t < oo .

For each of these fibrations, the fibers are stratified manifolds.
Furthermore, the evolving radial shape operator for 0 < t < 1 under the linking
flow is given by Corollaries 8.5 and 8.6.

Proof. First, the nonsingularity of the linking flow (linking condition (L2)) gives
two cases: i) for each stratum S; of J\7[Z-, which corresponds to a stratum of B;
the linking flow defines a piecewise smooth diffeomorphism A; : S; % % (0,1] — Rk,
where R;; denotes the image; and ii) if S;j corresponds to a stratum of B;\B;o,
then only A; : S;x x (0, %] — §; is a smooth diffeomorphism onto its image; and
i SiE X [%, 1] — Q; is constant in ¢ and has as image a stratum in the boundary
B;.

Thus, in either of the two cases, the restriction of the flow to the subset S; ; % (0, %]
is a smooth diffeomorphism, and we obtain the radial flow (at double speed), so the
image is the union of the level sets for each stratum giving a level set of the radial
flow B;. This is a global stratawise diffeomorphism and gives a fibration of Q;\ M;
by Theorem 2.5 on [D1].

Again in the first case, for S, a stratum of M;_,; which is associated to B; g, the
restriction of the linking flow to S;j, x [$, 1] is a smooth diffeomorphism. The union
of these two parts of the linking flows then defines a global stratawise piecewise
smooth diffeomorphism with image AN;\(B;\B;o). However, if we consider M;_.;,
then more than one stratum will have as image at ¢ = 1 the same stratum of My,
so it will only be a diffeomorphism for % <t<l1.

Lastly, by Proposition 14.11, on strata of M;, the radial flow will satisfy the
radial or edge curvatures conditions for all £ > 0 and defines a global diffeomorphism
¥; : Sik X [1,00) onto its image. By the same proposition, these fit together to form
a global stratawise diffeomorphism M; o, X [1,00) =~ N -

Furthermore, by Proposition 8.1, the linking curvature or linking edge condition
is satisfied at each point as appropriate. Then, this also implies that the radial
curvature or edge curvature conditions, as appropriate, are also satisfied. Hence,
Corollaries 8.5 or 8.6 apply, yielding the stated form. O

Regions for the Full Blum Linking Structure. If we use instead the full Blum linking
structure for a general configuration, we point out the modification of Corollary 9.2.
By Theorem 4.5, the Blum medial axis M; in the interior of each £2; has closure
containing edge-corner points of €; (P or the singular Q) points for all k). At
these points, the Blum medial axis has the local edge-corner normal form given
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in Definition 4.4. Because of this normal form, the radial flow still gives a local
fibration structure in a neighborhood of the edge-corner points, provided we exclude
those points from the boundary. Hence, the radial flow from the medial axis in the
interior defines a fibration structure for ;\CI(M;). The remaining properties of
Corollary 9.2 then remain true because for 2), B;\B;o contains the edge corner
points and is removed. For both 3) and 4), the edge-corner points do not play a
role.

For the special case of a configuration of disjoint regions with smooth boundaries,
the Blum medial linking structure is a skeletal linking structure, so no modifications
of the conclusions of Corollary 9.2 are required.

We next consider the bounded case.

Medial /Skeletal Linking Structures for the Bounded Case. For the bounded
case we suppose that the configuration lies in the interior of a region Q whose bound-
ary € is transverse to the stratification of My and to the linking vectors on M (i.e.
in the linking region, and including the extension of the radial lines from M, the
linking line segments or extended radial lines are tranverse to the (limiting) tan-
gent spaces at points of 8(2) As explained in Remark 4.19, we can alter the linking
vector field either by truncating it or defining it on M, and then refining the strat-
ification so that on appropriate strata the linking vector field ends at o). Tt is now
defined on all of M; for all ¢ > 0. Because we are either reducing ¢;, or defining L;
on M; ., the linking flow is still nonsingular, so we have corresponding properties
from Corollary 9.2, except that for properties 2), 3), and 4) the linking flow and
corresponding regions N;_.j, Vi, and R;_.; may only extend to 9. Also, we still
obtain the same formulas for the evolution of the radial shape operators for those
level sets of the linking flow while they remain within int (2).

Thus, we have compact versions of the regions defined for the unbounded case.
To construct these regions, there are a number of different possibilities.

Possibilities for a Bounded Region Q. :

Bounding Box or Bounding Convex Region:

A bounding box requires a center and directions and sizes for the edges of the
box. For this, we would need to first normalize the center and directions for the
sides of the box and then normalize the sizes of the edges either using a fixed size
or one based on features sizes of the configuration. An example of a bounding
box and the resulting linking structure is shown in Figure 25 (a). For another
convex bounding region such as a bounding sphere, because of the symmetry, it is
only necessary to normalize the center, and then either fix the radius or base it on
the feature sizes. For any convex region Q with piecewise smooth boundary, the
limiting tangent planes of o0 are supporting hyperplanes for Q. Hence any line in
the tangent plane lies outside int (). Thus, the radial lines from regions in the
configuration will meet the boundary transversely (including the limiting tangent
planes at singular points).

Convex Hull:

The smallest convex region which contains a configuration is the convex hull of
the configuration. For a generic configuration, the convex hull consists of the regions
Bi s together with the truncated envelope of the family of degenerate supporting
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. ,{%'

FIGURE 25. a) Bounding box with curved corners containing
a configuration of three regions and b) (a priori given) intrinsic
bounding region for the same configuration. The linking structure
is either extended to the boundary (in the region bounded by the
darker lines on the boundary for M; ) or truncated at the bound-
ary.

hyperplanes which meet the configuration with a degenerate tangency or at multiple
points.

For a) of Figure 12 in § 4, which is a configuration in R?, the envelope consists
of line segments joining the doubly tangent points corresponding to the points in
the spherical axis (b) of Figure 12.

In R3, the envelope consists of a triangular portion of a triply tangent plane,
with line segments joining pairs of points with a bitangent supporting plane, and
a decreasing family of segments ending at a degenerate point (see Example 4.10 in

§ 4).

Intrinsic Bounding Region:

If the configuration is naturally contained in an (a priori given) intrinsic region,
which is modeled by Q, then provided that the extensions of the radial lines intersect
99 transversely, then we can modify the linking structure as in the convex case to
have it defined on all of the M;, and terminating at 9, if linking has not already
occurred (see e.g. Figure 25 (b)).

Threshold for Linking:

The external region can be bounded by placing a threshold 7 on the ¢; so that
the L; remain in a bounded region. This can be done in two different ways. An
absolute threshold restricts the external regions to those arising from linking vector
fields with ¢; < 7; and a truncated threshold restricts to a bounded region formed
by replacing ¢; by ¢; = min{¢;, 7}. For the first type, only part of the region would
have an external linking neighborhood; while in the second, the entire region would.
As for the convex case, since we are replacing ¢; by smaller values, the linking flow
will remain nonsingular. We obtain modified versions of the regions lying in a
bounded region (see e.g. Figures 24 or 27).
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Remark 9.3. If the configuration is subjected to a transformation formed from a
translation, rotation, and scaling, then we would like the associated bounded region
Q to be sent to the corresponding bounded region for the resulting image configu-
ration. Provided we also scale the length of vectors, a skeletal linking structure will
be sent by such mappings to a skeletal linking structure for the image configuration.
This is also true for a Blum linking structure. Thus, it is only necessary that the
associated bounding region is constructed from geometric data from the configura-
tion. For the convex hull this is true. For an intrinsic bounding region, we would
require that the transformations send one intrinsic bounding region to another.
This will also happen for bounding boxes, etc or thresholds provided any reference
points, directions of edges, and lengths are determined by the configuration.

10. GLOBAL GEOMETRY VIA MEDIAL AND SKELETAL LINKING INTEGRALS

We are now ready to use the regions we have defined for a configuration to
introduce quantitative invariants measuring positional geometry for configurations.
We do so in terms of integrals which are defined on the skeletal sets for the individual
regions using the shape operators defined from the linking structure.

Defining Medial and Skeletal Linking Integrals. We begin by considering a
medial or skeletal linking structure {(M;,U;,¥¢;)} for a multi-region configuration
Q = {Q;} in R*"1. We recall from §3 that we introduced the notation that M =
]_L->O M; denotes the disjoint union of the M; for each region €2; for ¢ > 0. Each
M; has its double Mi, and we also introduced the double M for the configuration
by M = | 1 P M;. For each i > 0, there is a canonical finite-to-one projection
7 : M; — M;, mapping (z,U(x)) ~ x. The union of these defines a canonical
projection 7 : M — M, such that 7r|]\;[i = m; for each i > 0.

Even though € is defined via an embedding ® : A — R"*! we will define
the integrals directly using the skeletal linking structure for 2. We will define the
skeletal integral on M for a multi-valued function g: M — R, by which we mean
for any x € M;, g may have a different value for each different value of U; at .
Such a g pulls-back via 7 to a well-defined map §: M — R so that gom = §.

To define the integrals we use an especially suited positive Borel measure on
M. The Borel measures are defined separately for each M; and then together
they give the Borel measure on M. The existence of the corresponding positive
Borel measures dM; on each Mi for each i > 0 follows from Proposition 3.2 of
[D4]. We briefly recall how they are defined. We cover M; by a finite union of
paved neighborhoods {W},}. We recall from §3 (see also [D4, §3]) that for a “paved
neighborhood” we mean an open Wj; whose closure may be decomposed into a
finite number of connected smooth manifolds with boundaries and corners M,
which only meet along boundary facets, see e.g. Figure 6, and each value of U is
defined smoothly on M, .

The measure is defined by defining the integrals of continuous functions on M
and using the Riesz representation theorem. By a partition of unity argument as in
e.g. [LS, Chap. 10] or [Sp, Vol. 1, Chap. 8], it is enough to define the integral for

(k

one such region M, ;. We let Maj), k = 1,2, denote the inverse images of M, under

the canonical projection map 7; : M; — M;. Each Mé’j) is a copy of M,;, with the
smooth value of U; associated to the copy. For each copy we let dM;; = p;;dV;,
where dV; is the Riemannian volume on M,; and p;; = ug; - ng; where ug; is a
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value of the unit vector field corresponding to the smooth value of Uy ; for Mé’j)
and ny ; is the normal unit vector pointing on the same side as Uy, ;.

By a partition of unity argument, we obtain integrals of continuous functions h
on M;. Then, by the Riesz representation theorem, there is a regular positive Borel
measure dM; on ]\7[i so that integration extends to Borel measurable functions h
on M;, given by the integral with respect to this measure, see [D4, §3].

Then, for a multivalued function g on M,;, the integral of g is, by definition,

the sum of the integrals of the corresponding values of g over each copy Mé’j) with
respect to the medial measure dMj ;. For Borel measurable functions § on M;
obtained (as above) by composing g with 7;, this gives a well-defined integral with
respect to the Borel measure dM; on Mi.

Then, the distinct Borel measures on dM; on M; together define a regular positive
Borel measure dM on M; and the integral of a Borel measurable multi-valued
function g on M is defined to be

(10.1) /Mng = Z/Mingi’

i>0

where each integral on the RHS is the integral of § over M; with respect to the
Borel measure dM;, and it can be viewed as an integral of g over “both sides of
M;”.

A Blum medial linking structure for a configuration of disjoint regions is itself
a skeletal structure, so the integral makes sense for such configurations. We re-
fer to the integrals in (10.1) as medial or skeletal linking integrals, depending on
whether the linking structure is a Blum medial linking structure or a skeletal linking
structure.

In the results that follow, just as in the preceding definition, we will be adapting
the arguments given in [D4] for a single region to the individual regions of the
configuration. Consequently, we will frequently outline the arguments and refer to
the specific proofs in [D4] for the details.

Blum Medial Linking Integrals for General Configurations.

For a general configuration with a full Blum linking structure, the Blum medial
axis extends to the boundary; and its closure contains the edge-corner points of each
Q;. We briefly explain how the preceding definition of the integral can be extended
to this case. We now include the edge-corner points as points of the medial axis
M;, so that it is still compact. The double M; is defined as before, except that
there is only a single point lying over each edge-corner point, just as for the edge
points of the medial axis in the smooth case. Again M; is a compact (and locally
compact) Hausdorff space. Also, because there is the edge-corner normal form for
the medial axis in the neighborhood of any edge-corner point, we can again give a
paved neighborhood of any such point, in the sense of [D4, §3].

We can then define an integral of a multi-valued function g on M; just as for
skeletal structures using a partition of unity and paved neighborhoods. As in the
preceding, there is a unique regular positive Borel measure dM; on M; so that the
integral of g on M; is the integral of g with respect to the measure dM; on M;.
We shall refer to this measure as the skeletal (or medial) measure on M;. Locally
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the measure still has the form dM; = p;dV;, except now p; vanishes on the edge-
corner points. In this case, we still refer to the integrals in (10.1) as medial linking
integrals.

Computing Boundary Integrals via Medial Linking Integrals. So far the
integrals which we have just defined only depend on the skeletal structures for the
individual regions. We now show how, by using the linking flow, we may express
integrals of functions on B or functions on R"*! as medial or skeletal integrals over
the skeletal sets.

Representing Integrals of Functions on B as Medial Integrals. First, we consider a
Borel measurable function g : B — R, integrable for volume measure on B, which
is allowed to be multi-valued in the sense that for any k-edge-corner point z € B,
g may take distinct values for each region €2;, ¢ > 0, containing x on its boundary.
Thus, for a shared boundary region B;; = B; N B;, g may take different values for
each region €2; or €2; (so the values on B; ; for each 2; define a Borel measurable and
integrable function on B; ; and on B; g = B;\ Uj»; B;). For example, such a function
might represent a physical quantity such as a density of the boundary region which
may differ for each region 2; and hence give two possible values on shared regions
such as B;;. By the integral of such a multi-valued function g over B we mean

gdV = /gludV
/B Z Bi; !

i#4,8,5>0
where g; ; denotes the values of g on B;; for Q; and dV denotes the n-dimensional
Riemannian volume on each B;. This includes both B;¢ and B; » so the integral is
over the complete boundaries of all regions.

Then, for the time-one radial flow map ;1 : Mi — B;, we define g : M; — R
by § = g o;1, where the value on B;; is the value associated to {2;. Then, g is a
multi-valued Borel measurable function on M;.

We may compute the integral of g over B by the following result.

Theorem 10.1. Let Q be a multi-region configuration with (full) Blum linking
structure. If g : B — R is a multi-valued Borel measurable and integrable function,
then

(10.2) /ng = / Gdet(I — r;Spaq) dM
B M

where r; is the radius function of each M;.

Proof. In the case of a configuration of disjoint regions with smooth boundaries,
for each region €);, g is a well-defined function on B; and we may apply Theorem
4.1 of [D4] to conclude

(10.3) / gdV = /~ gdet(I — r;Spaq) dM; .
B; M;
Summing (10.3) over ¢ > 0 gives the result in this case.

Next for a general configuration, we first consider a single region §2; in it. We
may apply the proof of [D4, Thm 4.1] to one of the regions M;, with a given
smooth value of U; on it. If M;, meets the edge-corner strata, it does so on its
boundary. Let Bz(fl) = wil(Mi(i)) for the given values for U;. Then, ¢i1|Mi(2 is

()

a homeomorphism to B;7,, and v;; is nonsingular on the interior of M;,. Thus,
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we can still apply the change of variables formula for multiple integrals. Hence,
applying the proof of [D4, Thm 4.1] we obtain

(10.4) / gdV = / Gdet(I — 13Syqq) dM; .
Bia Mia

Then, we can first sum (10.4) over the Mi(i) which form a paved neighborhood, to
obtain the result on paved neighborhoods, and then use the partition of unity to
obtain (10.3). O

In the case of a skeletal structure, there is a form of Theorem 10.1 which still
applies. For each region (2;, with ¢ > 0, let R; denote a Borel measurable region
of M; which under the radial flow maps to a Borel measurable region R; of B;.
Let R = U;R; and R = U;R;. We suppose that the skeletal structure satisfies the

“partial Blum condition” on R, by which we mean: for each ¢, the compatibility
1-form ny, vanishes on Rl (recall this means that the radial vector U; at points of
& € R; is orthogonal to B; at the point where it meets the boundary). Note that
for a skeletal structure this forces R to be contained in the complement of Bg;ng.

Then, there is the following analogue of Theorem 10.1.

Corollary 10.2. Let Q be a multi-region configuration with skeletal linking struc-
ture which satisfies the partial Blum condition on the region R C M, with image R
under 1. If g : R — R is a multi-valued Borel measurable and integrable function,
then

(10.5) /ng = /~§det(l—ri8md)dM.
R R

Proof. We again follow the proof of Theorem 4.1 in [D4]. We let xr denote the
characteristic function of the region R on B (so it equals 1 on R and 0 off R), and
we replace g by ¢ = xgr - g. Then the integral of g over R equals that of g’ over B.

We may cover R by paved neighborhoods whose images lie in the smooth strata
of B, and paved neighborhoods which miss R. For each Mi(fl) which appears in one
of the paved neighborhoods meeting R, we apply the proof of Theorem 4.1 in [D4].
By the partial Blum condition U(J) is normal to BZ(JQ) at ;1 (x) for z € RN Ml(a),
thus

. 0 z ¢ R,
9/ dip;,1(dV) = < ¢ =
gdet(I —r;Spaq) dM zx € R.
Thus,
(10.6) / gdV = / gdet(I — r;Spraq) dM |
RNBY) RNMY)

yielding the result on Mi(i). Then, we may follow the reasoning in the proof of [D4,
Thm. 4.1] to obtain the conclusion. O

Volumes of Regions in B. We give one application of Theorem 10.1 to computing
the n-dimensional volume of 5. There are two possible meanings for this. The
“complete volume” includes the volume of each B;, counting that of each shared
boundary B;; for both B; and B;. The other “partial volume”counts the shared
boundaries only once. We may compute the complete volume by applying Theorem
10.1tog=1.
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Corollary 10.3. Let Q be a multi-region configuration with (full) Blum medial
linking structure. Then the complete volume of B is given by

(10.7) complete n-dim vol (B) = / det(I — r;Spaq) dM .
M
O

For the partial volume, we linearly order the boundaries B;, letting “>~" denote
the ordering, and define the multi-valued function 1 on B so that for B;, 1 equals
1 except on the strata B;; with B; >~ B;, where instead it equals 0. This is the
characteristic function for a region in B that corresponds under the radial flow to a
region M C M, which is the union of M; C M;. Thus, by applying Theorem 10.1
to 1 we obtain the following.

Corollary 10.4. Let Q be a multi-region configuration with (full) Blum medial
linking structure. Then, the partial volume of B is given by

(10.8) partial n-dim vol (B) = / det(I — r;Spaq) dM .
M

O

Remark 10.5. There is an analogous result for a region R C B which is the image
of a region R C M under the radial flow. If the configuration is modeled by a
skeletal linking structure which satisfies the partial Blum condition on R, then the
(complete) volume of R is given by [ det(I — r;Spqa) dM.

We may expand det(I — tSyaq) = Y ;_o(—1)70;t/, where o is the j-th ele-
mentary symmetric function in the principal radial curvatures x;. Applying the
formulas, we may write the integrals as a sum of integrals (—1)7 [ gojr! dM, which
are “moment integrals” of the functions go; with respect to the radial functions.
Examples of these explicit integrals for a single region can be found in [D4, §6.1];
for configurations of regions the integrands have the same forms.

Computing Integrals as Skeletal Linking Integrals via the Linking Flow.
Next we turn to the problem of computing integrals over regions which may be
partially or completely in the external region of the configuration. Quite generally
we consider a Borel measurable and Lebesgue integrable function ¢ : R*t! — R
with compact support. We shall see that we can compute the integral of g as a
skeletal linking integral of an appropriate related function.

Since we are in the unbounded case, we first modify the skeletal linking structure
by defining ¢; on M, to be £; = oco. By Proposition 14.11, the linking flow on
M; « is a diffeomorphism for 0 < t < co(= ¥;).

Next, we first replace the linking flow by a simpler elementary linking flow defined
by Aj(x) = z + tu,, for 0 < t < ¢; (or < oo if ¢; = 00). The elementary linking
flow is again along the lines determined by the linking vector field L;; however, the
rate of flow differs from that for the usual linking flow. This means that the level
surfaces will differ, although the image of strata under the elementary linking flow
agrees with that for the linking flow. In addition, as the linking flow is nonsingular,
Proposition 8.1 implies that the linking curvature and edge conditions are satisfied.
Then, for the linking vector field, viewed as a radial vector field, the radial curvature
and edge curvature conditions are satisfied, and hence imply the nonsingularity of
the elementary linking flow.
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Then, using the elementary linking flow, we can compute the integral of g as a
skeletal linking integral. We define a multi-valued function g on M as follows: for
x € M; with associated smooth value U; and linking vector L; in the same direction
as U; (SO (x, UZ) S Mz)7

. l;
(10.9) i) < / g(N, () det(I — £5,q4) dt

provided the integral is defined. Then, we have the following formula for the integral
of g as a skeletal linking integral.

Theorem 10.6. Let £ be a multi-region configuration in R™ ™ with a skeletal
linking structure. If g : R™' — R is a Borel measurable and Lebesque integrable
function with compact support, then g(x) is defined for almost all x € M, it is
integrable on M, and

(10.10) / gdV = /Nng.
Rn+1 M

Remark 10.7. If we compare this formula with that given for a single region in
Theorem 6.1 of [D4], we notice they have a slightly different form. However, as
noted in Remark 6.2 of that paper, it is possible to use a change of coordinates
t' = {;t to rewrite

1
(1011) g(ac) = fi / g(x + t/Li) det(I — t'EiSmd) dt/ s
0

which agrees with the form given there. We will use the same change of coordinates
to rewrite the formula differently below. In proving the theorem we will find it useful
to first reduce it to the integral for a modified linking structure over a bounded
region.

Reducing to Integrals for Bounded Skeletal Linking Structures. We relate the un-
bounded skeletal structure to a bounded one. We let @ = supp (g), which is com-
pact. We may find a compact convex region Q with smooth boundary containing
both the configuration 2 and Q. Then, we can modify the linking structure by
reducing the L; so it is truncated by 99 and defining L; on M; o, as the extensions
of the radial vectors to where they meet 09 Because the extended radial lines are
transverse to 92, the new values of £;, which we denote by ¢/, remain smooth on
the strata of each M;. We also let L] = ¢}u;, with u; denoting the unit vector in the
same direction as L;, be the corresponding linking vector. As ¢} < ¢;, the linking
flow remains nonsingular on all strata of M.
First, we may express

(10.12) / gdV = /ng
Rn+1 Q

This allows us to reduce the proof of Theorem 10.6 to the case of the bounded
integral on the RHS of (10.12) using the bounded linking structure on .

Proof of Theorem 10.6. For the proof, we first also reduce the integral on the RHS
of (10.10) as an integral over the bounded region. Since the intersection of supp (g)
with the linking line segment {tu; : 0 <t < ¢;} lies in {tu; : 0 < ¢ < £}},

‘
(10.13) g(x) :/0 g\, (2)) det(I — tSyqq) dt .
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/
i

By the change of coordinates ¢ = £/t', we obtain

1
(10.14) g(z) = zg/ g(z +t'L) det(I — t'0;S,qa) dt’ .
0

Then, (10.10) reduces to computing the integral in the RHS of (10.10) using the
bounded structure as an integral of (10.14). Also, as the elementary linking flow is
still one-one on each linking line, the elementary linking flow )\, is still a homeomor-

phism on any of the regions Mi(i). Also, by the preceding discussion the elementary
linking flow is also nonsingular on the interior of M. i(i) x [0,1] with image in R™+1,

denoted Rgg Thus, using the change of variables formula for multiple integrals
and the argument proving Theorem 6.1 in [D4], we obtain

(10.15) / gdV = / g(z)dt".
R M)

where g(z) is given by (10.14), which is the same as (10.9).
Thus, we may follow the reasoning from the proof of Theorem 6.1 in [D4] to
complete the proof. O

As an immediate consequence of Theorem 10.6 we can deduce the following. Let

‘
do(x) = / 9N, (2))x@ (N (x)) det(T — t5,aa ) d

Corollary 10.8. Let 2 be a multi-region configuration with skeletal linking struc-
ture. Suppose that Q@ C R™! is a compact subset and g : R — R is a Borel
measurable and Lebesque integrable function on Q. Then,

(10.16) / gdV = /~ go dM .
Q M

The proof is an immediate consequence of Theorem 10.6 applied to xg-g. O
In the special case where g = 1, we obtain an analogue of the Crofton formula.

For a compact subset @ C R""! and each x € M;, we define the multi-valued
function

£
mg(x) = /0 Xo(z +tLi(x)) det(I — tSpaq) dt .

We can view mg(z) as a weighted 1-dimensional measure of the intersection of Q
with the linking line from x determined by L;(x).

Corollary 10.9 (Crofton Type Formula). Let € be a multi-region configuration
with skeletal linking structure. Suppose Q@ C R"*! is a compact subset. Then,

(10.17) vol (Q) = /MmQ(x)dM.
O

Decomposition of a Global Integral using the Linking Flow. We next decompose
the integral on the RHS of (10.16) using the alternative integral representation of
g using the linking flow. We do so by applying the change of variables formula to
relate the elementary linking flow ) with the linking flow A, both of which flow
along the linking lines but at different linear rates.
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We define

Jint(z) = / gz +tu;)det(I — tSrqq)dt  and
0

(10.18) Gout(z) = / " ol tws) det(] — tSyma) di.

These may be alternately leitten using a change of coordinates as
(10.19) Gint(x) = 15 /1 g(x + tryu;) det(I — tr;Spaq) dt .
and i

(10.20)

1
Jext(x) = (4; — rl)/ gl + (ri +t(L; —ri))u;) det(I — (r; + ¢(€; — 73))Sraa) dt .
0
Then, we may decompose f g as follows.

Corollary 10.10. Let 2 be a multi-region configuration in R*T1 with a skeletal
linking structure. If g : R™' — R is a Borel measurable and Lebesgue integrable
function with compact support, then, Gint(x) and Gezt(x) are defined for almost all
x € M, they are integrable on M, and

(1021) / ng = / ginth + / §emth,
R7+1 M M

where

M M i 00

i,5>0 7 Mi—j i>0
with an analogous formula with gine replaced by geqt everywhere in (10.22).

The first integral on the RHS of (10.21) is the “interior integral” of g within
the configuration using the radial flow, and the second integral is the“external
integral” computed using the linking flow outside of the configuration. Then we
may decompose each of these integrals using (10.22) into integrals over the distinct
linking regions as illustrated in Figure 26

Proof. For (10.21) we may just apply Theorem 10.6 and compute the RHS of (10.11)
as a sum of two integrals by writing (10.9) as a sum of two integrals to obtain
J = Gint + Gext- That they are defined for almost all x € M follows from an
application of Fubini’s Theorem as in the proof of Theorem 6.1 in [D4]. This
decomposes the linking flow into the parts both before and after the flow reaches
the boundary.

For (10.22), we use that M is a union of M;_,; for i,7 > 0 and M; for i > 0.
These are unions of strata which form n-dimensional stratified sets, and hence are
Borel sets of dimension n. Also, any two of these intersect on a union of strata of
dimension < n which have measure 0 in M. Thus,

/_ Gint AV = Z/ gint AV + Z/ Gint AM .
M i,5>0 Mi— i>0 Y Mioo

This yields (10.22) with an analogous formula for ge.:. O
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a)

FiGURE 26. The decomposition of the integral over a region
Q outlined in a) is given as the sum of integrals over regions in
b) obtained by the subdivision of @ by the linking axis and the
three linking lines to the branch point of the linking axis. Each
Qij C Ri—; (or in general including Q;co C Rico) in the figure
consists of the darker region inside the subregion Q;_,; together
with the portion of @ in the linking neighborhood N;_.;. The inte-
gral can then be expressed by Corollary 10.10 as sums of internal
and external integrals over the M;_,; and M, .

Skeletal Linking Integral Formulas for Global Invariants. We now express
the volumes of regions associated to the linking structure as skeletal linking in-
tegrals. We may apply the same reasoning as in Corollary 10.9, using Corollary
10.10 to compute the volumes of compact measurable regions Q@ C R"*! as a sum
of internal and external integrals. We consider a specific application for linking
regions.

For these calculations we will use the expression

t n J

def (1)
10.23 () = det(I — tSypaq) dt = E :

( ) ( ) /0 ¢ ( d) =0 J +1

I+
otV

Volumes of Linking Regions as Skeletal Integrals. We consider a multi-region con-
figuration with a bounded skeletal linking structure.

Corollary 10.11. Let Q C Q be a multi-region configuration with a bounded skele-
tal linking structure. Then,

M;_,;

M,
(10.24)
vol (N o) = /M» ;) —ZIZ(r;)dM  and vol (Qie) = /M» I(r;)dM .

It then follows that we can compute the volumetric invariants of the various link-
ing regions such as R,_.;, V;, etc. using skeletal linking integrals of the polynomials
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Z(4;) or Z(r;). For example,

(10.25) vol(Ri—j) = / Z(;)dM ,
Mi*)j
with an analogous formula for vol (R; ).
As a consequence, we obtain generalizations of both Weyl’s formula for volumes
of tubes [W] and Steiner’s formula, see e.g. [Gr].

Corollary 10.12 (Generalized Weyl’s Formula). Let Q@ C Q be a multi-region
configuration with a bounded skeletal linking structure. Then,

(10.26) vol (;) = /~ Z(r;)dM .
M;

The sense in which this generalizes Weyl’s formula is explained for the case of
a single region with smooth boundary in [D4, §6, 7]. For Steiner’s formula, we
note that as explained in §9, NV; UN;_; UN; represents the total neighborhood
of €;, which is the region about €); extending along the linking lines. This is a
generalization of a partial tubular neighborhood about a region which depends on
the specific type of bounding region (see Figure 27).

Corollary 10.13 (Generalized Steiner’s Formula). Let Q C Q be a multi-region
configuration with a bounded skeletal linking structure. Then,

M

(10.27) Vol (N UN; i UNG ) = / I(6;) — Z(rs) dM .

3 b) c)

FIGURE 27. Examples of a total neighborhood N; UN;_; UN; o
for a region €2;, to which the generalized Steiner’s formula applies:
a) absolute threshold; b) bounding box; and c) convex hull.

Both of these results are immediate consequences of Corollary 10.11. o

Proof of Corollary 10.11. In each case, it is sufficient to apply Corollary 10.10. For
example, for Nj_;, we apply the theorem to g = x;_,, whose integral equals
vol (NV;—;). The internal integral is zero and to compute the external integral, the
characteristic function is = 1 on the external part of the linking lines so we obtain
using (10.23) that Ge,e = Z(¢;) — Z(r;) at points of M;_,; and 0 otherwise. Thus,
the integral is as stated. O

We next turn to defining the positional geometric invariants in terms of volumes
of regions.
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11. PoOSITIONAL GEOMETRIC PROPERTIES OF MULTI-REGION CONFIGURATIONS

We consider a configuration @ = {Q;} C €, in the bounding region Q with a
bounded skeletal linking structure. We will now use the linking structure to inves-
tigate the positional geometry of the configuration. First, we use it to determine
which of the regions should be regarded as neighboring regions. Then, we use the
regions associated to the linking structure to define invariants which measure the
closeness of such neighboring regions. We further introduce invariants measuring
“positional significance” of regions for the configuration. These allow us to identify
which regions are central to the configuration and which ones are peripheral. Then,
we construct a tiered linking graph, with vertices representing the regions, and edges
between neighboring regions, with the closeness and significance values assigned to
the edges, resp. vertices. By applying threshold values to this structure we can
exhibit the subconfigurations within the given thresholds.

We show that these invariants are unchanged under the action of the Euclidean
group and scaling acting on the configuration and bounding region. Furthermore,
because these invariants are defined in terms of volumes of regions associated to
the linking structure, the results of the previous section allow us to compute them
as skeletal linking integrals.

Neighboring Regions and Measures of Closeness. We begin by using previ-
ous results to identify neighboring regions and measuring their closeness. We use
linking between regions as a criterion for their being neighbors. Then, a potential
first measure of closeness would be to determine, for a fixed €2;, the minimum value
of the radial linking function ¢;. If || L;(x)]| is the value of ¢; at this minimum, then
we determine any vector L;(z') so that 2’ is linked to z, and conclude that €;
and €2; are in some sense close. However, it is possible that two regions are only a
small distance away from one another at some point, so that || L;(z)|| = || L;(z")|| is
small, but are otherwise at most points a much greater distance apart. By contrast,
there may be a third region € whose linking vector of smallest norm linking €2;
to Q has larger norm than ||L;(2")||, but possibly other nearby vectors of L; and
Lj maintain approximately the same length along a much greater region. Such a
situation is illustrated in Figure 24 or 28, where €23 is close to €2; for a small region
but €22 is close to €y over a larger region.

FIGURE 28. Measure of Closeness. Deciding whether 25 or 23 is
“closer”to ;.

Thus, an appropriate measure of closeness should take into account how large is
the external region where the regions are close, compared with the size of the regions
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themselves. We will do so by using volumetric measures of appropriate regions. For
a configuration (2 with a skeletal linking structure, we introduced in § 9, Definition
9.1, the regions ;_.;, N;—;, and R;_.;. Because we will use volumetric measures
of these regions, we assume that we have a bounded configuration @ = {Q;} in a
bounding region € with corresponding bounded skeletal linking structure. Thus,
all of the regions will have finite volume.

The regions €;_,; and €};_,; capture the neighbor relations between €; and ;.
As we explained in §9, N;_.; and N;_,; share a common boundary region in My, so
they are both empty if one is, and then both Q;_,; and ,_,; are empty. In that
case 2; and 2; are not linked. Otherwise, we may introduce a measure of closeness.

There are two different ways to do this, each having a probabilistic interpretation.
First, we let

vol (Ql_,J)

= ———— and Cij = Cimj " Cj—i-

vol (Ri_,j )

Ci—j

Then, c¢;_.; is the probability that a point chosen at random in R;_,; will lie in €2;
(see Figure 29); so ¢;; is the probability that a pair of points, one each in R;_;
and R;_; both lie in the corresponding regions {2; and £2;.

FIGURE 29. Measure of closeness for regions in the configuration
in Figure 28 bounded via a threshold with the bounded skeletal
linking structure (see § 9). For a pair of neighboring regions ;
and €2, c¢;—,; denotes the ratio of the volume of the darker region
vol(§%;—,;) and the volume of the total shaded region vol(R;—.;) =
vol (i) + vol(N;—; ).

Note that c; ; contains much more information than the closest distance between
Q; and €2, and even the “L'-measure”of the region between (2; and ;. It compares
this measure with how much of the regions €2; and €2; are closest as neighbors. If
both Q;_.; and Q;_,; are empty, we let ¢;—.;, ¢j—;, and ¢; ; = 0. Also, we let ¢;; = 1.
Thus, from the collection of values {c¢;;} we can compare the closeness of any pair
of regions.

Since these invariants depend on a bounded skeletal linking structure, one way
to introduce a parametrized family ¢; ;(7) is by considering the varying threshold
values 7. For example, 7 may represent the maximum allowable values for ¢; or the
maximum value of ¢; relative to some intrinsic geometric linear invariant of ;. As
T increases, the bounded region increases and how ¢; j(7) varies indicates how the
closeness of the regions varies when larger linking values are taken into account.
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A second way to introduce a measure of closeness is to use an “additive” contribution
y

from each region and define
o vol (Qlﬂj) + vol (QJ*%)
Cij = vol (Rl_,J) + vol (Rj_,i) '

Here c¢f; is the probability that a point chosen in the region R;—.; UR;_; lies in
the configuration, i.e. in ; U2;. We also let ¢f; = 0 if ; and {; are not linked;
and we let ¢, = 1. Again, to obtain a more precise measure of closeness, we can
vary a measure of threshold 7 and obtain a varying family ¢f;(7). The invariants
satisfy 0 < ¢;,¢f; < 1. The value 0 indicates no linking, for values near 0, the
regions are neighbors but distant so they are “weakly linked”, and for values close
to 1, the regions are close over a large boundary region and are “strongly linked”.
There is a simple but crude relation between cf; and the pair ¢;—; and ¢;.;:

a

Cij < Gy i

As ¢f; < 1, this is only useful when the two regions are weakly linked. This
inequality is a special case of the following simple lemma whose proof follows easily

by induction.

Lemma 11.1. Ifa; >0 and b; > 0 fori=1,...,k, then

k k
S <3
> ie1 bi = b

O

Measuring Positional Significance of Objects Via Linking Structures. Po-
sitional significance of an object among a collection of objects should be a measure
of the object’s centrality in the configuration versus it being an outlier object. We
can measure positional significance in both absolute and relative terms. In each
case, we emphasize that we are considering geometric significance relative to the
configuration, rather than some other notion such as statistical significance. We
begin with the relative version. Given §2;, we define the positional significance
Zj;éi vol (Qi—;)
Zj;éi vol (Ri—;)
It may take values 0 < s; < 1. For values near 0, the region of €2; linked to some
other region is a small fraction of the external region between §2; and the other
regions. Thus, it is a peripheral region of the configuration. We would have the
value s = 0 if €; is not linked to any other region in the bounding region Q, which
may occur if there is a threshold for which the region is not linked to another region
with a linking vector of length less than the threshold. By contrast, if s; is close to
1, then there is very little external region between 2; and the other regions. Thus,
Q; is central for the configuration.

By lemma 11.1 it follows

s < Zciﬂjv

J#i
so that €2; being weakly linked to the other regions implies it has small positional
significance for the configuration. If we would like to further base the positional
significance of the region €2; on its absolute size, we can alternatively use an absolute

S; =
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measure of positional significance defined by §; = s;vol (€;). Then, the effect of the
smallness of s; can be partially counterbalanced by the size of €;.

Example 11.2. In Figure 30 is illustrated how the measure of positional signifi-
cance of a region which is central for the configuration decreases as the region is
moved away from the remaining configuration.

a) b)

FiGURE 30. For ; in configurations using convex hull bounding
regions, measure of positional significance is the ratio of the volume
of the darkest region to the volume of the union of the two more
darkly shaded regions. In a) §; is central, while in b) when € is
moved away from the remaining regions, it becomes less significant
for the configuration as indicated by the decreasing ratio.

Properties of Invariants for Closeness and Positional Significance. We
consider three properties of these invariants:
1) computation of all of the invariants as skeletal linking integrals;
2) invariance under the action of the Euclidean group and scaling; and
3) continuity of the invariants under small perturbations of generic configura-
tions.

Computation of the Invariants as Skeletal Linking Integrals. We can use the results
from the previous section to compute as skeletal linking integrals the above volumes
of regions associated to €2. This is summarized by the following.

Theorem 11.3. If Q@ = {Q;} C Q is a multi-region configuration, with a skele-
tal linking structure, then all global invariants of the configuration which can be
expressed as integrals over regions in R™1 can be computed as skeletal linking in-
tegrals using Theorem 10.6. In particular, the invariants c;—;, ¢;j, ¢f;, and s; are
given as the quotients of two skeletal linking integrals using (10.24) and (10.25).

O

Remark 11.4. We could try to alternatively use boundary measures for the regions
to define closeness and positional significance. There are two problems with this
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approach. From a computational point of view, the skeletal structures could only
be used where the partial Blum condition is satisfied. Moreover, boundary mea-
sures do not capture how much of the regions are close to each other (only where
their boundaries are close). For these reasons we have concentrated on (ratios of)
volumetric measures to capture positional geometry of the configuration.

Invariance under the action of the Fuclidean Group and Scaling. Second, we estab-
lish the invariance of the invariants defining closeness and positional significance
under Euclidean motions and scaling. Let = {Q;} C Q be a multi-region config-
uration, with a skeletal linking structure {(M;, U;,¢;)}. If f is a Euclidean motion
and a > 0 is a scaling factor, then we may let Q' = {Q}} € ', where Q@ = f(Q;)
and Q' = f(Q). We also let {(M/,U!,;)} be a skeletal linking structure for Q" de-
fined by M/ = f(M;), Ul = f(U;), and £; = ¢;. As f preserves distance and angles,
we have r} = r;, and the image of the linking flow for € is the linking flow for Q.
Then, {(M], U/, ¢.)} satisfies the conditions for being a skeletal linking structure
for . As QY = f (Q), the corresponding bounded linking structure for ' using '
is the image of that for € for Q. Then, the associated linking regions for €' are
the images of the corresponding associated linking regons for 2. Since f preserves
volumes, the invariants for closeness and positional significance are preserved by f.

If instead we consider a scaling by the factor a > 0, then we let g,(z) = a - z.
Now the images of € and Q under g, define a configuration Q' in €. We likewise let
{(M],U],£))} be defined by M/ = g,(M;), U = aU;, and ¢, = al; (and r, = ar;).
As before this is a skeletal structure for €2'. Everything goes through except that
go multiplies volume by a™*!'. However, as the invariants are ratios of volumes,

they again do not change. We summarize this with the following.

Proposition 11.5. If Q2 = {Q;} C Q is a multi-region configuration, with a skeletal
linking structure, then c;—j, ¢ij, ¢i;, and s; are invariant under the action of a
FEuclidean motion and scaling applied to both € and Q for the image of the skeletal
linking structure for the image configuration and bounding region.

O
We note that if we consider the absolute positional significance §;, then it is still
invariant under Euclidean motions. However, under scaling by a > 0, it changes by
the factor a™*1; but this would not alter the hierarchy based on absolute positional
significance, as all §; would be multiplied by the same factor.

Remark 11.6. Importantly, the invariance in Proposition 11.5 crucially depends
on also applying the Euclidean motion and/or scaling to the bounding region Q.
If the region is either fixed, or depends upon an external condition which prevents
it from transforming along with the configuration, then the invariance does not
hold. This has important consequences when properties of the configuration are
measured, and is a problem for many methods in imaging where the imaged region
first has to be normalized in some way. In our case, the measurements should also
be taking into account how their relation with the bounding region changes.

Continuity and Changes under Small Perturbations. Lastly, suppose that 2 =
{Q;} C Q is a multi-region configuration, with a bounded skeletal linking struc-
ture. We ask how the invariants will change under small perturbations. This is a
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generally challenging question which we are not attempting to answer in this pa-
per. Thus, for what we do say, we will not give precise proofs, but indicate what
we expect to happen.

First, if the linking structure is a Blum linking structure, then only if the objects
undergo a sufficiently small deformation for say the C*° topology will there be the
stability of the Blum linking structure, so the Blum medial axes will deform in
a smooth fashion. Then, the associated regions will also deform in a piecewise
smooth fashion. Hence, the volumes of these regions will vary continuously. Thus,
the quotients of the volumes will also vary continuously. It then follows that the
invariants, which are quotients of such volumes will also vary continuously.

If instead we only require that the deformations be C! small then the Blum
linking structure will be unstable; however, it is possible to deform it to a skeletal
linking structure which changes continuously under this small deformation. Under
these changes the skeletal sets will deform without changing their basic structure,
and the associated regions will change in a continuous fashion so the resulting
invariants, which are volumetric based, will also change in a continuous fashion.

How exactly they will change will depend on the particular deformation and this
will demand a precise analysis that we are not prepared to carry out here. However,
as a simple example, suppose we enlarge one of the regions §2; by increasing the
radial vectors by a factor a > 1, so that ar; < ¢;, and without altering the remainder
of the skeletal structure. If the region remains in the bounding region and doesn’t
intersect itself or other regions, then the ratio vol (Q;_;) to vol (R;—,;) will increase
for each j so the s; will increase, as will the ¢;_.;. If instead 0 < a < 1, then s; and
ci—; will decrease.

If instead we move the region €2; in a direction away from all of the other regions
without altering its size, then in general s; will decrease, and conversely if we move
it toward the other regions, generally s; will increase. Thus, the invariants capture
the type of geometric properties that we would hope.

Tiered Linking Graph. Now that we have obtained invariants appropriately
measuring closeness and positional significance among objects, we can combine
these into a graph theoretic structure. We define exactly the type of graph structure
we consider. For us a graph T' is defined by a finite set of vertices V = {v; : i =
1,...,m}, and a set of unordered edges E = {e;;} with at most one edge e;;
between any pair of distinct vertices v; and v;.

Definition 11.7. A tiered graph consists of a graph I' together with a discrete
nonnegative function f : VU E — R4 which we shall more simply denote by
f:T — R,;. The discrete function f has values f(v;) = a; > 0 for each vertex v;,
and f(e; ;) = b;; > 0 for each edge e; ;.

Given such a tiered graph, we can view its values on vertices and edges as height
functions assigning weights to the vertices and edges; and then apply “thresholds”to
f to identify subgraphs, consisting of distinguished vertices and edges. First, given
a value b > 0, we can consider the subgraph I'; consisting of all vertices, but only
those edges where f > b. I', decomposes into connected subgraphs consisting of
vertices which have edges of weights > b. As b decreases from B = max{b; ;}, then
we see the smaller graphs begin to merge as edges are added, until we reach I' for
b= min{b;;}. In fact, as pointed out by the referee this approach is similar to the
known method of “clustering”for collections of points.
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If instead we consider the threshold a for f on vertices, then instead we define
I"* to consist of those vertices with f > a, and only those edges joining two vertices
within this set. This identifies a subgraph consisting of the most important vertices
as measured by weights, along with the edges between these vertices. Then as a
decreases from A = max{a;}, we again see the small graphs being supplemented
by additional vertices with edges being added from these vertices until we reach
the full graph when a = min{a;}. This gives a hierarchical structure to the graph
T". Along with the subgraphs and the hierarchical structure, we can also identify
vertices which are joined by strongly weighted edges, and important vertices with
large weights a;, and less significant ones with small weights a;. It would also be
possible to use this to turn I' into a directed graph where the direction of an edge
is from lower positional significance to one of higher.

CA

FiGURE 31. Example of a tiered graph structure which we view
as lying in a horizontal plane with one horizontal axis indicating
positional significance, and the values of the height function giving
values ¢ on the edges indicated by the heights of the dotted lines
above the edges.

This approach, using the tiered graph structure, applies to a configuration of
multi-regions with a skeletal linking structure. We define the associated tiered
linking graph A as follows. For each region 2;, we assign a vertex v; in A, and
to each pair of neighboring regions 2; and €2;, we assign an edge e;; joining the
corresponding vertices. If the regions are not neighbors, there is no edge. We define
the height function f by: f(v;) = s; and f(e;;) = ¢i; (or cf;).

An example is shown in Figure 31. Then, when we apply the thresholds, we
remove vertices to the left of some vertical line or edges whose heights are below
some height. We see how subconfigurations associated to the subgraphs merge
into larger configurations as the vertical line indicating s moves to the left, or
the height moves downwards, with the resulting graphs based on closeness of the
regions or their positional significance. Also, the position along the s-axis identifies
the hierarchy of regions in the configuration.

Remark 11.8. Although we have used the term “threshold” here to identify graph
theoretic features, this differs considerably from the notion of threshold 7 that we
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referred to in §9 when we discussed the bounding region, and how the threshold 7
would introduce a parametrized family of invariants that would offer more detailed
information about the positional geometry of the configuration. The height function
that we have defined here would become a parametrized family of height functions
depending on 7.

Higher Order Positional Geometric Relations via Indirect Linking. We
conclude this introduction to positional geometry by observing that the skeletal
linking structures we have introduced only relate neighboring regions. We have
shown that the skeletal linking structures (and specifically the full Blum medial
linking structures) capture both the shape properties of individual regions (and
their geometry), and the geometry of the external region yielding positional in-
formation. However, this approach allows regions to hide other regions from the
geometric influence of non-neighbors. One way to overcome this is to work with
“indirect linking” where two regions are linked via a third region 3. For example,
if we add a small elliptical region 4 to the configuration in a) of Figure 32, we
obtain b) of the figure. The small region alters the closeness of regions 27 and Qs.
However, we see in b) that the linking neighborhood for the 4 lies in the linking
region between Q7 and Qs in a). Hence, if we allowed indirect linking through €4,
then the closeness of €27 and Qs would not be altered. This is just one example of
various aspects of configurations that could be better understood by deriving indi-
rect linking properties from the linking structure. While the numerical measures
could not be deduced just using the values from linking, the occurence of indirect
linking could already be seen from the tiered graph structure. However, we will not
attempt to develop this further in this paper.

FIGURE 32. Indirect linking when a region €4 is added between
regions in a) yielding b). The Blum linking structure in b) has the
neighborhood of €4 contained in the neighboring regions of €2 and
Qs, so if indirect linking through Q4 is allowed, then there is no
change in the closeness of 1 and 2s.
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12. MULTI-DISTANCE AND HEIGHT-DISTANCE FUNCTIONS AND PARTIAL
MULTI-JET SPACES

In order to prove the existence of a medial linking structure for a generic multi-
region configuration it will be necessary to prove a generalization of the transver-
sality theorem used by Mather [M1] for the case of single regions. This version will
be applied in several different forms to a configuration 2 = {€;} in R**! via a
model configuration A = {A;} and embedding ® : A — R"*! as in §2.

For such a configuration, we will consider a collection of functions including;:
“distance functions”, “height functions”, “multi-distance functions”, and “height-
distance functions”. The transversality theorem applied to each one will yield
for each compact set containing the configuration in its interior a residual set of
embeddings ® such that appropriate genericity properties hold. Then, we use
the special properties of the regions and the functions to see that the set of such
embeddings is actually open. Hence, the set of generic embeddings will be open
and dense.

Multi-Distance and Height-Distance Functions. For a multi-region config-
uration given by an embedding ® : A — R"*! we define the associated multi-
distance and height-distance functions. However, we change the emphasis (and
notation) from that of functions defined on subsets of the ambient space R"*! to
functions defined via the embedding ® on the model configuration A.

Stratification of the Configuration.

For A we introduce notation to keep track of various strata of the boundaries of
each A; and their corresponding images 2; under ®. As in §2, the boundary of A;
is denoted by X;; and we let X = U; X; denote the stratified set which is the union
of the boundaries. We also let X;; denote the union of the smooth strata of X; N X
(i.e. those of dimension n). We also let for each ¢ > 0, X;0 = X;\(U;50Cl(X5;)).
For regions satisfying the boundary edge condition, A; N A; = CI(X,;); thus, X
is an open stratum of X; and the points of X;9 do not lie in any region other than
X;. For the configuration 2, with complement )y, the smooth strata consist of the
image of the union U; X;¢. Just as for X ;, we let Xo; = X0 to emphasize that the
image of Xy, is a smooth stratum of €2y. Lastly, the remaining strata are formed
from the k-edge-corner points for each given k.

For any A;, we define an index set J; = {j # i : X;5 # 0}. For i = 0, we let
Jo={j >0: Xq; #0}. Also, for i > 0 we let ¢; = |J;|. For each i > 0 we let
[e]

Xi= Hjeji Xij, which is the set of points in smooth strata of X;. Next, we let
X7

i

= ]—[jeji X, which is the disjoint union of the smooth strata of those X; for

which X, ; # 0 (i.e. are adjoined to X;). We note that each point in )O(i belongs to
exactly one of the components of X 7,; however if there are j, j € J; with X ;» # 0,

then any point x € X ;» has representatives which belong to both )O(j and )o(j/.
This is the space on which the models for “simple linking” will be defined. How-
ever, to model both partial and self-linking, we must allow multiple copies of some

[e]
of the X ;. We do so by extending the above definition using an assignment func-
tion. Given m > 0, we consider an assignment, which is a discrete function for
integers 1 < p < m, sending p — j, € J;. Then, with this assignment, we define

X,

i

= ]_[;”:1 X j,- Note that because of the complexity of the notation which we



72 JAMES DAMON AND ELLEN GASPAROVIC

will need to introduce, we do not include the assignment in the notation for X 7,
but will instead refer specifically to the assignment used for defining X 7. The
basic model above for X7 uses the assignment for m = ¢; bijectively mapping
{peZ:1<p<gq}toT.

Example 12.1 illustrates X7, for a multi-region configuration given in Figure
33. We will let the images of these subspaces of the X; under ® inherit the same
notation, e.g. ®(X;0) = B, o, ete.

We will also use the notation ¥Xg,; C X; to denote the stratification by smooth

[e]
Qr-points in X;. Then, we note that while X; consists of points in the smooth

[e]
strata, X; NXq; = 0, and the points in ¥ ; are also smooth points on the boundary
X;.

(

FIGURE 33. A multi-region configuration in R? given earlier with
the decomposition explained in Example 12.1.

Example 12.1. In Figure 33 is a multi-region configuration {2 defined by the model
®: A — R*". We describe the properties of the image regions {€;} in terms of
the model A. Both X3 = 9A3 and Xy = JA, are smooth so J5 = Jy = {0}.
However, for Ay, J» = {0,1,5,6} and for Ay, 1 = {0,2,5}. For each i = 1,2,5,6,
X g, without repetitions consists of disjoint unions of smooth boundary curves of
those regions A; which share a portion of their boundary with A;. The images
of these curves give the corresponding curves of shared boundary regions between
Q; and ;. For example, the regions 2, {5, Qs are adjoined to {2y along the
boundary curves which are images of Xs1; Xo5, and Xo6. All regions are adjoined
to the complement.

Our future computations shall concern transversality conditions on mappings
associated to ® € Emb (A, R"*1). For this reason we shall reintroduce the distance
and height functions so they are defined on X. The distance function on X via the
embedding ® is the function ¢ : X x R — R defined by o(z,u) = ||®(z) — ul*.
Likewise, the height function via the embedding ® is the function v : X x S —
R defined by v(z,v) = (®(x),v), where S™ is the unit sphere in R"*!. Using
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these basic functions we define both multi-distance functions and height-distance
functions.

We also introduce a variant form of the distance function for regions with singular
boundaries to allow it to be defined at the nonsingular @) points. We let X denote
the set of smooth points of X; obtained by removing the points of type P and
singular @, points, for all k. We note that Xg; C X, and that X differs from the

set )O( i by including the nonsingular @ points of X;. Then we define the distance
function o; = o|(X; x R"*1). In addition to obtaining the generic properties of
the distance function, we shall also see that it generically satisfies transversality
conditions relative to the strata of Xq;.

We will use the standard notation that Y" =Y x --- x Y (r factors), and let
AMY C Y7 be the generalized diagonal consisting of (y1,- -+ ,yr) € Y7 such that

y; = y; for some 7 # j. We also let A"Y C Y denote the ezact diagonal consisting

of (y, -+ ,y) € Y". Then, we let Y(") def Y\AMY.

Foreach j =0,1,...,m, we let R?H denote a copy of R™*! indexed by j, and we
abbreviate [Ty R = (R"+1)™+1 Then (R*™)(™1) denotes the complement
of the generalized diagonal in (R"*1)™+1 Quite generally we let 7; : Hf:o R?“ —
R?H denote both the projection on the j—th factor, as well as its restriction to
(R0 € [T, RPT

Given an assignmentfor 1 <p < m, p— j, € J;. We denote points in (R"+1)(m)
by (uUV), ..., u/™), where we let uU») have coordinates (ugjp), e ,ufﬁ)l) This will
allow us to consider multiple centers uUr) for distance functions on boundaries of
given regions )O(j with j = jp.

Definition 12.2. A multi-distance function associated to the i-th region ; for the
configuration € defined by the model ® : A — R+, together with m > 0 and an
assignment p — jp, is given by

(12.1) pi : Xz, x (RVFHm+D) g2
(z, (W, um) D)) = (o(z,u?), oz, ul)))  for x E)o(jp .

These functions are “multi-distance” functions in the sense that they incorporate
multiple functions capturing the squared distance from distinct points u) in the
ambient space, and ultimately we are interested in the case where the u(? € int ()
for j € J..

Next we define height-distance functions associated to each region A,;.
Definition 12.3. The height-distance function associated to the configuration
defined by the model ® : A — R"*! together with m > 0 and an assignment
p — jp and is given by

(12.2) 7 Xz, x (RPTHM x g7 R2,
(z, WOV, .. uIm)) 0) - (v(z, ), o(z,u%)))  for x G)o(jp
where jo = {] : XO,j }é @}

Notation: In what follows, we shall frequently abbreviate o(x,u()) as o;(x).
The height-distance function will be used to relate the distance squared func-
tions for different points «(?) in the ambient space and properties of the height



74 JAMES DAMON AND ELLEN GASPAROVIC

u u,

(a) (b)

FIGURE 34. a) Multi-distance function - pair of families of distance
functions from a region boundary to distinct points v and «’ in the
complement. b) Linking via multi-distance functions - families of
distance functions from region boundaries B; to a common point
uo in the complement.

function on X 7,. We shall apply a transversality theorem to these two families of
multi-functions for various m and assignments p — j, to deduce the genericity of
properties of linking (in the case of py) and those relating linking with the boundary
of the unlinked region. Since the transversality theorem is a result on the level of
jet bundles, our focus in the next section is on defining a special type of “partial
multijet space” and a special kind of multijets of such functions which map into
these spaces.

Partial Jet Spaces for Multi-Distance and Height-Distance Functions.
To examine the generic properties of linking between regions, we introduce the
partial multijet space and the corresponding partial multijet extension maps for
both multi-distance and height-distance functions.

Given an integer s > 0, 7, an integer m > 0 with assignment p — j,, we let £ =
(41,...,4q ) denote an ordered partition of the form s = ¢ +- - -+ £, with each inte-

. < < o (4p)
ger £, > 0. For each 1 < p < m, we denote points xUr) = (xgjp), e ,xZP)) Xj:
Define
(12.3)

. . o (£1) o (tm) (.
X%) = {(2V), ... zUm)) Elel XX X :a:gj’)) € X, for all p and

if j, = jp,then xfljp) £ xfzzp’)for any q,q'} .

Observe that Xg) is an open subset of the product space in (12.3). We denote a

point in Xé? by (z\1), ..., 2Um)), where each 2U») = (argj”), .. ,xZP)). By defini-

tion, for any s-tuple in X (?, any two points in it belonging to the same )o( j are

distinct. However, we still note that not every s-tuple need belong to X (%), This

is because if there are j, # j, with Xj; ; , # 0, then any point » € X ;, is
[e] [e]

represented in the disjoint copies of both X; and X Gy Nonetheless the multi-

function p; will be defined for = E)o(j by (o(x,u"), o(x,ul»))) versus for x E)o(jp,,
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by (o(z,u®),o(x,ul%")), with ul») £ uU»). A consequence is that the transver-

sality conditions on )O( j, and )O( j,, are different and will be verified independently.
This motivates our definition of the partial multijet spaces to follow.

We consider the usual k-multijet space ;J*(X,R?), which consists of s k-jets of
germs at distinct points of X mapping to R?, and we define a subspace using the
partition £.

Definition 12.4. For X7 (defined for m > 0 with an assignment p — jp, let
¢ = ({1,...,0n) be an ordered partition of s > 0. Then, the partial £-multi k-jet
space is the subspace of ;J*(X 7,,R?) defined by the restriction

(124) ZE(]C)(XJNR2) = <ﬁ lp‘]k()%jpaR2)> |(Xt71)(é)

p=1

The two basic properties of multijet spaces which are shared by the partial
multijet spaces are summarized in the following straightforward lemma.

Lemma 12.5. The partial multijet spaces have the following properties:

(a) (E®) (X7 ,R?) is a smooth submanifold of ,J*(X 7, R?); and
(b) (E® (X 7., R?) is a locally trivial fiber bundle over X.(Yi) with fiber
[T, (J%(n,2) x R?)%.

p=1

O
Both the multi-distance and height-distance functions defined for m > 0 with
an assignment p — j, € J;, are given as mappings of the form ¢ : X7, x U — R,
where U is either (R™+1)(m+1) or (R"+1)(™) x §™  For such mappings we define an
associated partial multijet map

W) X5 x U — (EW (X4, R?)
(12.5) (@09, 20m)y ) s (g gk (b (D) ), g 3 (@0 )

where ¢, j (¢ (2%), u)) denotes the multijet , j*(f) for the function f = (-, u) (for

[e]
a fixed u) on X . In the special cases of the multi-distance and height-distance
functions we obtain partial multijet maps

(12.6) (i) s XG) x @D —  BO)(X 5 R?)
and
(12.7) P ) s X§) x ®PHM o gn s  BR) (X g, R?)

13. GENERIC BLUM LINKING PROPERTIES VIA TRANSVERSALITY THEOREMS

In this section, we state a transversality theorem for the multi-distance and
height-distance functions associated to a multi-region configuration. We then list
the submanifolds of partial multijet spaces which capture the generic linking prop-
erties. These are the submanifolds to which it will be applied.
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Transversality Theorem for Multi-Distance and Height-Distance Func-
tions. We begin with a variant of the transversality theorem of Looijenga for the
distance functions for multi-region configurations defined by ® : A — R™t!. The
first transversality theorem concerns submanifolds of the s-multijet space that are
sRT-invariant. By this we mean that there is the induced action of the right equiv-
alence group sR, via the action of R on s multigerms, and we extend this by the
group R acting by diagonal translations on R?, (y1,y2) — (y1 +¢,y2 +c) for c € R.

For later reference to the transversality theorems in [D5], we refer to the compact—
open (or weak) C'™°—topology as the regular C°°—topology. Since the underlying
space of A is compact, the Whitney and regular C* topologies on C°°(A, R"*1)
will agree.

Theorem 13.1. For anyi=1,...,m, let W be a closed Whitney stratified subset
of s J¥(X7,R) that is sR* -invariant.
(ag) Let Z C (X)) x R™ be compact. Then the set

W = {®cC®(A,R"™) . both (j¥o; and .j¥oi|((Zg)® x R
W c JHNXR) on Z}

is an open dense subset for the reqular C°°—topology.
(bo) The set

W = {®c C®(A,R"™) . both (jfo; and .jFoi|((Zg)® x R
hW C J¥XSR) on (X)) x R}
is a residual subset for the reqular C'*° —topology.

Note: “N” denotes transversality of the mapping to the strata of the Whitney
stratified set.

Next, we give a multi-transversality theorem for the multi-distance and height-
distance functions. Although we are principally interested in them for the multi-
distance function pg to capture the generic linking properties, the proof is valid
for any region €2; and yields a corresponding relation between a region 2; and its
adjoining regions. For any smooth mapping ® : A — R"t! we obtain for any i,
any integer m > 0 with an assignment p — jjp, and a partition £ = ({1, ..., 4y,), the
partial multijet mappings (12.6) and (12.7). The transversality theorem concerns
these two mappings for a class of ;R*-invariant distinguished submanifolds of the
partial multijet space (E® (X 7., R?) (see Definition 13.4). The ;R*-action is the
induced action of the right equivalence group ;R on the fibers, extended by the
diagonal action of R by translations on R2.

Theorem 13.2. Let A be a model for a multi-region configuration. Then, for any
i, an m > 0 with assignment p — jp, and partition { = (£1,...,4y,), let W be a
closed Whitney stratified subset of (E®) (X 7., R?) whose strata are ;R —invariant
distinguished submanifolds (in the sense of Definition 13.4).

(a1) Let Z C X%) x (R (m+1) be compact. Then, the set
W = {®eC®A,R"™Y): ij*pihon Zto W c (E® (X, R?)}

is an open dense subset for the regular C'*° —topology.
(az) Let Z C X\(;;) x (R™1)(m) x S™ be compact. Then the set

W = {®eC®AR"™): it Hon Z to W c (EW (X4, R}
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is an open dense subset for the regular C*° —topology.

(b) Both of the sets

= {® € OF(AR™™) : yjfp, MW C (EW (X7, R2) on X5 x (RH1)m+1}
and

= {® € C®(AR™™) : 1jlr MW € (EW (X7, R?) on X5 x (R™1) ™) % 57}
are residual subsets for the regular C*°—topology.

Note that in Theorems 13.1 and 13.2, (by) is a consequence of (ap) and (b) is a
consequence of (a1) and (ag), for we may cover X x R" 1, X%) x (R**1)(@) and

Xé? x (R*+1)(@) x §™ with countably many compact sets C; so that the sets in
(bo) and (b) are countable intersections of open dense sets, hence residual. We will

prove parts (ap), (a1) and (a2) in §16 using a variant of the transversality theorems
in [D5].

Remark 13.3. These results give several types of extensions of the earlier transver-
sality theorem due to Looijenga [L] and its extension due to Wall [Wa].

Submanifolds Defining Generic Properties of Blum Linking Structures.
We next introduce the ;R *-invariant distinguished submanifolds of the partial mul-
tijet space to which we will apply Theorem 13.2. This will yield the transversality
results implying the generic linking conditions for configurations in the Blum case
in R**! for n < 6.

We first introduce the general definition of the distinguished submanifolds which
involves several classes of R-invariant submanifolds of jet spaces and ;R —invariant
submanifolds of multijet spaces. These will include: both (an explicit list of) or-
bits of the R and ;R* actions; their closures, which form Whitney stratified sets,
together with the list of /R —invariant closed Whitney stratified subsets of higher
codimension > n + 1 which will be generically avoided.

General Form of the Class of Distinguished Submanifolds in (E® (X 7. R?).

For a given ¢ and m > 0 with an assignment p — j, welet £ = (¢,. .., {,,) for in-
tegers £, > 0. We give the form of the distinguished submanifolds in ,E*) (X 7,, R?).
By Lemma 12.5, ;E®) (X 7., R?) is a locally trivial fiber bundle. For S = (Si,...,S,,)

in Xé? with .S, C)o(j and |S,| = €, the fiber at S equals

(13.1) Hg JH(X;, R2)s, H J*(n,2) x R?)%.
p=1 p=1
We let Wy, denote ngJr multi—orbits in the fibers ng’“()o(jp,R)sp for p

1,...,m (so in particular, in such a ngJr multi—orbit the targets lie in A ).

o (tp)
As in the multijet case, the multi-orbits Wy, in the fibers over points in X j: fit

together to form subbundles W), in 4, Jk ()O(jp,R) for p=1,...,m. Then

Wix - x Wa € ] 6,7%(X),.R)
p=1

restricts to a subbundle over Xg).
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For p=1,...,m, let W, denote a subbundle of Jk ()O(jp,R) over )o(jp with fiber
a RT—invariant submanifold. Typically it will denote either a R*—orbit for a k-jet
of a germ, or a stratum of a Whitney stratification consisting of a union of orbits.
We slightly abuse notation and define
(13.2) W= T, x (J5(x;,.R) ) x A™R,

p=1
o . . . o ()

where for each p, (W}) x (J¥(X;,,R))*»~1) is restricted to lie over X;, and the
entries of A™R are in the first factor of each (J* ()O(jp,R))ZP).

Therefore, W' C H;n:1 ¢, Jk()o(jp,R) restricts to a fiber bundle over X%), and

(133) W/ X Wl X X Wm C H lp']k()o(jpvR) X H ep']k()o(jzﬂR)
p=1 p=1
with the RHS restricting to the bundle ,J*(X 7., R?) over (X 7).
Then we define

Definition 13.4. Given ¢, m > 0 with an assignment p — j,, and the ordered
partition (€1,...,€y,) with s = 377", £,. Consider a collection of ,, R*-invariant

submanifolds W, C ¢, J*(X;,,R) and R*-invariant submanifolds W, C J*(X, , R)
for p = 1,...,m, which each have the property that their closures are Whitney
stratified sets for which they are open strata. Then, we form the subbundle of
¢ J*(X 7., R?) over (X7,)9 by the restriction of the LHS of (13.3). Any such sub-
bundle will be called a distinguished submanifold in (E*) (X 7, R?).

Having defined such distinguished submanifolds, we next give the four classes
of jet and multijet strata formed from R orbits, ;/R* multi-orbits, and strata of
¢RT-invariant closed Whitney stratifications. The submanifolds will be one of four
types:

(i) those formed from simple multigerms;
(ii) those formed from the partial multijet orbits from §4;

(iii) those which characterize geometric features of boundary points for self-

linking (these are a special subset of those in (ii)); and

(iv) those which arise as strata of closed Whitney stratified sets of higher codi-

mension.

Taken together for a given ¢ and ¢ we will denote the combined collection and
the resulting distinguished submanifolds of partial multijet space by S(3, ).

Submanifolds for a Single Distance Function.

For (i) we recall the simple multigerms of real-valued functions under R*-
equivalence on R” (see [M2]), formed from the A, D, E classification of Arnold
[A]. As these are finitely determined, they are classified by R*-multi-orbits in suf-
ficiently high multijet space. The boundary of the region of simple multigerms is
the closure of the strata of orbits of the simple elliptic singularities given by:

Fg T3+ 23 + 23 + ar1vezs + Q(x4, . .., Ty),
E7 . ot £ a3+ ax?22 + Q(xs,...,x,), and
ES : .Izl%+IS+GI1I%+Q(I3,...,ZEH),
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where the @) are nonsingular quadratic forms in the indicated variables. These
germs are respectively 3-determined, 4-determined, and 6-determined. In each case,
the set of RT-orbits in the appropriate jet space (of 3, 4 or 6-jets) forms a semi-
algebraic set whose closure, denoted Wi, has a canonical Whitney stratification and
the stratum formed from the Rt-orbits of the Ej singularities has codimension k.
The unions of these orbits in the fibers of multijet space form submanifolds whose
closures, also denoted W, have Whitney stratifications in the multijet bundle.

Although Ws has codimension 6, its closure consists of jets of germs with the
same third order terms and hence does not contain germs with local minima. Sec-
ond, Wx has codimension 8; hence its closure will consist of strata of codimension
> 8. Third, the codimension of the E; stratum Wy is 7, and where a # 2 the F;
germ listed above is 4-determined and if it has positive definite quadratic part and
|a| < 2 then it has a local minimum.

Thus, for the closures of the FEj strata, if n + 1 < 6, then either the strata
have codimension > n + 1, or the strata consist of jets of germs which are not local
minima. If n+1 = 7, then the same holds true with the exception of the F7-stratum
with a < 2 which has codimension 7 and the jets are of germs with local minima.

Then, the Whitney stratification for a single function consists of the strata of the
Rt -orbits of the simple A, D, E, singularities together with the closed Whitney
stratified sets obtained as the closures of the E’k strata. These are RT-invariant.
Of these strata, the only ones of codimension < 7 which define germs with local
minima are the Ay, with k odd, and the E7 with |a| < 2, both with positive definite
quadratic parts.

Then, the stratification for the multijets is obtained from multi-orbits formed by
the products of the strata for single germs which are still R T-invariant.

It is possible to also allow W (?) consisting of the jets of non-singular germs with
no distinguished image point in R, so that TWéO) = Jk(n,1) x R; however later
we shall find it technically simpler when we prove genericity for multi-functions to
only consider multigerms exhibiting singularities at each point so we shall always
do so.

Remark 13.5. If ¥, 1 is the Thom-Boardman statum ¥, 1, .1, with & factors, in

the jet space J**2(X* R) or Jk”()o(i,R), then the union of A, -strata for j > k
(allowing different signs) and the union of Ay ;-strata is open and dense in X, 1x.
Then, transversality to the ¥, ;» for all k is equivalent to the transversality to all
of the Aj-strata.

Given a = (a1, ..., ), we let Ag denote the multigerm of type Aq, Ao, - - - Aa,,

and we let W(®) denote the RT-orbit of multigerms of type A in the appropriate
o (@)

jet space, either ,J* (X7, R) or qu()o(l-,R). These are bundles over X @ op X;
with fiber

(13.4) W = Wi o ox W) < ATR

where Wo(aj ) denotes the R-orbit for A, i

Then, it will follow from Theorem 13.1 that if n+1 < 7 then generically for each
distance function o, the jet map j¥(o;) will miss the strata of the closures of the
Wk and those of the multi-orbits of type A of codimension > n + 1. While it will
intersect transversally the strata of codimension < n + 1. Of these only the strata
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of type Ag, or if n 4+ 1 = 7 the FEr-stratum, for which the multigerms all involve
local minima can be multigerms at points of the Blum medial axis. This will yield
Mather’s Classification Theorem 4.1. The details will be given in later sections.

Distinguished Class of Submanifolds Corresponding to Linking Type.

Next, for (ii) we define the submanifold of the partial multijet space associated to
the linking configuration (Aq : Ag,,...,Ag, ) for the multi-distance function (see
Definition 4.13 in §4). Recall it requires that the distance function has singularity
type Ao and at each point the multigerm for the distance function for the individual
i-th region has type Ag . This involves taking products of the multi-orbits in the
previous section and Boardman strata.

In the construction for Definition 13.4, for @ = (au, ...,y ), we let in (13.2),

WIQ = Wé%), which denotes the R-orbit for A,,, so that W' = W) given

above. Likewise, for each Ag , in (13.3), we let W), = W8 in ngk()O(jp,R) for
p=1,...,m. Together they yield the from (13.3), the distinguished submanifold,
denoted W(@B) for linking type (A : Ag ,...,Ag, ).

Multi- Distance Functions Capturing Geometric Properties of the Boundaries.

For (iii), in using the preceding submanifolds of partial multijet space, we will be
concerned with the generic interaction of strata for each distance function occurring
for linking (especially self-linking). These depend on the differential geometry of the
smooth points of the hypersurface ®;(X;) = B;. We use a Monge representation in
preparation for analyzing these functions. This involves the differential geometry
of the boundary as already studied by Porteous [Po].

We let (z1,...,x,) denote local orthogonal coordinates on T, B3, centered at
yo = P,(xo) so that we may locally write the boundary B; in Monge form as
(X1, 2n, f(x1,...,2,)), and use (x1,...,2,) as local coordinates for X;. Note
that at a corner point xg, for each smooth stratum containing z( in the closure,
we may still obtain a Monge representation for that stratum near yo. If x1,..., kn
denote the principal curvatures of B; at the origin, then we may furthermore choose
orthogonal coordinates in the principal directions so that

1
(13.5) flxe, ... xn) = ngx?—i- Z o™
i=1

a[>3

We consider the case where the distance-squared function o; to a point ug =
(w01, --,u0,n+1) has a critical point so that ug lies on the normal line to the surface
at yo. Thus, ug; = 0 for ¢ <n + 1. Then, o, is given in the local coordinates by

n

2
SEIENVIELE R SR

i=1 |a|>3

n
= Z(l — U 1K) T — 2U0 1 Z aa®® + (Ugni1)?

i=1 || >3

Z mx + Zaax

|| >3

(136) O'Z'(',Uo)

For o;(-,up) to have a degenerate critical point at yo requires ug 41 = % for
’ J
some j. If k; = kj for some j # j', then o;(-,ug) has corank > 2. The only
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generic singularities of this form which are local minima are the E; singularities
when n + 1 = 7. Otherwise we may assume that the coordinates are chosen so
that k1 > kg > -+ > k. If 1 < j < n, then 0;(-,up) again does not have a local
minimum nor maximum. Thus, for yg to be a crest point in the positive direction,
UQ,nt1 = n% > 0. There is a nondegeneracy condition on the coefficient of :vzl)’ so it
is an As point. Likewise, for it to be a crest point in the negative direction requires
UQ,nt1 = é < 0 with a nondegeneracy condition on the coefficient of :vf’l

In particular, for self-linking of type (A, : Am,) to occur (with appropriate
positive direction for ug n+t1), o1(-, up) will have an A,,, singularity and oy, (-, u)
will have an A,,, singularity. In particular for (A, : Am,) to occur generically
as a transverse intersection requires n +1 > mi1 + mo — 3. If n < 6, we obtain
for generic self-linking types: (Asz : As) for (n > 2): (A3 : As) and (As : A3) for
(n>4); and (Az : Ar), (A7 : As), and (As : As) for (n =6).

In the special case of n +1 = 7, there is also the possibility of linking involving
an Fy point of either self-linking of the form (E7 : A?) or simple linking of the form
(A?: Er, A}).

Closed Stratified Sets of Higher Codimension. For (iv), the final class of subman-
ifolds of (E(*)(X 7, R?) arise as strata of a finite list of closed Whitney stratified
sets which include all linking configurations that will be shown to be non—generic.
Within this list, there are three types of strata: (1) submanifolds for simple multi-
germs; (2) those in the closure of a submanifold W (®8): and (3) those representing
the degeneracy of the geometric conditions on the surface.

For (1), we have already listed the strata of the closures of the jets of simple
elliptic singularities Wy, for k = 6,7,8. We also include Wy, which denotes the
closure of the Ag stratum (i.e. the R -orbit in k-jet space for k > 10, denoted by
W& in [M2]). Also, W contains all 3-jets with Hessian of corank > 3 and those
defining local minima are in the singular strata (of codimension > 7). These are
equivalent to the submanifolds used by Mather in [M2].

Similarly, for sufficiently large k, we identify the k—multijet orbits of families of
multigerms having ;RF —codimension > n + 2, which have the property that their
closures are Whitney stratified sets invariant under R*. We consider for each i a
multigerm A, where = (71, ...,7s), formed from A, , each of codimension < n+

1. The closure of the multi-orbit W7 in 4J*( )O( i»R) contains strata of codimension
> n+1. Also, for the case of n+1 = 7, we also must allow the E; stratum in place
of an A, -orbit. All of the closures of these strata of codimension > n + 1 are the
strata of closed Whitney stratified sets of multigerms of higher codimension.

For (2), we consider for distinguished submanifolds of partial multijet spaces the
closures of W(®#) in ,E(*)(X 7 R?). These are represented by

(13.7) W(aB) .= Wea x Whi x --. x WP

where We and the W?» denote the closures of the corresponding multi-orbits.
where the product on the RHS is restricted to X 4. This yields a finite number
of Whitney stratified sets invariant under ;,R*". By the classification of simple
multigerms and the closure of their complement, this yields a finite list of closed
Whitney stratified sets with strata of codimension > n + 1 in (F®) (X 7, R?) that
will be generically avoided.
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For (3), we consider the submanifolds describing (A4,, : A4,,) with n +1 <
r1 + 12 — 3. In the case of n + 1 = 7, we also consider submanifolds involving
E; points, where either a point is of multigerm type E; and A, for any r > 1, or
linking type (E7 : Ag) with |8] > 2 or (A4 : E7, Ag) with |a| or |3 > 2. Then, we
again consider the closure of these strata in the partial multijet space and take the
strata of codimension > n + 1.

14. GENERIC PROPERTIES OF BLUM LINKING STRUCTURES

In this section, we apply Theorems 13.1 and 13.2 to the four classes of subman-
ifolds and closed stratified sets defined in §13 to obtain the generic properties of
Blum structures for generic multi-region configurations. We recall that for a given
an ¢, and multi-index ¢ with s = E;n:l Ly, S(i,£) denotes the collection of closed
sRT-invariant Whitney stratified sets constructed in §13 in ;J*(X7,R) or for an
m > 0 with assignment p — jj,, the distinguished submanifolds of (EF) (X 7. R?)
for various k. We consider the consequences of the transversality of the distance
functions and both the multi-distance functions and the height-distance functions.
Although we state the results in terms of the induced stratifications on the union
of boundaries of X} or X7,, the results then apply to the corresponding bound-

aries of the multi-region configuration 2 defined from a generic model mapping
d: A — RV

Properties of Transversality and Whitney Stratified Sets. We will make use
of several simple lemmas regarding transversality in various settings, several basic
properties of Whitney stratified sets, and a push-forward property for Whitney
stratified sets.

Simple Properties of Transversality. We begin with several lemmas concerning
transversality which we state together here, and whose proofs we leave to the reader.
The first two lemmas concern mappings involving product spaces.

Lemma 14.1. (1) The smooth mapping f = (f1,...,fm) : X — [["Y; be-
tween smooth manifolds is transverse to W = H;n W, with each W; CY; a
Whitney stratification, if and only if each f; is transverse to each W; and
the f; 1 (W) intersect transversally in X. Then, f~Y(W) = N, f; H(W;).

(2) The smooth product mapping f = 1, fi : [[, Xi — [, Ys between smooth
manifolds is transverse to W = Hl Wi, with each W; C Y; a Whitney
stratification, if and only if each f; is transverse to each W;.

O

Lemma 14.2. Suppose f : N x M — P is a smooth mapping between smooth
manifolds which is transverse to a smooth submanifold W C P. Then the projection
7 : N x M — N restricted to f=1(W)is a local diffeomorphism onto its image at
(x,u), with f(z,u) =y € W, if and only if df (x,u)(T, M) NT,W = 0.

O

Next we consider two situations when we can deduce transversality for push-
forwards of submanifolds.

Lemma 14.3. Let U and Y;, i = 1,2, be smooth manifolds. Let Z, C Y1 x U and
Zo C U x Yy be smooth submanifolds such that Z1 X Yo and Y1 X Zs are transverse
inX =Y xUxXxYs. Let 1 : U xYy —- U and e : Y1 Xx U — U denote projection
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along Y1 respectively Yo, onto U. Suppose each projection wa|Zy and 71|Za is a
submersion onto its image W1, respectively Wo. Then, Wy is transverse to Wa in

U.

A second lemma is the following.

Lemma 14.4. Suppose 7 : X — Y is a smooth fibration and that w|Zy : Z1 — W
is the restriction of the fibration to the smooth submanifold W1 CY. Let Zo C X
be a smooth submanifold which is transverse to Z1. Let Wo = w(Z3) and suppose
w|Zy — Wo is a submersion. Then W7y is transverse to Wa.

O

Basic Properties of Whitney Stratified Sets. For this we recall several simple prop-
erties of Whitney stratifications, and refer the reader to Thom [Th2], Mather [M1],
[M3], or see also [GLDW].

(1) Pull-back by a Transverse Mapping: Suppose f : X — Y is a smooth
mapping transverse to a Whitney stratified set Z C Y, which has strata
{S;}. Then, f~1(Z) is a Whitney stratified set with strata {f~1(S;)}.

(2) Products of Whitney Stratified Sets: If Z; C X; is a Whitney stratified set
with strata {SJ(-Z)}, forj =1,...,m, then [T7L, Z; C I[}., X, is a Whitney
stratified set with strata {H;nzl Séij )} for all possible choices ;.

(3) Transverse Intersection: Suppose Z; C X are Whitney stratified sets with
strata {S_;”}, forj = 1,.. ..,m. If the Z; are in general position (i.e. the
strata S%Zl), S’éw), ol S’fﬁ’") are in general position for all possible i;), then
N7, Z; is a Whitney stratified set with strata ﬂ;’;lS’yj ) for all possible ;.

For (1) see Thom [Th2], or for (1) and (2) see [M1], and then (3) follows from (1)
and (2) applied to the diagonal map being transverse to the product stratification
[1%;.

We remark that by applying the Lemmas to the strata of Whitney stratifications,
we obtain analogues of the Lemmas for Whitney stratifications.

Consequences of Transversality for (Multi-) Distance Functions. We now
combine the transversality results with the generic transversality properties of
multi-distance functions to be followed by those resulting for height-distance func-
tions. To keep notation and special cases when n 4+ 1 = 7 from excessively com-
plicating the discussion, we will concentrate on the properties for linking of types
(Aa : Ag,,...,Ap ). We can then modify the argument replacing one of the A,
or Ag, orbits by the FE-stratum.

We consider for m > 0 the assignment p — jp,, and a partition £ = (¢1,...4y,)

with £,-tuple 2U») = (xgjp),...,xgp)) € ()o(jp)(fp), for each 1 < p < m, so that
@, 2y e ()O(i)(m), and (v, ..., uim u®) € (R0 We suppose
that at {xgjp), . ,pr)} the distance function o(-,u?)) has a multigerm of type

Ag,, and at {xijp), e ,xgjyn)} in )o(l the distance function o (-, u(?) has a multigerm
of type Aq.



84 JAMES DAMON AND ELLEN GASPAROVIC

We begin with the distance function o; and the o;,. First, for n <6, and each j
we let P, C Emb (A, R"!) consist of all ® such that sjfo; is transverse to every
element of S(j,¢). The set P, is a residual subset of Emb (A, R"™!) by Theorem
13.1. Then, the intersection P, = N;P;, is again residual. We apply Theorem
13.1 for ® € P, to the W) sJ¥(X7,R). Suppose S = (M. 2)) x {up} €
ijaj*l(W(o‘)). Then, if k is large enough, the proof of Mather’s Theorem 4.1,
as given in [M2, Thm 9.1, Thm 9.2], implies that the distance function defines
R+-versal unfoldings

oj: X7 x R" S x {u;} — R.

This will be true for each multigerm o (-, ul»)) for j = Jp and u; = ulr) for a
partition £ = ({1,...4,,) as in §12, this holds for each s = ¢, for p = 1,...,m. Note
that Mather does not actually give the details of the proof of these theorems and
refers to adapting another proof which he does not give. However, this result also
follows in our situation from a more general result given in [D5, §5], valid for more
general geometric subgroups of A and K.

Hence, for u; € int (€2;) the Blum medial axis for ;, which is the Maxwell set for
the versal unfolding, exhibits the generic local forms given by Mather’s Theorem
4.1.

This establishes that the properties i), and ii) of Theorem 4.18 and (1) for The-
orem 4.17 hold for a residual set of embeddings of the configuration.

Second, for n < 6, we let P;, C Emb(A,R"") consist of all ® such that
¢j¥p; is transverse to every element of S(j, ). The set P;, is a residual subset of
Emb (A, R""!) by Theorem 13.2. Then, the intersections P, = N;P;, and P,, =
P, NP, are again residual sets. We deduce the consequences of the transversality
conditions.

For ® € P; ,, transversality of 4§ p; to W (B yields transversality statements for

certain submanifolds in the product space X%) x (R™1) (™) We first consider the

consequences of transversality to these submanifolds in Xé? x (R (™) and show
how this implies transversality results for certain projections of the submanifolds,
which are needed for the classification of generic linking.

We consider points

(20 ) (@) G0y Iy e Xg) x (R (mF1)
) . , o (€p)
with  2Ur) = (,’Egjp), .. .,xyp)) €X;

P

For each p we have xgj”) € X;j,. Foreach p=1,...,m, we choose disjoint open

neighborhoods U J(g) C )O( j, of the xgj ») and let Uj, = Hf;p:1 U J(g). Likewise, we choose
disjoint open neighborhoods V;, C R of 4Ur) and V; of u(?. Then, we let

Y = ﬁUijVixﬁVjp
p=1 p=1

o (m)

which is an open subset of Xg) x (R™1)(m+D)  We also let U = | Uj(pl) cX;
and for each p, we let Y, = Uj, x V;, so that Y ~ ([[[_, ¥}) x Vi.
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Next, we denote the natural projections
Y — U x Vi
and, for p=1,...,m,
Y =Y.
We have the jet extension mapping for the distance function o : X x R"*! (which
restricts to the o; on X} x R*H1))

(14.1) mibo(u®) U x Vi = J*¥ (X, R)
and for each p, we have
(14.2) 03k ul)) U x Vi, = 0, J5(X;,, R).
We let
(14.3)
7@ = (jto(u®) W) and  2En) = (,, jto (-, ule)) " (W En))
for each p.

Then, the consequences for the jet extension mappings are given by the following.
Proposition 14.5. For ® € P,, we have the following transversality properties for
gpjfo( ulr)) and (5% p;:

(1) mifo(-,u®) is transverse to W(®);
2

) )
(2) '
(3) the m, ' (Z ZBisp) ), forp=1,...,m, are in general position;
(4)
(5)

each ¢, jfo(-,ul)) is transverse to W)

their mtersectwn is transverse to m, 1(Z(°‘)); and
onY

(14.4) (edfp0) N (WER) = gt (2 N (L, (2159))).

Proof. To simplify the notation, we let £, denote the jet space g, Jk()o(jp,R), ho
denote the jet-extension mapping jfo (-, u(?), hj denote the jet-extension mapping
mifo(-,u®) in (14.1), and let h, : Y, — E, denote each jet-extension mapping in
(14.2). Then, the jet extension mapping

may be written

(14.6) h=(ho, [[wom): Y = EY x E®
p=1

where each E() = [I,=, Ep, fori=1,2.

By Theorem 13.2, the mapping ¢jF p; in (14.5) is transverse to W(@8) in , E(®) (X . R?).
In the form of (14.6), this states that h is transverse to W (@) x W Bi) sc. . .5 W Bia)
with W(® c EM and each W#») c E, in E®. By Lemma 14.1, this is
true if and only if hg is transverse to W(®) in E®) and h, o m, is transverse to
W®Bi) x ... x WBin) in E@ . Also, for hg, we note that by (13.2) and (13.4),
W (@) has fibers over Xé?of the form
(14.7) Wi = T x (J5(x;, R)» 1) x A™R

p=1
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Thus, by the form of (14.7), transversality of ,j¥o(-,u®) to W(®) is equivalent to

the transversality of ,,j¥o(-,u®) o my to W) C ka()o(l-,R) whose fibers are of
the form

(14.8) Wi = Wi <o W x APR
Moreover,
sJ1o(u) T W) = 71 (Z2W) = mgt(mite(,ul?)THW )

(with the versions of W(®) on each side being in their appropriate spaces).
Then, we may apply Lemma 14.1 and obtain :

i) h{ oo, and hence hj), is transverse to W(*);

ii) each h, o mp, and hence hy, is transverse to W(gfp);

iii) the (hy o wp)_l(W(ﬁfP)) are in general position in Y; and

iv) (h{ o mo) (W (™)) is transverse to Mgy (hyp © wp)_l(W(ﬂjp)).

Then, the statements in the proposition are an immediate consequence of these
properties resulting from the transversality conditions. O

Stratification Properties on )%Z and R™*! and Generic Linking Properties.

Now, we begin to apply the preceding properties to obtain the remaining con-
clusions in Theorems 4.17 and 4.18.

We next turn to the linking properties. For these we have to establish: i) there

[e]
is a stratification on X; given by A,-types of multigerms for p;, two of which are

Whitney stratifications; and ii) the stratifications on X; by Aq-types and those
given by the Agj -types intersect transversely.
P

Because the stratification by the W(®) or W®i) form Whitney stratifications,
so does the product stratification by the W(®#)  Hence, by the transversality to
Whitney stratifications, the Z(®) or Z Bip) in (14.3) form Whitney stratifications,
B;,)

with strata the inverse images of the strata of W(®) or W Moreover as the

7; are submersions, by (3) above we deduce that ﬂz;lﬂ'p’l(Z(ﬁfp)), which is the
transverse intersection of Whitney stratified sets, is again Whitney stratified with
strata the intersections of the strata of the w;l(Z(pr)). Then, by (4) and (14.4)
s0 is (¢jFp;) 1 (W(eA)) Whitney stratified on Y with strata the intersections of

the strata of 71-0*1(2(0&)) and mzlzlﬁgl(Z(ﬁfp)). These stratifications are in X%) X

)
(R"*1)(™) rather than in X; or in R"*!. Next we relate these stratifications to

those in )O(Z and R?+1,

First, by the openness of versality and the uniqueness of versal unfoldings, at
any point of the Blum medial axes, u; € int (2;) for some j, the medial axis is dif-
feomorphic to a product along the stratum containing u?). Hence, the projections
of any of the Z(®) or Z Bip) map them diffeomorphically onto the corresponding
strata in int (€2;) or int (€2;,) which form a Whitney stratification by multigerm
type in the parameter space R"T! of the versal unfolding.

Second, we have the following corresponding results for projection onto the fac-
tors Uj.



MEDIAL/SKELETAL LINKING STRUCTURES 87

Proposition 14.6. For ® € P;,, the strata 7@ and zPw) project diffeomor-
phically onto their images $(®) | resp. E(ﬁfp), in each U;;). Hence, they project
diffeomorphically onto their images in each U and Uj,. These strata {x(@)} or

{Z('pr)} form stratifications. Moreover, the subset of strata (™) with aj, > 3, or
the subset with all aj; = 1 form Whitney stratifications, and likewise for the subsets

of strata {Z(ﬁfp)}.

Proof of Proposition 14.6. We apply Lemma 14.2 to the jet extension mappings
(14.1) and (14.2) with W denoting either W(®) or W) Then, for the first claim
it is only necessary to show the conditions of Lemma 14.2 are satisfied. This will
follow directly from Lemma 17.1 which shows that the jet extension map (14.1)

viewed as defined on U;:) X (Hp;éi’ UJ(:) x V;), with the first factor representing

N, satisfies the conditions of Lemma 14.2. Likewise, as projection onto U and Uj,

composed with the further projection onto U J(:) is a local diffeomorphism onto its

image, hence it must be true for the projections onto U and Uj,-

To see that the subsets of strata form a Whitney stratification, we first apply
Lemma 14.2 to the strata in the Thom-Boardman stratum 3,, ;. By Lemma 17.3,
for a germ of a generic distance function this stratum is mapped diffeomorphically
onto its image in X. Hence, the strata in the image of ¥, ; form a Whitney

)EBJPbea

point in a stratum of type A¥. If x2 € B;, is another point in the same stratum
associated to the same point in M;, then they lie in a common A? stratum, where
we do not consider absolute minimum values for distance. By applying Lemma 14.2
with Lemma 17.1 again, we conclude that this stratum is the diffeomorphic image of
a smooth stratum in the jet space. In this stratum, the other higher strata A¥ form
a Whitney stratification, and hence so does their image under the diffeomorphism.
A similar argument works for the case with all 3;, ; = 1. O

stratification. Second, for the case Where all aj, = 1, we let ZC(jp

We now claim that these two stratifications are transverse.

Proposition 14.7. For ® € P;,, the stratifications 2@ gnd 2B for p =

1,...,m intersect transversely in X;. Hence, the intersections of the subset of
strata £ with aj, = 3 or the subset with all aj, = 1 with one of the subsets

of strata {Z('pr)} with Bj,1 > 3 or the subset with all 8;,; = 1 form Whitney
stratifications.

Proof. We consider transversality to the stratification defined by the submanifolds
W ®Pin) (recall the definition after (13.3)). Then,

witp (W Pin)y = m(Z) Nt (200))

is a transverse intersection by (1) of Lemma 14.1. Thus, the stratifications restricted
to Y are transverse. They have the following forms:

(14.9) I ASDIEAC ><H HU

p=1 =2

T, (Z(JP *ZﬁJxH j,XVJ, x Vi.
p'#p
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Let U = TL,,, (12U x ;) and U, = [[;2,US. By (14.9), both
7o H(Z(®)) and w;l(Z(ﬂjp)) form fibrations with fiber &. Thus, we may project
along U and obtain by Lemma 14.4 that the strata Z(®) x Ujp x Vj, and ZBin) x
(I U(l)) x V; are transverse in U x U x Vj, x V.

If we let Yy = ([T,s,, U")) x Vi and Y5 = Uy, x Vj,, then,
leU;pl)xYQ = 0><[7jp x Vj, x V.
Hence, we may apply Lemma 14.3 to conclude that the images under the projection
onto U( , namely 2(®) and Z(BJP) are transverse in U( )

The proofs that the subsets of strata form Whltney “stratifications follow from
Proposition 14.6 together with their transverse intersections. O

Applying the diffeomorphism ® implies that the strata ©(®) and %) intersect
transversely in B;. This holds for all p = 1,...,m, and we conclude that the
linking configuration (Aq : Ag) is generic. This proves that there is a residual set
of mappings such that the generic linking property holds. This yields property (2)
for Theorem 4.17 and property v) for Theorem 4.18, except for self-linking.

We recall that self-linking can occur in two forms: i) multiple points from a
single region together with other points from another region occur in a linking
configuration (partial linking); or ii) only points in a single region belong to the
configuration (self-linking). In either case, the stratifications in partial multijet
space are still given for the multi-distance functions by the type (ii) submanifolds
which we defined in §13. It is in these cases where we need the assignment functions
with possible multiple repetitions. We can again conclude by Theorem 13.1 that
for both partial linking and self-linking, there is a residual set of embeddings ® so
that the resulting jet maps for the distance function exhibit generic properties, and
that transversality to strata holds for the individual distance functions.

Lastly, by the Transversality Theorem 13.1, we may conclude that ¢jfo; ! (W()
is transverse to (X¢)(®) x R**1. Then, by Proposition 14.6, sjfa_l(W(o‘)) projects
diffeomorphically onto its image ¥(®). Hence, by Lemma 14.4 its transverse in-
tersection with (3¢g)®) x R"*! maps diffeomorphically to the intersections of %(®)
with ¥(®) ¢ X¥. Thus, ¥q is transverse to »(@) in X, which establishes property
iv) of Theorem 4.18 for a residual set of embeddings of the configuration.

ip

Consequences of Transversality for Height-Distance Functions. We follow
the same line of reasoning as we did for the multi-distance function case. Now
we deduce from the transversality results, the generic properties of height-distance
functions.

For n < 6, we let P;; C Emb (A, R""!) consist of all ® such that ,j¥7 is
transverse to every element of S(i,£), i = 0,...,m. The set P;, is a residual subset
of Emb (A, R"*1) by Theorem 13.2. Then, the intersection P, = N;P;, is again a
residual set. We deduce the consequences of the transversality conditions.

For ® € P;,, transversality of ;j¥7 to W(®#) yields transversality statements

for certain submanifolds in the product space X%) x (R™1H(M) % 8" We again

first consider the consequences of transversality to these submanifolds in X%) X

(R™1)(m) x 8" and then show how this implies transversality results for certain
projections of the submanifolds.
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First we deduce from the transversality to the submanifolds in S(4,¢) the ana-
logue of Proposition 14.5. We use the same notation, except now V; C S™ is a
neighborhood of v € 5", and let
(14.10)

2 = (uitv(, o) (W) and - 2%0) = (4, jFo (- ub) " (W)

for each p.
Then, the consequences for the jet extension mappings are given by the following.

Proposition 14.8. For ® € P, we have the following transversality properties for
0,8 (- v), with v € S™, and ¢jfT:

(1) mikv(-,v) is transverse to W(®);
(2) each ¢,j¥o(-,uli)) is transverse to WwBip) .

the w;l(Z( j )), forp=1,...,m, are in general position;

)
)
) i
4) their intersection is transverse to wy *(Z(®)); and
) onY
)

() W) = g (Z2) 0 (i, (2959))).

Then we may apply the same reasoning as in the proof of Mather’s Theorem 4.1.
Suppose S = (Sj,,...,5;,,) € ¢jir 1 (W(@P), with each S;, = {:vgjp), . ,ng')}
and each xgjp) E)O(Z-. We let S" = {xgjp), . .xgjyn)}.

As earlier, (2) implies the distance functions o(z,ulr)) :)o(jp xRS, x
{ulr)} - R, p =1,...,m, define R*-versal unfoldings. If uUr) € int (2,), the
Blum medial axes for §; and the €; , which are the Maxwell sets for the versal
unfoldings, exhibit the generic local forms given by Mather’s Theorem 4.1.

Then, if k is large enough, (1) implies that the height function v(z,v) : X7, x
5", S" x {v} — R defines an RT-versal unfolding. The spherical axis Z is the
Maxwell set for v, and hence has the same local generic structure. In particular, it
consists of v € S™ such that v(-, v) has an absolute maximum at S”. Thus, S’ C B,
and the structure of the set of such v € S™ exhibits the same generic local forms as
the Blum medial axes, except with one lower dimension.

Second, to determine the structure of B, and then M., we need the analogue
of Proposition 14.6.

Proposition 14.9. For ® € P;., the strata 7@ and z%) project diffeomor-
phically onto their images in each U](:). Hence, they also project diffeomorphically

onto their images in U and Uj,. Moreover, the subset of strata »(@) with aj, >3
or the subset with all aj, =1 form Whitney stratifications.

Proof of Proposition 14.9. Proposition 14.6 already applies to the Z®ip) | For AC
we apply Lemma 17.2 and then Lemma 14.2 to the jet extension mapping 4j v (-, v).

The argument that the subsets of strata form Whitney stratifications follow the
same arguments used in the proof of Proposition 14.6. (I

We let the projection of the stratum Z(@) onto Uj, be denoted by 25;;‘), and that

of ZBi) by »Bip) Third, we may apply the same proof as for Proposition 14.7
to conclude that the two stratifications are transverse.
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Proposition 14.10. For ® € P, ., the stratifications 25;3) and £ Pi) for p =

1,...,m intersect transversely in Xo. Hence, the intersections of the subset of
strata £ with aj, > 3 or the subset with all aj, = 1 with one of the subsets

of strata {Z('pr)} with Bj,1 > 3 or the subset with all 8;,; = 1 form Whitney
stratifications.

Proof. The proof follows by an argument analogous to that for Proposition 14.7.
The strata ES,? ) transversely intersect the strata @ jr'), which correspond to the
strata of the Blum medial axis of €2; . That the intersections of subsets of the strata
form Whitney stratifications follows from Proposition 14.9 and their transverse
intersection. O

Generic Properties of B,, and M.,. We now use the preceding to establish for
the residual set P, the properties of Bo, and My, given by vi) of Theorem 4.18.
We recall that Bo consists of € B such that a height function has an absolute
maximum (or minimum for the height function for the opposite direction) and is

stratified by the 2&2‘), which correspond to the strata E(;), and the Eg"). These
strata intersect transversally and M, ., consists of the strata in M; corresponding
to the intersections of these strata under the correspondence of the strata Zg\cj) of

M; with the Egga). Then, the generic structure of Bo, and M is given by the
following proposition.

Proposition 14.11. For the residual set P, the global radial flow v : Ni|Byo is
a global diffeomorphism with image the complement of the set of points lying in the
image of the linking flow. Moreover, the interior points of Bs consist of points
where a height function has a unique nondegenerate maximum; and the boundary
of B consists of points x € S such that a height function h : B,S — R,y is a
multigerm of type Ay, with either |a] > 1 or aq > 3 and odd.

Proof. First, we prove that B, lies in the smooth strata of B, which we view as
a piecewise smooth manifold. At any singular point x of the boundary of a region
;, there is another region €2; for which z is also a singular point of its boundary.
Then, T, X;; will contain points of §2; or £2; on each open half-space determined
by it. Hence the height function cannot have an absolute minimum at x. Thus,
z ¢ Boo.

Second, by the genericity properties of height functions, if a height function has

[e]

an absolute minimum at a point x € X, but it is not a nondegenerate minimum,
then it is of type Ax, k£ > 3 and odd. By the normal form for the versal unfolding
of such germs, there are codimension one strata in the Maxwell set for Ay of type
A?. As we cross such a stratum tranversely the absolute minimum moves from
the neighborhood of one A; point to the other. Hence, the corresponding curve
crossing the one A; stratum in a neighborhood will move from B, to points not
in Bo. Thus, these strata are in the boundary of B, and hence so is the Ay point.
If instead, we have S C B so a height function h : B,S — R,y is a multigerm of
type A, with |a| > 1, then for z; € S with a; > 0, we can again by versality find
strata of type A? which contain the tuple (z1,...,7,). By an analogous argument
as above, x; is contained in the boundary of B.

Third, we consider a point g € B where a height function has a unique non-
degenerate absolute maximum. We claim that zy is an interior point of By. Let
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n be the outward pointing unit normal vector field to B in a neighborhood of =z,
then the height function is given by ho(z) = = - n(zp). We claim that there is a
neighborhood W of zq in B so that for all ' € W, the height function has a unique
nondegenerate absolute maximum at z’.

To see this, we note that by the C*°-stability of Morse singularities, there is a
neighborhood W of z¢ with compact closure such that ho|CI(W) is C* stable with
only a single singular point at z¢. Thus, for 2’ in a sufficiently small neighborhood
W’ C W, for the corresponding height function hy (z) = z-n(z’), hy |CUW) is C°-
equivalent to hg, and thus has a nondegenerate maximum at z’. We further claim
that for 2’ in a smaller neighborhood W"” C W', h, has an absolute maximum
at /. If not, then for a decreasing sequence of neighborhoods W; C W' whose
intersection is g, there are x; € W; and y; € B so that y; - n(z;) > x; - n(x;). This
implies that y; ¢ CI(W). By compactness we may take a subsequence and assume
limy; = yo € B\W. Then taking limits in the inequalities, we obtain limx; =
and limn(z;) = n(xg) so yo - n(zg) > = -n(xp) with yo # o, which contradicts our
assumption about zg. Thus, zy is an interior point of By ; and by our description
of the boundary, the interior of B, consists of such points. It then follows that B

has a boundary in )o( o which has a local form given by the E((;ol ) for the R+-versal
unfolding of multigerms of the height function.

Fourth, we claim that the global radial flow ¢ : Ny|B is a diffeomorphism
onto its image. There are two steps: showing that the global flow is everywhere
nonsingular, and showing that the flow is 1 — 1.

For nonsingularity, we choose a Monge patch W about z¢ € B; , which cor-
responds to 0, so that the height function is the z,; coordinate which has an
absolute maximum at x and 2,41 = f(x1,...x,) locally defines B on W. Hence,
the Hessian of f has nonpositive eigenvalues, which are the principal curvatures of
B at xg. The global radial flow will be nonsingular out to B;, and from there, given
to > 1 we can view it as a “new radial flow” defined on W with “radial vector field”
toru;. If this flow is nonsingular for ¢ < 1, then the original global radial flow is
nonsingular for ¢ < tg+1. Hence, if this holds for arbitrary tg, then it is nonsingular
for all t. Lastly, for this vector field, the principal radial curvatures are the usual
principal curvatures. Thus, as all of the principal curvatures are nonpositive, the
radial curvature condition is vacuously satisfied (see Proposition 7.2).

To see that the flow is also 1 — 1 on B, we suppose not. Let z,2’ € By, be
distinct points such that the positive normal half-lines which point out from B at
these points intersect at some point u. Suppose ||lu — z|| > ||u — 2'|]. We choose
coordinates so x = 0 and let v be the outward pointing unit vector to B at x with
L the line spanned by v. Then, 2’ ¢ L or our above assumption implies v - 2’ > 0,
a contradiction for z. Hence, if z” is the orthogonal projection of 2’ onto L, then
by the triangle inequality |ju — 2| < ||lu — 2’| < ||u|. Thus, 2" = cv for some
c¢> 0, and 2”7 -v = ¢ > 0, a contradiction. Thus, the half-lines do not intersect and
the global flow on By, is 1 — 1, and hence a global diffeomorphism onto its image.

There is one final part of property iv) to show, which will follow from the next
lemma.

Lemma 14.12. [f x € B\B, then there is a point in B (which may be = itself
through self-linking) to which x is linked. Also, any point not in the image of the
global radial flow on N4|By is in the image of the linking flow.
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This Lemma establishes property vi) of Theorem 4.18 for the residual set P,
completing the proof. (I

It remains to prove the Lemma. For this proof, given a hyperplane H in R™t!
with a distinguished point xy € H and a normal vector n to H, we will use the
notion of a family of spheres {S, : a > 0} of radii a, lying on one side of H,
and tangent to H at z¢p. We can by a change of coordinates assume z¢p = 0, H
is the coordinate hyperplane defined by z,411 = 0 and n = e;,;1, the unit vector
in the positive z,1-direction. Then, in this model situation, S, is defined by
S a2 — 2az,41 = 0. We can easily check that if a # a/ > 0 then S, N Sy = {0},
and given any x = (x1,...,Z,41) € R with z,,417 > 0, there is a unique S,
containing  (and we can write a as a smooth function of « on the open half-space).
We make use of such families of spheres to prove the Lemma.

Proof of Lemma 14.12. For the first statement, let 2y € B\Bs and n denote the
unit outward pointing normal vector to B at xg. Let k; denote the principal cur-
vatures of B at xg, and let 7, = min{% ik >0} or oo if all k; < 0.

Since zg ¢ Beo, the height function in the direction n does not have an absolute
maximum at xo; thus, there are points of B in the half-space defined by 73,8 with
n pointing into the half-space. We consider the family of S, for this data. If
0 < 19 < Tmin, then there is a neighborhood U of xy such that for 0 < a < ry,
SaNU = {xo}. Then, if Sy N (B\U) = 0 for 0 < a < 19, then S, N B = {xo}
for 0 < a < rg. If this holds for all 0 < rg < Tmin, then xg is an As-point of the
distance function to the focal point y = x¢ + 7minn, which is an edge point of the
medial axis.

Otherwise, there is a smallest a such that S, NB\{xo} # 0. Hence, S, is tangent
to B for any such intersection point. Thus, zg is linked to such an intersection
point. In either case, x¢ is linked to a point in B.

For the second statement, let y € Qo\t)(N1|Bx). Then, by compactness, there
is a point zg € B of minimum distance to y. If there are more than one such point,
then y € My and is in the image of the linking flow. If ¢ is the unique minimum
point, then we consider the family of spheres for zg, 7,8, and n the outward
pointing unit normal vector to B at zg. If a = ||y — zol|, then by assumption
So N B = {xo}, thus ||y — zol| < rmin-

As y ¢ (Ni|Bw), the height function in the direction of n cannot have an
absolute maximum at x(, so there are points of B3 in the open half-space defined by
T.,B and n. Hence, by the above argument, there is a smallest a with ||[y—z¢|| < a <
T'min satisfying one of the following two possibilities. If a = ry,, is the minimum
positive radius of curvature of B at xg, then vy = xg + Tminn is a focal point for
T'min and thus y = zg + ||y — xo||n lies in the image of the linking flow. Otherwise,
a < Tmin and there is another 2’ € S, N B. Then, zo and 2’ are linked via z + an,
and again y = zg + ||y — 2o||n lies in the image of the linking flow. In either case
we obtain the second statement of the Lemma. (|

Proof of Theorem 4.17 for a Residual Set of Embeddings:

By the preceding results we have now established properties i), ii) , iv), and vi)
for Theorem 4.18. The remaining properties iii) and v) concerning the edge corner
points will be established in the next section. However, we are now able to conclude
the proof of Theorem 4.17 for the residual set of mappings in P = P,, NPr. We
summarize the consequences we have obtained by applying Theorem 13.2 for n < 6
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to the elements of the S(i,£). In terms of the configuration Q consisting of disjoint
regions with smooth boundaries, these results yield the following.

(1) Transversality to the submanifolds representing orbits of simple multigerms
implies that every region €; C R"*! for ¢ = 1,...,r has a Blum medial
axis exhibiting only the generic local normal forms given in Theorem 4.1.
This also holds for the linking medial axis in the complement €.

(2) By Propositions 14.6 and 14.7 there are stratifications of the smooth regions
of the region boundaries B; by the multigerm types $(® and £(3;) which
intersect transversally; moreover they are Whitney stratified sets for two
of the three types described in §4. Hence, we obtain the generic linking
structure (including self-linking) on the smooth points of the boundaries
B;.

(3) In the case of disjoint regions with smooth boundaries, these give properties
(1) and (2) of Theorem 4.17.

(4) By Propositions 14.9 and 14.10, B, has a stratification formed from height
function multi—germs of the types described in §4, which intersects transver-
sally the strata 2(35) of the multigerm types for the distance functions, and
forms a stratified set in B;.

(5) Moreover, by Proposition 14.11, we have also established the properties of
Boo and M. This gives property (3) of Theorem 4.17.

Remark 14.13. In the bounded case where the configuration lies in a region Q
which is a manifold with boundaries and corners, we require that the radial lines
from M which meet Q do so transversely, by which we mean that at singular
points of 09, the radial line is transverse to all limiting tangent planes at that
point. By scaling @ we obtain a parametrized family, which by the parametrized
transversality theorem will be transverse to My for almost all parametrized values.
Alternatively this is equivalent to scaling the configuration. Hence, sufficiently
small perturbations will make it transverse. For a convex region Q, all lines from
the interior will be transverse to the boundary, so we have the second condition for
a bounded region.

Thus, in the case of a configuration consisting of disjoint regions with smooth
boundaries, these yield the properties for a generic Blum linking structure for a
residual set of embeddings of the configuration. This proves Theorem 4.17 for a
residual set of embeddings. It remains to show that it holds for an open set of
embeddings. This will be shown in the next section.

We conclude this section by using the transversality of the stratifications to prove
Corollary 4.20.

Proof of Corollary 4.20. Let ® € P, be a generic configuration. By our earlier
results, we know that dim Eg\zﬁ ) = dim Eg;ﬁ ). Thus it is enough to verify the

result for Eg\cfﬁ)

the preceding results, Zg\zﬁ) is the diffeomorphic image of ,j¥p; ' (W(*#)) under
projection. Hence, they have the same dimension.

Second, Theorem 13.2 implies that the codimension of W(*8) in ,E(*) (X 7 R?),
which we denote by codim , g (W (*#)), equals the codimension of ¢jf p; ' (W (@A)
in the space X7 x (R™1)(+1 Thus, combining the first two statements, we

. We use the same notation as earlier (a : 34,...,8,,). Again by
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conclude

dim 277 = dim gjf o (W)

(14.12) (zm: nly + (n+1)(m + 1)) — codim , g (W(@P)).

p=1

Third, by the local form of ;F*)(X 7., R?) and replacing R? by R in (12.4) we have
(14.13)

COdiIn[E(k) (W(a:'a)) = codim mJ*(X 7, R) (W(a)) + Z codim 0 I* (X5, _R)(W(ij)) .
p=1

Now, by the proof of Mather’s Theorem 4.5, for a generic configuration and a

multigerm A, which is an m-tuple,

(14.14) codim ey gy (W") = Rf-codim (A,) + nm.

Now substituting (14.14) into (14.13) for each 7 = e or 8; and then substituting
(14.13) into (14.12) and simplifying, we obtain

codim=(;? = (n 4 1) - dimx{;?
(14.15) = R} -codim (Ay) + Z R -codim (Aﬁjp) —m.

p=1

15. CONCLUDING GENERIC PROPERTIES OF BLUM LINKING STRUCTURES

In this section we complete the proofs of Theorems 4.5, 4.17 and 4.18. We first es-
tablish Theorem 4.5 which for a model configuration provides a normal edge-corner
form for the closure of the Blum medial structure in the neighborhood of a singular
point of a boundary. Second, we deduce for a residual set of embeddings of a model
configuration that the generic linking properties, structures of the stratifications,
and generic properties of B, and M hold for general multi-region configurations.
Then, we establish the openness of the genericity properties. We do this in two
steps. First, we prove it for the easier case of configurations of disjoint regions with
smooth boundaries. Then, we explain how to modify the proof for general multi-
region configurations. This then completes the proofs of these theorems. In proving
openness, we establish an equivalence between the RT-versality of multigerms for
the distance or height function and the infinitesimal stability of associated map-
pings, and then adapt Mather’s theorem “infinitesimal stability implies stability” to
obtain the openness (and note that it implies the structural stability of the medial
axis and linking structures in the generic case).

Blum Medial Structure Near Corner Points. In place of the entire configu-
ration, we consider a single region {2 whose boundary B has corners. We recall from
§2 that for a k-edge-corner point z € B, a local model consists of a diffeomorphism
¢ : U — R""! from a neighborhood U of 0, with ¢(0) = x, such that the restriction
maps an open subset U’ of Cj, = Ri x R*1=F diffeomorphically to a neighborhood
of z in Q. Given such a local model, we have the subspaces H; defined where the
coordinate z; = 0 for j < k. We then obtain hypersurfaces S; = ¢(H; NU). For S;
we let n; be the unit normal vector field on S; pointing into the region, and then



MEDIAL/SKELETAL LINKING STRUCTURES 95

we define the corresponding eikonal flow on S; by ¢;(z’,t) = 2’ + tn;. Then there

is an €; > 0 such that ¢;|(S; x [—¢;,¢,]) is a diffeomorphism onto a neighborhood

of z. Welet S;, = ¢,|(S; x {t}) denote the level hypersurface of the flow at time ¢.
We begin with the following lemma.

Lemma 15.1. Let x € B be a k-edge-corner point for a region Q C R"1 with
boundary B. Then, there is a local model ¢ : U — R" ™ for Q in a neighborhood
of ¢ and an € > 0 such that each eikonal flow is a diffeomorphism containing a
common neighborhood W of x. Moreover, the level hypersurfaces {S;¢,} with j <k
and all 0 < t; < e are in general position on W.

Proof. We illustrate the situation in Figure 35.

(0

>

0

FIGURE 35. The eikonal flows from the hypersurfaces meeting at
a corner and the resulting mapping ¢ giving an edge-corner normal
form.

By the above remarks, we can find for each 0 < j < k, an ¢; > 0 so the eikonal
flow ¥,|(S; x [—¢j,¢;]) is a diffeomorphism onto a neighborhood of z. We let
¢ = min{e;}. We also let W = N);(S; x (—¢,¢)), which is an open neighborhood
of . Then, for each j = 1,...,k we can define on W a smooth vector field ¢; by
extending n; along the lines of the eikonal flow in W.

By possibly shrinking W the vector fields {¢;} are linearly independent on W.
We know that since (j(z) = n;, {¢i(z™), ..., (z®))} are linearly independent
when (1) = ... = 2(®) = 2 hence by continuity of the k-tuple (¢i,...,(x) on
the k-fold product W* = W x --. x W, there is a neighborhood of (z,z,...,z)
in W* on which they are linearly independent. This neighborhood contains W’*
for a neighborhood W’ of z. Then, the {(;} are the normal vectors to the level
hypersurfaces S;; in W and hence on W'. Thus, for any 2" € W’ with 2’ € S;,0),
for each j, we conclude they are in general position at /. We let W’ be our desired
neighborhood W. O

Proof of Theorem 4.5. We first apply Lemma 15.1, where we may furthermore
choose compact neighborhoods z € W” C W' C W such that W has diame-
ter < a = $dist(W’, Q\W), which is positive as W' is compact.

Then, we consider ' € W”. Then, dist(z’,S;) < e < a, while dist(z/, B\W) >
2a. Thus, a point 2’ € W' of the Blum medial axis of type A% must have radial
distance < ¢ and has the A; points in BN W” which are points in S; which map
to o’ under the eikonal flows ;.

Thus, the Blum medial axis in W” is formed from the transverse intersections
of the eikonal flows. The inverse of the j-th eikonal flow on W” is smooth and
given by the mapping z'(= 1, (z),t0))) s (20),¢0)). Thus, tW), j = 1,...,k
are smooth functions on W”. These define a smooth mapping p : W — R* by
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(') = (W, ... t®¥). Then, for each subset J = {j; < jo--- < j¢} with j, <k,
we let
Rf} = {(tl, . ,tk) S Rk : th = mjin{tj},r =1,... ,f}

By the general position of the S;; and (1) of Lemma 14.1, p is transverse to all of
the Rg. Then, the Blum medial axis in W’ consisting of points of type A{ is the
disjoint union of the u~1(RY) for subsets with card(J) = ¢.

Furthermore, Zy = ﬂ?zlSj is a submanifold of dimension n+1—k, and T, Zy =
ﬂ?lesz. This is the subspace orthogonal to the n;. We let « : R"*! — T, 7,
denote orthogonal projection. Then, m projects Zy submersively onto 71,7y in a
neighborhood of z, which by shrinking we may assume is W”. Thus, as T,Z, =
ker(dp(z)), we conclude that the smooth map ji = (u, w) : W — T, ZgxRF ~ R"+1
is a local diffeomorphism in a neighborhood of z. It sends W"”N Q to a neighborhood
of 0 in T, Zy % Ri ~ Rk % Rﬁ_, which is the model for a corner C%. Hence,
fi~! provides the local k—corner model as in Definition 4.4 with Ej mapping to the
Blum medial axis in a neighborhood of . ([l

Proof of Theorem 4.18 for a Residual Set of Embeddings.

We can now complete the proof of Theorem 4.18 for a residual set of embeddings.
In the previous section, we have already established the properties i), ii) ,iv) and
vi) for a residual set of embeddings ® € P. We have just completed the proof of
Theorem 4.5, which establishes the edge-corner normal form for the Blum medial
axis at corner points, yielding property iii). Moreover, Theorem 4.5 also shows that
there is no linking occurring at corner points, yielding the remainder of condition
v). Thus, Theorem 4.18 follows for a residual set of embeddings.

It remains to establish for both Theorem 4.17 and Theorem 4.18 the openness
of genericity.

Openness of the Genericity Conditions. We first prove the openness of the
genericity conditions for the case of a multi-region configuration €2 consisting of
disjoint compact regions €2; with smooth boundaries and without F; points on the
medial axes (e.g. there will generically be no E; points for n + 1 < 6). This
configuration is modeled by ® : A — R"*! and contained in int (Q) for a compact
region Q. As earlier Q; = ®(A;), B; = ®(X;). We let Q@ = [[, %, X = ][, Xi,
and B =[], B;. We suppose it satisfies the genericity conditions with Blum medial
axes M; for ; and My for Qo N Q. As B is a compact (but not connected) smooth
hypersurface, we let n denote the inward pointing unit normal vector field on B.
Then, there is an ¢ > 0 such that the eikonal flow = — ®(z) + tn(z) defines a
diffeomorphism ¥ : X x [—¢,¢] — R"*! onto a tubular neighborhood T of B. For
0 < s < € we denote the image Ty = U(X X [—s, s]). We may choose ¢ sufficiently
small so that T, C V C int (Q), for an open subset V containing Q.
We will use the following Lemma.

Lemma 15.2. In the above situation, there is an € with 0 < 2¢’ < & and an open
neighborhood U of ® in Emb (A, R""1) such that if ® € U, then:
(1) B'=9'(X) Cint (T);
(2) the eikonal flow for B', V' : X x [—¢,e] — R is a diffeomorphism onto
its image, which is contained in V C int (Q), and
(3) Toer C \IJI(X X [—E,E]).
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We illustrate the Lemma in Figure 36.

by W(Xx[-gg])

FIGURE 36. The relation between the tubular neighborhoods of
B; in a) and their images under the perturbation ¥ in b).

After proving Lemma 15.2, we will deduce the consequences for the openness of
the genericity conditions for the case of a multi-region configuration consisting of
disjoint regions with smooth boundaries.

Proof of Lemma 15.2. There is a continuous map Emb (X, R"*1) — C>~(X,S")
sending ® to its Gauss map ng, which is given by the inward pointing unit normal
vector field. We may combine the two mappings to define a mapping ¥'(z) =
®'(x) + tng on X x [—¢,e] — R™FL. This defines a continuous mapping in the
Whitney topology

G :Emb (A, R"!) — C®(X x [—¢,¢],R"F1)
' — 0.

First, as int (7./) is an open subset of R"*1 the set of smooth mappings with
images in int (7./) form an open subset U; of C*°(X,R™™1). Since the restriction
map Emb (A, R"*!) — C°°(X,R"1) is continuous, i is pulled back to an open
subset U] C Emb (A,R"*!). The configuration embeddings in U] then satisfy
condition (1).

Next, for smooth manifolds N and P with N compact, the set of C>* 1 —1
immersions forms an open subset of C*°(N, P), see e.g. [GG, Prop. 5.8]. Thus,
there is an open subset U of C*° 1 — 1 immersions in C*°(X x [—¢,¢e], R"T1). As
X X [—¢,€] is compact, such an immersion is a diffecomorphism onto its image.
Hence, property (2) holds for ® in the inverse image of this open set under G.

Third, there is an open subset of C®(X x [—¢, ], R"*1) containing ¥ which will
map X x [—¢,¢] into V and each component of X x {—¢,e} into (Q\int (T2/)) N
int (). For a diffecomorphism ¥’ contained in a sufficiently small open set 1"
containing ¥, it maps each X; x {£e} to the same complementary components as
does ¥. Thus, by a degree argument the image of ¥’ must contain Th. giving
(3). O

We now apply Lemma 15.2 to prove openness. We note that openness cannot
be deduced from multi-transversality conditions on all of B() (by Theorem 13.2 we
only obtain openness on a compact subset of B(f)). Instead we show that we can
pass to the infinitesimal stability of smooth maps associated to the multi-distance
and height-distance functions, and apply Mather’s Theorem “Infinitesimal Stability
Implies Stability”.
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Relation with Infinitesimally Stable Mappings. We first choose the &’ satis-
fying the Lemma and yielding an open subset & C Emb (A, R’j*l). Then, for ¢ > 0
we let 7 = Q;\int (T%e) and C; = Q;\int (T'3.). Next, given {2 we choose compact

submanifolds Q; and €’ satisfying
Q Cint (@) C Q Cint () c Q.

Then, we replace Qo by int (@) N Qo and still denote it by Qg. Next, we let
C) = Q\int (Ta-r)) and Cp = Q;\int (T'3.r))- Third, for i > 0 we let U; = Q;\(T%)
and Uy = int (). By Lemma 15.2, for ® € U, the corresponding Blum medial
axes satisfy M/ C C; for i > 0 and M} N Qc .

We then have for all i > 0,

Cll C int (Cz) c C; ¢ U; C int (Ql)

with C; and C compact and U; open.
We will consider various functions related to the distance and height functions
associated with the embedding ®. For ¢ > 0 we begin with

(15.1) g; : X; xint (€;) — R X int (2;)
(u®) o (ol,u®),u?),

and

(15.2) U Xy xS —=Rx S"

(x,v) +— (v(z,v),v).

Then, via the following general lemma, we relate the local RT-versality of o; and
the local A-stability of ;, ¢ = 0,...m; and similarly for v; and ;.

Lemma 15.3. Suppose F(z,u) : R" x U, S x {u®} — R,0 is an unfolding
of f(z) : R**1 S — R,0, where each germ of f al each ) € S is weighted
homogeneous. Then, F is the R -versal unfolding of f if and only if

Flz,u) = (F(z;u),u) : R™ x U, 8 x {u®} = R x U, (0,u?)
is infinitesimally A-stable.

Proof of Lemma 15.3. In either direction it is sufficient to consider a finite set S C
R™*1 with u(®) € U. We let S = {2, ..., 2}, and choose local coordinates xgj)
about each ). We note that points (/) at which the multigerm is nonsingular can
be ignored without affecting the conclusion. We also let u = (us,...uq) denote the
local coordinates for U about u(?), and y a coordinate for R. For these coordinates,
we let F; denote the germ of F at (). Next, we let C,¢;) denote the ring of
germs of functions at z/) with maximal ideal My, and Cy() ,, the ring of germs
at (z1), u(®), with maximal ideal m,q) ,,, etc. With {¢1,..., ¢} understood, we
abbreviate a module R{p1,...,pr} by R{p;}.

Then the infinitesimal stability of F(z,u) : R**!' x U, S x {u(®} — Rx U, (0,u()

is equivalent to

(15.3) > Cotnud

Jj=1

OF, .
020" O

o 0

OF; o 9.,
+8—ui} +C‘”’“{8—y’8_ui} = ®j:161(1),u{8_y78_ui}
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0
where Cy,u{8 } C ®;1C0, u{ } is included by the diagonal map

dy’ du,
F* in each summand. Since {— 0 + % i=1 } is also a set of free
oy’ o, ou ' T )
0 0 0 OF;

generators for C,i) ,{z-, 75—}, we may project along each C,(, u{ —|—

Ay’ Ou;
0
onto C,(), u{ } and obtain that (15.3) is equivalent to

ou;

- OF; 0 OF OF, 0
(154) ;Cm(g))u{w U’U{a 8 8—1141} = ®jzlcm(7),u{8_y}-

Then, the system of rings and ideals (Cy,u, muCyu) = (Coti) > MuCortiy ) is an
adequate system of differentiable algebras in the sense of [D6, §6], so by an extension
of Mather’s algebraic Lemma to the case of modules over adequate systems of
algebras [D6, Lemma 7.3], (15.4) is equivalent to

of o OF OF 9
(1 j J ey = @' _Con{=}.
5 5 ZCI( ){ (J) } + y{ay 6U1 ‘u u(O) ’ auq ‘u:u(o)} 693—161( ){ay}

As each f; is weighted homogeneous, each f; € CIU){a )} Hence

9 OF oF
Oy’ Ous ju=u) " Oug |u:u<o>

my{ ZC (J){ 8f]

Thus, (15.5) is equivalent to

- of; o OF OF o B
(15.6) ;Cﬂj){ax—?)} + {55 e m ) = @j:1cmm{a—y}-

) 3 3
8y 6’11,1 Ju=u(® 8uq [u=u(®)

This is exactly the equation for the RT-infinitesimal versality of the multigerm
F(z,u) : R x U, S x {u®} — R,0, which by the versal unfolding theorem [D6,
Thm 9.3] is equivalent to its RT-versality.

As each step is an equivalence, we have established the result. O

We apply Lemma 15.3 as follows. Let ® € P = (P, N P-), the residual set of
mappings of the configuration with the generic properties on Q' from § 14. Then,
the associated distance and height functions are R*-versal unfoldings for any finite
set S C X;. By the Lemma and the results of Mather, this implies that the
associated mappings &; and 7;, which are proper, are infinitesimally stable, as
global mappings. This is proven, following Mather, by using a partition of unity
argument for the local infinitesimal stability. Then, we want to apply Mather’s
theorem “infinitesimal stability implies stability” [M5, Thm 3].

Theorem 15.4 (Mather). Let f : N — P be a smooth mapping between manifolds
without boundaries and let M C N be a closed 0-codimension submanifold which
may have boundaries and corners. Then, if fIM : M — P is proper and infinitesi-
mally stable, then there is a neighborhood W of f|M € C*(M, P) and continuous
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mappings Hy : W — Diff (N) and Hy : W — Diff (P), with both H1(f|M) = Idn
and Ho(f|M) = Idp, such that

g = Hx(g)o foHi(g) forallgeW.

For our situation, we suppose that M is compact with a given compact M’ with
M’ C int (M). Then, we may shrink W to a smaller neighhborhood W’ in the
C*-topology so that in addition M’ C Hy(g)(M).

We apply this version of Mather’s Theorem for each of the mappings 7; and 7;
associated to the given ®. Each of these mappings is a proper infinitesimally stable
mapping. Thus, for each mapping there are open neighborhoods: V; ; of 5;|X; x C;
in C*°(X; x C;,R x C;), and Vy; of 7; in C®(X; x ™, R x S™) satisfying the
conclusions of Mather’s Theorem and the additional condition that M’ C Hy(g)(M)
for each case. However by Lemma 15.3, off of the appropriate compact submanifolds
M’ which denote either X; x C! or resp. X; x S™, the corresponding mappings have
at most stable A; singularities. Also, by Mather’s classification theorem for stable
multigerms, the A-equivalence type of the stable multigerms, which are formed
from the simple Aj-germs, are determined by the R*t-equivalence class (%), For
any of the mappings &; or 7;, we denote the set of points of singularity type Ao by
Z(OL) (6i), or E(a) (171)

The restriction of the distance mapping to X; x C; defines a continuous mapping
in the Whitney topology ¢ — &;,

C®(X; x R R) — C°(X; x C;,R x C;).

Hence, there is an open set 4’ C Emb (A, R"1) containing ® which maps into each
Vi1 and V; 2. Thus, by Lemma 15.3, the associated families of distance and height
maps o, or v, corresponding to ® € U’ are R*-versal unfoldings for any finite
set S C X;. Thus, we obtain openness of the genericity properties of individual
stratifications X(8:), 25;;‘), and (@) in X;.

We next consider the transverse intersection of the strata 2(® for Qg and the
©Bi) for the ;. We form the associated mappings

(157) &i,O : Xl X Cl X CQ — R x Ci X CQ
(2, u®u®) (o, u®),u®,u®),

(158) (5’070 : Xl X Ol X CO — R x Ol X OO

(0D @) o (oo, u®), u®, ).

These are products of ¢; with identity mappings, so E(ﬁh))(:}iyo) = E(ﬁfp)(:ii) x Cp
for i > 0 or () (59 ) = X(®)(59) x C;. These stratifications are the images under
projection of the stratifications Z(gfp), resp. Z(® in Proposition 14.6. As they
are transverse and project diffeomorphically to the strata in the compact manifold
(with boundaries and corners) X; x C; x Cy, the strata E(gfp)(ém) and E(O‘)(émo)
intersect transversely. They form a closed Whitney stratification of X; x C; x Cp.
Thus, for &' € U’ with corresponding 7} and 7, we may apply Mather’s Theorem
and obtain for each ¢ the continuous families of diffeomorphisms H J(.“(a—g), j=1,2.
By the properties of the M’ for 7 > 0,
HY @)(E57) (@) n (X x €)= 5Pw)@)n(Xix C) = 5%)()),

K2
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and similarly

H;” (56)(Z(%)(30) N (Xi x Cp) = (@) N (Xi x Cp) = £ ().

K2

Thus, from the above, E(ﬁfp)(&;o) N E(o‘)(:}{m) is the intersection in X; x C; x Cy
of the pull-back of the closed Whitney stratification with strata (3(®)(&;) x Cp) x
(2(®)(50) x C;),by the map

(15.9) (H" x Ide,) ", (H” x Ide,) ™) : Xi x Ci x Cop — (X; x C; x Cp)? .

By the openness of transversality to closed Whitney stratified sets on compact
sets, and the continuous dependence of the mapping (15.9) on (3}, ), and hence
on @’ there is a smaller open neighborhood U” of ®, such that for & € U”,
(15.9) is transverse to the product stratification. Hence, % B (5:0)) and B(*) (G0.0)
intersect transversely, and so do their projections in X; by Lemma 14.3. This
establishes the openness of the condition that the strata (%) and 2 B5) intersect
transversely in each X;.

Next, we apply an analogous argument, using

(15.10) g, 0 X x Oy xS —=Rx(C; xS"
(z,uP,0)) = (os(z,u?),uD v)
and
(15.11) U; 0 Xy xCi xS —=RxC; x 8™
(z,u,v) —  (v(z,0),uD ).
We then obtain the openness of the genericity condition of transversality of the

strata E(ﬁjp) and E((E).
Lastly, we apply the argument a third time to the maps

(1512) éi,O : Xl X HCl — R x ch
i=0 i=0
(z, (u(o), e ,u(m))) —  (oy(, u(i)), (u(o), . ,u(m)))

to obtain the openness of the genericity condition that the images of the interseec-

tions of the strata (@ and £’ intersect in general position in Eg\?o)
This completes the proof of openness of the genericity conditions.

Openness of Generic Properties for General Configurations. For the gen-
eral case, the argument is slightly complicated by the edge-corner points on the
common boundaries of regions and the presense of E; points when n+1=7. We
first allow common boundaries but still exclude E7 points. The total space of A is
a manifold with boundaries and corners, although the corners are concave rather
than convex. We begin with an extension lemma based on an extension result of
Bierstone [Bi] .

Lemma 15.5. ]fA is an open neighborhood of A in R™1, then there is a contin-
uous extension in the Whitney topology

(15.13) n: Emb (A, R"!) — C®(A,R"H1).
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Proof. In the case of convex corners, Mather proved an extension result giving a con-
tinuous extension of smooth functions on an n-manifold M C R™ with boundaries
and corners to an open neighborhood U of M in R™ (see [M4] and the proposition
in [M5, §5]). This method uses continuous local extensions for all C*° functions in
neighborhoods of the corner points, based on the extension method of Seeley [Se],
together with a partition of unity. This method also works in our case provided
we have a continuous local extension on a neighborhood for the concave corner
points. In this case, whether of type P or QQ; the complement in the edge-corner
model is the interior of an edge-corner point. The region itself is locally a closed
semi-analytic set which is the closure of its interior. This is exactly the situation
where the extension result of Bierstone [Bi] applies to give a continuous extension
from C*° functions on the region in a neighborhood of the edge-corner point to an
open neighborhood of the point in R?*!. With this local extension, we can apply
the same argument used by Mather to give the continuous extension (15.13), where
A denotes an open neighborhood of A. O

Then, in A we can extend each nonempty CI(X; ;) to an open hypersurface X; j
and then construct a compact submanifold with boundaries and corners S; ; so that
Cl(X;;) C int (S;;) C X;j, where int (-) is taken in the manifold X; ;.

We generally denote n(®) by . We choose A small enough so that P is still
an embedding. Then, we first restrict to the open subset U’ which is the pull-back
of the open subset of C*°(A, R"*!) consisting of those ® which restricted to each
S;; are embeddings.

We furthermore let S; = ]_[j S;; and S =[], S;, which is a disjoint union of
manifolds with boundaries and corners. Then, ® still defines a smooth map denoted
® : S — R which is an embedding. Then, we can proceed as earlier to define
the eikonal flow using the inward pointing unit normal vector fields n; for each ;.
Again by compactness of each S; j, thereis an € > 0 so that each ¢; ; : S; j x[—¢,¢] —
R™1 is a diffeomorphism onto its image T; ; - for all 4, j. Because the singular strata
of the boundaries X; form compact sets, we can use the argument in the proof of
Theorem 4.5 to find a smaller € > 0 so that in the union U; ;7} ; -, the Blum medial
axis consists of the edge-corner normal forms for the singular points of X.

Then, we replace the tubular neighborhoods Ts by the unions TLS =U,T; ;s and
obtain the analogue of Lemma 15.2.

Lemma 15.6. In the above situation, there is an ' with 0 < 2¢’ < ¢ and an open
neighborhood U of ® in Emb (A, R" 1) such that if ® € U, then:
(1) B =®'(X) Cint(T;);
(2) each eikonal flow for Bj, W;; : Sij x [~¢,e] — R"** is a diffeomorphism
onto its image; and

(3) Ti,?a’ nQ,; C \I/;(Sl X [—E,E]).

We again enlarge Q via Q; to ' as earlier and replace Qo by ' NQy. With the &’
from Lemma 15.6, we now let C; = Q;\int (T} 2./) and C}) = QN (Qo\int (To,2¢7))-
Analogously, we let C; = Q;\int (T} 5.,) and Co = €' N (Qo\int (Ty 5.)). Third, we
let U; denote int (Q;)\T; ..

Then, we proceed as earlier. We have the analogous collection of mappings
(15.1) - (15.2), (15.7) - (15.8), (15.10) - (15.11), and (15.12), for the corresponding
families of distance and height based mappings, where we replace each X; by X 7,.
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First, using Lemma 15.6, we deduce that the stratifications are contained in the
model M’ for each case. Then, we apply Lemma 15.3 to conclude that these
mappings are infinitesimally stable. We then apply the same adapted version of
Mather’s Theorem for the corresponding mappings to obtain an open neighborhood
of ®' € U’', to which we can repeat the arguments to conclude that the stratifications
are closed Whitney stratifications which intersect transversely where appropriate.
As earlier, we may conclude that they map diffeomorphically onto the boundary
and intersect transversely. This completes the proof of openness of the genericity
conditions for the general multi-configuration in the absence of E; points.

Openness of Generic Properties Allowing E; Points. Lastly, we include the pos-
sibility of E; points when n + 1 = 7. By transversality to the Er-stratum, these
points will occur at isolated points. Consider points o € X; and ug € M;, such
that o(-,u0) has a minimum vy, at ¢ of type Ey. By transversality, we may sup-
pose jio(x,u) is transverse at (xg,uo) to the Whitney stratified set defined by the
closure of the Er-stratum. Then, there is an open neighborhood U” of embeddings
and open neighborhoods ug € U and zp € V so that for ® € U”, the associated
distance function o’ saisfies: jio’(z,u) transversely meets Er-stratum at a unique
point (z/,u') € V x U and the associated o’ (x,u’) has a minimum at z’. Further-
more, by a result of Looijenga [L2], the transversality to the E; stratum implies
that the resulting unfolding at such a point as in (15.1) given by

o; : X; X int (Qz) — R x int (Ql)

will define a topologically stable mapping near (zg,up). Looijenga [L2] shows that
the germ is topologically equivalent to the unfolding which is infinitesimally versal
except for the modulus term; and the proof of topological stability is given in
[D8, Thm 4]. By this we mean: that there is a neighborhood of embeddings,
still denoted by U”, compact neighborhoods uy € Dy C int(Dy) C Dy C U,
g € Vi Cint(Va) C Vo C V and yo € Wy C int (W) € Wa C R such that if
®’ € U”, with associated mapping &/ then:

i) there are homeomorphisms onto their images ¢ = (p1,2) : Vo X Dy — )o( i
xU, and ¥ : Wy x Dy — R x U,
ii) such that &, =1 05,00 ! on (Vo x Da);
lll) (p(Dg X va) D Dy x V7, '(/J(WQ X Vé) D Wi x Vi; and
iv) ¢ is a smooth diffeomorphism on the complement of (zg,ug) and ¢ is a
smooth diffeomorphism on the complement of (yo, uo).

We can repeat this for each F; point for o;, and ensure that the above neighbor-
hoods are distinct. If they are labeled by an index j, then we can apply the earlier
argument after we remove the int (ng )) for all j. Then, off the union of the D;j )
the generic properites persist in an open neighborhood of ®. Also, on each ng ), the
medial axis for @ will be the image of that of ® via the homeomorphism ¢ and will
have generic properties off 2 (zo, ug), which must also be an E; point, and hence
equals the unique point (z/,u'). Thus, the medial axis has generic properties off
the E; points; and at these points its structure is topologically constant. Because
the F; points are isolated, the codimension conditions and transversality only allow
the linking as earlier described, so in this sense the generic properties for FEr points
hold for an open set of embeddings.
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16. REDUCTIONS OF THE PROOFS OF THE TRANSVERSALITY THEOREMS

We begin the proofs of Theorems 13.1 and 13.2 by first outlining the three main
steps of the proofs:

(1) reduce Theorem 13.1 to a relative transversality theorem and Theorem
13.2 to a “hybrid transversality theorem” which combines the relative and
absolute transversality theorems in [D5];

(2) introduce the families of perturbations needed to prove the transversality
for the space of mappings and compute the necessary infinitesimal defor-
mations; and

(3) verify the transversality conditions for the families of perturbations.

We explain each of these steps in more detail.

The “hybrid transversality theorem”is an extension of Thom’s transversality
theorem which applies to a continuous mapping ¥ : H — C*°(M, N), where H
is a Baire space, and M and N are smooth manifolds (where we allow M to have
boundaries and corners). We assume there is given a subbundle H* (M, N) of the jet
space J¥(M, N) which consists of k-jets j*(¥(h))(z) for all h € H and all z € M.
Then, for any h € H the associated jet mapping j*(¥(h))(M) C H*(M,N). We
consider either closed Whitney stratified sets W C H¥(M, N) or submanifolds W
whose closures form Whitney stratified sets with W a stratum. We refer to the
latter W as being “relatively Whitney stratifiable”. Then, by [D5, Thm 1.3] and
[D5, Thm 1.5], provided (in an appropriate sense) W is “transverse to W” relative
to H¥(M, N), then on any compact subset C C M there is an open dense subset
of h € H for which j¥(¥(h)) is transverse on C' to the closed Whitney stratified set
determined by W. We may alternatively consider the situation where for a closed
Whitney stratified set Y € M\E, with E C M a closed subset, H*(M\E, N) is
the restriction of the bundle to M\E. If ¥ is “transverse on Y to W” relative
to H¥(M\E, N), then, there is a corresponding transversality result that on any
compact subset C C M\E, there is an open dense subset of h € H for which
j*(U(h)) is transverse on Y N C to W.

We apply either of these results to the geometric mappings that associate to an
embedding ® : A — R"! either the multi-distance functions p; or the height-
distance function 7. In each case we must verify that “the mapping W is transverse
to the appropriate closed Whitney stratified sets” (we recall the definition below).
The transversality conditions in Theorem 13.2 are shown to be equivalent to condi-
tions in the setting of the hybrid transversality theorem for the appropriate Whitney
stratified sets.

It then remains to show that the corresponding mappings U satisfy the transver-
sality conditions. For this we consider specific families of perturbations of ® within
Emb (A,R"1) and verify the appropriate local transversality conditions for the
families.

Hybrid Transversality Theorem. We give a modified form of [D5, Thms 1.3
and 1.5] for a continuous mapping ¥ : H — C°°(M, N) which is transverse off a
closed subset E C M to W C ‘H*(M, N), which is either a closed Whitney stratified
set or its closure CI(W) is a Whitney stratified set with W a stratum. While in
[D1] M was a smooth manifold, here we allow M C R to be a closed stratified set
such that sing(M) C E, a closed subset of M. We also let Y C M\E be a closed
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Whitney stratified set. Then, the smoothness of a function f : M\E — N is still
defined.

Definition 16.1. The map V is said to be transverse or completely transverse to
W C H*(M, N) off E if, given an open subset U C H, x € M and y € N, there are
open sets t € U C M, and y € V C N such that for every map h € U, there exists
a finite-dimensional smooth manifold 7 C U with h € 7 such that for the family

' Mx7T— N,
(@, f) = ¥ (f)(x)

the k-jet extension
J*T: (U\E) x T — HF(U\E, N),
(, ) = 5 (2(f))()
is transverse to W, respectively transverse to CI1(W), at all points {(z,h)} with
z € UNW(h)~YV).
If instead j*T'|(Y x 7)) is transverse (on each stratum Y; x T) to W, respectively

transverse to CI(W), at all points {(z,h)} with z € Y N U N ¥(h)~1(V), then we
say W restricted to Y is transverse or completely transverse to W.

Then, for a continuous ¥ : H — C>°(M, N) such that for each h € H, j*(¥(h)|M\E)
maps into the subbundle H*(M\E,N) = H*(M,N) N J*(M\E, N), the hybrid
transversality theorem takes the following form.

Theorem 16.2 (Hybrid Transversality Theorem). Let E C M be closed with
Y C M\E a closed Whitney stratified set. Suppose W C HF¥(M\E, N) is a closed
Whitney stratified subset. If both U and VU restricted to Y are transverse to W,
then for a subset X C M\E:

i)
W = {h€H:j"V(h) and j*V(h)|Y are transverse on X to W in H*(M\E,N)}

is open and dense if X is compact and in general is a residual set in the
reqular C*> —topology;
ii) in particular, if W is relatively Whitney stratifiable and X is compact then

W = {heH:j*U(h) and j*U(h)|Y are completely transverse on X to
W in H*(M\E, N)}
is open and dense in the reqular C*° —topology.

Remark 16.3. The hybrid transversality theorem combines versions of a “relative
transversality theorem”, where j*W(H) = H*(M, N) but for a Whitney stratified
set X C M\E, which requires transversality of ,j¥(¥(h))|X to W, and an “ab-
solute transversality theorem”, where H*(M, N) = J*(M, N), but only requires
transversality for jF(¥(h)), possibly on a compact subset (see [D5]). These are
formulated so that ¥ can be an operation involving differential or integral operators
(as well as geometrically defined mappings) to obtain genericity results for solutions
to PDE’s.

The proof of this version of the transversality theorem follows the proof of the
relative transversality theorem [D5, Thm 1.3] modifying it to only require that ¥
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be transverse to W off E in H¥(M\E, N) as in the absolute transversality theorem
[D5, Thm 1.5]. The failure of ¥ to be smooth on M does not affect the proof.

If we compose ¥ with the continuous mapping C*°(M, N) — C*(M?*, N*) de-
fined by f — f x --- x f and let £ = A®)M we obtain a multi-transversality
version of the theorem (extending Corollaries 1.9 and 1.11 given in [D5]). Here
recall from §12 the standard notation that X°* = X x X x --- x X with s factors
while A(®) X denotes the generalized diagonal of X*. However, to deduce Theorem
13.2 we need a version valid for families of mappings. We apply Theorem 16.2 to
deduce a multijet version of the hybrid transversality theorem for families.

Given a smooth mapping f € C®(M x Z,N), we let oj¥(f)(z1,...,25,2) =
sJ8(f(, 2) (w1, ..., 2), with f(-,2) denoting for the fixed value z € Z the func-
tion on M. We consider a continuous mapping ¥ : H — C°(M x Z,N), and
suppose j¥(U(h)) € H*(M,N). We may define (H¥(M,N) as the restriction of
(HE(M,N))* to M) x N*, yielding ¢H*(M,N) C 4J*(M, N). This implies that
for h € H the map ¥ (¥ (h)) : M) x Z — ;H¥(M, N). We may extend Definition
16.1 to the case of ¥ : H — C>°(M x Z,N). We let E C M) be a closed subset
such that M)\ E is smooth, and let Y ¢ M)\ E be a closed Whitney stratified
subset.

Definition 16.4. The map ¥ : H — C*°(M x Z,N) is said to be transverse or
completely transverse to W C JH¥(M, N) off E if, given an open subset U C H,
z€ MO\E, z€ Z, and y € N, there are open sets z € U ¢ M\E, z € U’ C Z,
and y € V C N such that for every map h € U, there exists a finite-dimensional
smooth manifold 7 C U with h € T such that for the family

I':MxZxT— N,
(x,z,h) — U(h)(x, 2)
the k-jet extension
JE@) (U xU') x T — HF(M,N),
(@1, 2s), 2,h) = sjP (R(R) (1, 2) .., (25, 2))

is transverse to W, respectively transverse to CI(W), relative to ;H*(M\E, N), at
all points {((x1,...,2s),2,h)} with ((z1,...,25),2) € (U x U)NW(h)~L(V).

If instead «j¥(I)|(Y x U’) x T is transverse (on each stratum Y; x 7) to W,
respectively transverse to Cl(W), at all points {(z,h)} with z € (Y NU) x U') N
U(h)~Y(V), then we say W restricted to Y is transverse or completely transverse to
W.

Then there is the following multijet version of the Hybrid Transversality Theo-
rem.

Theorem 16.5 (Hybrid Multi-Transversality Theorem). Let W C ,H®) (M, N)
and Y C M\E be closed Whitney stratified sets and let X C M®\E. Suppose
that both ¥ and U restricted to 'Y are transverse to W off E. Then, the set

W={heH: j¥U(h) and .j¥U(h)|(Y x Z) are transverse on X to
W oin JH® (M, N)}

is a residual set, and if X is compact, W is open and dense in the reqular C'*°—
topology.
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If W is relatively Whitney stratifiable and X is compact, then
W = {heH: j"U(h) and 5T (R)|(Y x Z) are completely transverse on X to
W in sHF(M, N)}
is open and dense in the regular C*°—topology.

The proof follows from Theorem 16.2 by composing ¥ with the continuous map-
ping C°(M x Z, N) — C>®(M* x Z, N®) defined by f — f where f(z1,...,zs, 2) =
(f(z1,2), f(x2, 2),..., f(xs,2)) and letting Y x Z be used for Y and EU(A®) M x Z)
be used for F in Theorem 16.2. This yields Theorem 16.5.

Deducing the Transversality Theorems from the Hybrid Transversality Theorems.
We will deduce Theorems 13.1 and 13.2 from the preceding hybrid transversality
theorems. To do so we must show that Theorems 13.1 and 13.2 can be placed in
the frameworks of these transversality theorems.

We first consider Theorem 13.1 and apply Theorem 16.5. If we decompose X
into connected components X7,, where ¢ is just an index for the components. Then
the closure of each X}, is a compact manifold with boundaries and corners. We
form the disjoint union X; = []CI(X7;), over the connected components of X;.
Then, we let M = (X)) x R"*1 N = (R)*, and Y = Yo x R""! and E =
(X)) x R*1. Also, we let HF(M,N) = ,J*(X},R). We define

W,, : Emb (A, R"!) — C®((X)®) x R (R)*)

such that U, (®) is defined by ((x1,...,2s),u) — (0i(z1,u),...0;(xs,u)) with
o; the distance function associated to ® for X;. Then, Theorem 16.5 implies the
conclusion of Theorem 13.1, once we have shown that ¥, is continuous (see Lemma
16.6) and satisfies the perturbation transversality condition in Definition 16.1. This
will be verifed in what follows.

Second, we shall also use Theorem 16.5 to prove Theorem 13.2. To do so we
must define the setting which applies to the multi-distance and height-distance
functions in each case. Given m > 0 with an assignment p — j, and a partition
¢ = (b1,...,4,), we embed Xg) in a closed compact manifold with boundaries
and corners. First, for any j we let X; = L ez, CU(X;; ), which is a manifold

o —
with boundaries and corners such that X ;C X is the smooth interior submanifold.

Then, we let X7, =[] jeg; Xj- Then X 7, is a manifold with boundary and corners
with interior X 7.

We next extend Xg). For the assignment p — j,, and partition ¢, we define
(16.1) X%) = {(zV),. . 2Um) e X;fl) X - X ngfr:”) : argj”) € X, for all p}

Then, we let M = Xg), which is a manifold with boundaries and corners which
contains as a dense open smooth submanifold Xé?. We may represent Xé? =
X\E where E = M U E® with
(16.2) EY = {0V ... zUm)) e X&? : there are p # p’, ¢, ¢’ so that

Jp = Jjpr,and ajl(]jp) = xé{pl)}.

Here, E is a closed (stratified) set.



108 JAMES DAMON AND ELLEN GASPAROVIC

First, for the i-th multi-distance function we let Z = (R**1)(m+1) N = R? and

define
U, : Emb (A,R"™) — C*°(X 7, x (R™™)(m+D) R?)

such that for j € J; ¥, (®)|X;, x (R*F1)(m+D applied to (z, (ul1), ... ulim)) @)
equals (o(z,u®),o(z,ut»))). This is the smooth extension of the multi-distance
function p; associated to ®.

Likewise for the height-distance function we let Z = (R"+1)(™) x §" N = R?
and define

U, : Emb (A, R"1) — C®(X 7, x (R"H)(™) x g7 R?)

such that W, (®)| Xz x (R"T1)(™) x $") = 7 and ¥, (®) smoothly extends 7 to the
closure X 7,.

Lemma 16.6. All of the ¥,,, V., and V. are continuous in the Whitney topology
(i.e. regular C*°—topology as source spaces are compact).

Proof of Lemma 16.6. We give the proof for ¥, and that for ¥,, and ¥, is similar.
As each restriction ® — ®|X; j defines a continuous map Emb (A,R") —
C=(X pks R"*1), the disjoint union over k of the maps gives a continuous map

(16.3) Emb (A, R"™) — (X, ,R""1).

Jp?

Second, we may form the product with the identity map on (R™*1)("+1) to yield a
continuous map in the Whitney topology

(16.4) C>(X;,,R™) — €™ (X, x (R mFTD) Rl o (R (mHD)y

Jp?

This follows by an argument similar to that in Proposition 3.10 [GG, Chap. 2].
Third, we may compose maps in C®(X; x (RvHh)(m+h) Rrtl o (Rr+1)(m+1)
with the smooth multi-distance map o; : R**1 x (R"+1)(m+1) — R? given by o; =
(00 Tmy1,007;). Here my, denotes projection onto the k-th factor of (R™+1)(m+1),
As 0; is smooth, the composition with o; defines for j = j, a continuous map
(16.5)

COO(XjP X (Rn+l)(m+l),Rn+l % (Rn-i-l)(m-i-l)) _ Coo(ij % (Rn+1)(m+1),R2)
(see e.g. Proposition 3.9 of [GG, Chap. 2]).

Then, the composition of (16.3), (16.4), and (16.5) yields a continuous map

(16.6) Emb (A, R"™) — 0=(X,; x (R"H1)m+D) R?),

Taking the disjoint unions of these maps over the disjoint X;, x (R"+1)(m+1) for
p=1,...m defines a continuous map
(16.7) Emb (A, R"*1) — C®(X 4 x (R™Hm+D) R2),

This is V.
O

Then, for ® € Emb (A,R""1), ¥, (®) extends p; associated to ® and its multijet
restricted to XS\ E = X is contained in JH*(M\E, N) = ;E®) (X 7,,R?). Then,
to apply Theorem 16.5 it remains to verify the local transversality condition in
Definition 16.4.

For the height-distance function, the argument will be similar except we let

Z = (R % S, and JHH(M\E,N) = (E® (X 7, R?) over X .
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Perturbation Transversality Conditions for the Multi-Distance and Height-Distance
Functions.

We will first consider the case of the multi-distance functions and indicate the
modifications that must be applied for the height-distance function. We con-
sider m > 0 with assignmment p — j, and partition £ = (¢1,...,6,,). Suppose
W C (E®(X7,R?) is a distinguished submanifold (which is invariant under the
action of ;R*). Let ® € Emb(A,R"*1), and let (v,u) € Xz x (R*F1)(m+1)
with = (21), ... 2Um)) 2Ur) = (xgjp), ... ,:zcgp)) and u = (u) ... ulm) 4®),
Suppose that the associated multi-distance map p; satisfies ¢j¥(p;)(z,u) € W. In
the notation of Definition 16.4, we let N = R? and V = R2. Then, we must give
a finite dimensional submanifold 7 C Emb (A, R"™1), with ® € T, yielding the
finite-dimensional family

(16.8) I: Xy x (RVHMFD 7 R?
(z,u, @) — U, (D) (x,u) = pj(x,u)

where p} is the multi-distance function associated to ® € 7. It will have the
property that the corresponding partial multi k-jet extension

(16.9) G X)) RHHD w0 T TR (X7, R),
(‘Tu u, (I)I) — f]{cp;(‘rbu u)

is transverse on U®) x (R?"1) (1) 5 T to W relative to (E*) (X 7., R?).
We proceed in an analogous fashion for the height function constructing the
submanifold 7 and corresponding family

(16.10) [: Xz x (RHM 5 7« T — R?
(@, u, @) = U () (2, 1) = 7' (2,u)

where 7 is the multi-distance function associated to @'.
In the next section we will construct the submanifolds 7 of Emb (A, R"*!) using
families of perturbations, and verify the required conditions.

17. FAMILIES OF PERTURBATIONS AND THEIR INFINITESIMAL PROPERTIES

We begin by giving a general scheme for constructing the submanifolds 7 for
families of perturbations, and then specialize to those perturbations arising from
polynomial mappings.

Construction of the Families of Perturbations. To find an appropriate finite-
dimensional manifold ® € 7 C Emb (A, R"™!) which will define a finite family of
perturbations, we modify the method used by Looijenga [L] and Wall [Wa] for con-
structing a family of perturbations in the case of a single distance function. Then,
extra care must now be taken in the multi-function case to verify the transversality
conditions which will not result from submersions. We shall carry out the local
derivative computations for specific families of perturbations using local Monge
patches and the algebraic representation of fibers in jet space.

As A is compact, the composition with a smooth embedding ® : A — R"+!
defines a continuous map in the Whitney topology (see e.g. [GG, Prop. 3.9, Chap.
2])

O - OOO(Rn+1,Rn+1) . COO(A7Rn+1) .
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If T is a finite dimensional vector space of smooth mappings in C°°(R"*1 R"*+1),
then ®* restricts to give a continuous linear map ®*|T : T — C*°(A,R"*1). If
®*|T is not injective, we can always restrict to a complement to ker(®*|T"). Hence,
we suppose ®*|T is injective. For example, as ®(A) = © has non-empty interior,
if T is a vector space of polynomial mappings, then ®*|T is injective. This gives
a submanifold 7" = ®*(T) C C*°(A,R"™1) as is the translate 7" = & + T".
As ® € Emb (A,R"*!), which is open in C°(A,R"*1), there is an open subset
T C T" containing ® and lying in Emb (A, R"*1).

We will use this method to construct the submanifolds 7 C Emb (A, R"*1)
which will satisfy the transversality condition for p; and the distinguished subman-
ifolds W C E®) (X 7., R?).

Perturbation Family from Polynomial Mappings. We recall that for a point in X\EZ_
the 2U») for each p satisfy a:gj”) € Xij,. Then, for each p = 1,...,m, we choose
o . n j ¢
disjoint open neighborhoods Uj(g) C R of the ") and let Uj, = [1,% U;g).
Likewise, we choose disjoint open neighborhoods V;, C R of uUr) and V; of
uY. We note that if there are Jp»Jpr € T; such that X, dyr # (), then it is possible

that :z:éjp) = xé{p,) for some g and ¢'. In this case we choose the neighborhoods

UJ(Z) = U;Z:) C X, Gy However, there will be different u»), wU»") and disjoint
neighborhoods Vj, and Vj .

In each U](Z) we choose a C* bump function x;,, with support in Uj(g) and

=1 in a neighborhood of I((ij). For k > 0 let P*)(R**!) denote the vector space
of polynomial mappings g : R**! — R"*! of degree < k, of the form g(y) =
(1(y), -+, gnr1(y)) with y = (y1,...,Ynt+1). Then we define vector spaces

T® = Xj,a-9:9€ PEERMHY  and T = Xméjp)Tj(fl)l.

Jp 4

where the product for 7' is over distinct points x,gj ») . So if x,gj P) = a:((;”,), then there
is a single perturbation space Tj(fz = Tj(k/)q, which will provide perturbations for
P

each of them in the single neighborhood U](Z) = U;:/,). We shall see in §18 that
nonetheless in this case the appropriate perturbation transversality conditions are
still satisfied using the perturbation family we are about to define.

As we have described, 7 will be an open subset of T” containing ®, giving
the corresponding families (16.8) or (16.10). Our desired U will be obtained by
shrinking, if necessary, U = H?:l Uj,. Hence, to determine the effect of elements

of T, we observe that elements of Tj(:()z only affect the open set U](Z) containing

xgj ») Thus these perturbations act independently and we can consider their effects

individually. _
For a single ,’E((IJP), we simplify notation in the derivative calculations that fol-
low and denote it by z(© and let y© = ®(z(®) € B. We locally represent a

neighborhood of B about y(®) using a Monge patch

(17.1) Y1y s Ynt1) = (21, @0, f(T1,. .., 20))

so that y = ®(x) locally is given by (17.1), with y = (y1,...,Yn+1) denoting
coordinates in R"*! and # = (z1,...,2,) denoting local coordinates for X near
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(9. We may also suppose in the case of z(®) = xgjp) that the region €; is below
the Monge patch graph and 2;, above the graph. We may obtain such a form by
an orthogonal transformation and a translation; hence, such transformations still
send P (R™1) to itself. We use the following notation to describe the generators
for PF)(R"*1). Let a = (a1, ..., @nt1) be a multi-index, y& = y@t - .. y®»+1 and
use the standard notation |a| = Z;lill aj. For the standard basis {e;} for R"*!
we let we o(y) = y™er (so the -th coordinate is y®, and the others are 0). Then a
basis for P (R*+1) is given by {wa: 0 < |a| < k and 0 < £ < n+1}. Thus, any
g(y) € P®(R™1) may be written as g(y) = S5 2 lal<k tat Wa,e. We will use
t = (ta¢) as coordinates for P*)(R7+1).
By restricting to a sufficiently small neighborhood of 2(®) we may assume y = 1,
so sufficiently near (%), the elements of 7" have the form

0)

n+1

(17.2) O =3+> > tarwarod.

1=1 |a|<k

Computation of Derivatives for Families of Perturbations. In this section,
we use (17.2) to define the perturbed functions associated to ® from the basic
distance and height functions o’(y,u) = ||y — u||? and v/(y,v) = y - v on R**1,
The perturbed distance function is defined by 6 = ¢’ o (® x id) so that &(x,u,t) =
| @(x,t) — u||?. For a tuple (uUt),... ,ulim) u®) welet 5, (x,t) = 6(z,ulr), t) =
[ @(z,t) — ul»)||? for each p, and also for i in place of j,. Second, the perturbed
height function 7 = V' o (® x id) so ¥(x,v,t) = ®(z,t) - v. Then, from these we
define the perturbed multi-distance function p; by replacing in (12.1) o(z,uU»)) by
&(z,ul) t) for all p, and similarly for i in place of Jp- Likewise, the perturbed
height-distance function 7 is defined from (12.2) by replacing v(z,v) by o(z,v,t),
and o(z,u)) by &(z,ul) t) for all p.

For these we determine the resulting infinitesimal deformations resulting from
the perturbation d. We progressively proceed from germs and multigerms of the
distance and height functions to the multi-distance and height-distance functions.
For the derivatives with respect to u we use orthonormal coordinates (w1, .. ., Up+t1)
in a neighborhood of u(®. For v(*) € $" we choose for a neighborhood of v(%)
an orthonormal basis {v;} for T, S™ (so orthogonal to v(?)), with coordinates
s = (81,...,8p) defined by (s1,...,8,) — D", siv; + Sna10©) | where s, =

j=1
NAED DR

Then, we compute

oo’ o'

ayl = 2(y — ’LL) - €e; and 5% =e;- ’U(O);

80'/ 8]// S
17.3 = 2y —u)-e d — (v — S0
1) Ceaymwee md Sy ),

where here and below “-”denotes dot product on R™+1.

Then, we use (17.3) and the chain rule to compute the derivatives of the per-
turbations of the distance function (-, u(?)) at (2(°), u(®)) and the height function
(- v®) at ((@,0®). To compute the derivatives at x = 0, s = 0, t = 0, and
u=u, welet z = (z,t,s,u) and 2o = (0,0,0,u0) and obtain
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i) derivatives of the perturbed distance function :

0o 0d
= 2d — @) Z=.

aJ:i|z:,zo ( " ) axi '
0o
il = (P —u®).e. .
8'[1,] |z:zo ( ! ) 6] 7
do = 2(® —u?) . (y* o Dey;

8taﬁg|z:Z0
0o

(17.4) — = 0;

aSj |z:zo

and

ii) derivatives of the perturbed height function :

81; _ 8@ . 1)(0) .
8:@» |z:zo 8:51 ’
i 0
aui |z=z0 B '
ov
= (Y™ o ®)e, - v ;
6ta,f IZzZO (y ) ¢
ov
17.5 — = ¢.
( ) asj 2=z0 Uj

To evaluate these derivatives, we distinguish whether or not the distance function
&(-,u®) and the height function #(-,v(?)) have critical points at z(®). For the
distance function, the condition for a critical point is that u(®) is lying in the
normal line to the surface, which for the Monge patch is the y,41-axis so u;o) =0
for j < m. Then, the distance function will be of the form (13.6). Thus, it will

be an A; point unless uglo_i)rl = % for some j < n and then it is an Ay point with
J

k > 2. We use the same notation as in (13.6), so for a local maximum we must
© _ 1

n+l = ky°

For the height function, the condition is that v(°) is normal to the surface so that

’UJ(-O) = 0 for j < n, and moreover that z(®) is a maximum for the height function

for v(9) requires that v(°) is in the positive 1,4 1-direction.

have u

Fvaluating Derivatives of Jet Extension Mappings. Next, we use (17.4) and (17.5)
to evaluate the derivatives of the jet mappings jf(5) and ¢j¥(#). To do so we
use the local representation of the partial multijet spaces as products in (12.4) of
Definition 12.4.

(17.6) EO(X ;R ﬁ P B | (X))

[e]
Furthermore, the multijet space ¢, J F(x p> R?) is itself locally a product of jet spaces
Jk (Xijp,]RQ) and the jet mapping acts as a product when we fix a value in R?H



MEDIAL/SKELETAL LINKING STRUCTURES 113

or S":

%

36 U <V, x T — JH U R)

Jp P

(17.7) @) UD x 5" x T — JHUD R) ~ U xR x J*(n,1).

P

(2) k
U;” xR x J%(n,1),

As usual J¥(n,1) denotes the k-jets of germs R”,0 — R,0, and J*(n,1) x R =~
C,\m"*1, where C, denotes the ring of germs on (R™,0) with maximal ideal m. A
R*-invariant submanifold W of (multi-)jet space is a bundle over the base with
fiber Wy. For a local representation of the jet bundle as a product, let ¢ denote
projection of the jet bundle onto a fiber. Then, transversality of a multijet map
sJ¥ (1) to W is equivalent to transversality of 7 o sj¥ (1)) to the fiber Wy. We refer
to 77 o sj¥ (1) as the fiber jet extension map, which we denote by sj’]?(zb).

If w denotes any of the local coordinates and v denotes either the distance or
height function, then as partial derivatives commute, the fiber jet extension maps
can be computed by

0, ov

(178) d]];(d]hz:zo(%) = 1

mod mFTT.
ow |z=z0

This reduces the verification of the transversality conditions to W in Definitions
16.1 and 16.4 to verifying the transversality of the appropriate fiber jet extension
map to the fiber Wy.

We first use (17.4) and (17.5) in (17.8) to compute the derivatives for the Monge

patch in the case that &(-,u(?) and #(-,v(?)) have critical points at 0. As ® is

0P 0
of the form (13.5), 9y =G + a_f€n+1- Evaluating (17.4) and (17.5), using the
Xr; Xy

conditions on u(®) and v(® for critical points, we obtain the following:

1) derivatives of the distance function at a critical point:

b= 2w Ul gh:
0o B —2z; 0<j<n
a_uj\z:z[) - { _2(f_U£LOJ)r1) j=n+1"
oo 2zj(y™ o D) 0<{<n
Dot oy { 2f —u)y=o®) L=n+1
6
(17.9) 3_%,2:% = 0;

and
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ii) derivatives of the height function at a critical point:

o _of
81:1- |Z:z0 o 83:1 ’
ov
aui Iz:Z() B O 7
o fo 0<<n
6ta,€ |z=20 B (ya o (I)) =n+1"

ov

17.1 — = x,;.

( 7 O) 81}] 2=z IJ

Multijet Properties Implying Stratification Properties on the Bound-
aries. Before completing the proofs of the transversality theorems, we first take a
brief detour to use these calculations to give the proofs of several Lemmas referred
to in §14. These Lemmas were used there to prove certain stratification properties
of the strata in the boundaries of the regions corresponding to the Blum types.

Specifically we consider the infinitesimal deformations of the multigerms of either
multi-distance or height-distance functions arising from the variation of either u or
v and all but one of the multigerm points on the boundary. In these cases, t = 0
so we are considering the derivative calculations as they apply to ¢ and v.

We then prove that on the inverse images of certain classes of submanifolds W (<)
under the (multi)jet maps, these functions are not singular.

Lemma 17.1. Suppose the distance function o defines the R —versal unfolding at
z={z® .. 2} and u = u® of the multigerm g(z) = o(x,u'®) of type Ae. If
either s > 1, or s =1 and a = (k) with k > 2, then

dsjt (0) (2, u @) (@5 o Ty X & Tyr B 0 T i (g iy W = 0.
There is an analogous result for the height function.

Lemma 17.2. Suppose the height function v defines the Rt —versal unfolding at
z={z® . 26 and v =0 of the multigerm h(z) = v(z,v?) of type Ae. If
either s > 1, or s =1 and a = (k) with k > 2, then

dsjt () (2, 0O ) @5o Ty X & Ty S™) N T iy iy W' = 0.

Note that these lemmas are equally valid replacing the first factor by any other.
A third property involves the Thom-Boardman strata.

Lemma 17.3. Suppose the distance function o, resp. the height function v, defines
the Rt —versal unfolding at © = {z,... 2} for u = u® of the germ g(x) =
v(z,u®), resp. for v =0 of the germ h(x) = v(x,vD). If these germs are of
Thom-Boardman type ¥, 1 then

djt (o) (2, u?)(Tyo) R™) 0 Tji gy @y = 0,
(17.11) djf () (2, v O)(Ty0)S™) N Ty y@y Znt = 0.

Proof of Lemma 17.1. We first consider the case when s = 1 and use the Monge
patch given by (17.1). By (17.9),

(17.12) dj¥(0)(0,u D) (T R™) = (=21, — 2z, —2(f — u)))).
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For this Monge patch, the distance function g(x) = o(x,u(?)) has the form (13.6).

n

(17.13) g@) = Y (10— ulki)a? — 2upnn Y aar® + (ul),)?
i=1 || >3
Z Rig + ) aaz®
|| >3

(0)

Hence, as g is an Ay with k > 2, u, |, = Ki for some ¢. For simplicity we assume

i =1; then
(17.14) TR -g C (1) + my(2a,...,7,) +m.

Then, since k1 # 0, f has a nonzero term %, and so the RHS of (17.12) is a
complement of dimension n + 1 to the subspace of C, given by the RHS of (17.14).
Hence, its intersection with the subspace TR™' - g is 0.

o ()
Next, suppose that s > 1. We let 29 = (xél),.. xff)) CcX and g(z) =

()

oz, u(o)) Let g; denote the germ of g at x5’ expressed in terms of a local Monge
(4)

patch in a neighborhood U; about zy () with local coordinates (x,... ,x§3>). We

suppose that the multlgerm of g at x¢ is of type & = (aq, .. . a5). To simplify nota-

tion, we let z; = ¥ (g;) (D)), 2 = (21,. .., 24), 2" = (22,. .., 25), Th = (xéz), e ,x((f))

and o = (ag,...as). We note that z = ,j¥(0)(z0, u®).
To prove the Lemma in this case it is sufficient to show that for a set of gen-
erators {w;} of ®5_yT,» X ® T, R™*, that {doj¥ (o) (x0,u®)(w;)} are linearly

independent in 7T, ,J* ()%, R)/T.W (). We use the set of generators

0

. . 0
{w,j—l...,s,z—l,... n;—,i=1,...,n+1}.

) 7aui7

dg;

We first note that for any g; of type A, , that {W, ..
x

0
. gJ } form a regular
xn
Jg; dg;j
sequence in C,;; and hence are linearly independent mod m, ) (ﬁ ce, ﬁ)
dzy oxr
Thus, in J*(U;,R) ~ U; x R x (m,a) /mEE),

0y,

g _ . o 99 . _
dj (g])(TzéﬂX) is spanned by {(%c(j) + ang) yi=1,...,n},

which are linearly independent in 7%, ,.J*(U;, R) /T, W (@), Thus, { 50 J = 2,.
xi

.,n} are linearly independent in T (S_l)Jk()o(, R)/TZ/W(O‘ ). Hence,

{ 99; ,J=2,...,8i=1,...,n; M,i:l,...,n—l—l}
ox (J) du;
are linearly dependent in T, SJk()o(,IR)/TZW("‘) if and only if {M,z =
u;

1,...,n+ 1} together with (1,...,1) are linearly dependent in

dg; Jg;
Cor /(TR g1) @53 Cat /( (;>"”78:c§))

1;:
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dg; dg; 0 ey Gs
As LJ.,..., 9i ) C myu, it is sufficient to show that {M,z =
e ) © du;
1 n

1,...,n+ 1} together with (1,...,1) are linearly independent in

(17.15) L = Coon /(TR Y g1) @53 Coti) /Myt -
Now
0g; _ —2:101(-” i <n,
Ou; ~2(g; —u)yy) i=n+1
where u(()j ) is the point u(9) in the coordinates z(7). Then,
g1, 9s
ME(—Z@,O,...,O) mod L fori=1,...,n
8’[1,1'
and
0 ce sy s s
g1+ 95) = (—2(g; — u,(zo_‘)_l), 2ug273+1, ey 2ué7)1+1) mod L.
a'UJnJrl

If @y > 2, then we can apply the same argument for the case s = 1 to conclude
that these together with (1,...,1) are linearly independent in L.

If instead a; = 1, we examine the relations for the first two coordinates in L.
Again there are two cases based on whether u(®) — (1) and u(®) —2(?) are or are not
collinear. First, if u(® —2() and u(®) —2(?) are not collinear, then they span a plane
P which intersects each tangent plane in a line. We choose an orthonormal basis
{e;,i =1,...,n — 1} for the orthogonal complement to the line. For the tangent
plane at () we let e, be a unit vector in the line, and e, 11 be along w©® — 2,
For the second tangent plane we let e; = e;,i = 1,...,n — 1, e}, be along the line
of intersection of P with the tangent plane and e}, ,; be along u(®) — 2 so that
{e},, ey, 1} have the same orientation in P as does {en,e,y1}. Hence, there is a
rotation by an angle 6 sending {e],, €], 1} to {en, eny1}. By (17.12) applied to each
germ gj, and ¢ =1,...,n—1,

(17.16) doj® (@) (M, ), u)(e;) = (—29051),0) mod m2 ) ® Mmye) -

It suffices to show that doj¥ (o) (™, 23)),u®)(e;) fori = 1,...,n+1and (1,1)
are linearly independent in C,a)/m? ., ® Cpe) /My . Already (17.16) shows this
is true for i < n. For {en,en+1}, we use (17.12) for go, and (17.12), but for g,
together with

en = cos(f)e;, + sin(f)el, .,
(17.17) en+1 = —sin(f)e], + cos(f)ey, ., -
We obtain mod mi(l) @ My 2)
dajf (@) (M), ), ul) (en) = ~2(a), —sin(O)u, ).
1718)  dajf (@) (@M 2®),u®)(entn) = —2(—ullly. — cos(O)uy)y)

In the subspace spanned by {(xSP, 0),(1,0),(0,1)}, as cos() # 1, the two terms in
(17.18) together with the term (1, 1) are checked to be linearly independent. These
together with those in (17.16) are linearly independent in Cx(l)/mi(l) DCp /My .
This gives the result in this case. The case when u(® — 2 and u(® — 2 are
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collinear is easier as we may let e], = e, and e;,,; = —en 41 so that (17.16) holds
for i < n and (17.18) becomes

dot () (@D, ), u @) (e 41) = =2(=u®), ul)).

As u,(ZOJ)rl and u,(zlJ)rl have the same sign, this term and (1,1) are linearly independent

so again the result is true.
O

Proof of Lemma 17.2. The proof here is similar but much easier. Again for s =1,
we use the Monge patch in (17.1) so v = e,,1, and T, ) S" is spanned by the
orthonormal basis {e;,i = 1,...,n}. By (17.10),

ov

— =z; forj=1,...,n.
3%¢@¢p4am

Hence, its intersection with the subspace TR™ - h is 0. If s > 1, the case ay > 2
reduces to an argument analogous to the case s = 1. If a; = 1 we again consider
the first two factors. Now we may use the same orthogonal basis for the multigerm
hoat {z(M) 2} (using the same notation and Monge patches as in the preceding
proof). We obtain in place of (17.16) for i = 1,...n,

(17.19) dojiv((zM,2@),0O)(e;) = (z{V,0) mod m2., ® mye) .
Hence, its intersection with the subspace ToR' - h = ((1,1)) + m2 ) & mye is
0. O

Proof of Lemma 17.3. The proof is similar to the first part of each of the two pre-
ceding Lemmas. We give the argument for the distance function with the height
function being analogous. We use the Monge patch given by (17.1) with the same
notation as in the previous Lemmas. This time we use Mather’s formula ([M6, §5])
for the tangent space to ¥, ; for the distance function g(z) = o(z,u(?)) of the form

(17.13), where u')); = . In the fiber J2(n,1) x R,
0 0

Tjp2g¥n1 ®R = (1) + mgg(ax1 yenes 8xn) + B(g) mod m;,
where the operator 3 applied to the ideal (g) satisfies
dg 99 1o 3
= — ., = d .

Blo) = @ +(5, g, ) modm

Hence,
0 0

(17.20) Tj2gXn1 = mw(—g —g) +(g) mod m3 .

oxy’ " Oz,

Now, we follow the proof of the first part of Lemma 17.1 and apply (17.12) using
that f has a nonzero term %, and so the RHS of (17.12) is a complement of
dimension n + 1 to the subspace of C, given by the RHS of (17.20). Hence, its
intersection with the subspace T2 43, 1 is 0. [l

18. COMPLETING THE PROOFS OF THE TRANSVERSALITY THEOREMS

We are ready to return to the derivative calculations of the previous section to
complete the proofs of Theorems 13.1 and 13.2.



118 JAMES DAMON AND ELLEN GASPAROVIC

Perturbation Transversality Conditions via Fiber Jet Extension Maps.
We consider a given 7, an m > 0 with an assignment p — j,, a partition £ =
(01,...,4p), and a distinguished submanifold W C (E*(X 7, R?).

In order to verify the conditions in Definitions 16.1 and 16.4, we consider the
family of perturbations ® constructed in the last section (17.2) for a point z =

(U, ..., 2Um)) € X ;. We have seen that because the subspaces of perturbations

act locally on one factor, it is sufficient to consider for each zUr) = (:ngp), e ,x%’)),

the local representations in (17.6) and (17.7) in the neighborhoods of a point x,(fp).

We establish transversality progressively by beginning first with R'-invariant
submanifolds of jet space, then second for ;R *-invariant submanifolds of multijet
space; and then we use (17.8), to establish transversality for the multi-distance and

height-distance functions to distinguished submanifolds of partial multijet space.

Fiber Jet Extension Maps to Jet Spaces.

For a R*-invariant submanifold W in jet space, it is sufficient to verify transver-
sality of the fiber jet extension map to the fiber Wy in the fiber J*(n,1) x R =~
Cp/mk+t.

Proposition 18.1. The fiber jet extension maps for the distance and height func-
tions are submersions in all cases, except for the distance function when u(® = (),
In that case, it is transverse to the R -orbit for Ai-type singularities.

Proof. First we use (17.4) and (17.5) together with (17.8) to compute the image
of the derivative of the fiber jet extension maps for the basic distance and height
functions. For a of the form a = (a1, ... ap,0), y* o & = z*. By (17.9),

. _ 0 a
(18.1) 05 _ { 2we —uy ") t<m,

Ootyocsy | 20f —upl)a™ £=n+1

We consider two cases depending on whether u(®) = or # (%),
In the case u(®) # 2(©) there is some ugo) # 0. If £ <n, then xp — ugo) is a unit

in C,, while if £ =n + 1, then f — US)J)A is a unit in C,. Hence, in either case for

%

appropriate £, the set of elements { }, as we vary over a with a,41 =0

ol |z=20
and |a| < k, generate C,/mi*t1 as a vector space. Thus, the fiber jet extension
map j(5;) is a submersion in a neighborhood of (z(9, u(®).
06
If instead u(®) = z(%), then u'? =0 for all j. The set of elements { 7 =

J 0 ol |z=20
2z x*} for £ < n generate as a vector space my/m;. . Now, the distance function
has an A; singularity at (9, so Wy = W) x R. As TWy = (1) + m2, j£(5;) is
transverse to Wy in a neighborhood of (z(?),4(%)). Thus, in each case the condition
in Definition 16.1 is satisfied in a neighborhood of z.

For the height function we perform a similar analysis using

k+1

ov (0)
18.2 = o,
( ) 8to¢,€ \z:zo UE *

If (9 is a critical point for the height function # for v(?), then 1’7(321 = 41. Then, by
2%
(18.2) the set of elements {7y

= +2*}, as we vary over & with o, 11 =0
ata,'n,+1 |z=z0
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k+1

and || < k, again generate as a vector space Cy/m If instead 2(*) is not

T
a critical point, then there is a j < n such that vj(p) # 0. Now, we use instead
o7
{ v = ’U(.
Oty J
map j(#7) is a submersion in a neighborhood of (2(®), v(®).
Thus, the fiber jet extension maps are locally submersions in all cases, except
for the distance map when u(® = z(9); and then it is transverse to the RT-orbit
for Ai-type singularities. O

0 x} and obtain C,/m**1. In either case, the fiber jet extension

I |z=z0

We will refer to the transversality condition in Definition 16.4 as the perturbation
transversality condition. We see that it is satisfied for both the jet maps for distance
and height functions.

Fiber Jet Extension Maps to Multijet Spaces.
Second, we extend the preceding results to fiber multijet maps.

Proposition 18.2. The perturbation transversality condition is satisfied for mul-
tijet maps for both distance and height functions.

Proof. Let W = ngl W; x AR. First we consider the multigerm of the distance
function &(-,u(®) at z = (z,...,2(9) € X@_ First, suppose u(?) = () for some
4. Since o(29,u®) = g(2), u(®) = 0 for all other ¢, and the z(*) are distinct, we
can only have ¢ = 1. Thus, we are back to the case of a single germ.

Otherwise, u(®) # 20) for any j, and we construct a family of perturbations
as already described. We restrict to a product neighborhood U = ?:1 U; and

a neighborhood V of u(?). We denote by T; the space of localized polynomial
perturbations on U; and let T = x?lej with the resulting perturbation of ®.
First, if u(® # 2U) for any j, then djs(5(-,u™))(z),r, is a local submersion onto
J¥(n,1) xR for each j. Hence, the fiber multijet map dgj;(5(-, u(o)))(:zr)|T is a local
submersion in a neighborhood of (z, u(0), 0). This argument applies to all points in
the neighborhood.

The argument for the height-distance function is similar as the fiber jet map on
each perturbation space T will again be a local submersion by the case of single
germs; thus so is the fiber multijet map. Thus, the perturbation transversality
condition is satisfied in either multijet case. ([l

Remark 18.3. Because of the surjectivity of the perturbation map when we re-
place X; by X7, the perturbation transversality condition remains valid for any
submanifold which is invariant under ;R*. Then, the general transversality theo-
rem for multijets implies Theorem 13.1 for multijets jF(o;) (and jets for s = 1).
This yields Mather’s theorem.

Next, we shall use these, along with the derivative computations for the multi-
function cases, to verify the perturbation transversality condition for the partial
multijet mappings.

Fiber Jet Extension Maps to Partial Multijet Spaces.
We now consider the multi-distance and height-distance functions. Given i,
and m > 0 with assignment p — j,,and partition ¢ = ({1,...,4y), we let z =

(U0 xUm)) € Xg) with 2U») = (:ngp), . ,pr)) and where by our earlier



120 JAMES DAMON AND ELLEN GASPAROVIC

definition of Xg), :zrgj ») ¢ X, for all p. For the multi-distance function we also
consider u = (uUV) ... ulm) 4 ¢ (R*1)(m+1) We use the local representation
of X and (E®)(X 7,, R?) given in (17.6) and in §14. We suppose ¢5*(5;)(z, u, t) €
W C oE® (X 7,,R?). Here W is a distinguished submanifold and has the following
form by (13.3) contained in (18.3), where we restrict the products on the RHS to
X9,

Ji

o

(183)  (EW(X5 R = ] 7" (x5, R
p=1
m ep
= H H(Jk(X]p7]R) X Jk(X.hﬂR))
p=1 q=1

Then, for fixed w and t, the partial multijet of the multi-distance function is
the product of jet maps [[", Hiiljf(&i,&jp), with each j§(6;,5;,) @ Xij, —
Jk(Xijp,R2).

Because the perturbations act independently in a neighborhood of each ZCSZJ ) it i
Zl)) with J,'gjp) S Xijp-
We then will determine the derivatives of the perturbations of each factor for each
local multi-distance map (&;,5;,). The second case is when there are jp, j,» € J;

with j, # jp, and ¢, ¢’, such that xéjp) = x;{p/) as points in X ; ;. Then, we have

an analogous situation except we have to simultaneously consider the perturbations
applied at the common point for both distance functions ¢;, and a5, - We consider
case 1, and then indicate the modifications for case 2.

Unlike the two preceding special cases for jets and multijets, we must now ex-
amine the contributions to the fiber partial multijet map of the perturbed multi-
distance map.

To simplify notation (and agree with earlier notation involving derivatives of
(3p) 0)
1

)

enough to consider two cases. One is for 2Ur) = (:ngp), e, T

distance and height functions), we consider p and denote z}"" as z(9), 4 as u(

and uUr) ag 41,

Derivatives of Multi-Distance and Height-Distance Functions.

We then first obtain from (17.4) the form of the derivatives of the multi-distance
functions at (z(®,u(©@ «M) with z(® € X;; and u(® # «(). Locally we are
reduced to the multi-distance function p; = (6;,6;), with &; = &(-,u(?), and
&; = &(-,uM)). The derivative computations are with respect to two sets of or-
thonormal coordinates (u;) and (u’;) about the points u® and ), where u(®) and

u) vary independently. Here u(®) = (ugo), . .,ugloj_l) and uV) = (ugl), . ,ugll_i)rl)
at a point (2@, 4@ 4(). We compute the derivatives with respect to coordi-
nates used earlier, z = (x,s,t,u,u') and zy = (0,0,0,u(® u™M), where u’ denotes

orthogonal coordinates about z(®) for u(1).
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Derivatives of the multi-distance function:

95 0% 0%
Zr = (2(® = ). 2P — MDY . .
- (260 -0 22 20— 22
Opi _ ©).0. 0)
3%-\;20 = ( 2(® —u') e],0> ;
Opi _ My, o) .
3u;-‘z:z[) = (0, 2(® —u') ej) ;
a84) Pl = (20— u®) - (1 o B)er, 20— u)) - (17 0 B)ey) |
et o,

where as earlier “-”denotes the dot product in R**1.
Second, we use (17.4) and (17.5) to obtain the derivatives of the height-distance

function at a point (:E(O) w0 v(o)), with 2(®) again denoting xgjp) 6)0(1-, w0 e R+
and v(®) € S™. Locally we are reduced to the height-distance function 7 = (77, 5;),
with 7 = 0(-,v(?) and &; = &(-,u(?)). The derivative computations are with respect
to the same coordinates used earlier about (9, 4(9), and v(©), with 2z = (z, s, t, u)
and zp = (0,0, 0, u(®).

Derivatives of the height-distance function:

e, = (220 50
g—;z_zo - (0,2(q>—u<0>)-ej);
s, = (7o @ 20 ) g ower)
(18.5) g—;Z_ZO = (®-v;,0).

Then we compute the contribution of these terms to the derivative of the fiber

partial multijet map.
For a of the form a = (o, ... ay,0), y® o ® = 2. Then, by (17.9) and (18.4)

O 2@ —u)a® (e —uM)aex) £ <,
ot .z, 2((f —ul) Do, (f —ul))a™) L=n+1.

9pi
0 ol |z=z0
generate as a vector space the submodule

Thus, the set of elements { } as we vary over & with a1 = 0 and |a| < k

Kl = Cz ' {(‘Il - UéO);IE - Uél))ag = 15 BN LD (f - u5104)>17f - ugllll)}

(18.6) mod (mFtl @ mktl).
Also, the vector spaces spanned by

l=1,... 1 o =
{aué ‘Z:zo 6 ’ y + }a resp., {au/

l]z=z0

l=1,...,n+1}
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are resp.
K2 = <(If - u§0))7 0)56 = 17 ... N (f - ugzo-‘,)-b 0)> 9
(18.7) Kz = (0,20 —uf")),0=1,...n,(0, f —ull)})) .
Third, by (18.4) we have fori =1, ..., n,
pi 0) 0 , 9f 1) 1y Of
o, = 2@ —w? H(—wl) g, )+ (- w5,
9pi
Thus, — € K1+ Ky + Ks.
8$i |z=z0

For the height-distance function, we have a corresponding set of conclusions

using (18.5). The set of elements { ot

} as we vary over o with a1 = 0

0 ol |,—
*z=z0
and |a] < k generate as a vector space the submodule
0 (©
(18.8) Ly = Co- {0 xe—u), 0 =1, .0, (0, f —ul)))}

mod (mFt @ mithy .

Also, the vector spaces spanned by

o7
8—W|Z:zo.ﬁ_1,...,n+1}7 resp., {3_W|z zo.f—l,...,n}
are resp.
(18.9) Ly = (a0 ), 0= 1,0, (0, ),
Ly = {(@,0),6=1,...n).

or

We will not have need of the .
8:@- |z=z0

Verifying the Perturbation Transversality Conditions. With the given i, the
m > 0 with assignment p — j,, and the partition ¢ = (¢1,...,¢,) already chosen,

we consider a compact subset Z C Xé? x (R*1)(m+1) " We want to establish the
perturbation multi-transversality condition for a distinguished submanifold W C
(E®) (X 7., R?) and the partial multijet map
- £ n m
(o) : X5 x ROFHD — B (X g, R?)

restricted to Z. We may cover Z by a finite number of compact sets of the form
(T, Z,,) x (T4 20) with 2, = (I, Z}) € X for each p and [[74! 27

(R7+1)(m+1) " Thus, we may assume Z has this form We consider (z,u) € X(e)
(R*+1)(m+1) with as before z = (200, ..., z0m)), 2U») = (219 .,xZ’))), u =
(u(n ) 7u(jm),u(i))_

We suppose (x,u) € Z, so each zUr) € Zj, and each ulir) e Z”, and in addi-

tiion ¢j¥(pi)(z,u) € W. By Theorem 13.1 for jets and multijets, we have that
there is an open dense subset # C Emb (A,R"*!) such that for ® € U, the
conclusions of Mather’s Theorem hold for multigerms: o;, at S;, C X, with

S, = {xij”), . ,IZP)} C Zj, and ulir) e ZJ’-p for each p, and o; at S; C X; with
S = {2, ..,2P™Y c ([T, Z1) and u®) € 2!/,
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We will verify that the perturbation transversality conditions to the distinguished
submanifolds hold on Z for the partial multijets corresponding to ® € U. It will
then follow by the Hybrid Multi-Transversality Theorem 16.5, that there is an
open dense subset U’ C U, such that for ® € U’, the partial multijets ¢jF(p;) are
transverse to distinguished submanifolds on Z. Then, U’ is then also open and dense
in Emb (A, R™*1). As this is true for each of the finite number of i, m, assignments
D — Jjp, partitions ¢, and distinguished submanifolds W, the intersection of these is
still open and dense in Emb (A, R"*1). Thus, (a1) of the Transversality Theorem
13.2 holds, and as explained earlier it follows that (b) holds for multi-distance
functions. There will be an analogous argument for the height-distance functions,
completing the proof of Theorem 13.2.

Then, we consider (z,u) € Z with ¢j¥(p;)(z,u) € W C (E® (X 7, R?). Unlike
the cases of simple germs and multigerms, we will not always have a submersion
onto the jet spaces. We first use (18.6) and (18.7) to compute the image of the
subspaces of infinitesimal perturbations and prove transversality to .

As W is a distinguished submanifold, we may represent W in the following form

m ép
W = H ((H Wiy x AR) | x A™R,
p=1 gq=1

Also, each Wq(jp) has the form

W) — Wl(%p) X Wl(%p)/. :v((sz) € X;j, a singular point of oy,
a JF(n, 1) x Wq(%p)/ otherwise

where the Wq({)’)) and W;{)p)/ are the R-invariant submanifolds of jets of singular
germs, introduced in §13. ‘ ‘ ‘
Let S; = {a:gjl), . ,xgjm)} and S; = {xgj’)), .. .,:1:2]:)} for all p. Then, by as-

sumption (Ui(l'gjl)), . ,Ui(xgj’"))) € A™R, and (o, (xgjp)), Oy, (:Egp))) e A»R

for all p; thus there are common values o;(21”) = y@ for all p, and o, (;E((ZJP)) = yUpr)
for all ¢. Since ® belongs to the open dense set I/, the multigerms o; : X; xR" 1, S, x
{u} = R,y and 0, : X;, x R*T1 S, x {ul»)} — R,yUr) are RT-versal un-
foldings for all cases except n + 1 = 7 when one of the points is an F; point. In
that case, that is the only point in the S;, resp. S, , and we consider that case
separately later.

Then for the perturbation, we are considering the partial multijet of the multi-

digtance function p; about the points (,’Egjl), e ,xgj_’")), where p; = (04,65,) about
xéjl). Here we view &;, as a multigerm about (,ngp), . ,xéff')) with each xgjp) €
'Xijp'

There are two cases involving z(9) (= :ngp)), u®, and u™),
(a) u® =2 (and then u® # 2(0);
(b) ul® #£ z0)
We consider each of these cases.
Case (a): Suppose u(® = 20 As u(© £ M) 20 £ 4M Then, o(z@, u®) =0
so as in an earlier case, there are no other zUr) so the multigerm is just a germ
at 20U with m = ¢;. Second, as u() # (9, then also u(!) # x,(fl), for any gq.
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Hence, by the preceding case for multigerms, each factor of dj¥ (5 (-, u(l)))|leyq at
(x,gjl), u),0) is a submersion onto J*(n, 1) x R. Hence, j;(5;, Gj,)|1;, o 1S transverse
to the factor (J¥(n,1) x R) x W in J*(n,2) x R2.

For the point z(?), u;o) =0 for all j, while as u) # 2(0), ug-l) # 0 for some j.

Thus, if j < n then z; — ug-l) is a unit, or if j =n + 1, then f — ugllll is a unit. As

& (-,u®) has an A; singularity at 2(°), then in the first factor
Ko+ (1) +m? = C,.
Then, we apply (18.6) and obtain
(18.10) Ky = ((ze, 2 —uM),0=1,...,n,(0,—ul)))) mod (mit! & mltt).

Hence,
K+ (C,®0) = €% mod (m*! @ mhtt).

Thus, j; (64,65, )‘Tj1 ,xgr-+1 1S transverse in a neighborhood of 20 to WI(JOP) % Wl(JOp)/'
This applies for each stratum in 7. Thus, by openness of transversality to closed
Whitney stratified sets, j¢(&;, @JITX]R@H is transverse to W in a neighborhood of
zo for a neighborhood of 0 € T'. Thus, ‘the perturbation transversality condition is
satisfied.

Note that if we interchange the roles of u(®) and u("), then we obtain the same

conclusion for transversality of j;(5;) at xgj v (by using K3 in place of K3).

Case (b): x(0) # (),

First, we consider when also 2(®) % u(!). As the partial multijet map has image
at (x, ) in a distinguished submanifold W, both &(-, u(®)) and &(-, u")) have critical
points at (%), Then, both u(® lie on the normal line to the boundary at z(%).

We separately consider the multigerms of o; and o, for 2 = 2Ur) | First, for
0;,, we note that because the partial multijet has image of (x,u) in a distinguished

submanifold, any xgj ») € Xij, is a critical point for o, (and satisfies aj, (xgjp)) =

oj, (7)), Also, 2" is also be a critical point of o;. Thus, both u(® and u() =
u») would lie in the normal line to X; at I((Zj 2 However, they already lie in the
normal line to z(®) = a:gj’)). Hence, these normal lines are the same line. Then,
there is a unique point on this line that satisfies o(z,u(®) =y = o(2( 4©) and
o(z,u) = y® = g(z© 4M). Thus, xéjp) = xgjp), a contradiction. Hence, each
xgjp) ¢ Xij, for 1 < ¢ <€y As o(z0,u®),0(z® u®) £ 0, then U(xéjp),u(l)) #
0 for ¢ > 1. This is true for each p.

Using the Monge patch representation at (%), by the normality condition, both

ug_o)’ ugl) =0 for j <n and uslo_i)rl, ugll_i)rl # 0. Thus, we obtain from (18.6)

(18.11) Ky = my-{(1,1)} + Co-{(f —uly, f—ul)l})} mod (mET e mhtl).

Since uglo_i)rl # usll_i)rl, then (1,1) and (—uslo_i)rl, —ugll_i)rl) are independent in R?; hence,

by Nakayama’s Lemma,
€ = Co{(L1),(f =y, f =)}
Thus, by (18.11) C2 is spanned by K; and a single constant term (1,0). In addition,

0pi
p :4=1,...,n+ 1}, which by (18.7) spans K, includes the

811,[ |z:zo

we see that {
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constant term (—upn41,0) mod (my, @ my) (for the Monge patch). This is true for
each j,. Moreover, as a; : X; xR"1 S, x {u(¥} — R, y® is an R*-versal unfolding,

. 96

and each xgjp) is a singular point of gy, it follows that { i l=1,...,n+1}
ul |z:zo

together with (1, ..., 1) must span @} ;C;/m, the constant terms of the summands

for each a:gjp).

Thus, the factor maps jf(&i7&jp)|ij,1’ p = 1,...,m together with the infini-

tesimal variations of the (¥ and the term (1,...,1) (spanning TA™R) span the
tangent spaces of the fibers (J¥(n,1) x R)2. By the remark at the end of case a),

this continues to apply for any p for which uUr) = :Egj 2 .

Thus, jf(a'i,&jl)prij’l)XR;:rl is transverse to (xpr]”)) x A™R.

We can apply a similar argument for a fixed p and p; = (64,6;,) on S;, =
{xgjp), . ,pr)}. First, by the preceding argument, at xgjp) the local perturba-
tions from T}, 1 together with {652|Z_ZO :4=1,...,n+1} and (1,...,1) span

(J5(n,2) x R)?. Next for z{") with 1 < ¢ < £, Wg™) = J¥(n,1) x W, 1t

ngp) #* xé{p/) for p’ # p and any ¢, then by the argument for multitransver-
sality djj’(&jp)(l‘t(sz))l('l"jp’q) is surjective onto J¥(n,2) x R. For each a:éjp) with
x,gjp) = xfﬁpl) for some unique p’ # p and ¢’, then

(18.12) W) x W = (T5(n, 1) x W) x (T (n, 1) x W)

By the argument given for (6;,5;,) applied to (5;,,5;, ), we see that the corre-
sponding K; for Tj, , will span a codimension one subspace of (J*(n,1) x R) x
(J¥(n,1) x R) corresponding to the second and fourth factors, with (0, 1,0, 0) span-
ning the complement. Then, again as o, : X;, x R, 8; x {uUr)} — R, yU») is
96,

an R*-versal unfolding, the infinitesimal variations from u\»), giving { G
auf ! |z=20

¢=1,...,n+ 1}, together with (1,1,...,1) spans the sum @f;p:lcm/mz, the con-
stant terms of the summands for each xéjp). Thus, j(6i,55,)

£
IXq21ij

xR is
. - Yq »
transverse to (xf;’;lwq(“) x APR) x (x (jp,)Wq(/J’)’)). where the last product is
x

over those :1:((;’)’) = xflj”) for some ¢ > 1. Hence, taken together, the surjectivity

for each j, implies that gj];([)i) is transverse to W at (z,u), and hence also on a
neighborhood of (z,u) by the argument above. Thus, the perturbation transver-
sality condition for the partial multijet map for j; is satisfied when there are no Er
points.

Lastly, if say xgj V) is an E; point for o;, then by the multitransversality condition
being satisfied for o;, the codimension of the F; stratum implies there are no other

singular points in S;, so m = 1. Then, at a:gjl) we first use the above arguments

for o; at xgjl) and then for o;, at S;, to verify the perturbation transversality

condition. If instead there is a j, such that o;, has an E; point at a:gj’)), then

again by codimension conditions for the multigerm o, at Sj,, there is only one



126 JAMES DAMON AND ELLEN GASPAROVIC

point xgj p), and just the first step of the above argument guarantees transversality

to V[/l(jp)7 so the perturbation transversality condition is satisfied.

Remark 18.4. This last case implies by the multitransversality results for partial
multijets that the only linking that occurs involving E7 points either is self-linking
of the form (E7 : A?) or simple linking of the form (A% : Er, A?).

Perturbation Transversality Conditions for Height-Distance Functions.

We apply similar reasoning to the height-distance function. However, we note
that for n+1 = 7, by dimension reasons, there will generically not be E; points for
the height function v, but there can be for the distance functions o;,. We consider
the case where there are no E7 points for either when n + 1 < 7, and the special
argument for such points for n + 1 = 7 follows as above.

Now X; is replaced by Xy, but we still consider an m > 0 with assignment
p — jp € Jo and partition £ = (¢1,...,¢y). We use the same notation for (z,u)
as above with z = (201, ... 20m)) u = (uUV), ... uUm)). In addition we consider
v € S with (z,u,v) € Z for a compact Z C Xz, x (R*1)™ x S". As above we
may reduce to the case where Z is a product of compact subspaces of each factor.

By the multitransversality theorem applied to both v and o, there is an open
dense subset Y C Emb (A, R"*!) such that for ® € U and (z,u,v) € Z : i)
v(-,v) defines a multigerm with critical points at Sy = {a:gjl), e ,xgjyn)} where
xgjp) € Xoj, for each p; and v :)0(0 x S™ Sy x {v} — R,tg is an Rt-versal
unfolding; ii) likewise, each ajp(-,u(jp)) defines a multigerm of critical points at
S, = {a:gj”),...,xgi”)} C)o(jp and o, :)%0 xRS, x {uln)} — R,y® is an
R+-versal unfolding.

First, for a given p, let :vgjp) be denoted by z(® and w») by w9, and the
specific v by v(9). As the distance function o(-,u(?)) and height function v(-,v(®)
have critical points at (9, it follows that «(?) is lying in the normal line to the
surface, which for the Monge patch is the y,,+1-axis, so ugo) =0 for j < n. For the
height function, the condition is that v(9) is normal to the surface so that vj(-o) =0
for j <n.

We determine the derivative of the fiber jet map for the multigerm of 7(-, u(?), v(?))
0 _

at {xgjl), - xgjm)}. For the Monge patch at (9, v(9) has coordinates v; ,

for j <n and ”7(1(21 = 1. We apply (18.8) for z(9) and obtain for dj’;(%)(x)‘Tm ,
01

L = GO, —u! )} @ m{(0,1)} mod (mkt! @ mbtl).

x

This is true for each p. As ’Ufg)_l = 1, the complement is spanned by the constant

term (0,1), which by (18.9) is obtained from Lo provided u(®) # 2(®) so zfgloll # 0.
Since the terms in Lo are generated by the infinitesimal variations {T
ouy®
|z=z0

¢=1,...,n+ 1}, we also have to determine their contribution to the perturbations
at the 3:,(1]?) for all q.

Again there are two cases depending on whether u(®) = or # z(9) for each Jp-

If u(© = 2 then we argue as in Proposition 18.1 so there is only one ,ngp) =
2 in ;. Also, 0;, = o(-,ul?) has an A; point at 2(%); and j¢(5;,) is transverse
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in a neighborhood of (z(9,u(®) to Wy, the Rt-orbit for Aj-type singularities.
This gives the term (0,1) to W}, and establishes the perturbation transversality
condition for j;(7) at xijp).

In the case u(® # 2(©) then u(%) is in the normal line to the boundary at z(?).
By an analogous argument to that given earlier, :véjp) ¢ Xoj, for ¢ > 1. Then, we
compute djs(7,6;,)|x,1,, , for Sj, = {:ngp), o ,xgp)} with o, (%Sjp)) =0, (xgjp))
for all q. We consider the other points xff”, with ¢ > 1.

If I((ij) # x;{pl) for any p’ # p, then by Proposition 18.1 for ;,, the fiber jet map
gqj? (65,)(2)1;, , is locally a submersion in a neighborhood of (29, u©® »© 0)onto
J¥(n,1) xR, providing the constant term (0, 1). Thus, jl’;(ﬂ(-, v ), 6;)(, u(o))‘T].p .
is transverse at z(*) to (J¥(n,1) x R) x W;,. As Wi = Wi s i is R

invariant, (1,1) € TWl(jl).
In the case there are x,(fp) = a:((IJ,’J’) for some p’ # p, we repeat the argument
(Jp)

given above. Since Wq(jp) X Wq(,jp/) for 7 at z4"’ has the same form given in
(18.12), we reduce to the same argument for djs(;,7;,) using the R*-versality of
gj

at Sj,. Then, j;(7,5;,) Lgnt1 1S transverse to (xﬁiqu(jp) x AR) x
Jp

(dpr)

q/

£
P o
P |><q 1Tp.q

(x up/)Wq(,jp/)), where the last product is over those z = xéjp) for some ¢ > 1.
z ’

q
Hence, by taking the product of the factor maps, we deduce that gj’;(%)(x)‘;p

is transverse to W. Again this holds for the strata in W so it remains true in
a neighborhood of zg for t in a neighborhood of 0 € T. We conclude that the
perturbation transversality condition is satisfied.

Concluding the Proofs. It remains to deduce Theorems 13.1 and 13.2. By
Lemma 16.6, ¥,, ¥,,, and ¥, are continuous, and perturbation transversality
conditions are satisfied for each of them for compact subsets Z and distinguished
submanifolds W in the cases : Z C Xz x R™! and W C J¥(X/,R); Z C

XP % @) and W € (E® (X7, R2); and Z € X5 x (R0 x gn
and W C (E®*) (X 7,,R?). Then, we directly apply the Hybrid Multi-Transversality
Theorem 16.5 for Y = () to conclude that the subsets W and W in Theorems 13.1
and 13.2 are open and dense. We have already explained how to obtain from these
results the remaining results in the theorems with the exception of establishing the
transversality of ;j¥(®(h))|X¢g in Theorem 13.1.

To complete the proof for this claim, we enlarge the family of perturbations.
In addition to the space T of localized polynomial perturbations, we also in-
troduce a finite dimensional manifold of diffeomorphisms of X; to account for
the stratified set g in Theorem 13.1. We also choose an open neighborhood
Yo C U C X;\sing(X;). Then, as ¥ is compact, we can use the isotopy the-
orem to find a finite dimensional manifold T and a finite parameterized family
of diffeomorphisms of X;, {¢(-,t) : X; x Ty — X}, such that ¢(-,t9) = id, each

0¢(x

t
¢(,t) = id for z ¢ U, and for each zg € g, {TS’) cv € Ty Toy = Ty X

Then together with 7' we form T"” = T x Ty, and map (t,t;) — ® o (¢(-, 1) x id).
Then, if 5 (5(®',ug) is transverse to W C ;J*(X;,R) for ® € T, then by the
parametrized transversality theorem, for almost all 1 € Ty, 55 (5(®' 0 ¢(-,11), uo)
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is transverse to W. Thus, we have established the perturbation transversality con-
ditions for both ¥ and VU restricted to ¥g x R™™!. Then, Theorem 13.1 follows
from Theorem 16.5.
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19. Appendix: List of Frequently Used Notation

Here we give a list of frequently used notation and the section in which it is

introduced.
Symbol Meaning
82
Q, compact connected region in R"*! that is a smooth mani-
fold with boundaries and corners
B; boundary of €;
R {(z1,...,75) € R* 1 z; >0}
Ok Rﬁ- X R’nr‘rlfk
Ly {y e REF1: 320y, = 0}
Y {y € Ly : for some i # j,yi = y; <y, L # 4,5}
Pk Yk X R’nr‘rlfk
Zn+1 hyperplane z,,,1 =0
H, half-space x,+1 >0
Qk Zn+1 U (Hn-i-l N Pk)
X0, compact Whitney stratified set in §2; consisting of smooth
Q. points
2Q UiXq,
Q multi-region configuration consisting of regions {2},
Qo closure of the complement R" ™1\ U™, Q;
A model configuration for a multi-region configuration

Emb (A, R"+1)

space of smooth embeddings giving configurations of type
A

smooth embedding A — R"*?

model for Q;

boundary of A;

U; X;

interior

closure

bounding region containing the configuration 2

83

skeletal set that is Whitney stratified
multi-valued radial vector field

unit radial vector field

skeletal structure

singular strata of M;

smooth strata of M;

singular strata where M; locally a manifold with boundary
closure of OM;

double of M;

normal line bundle on a skeletal set
half-line bundle, {c-U; : ¢ > 0}
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Symbol Meaning
T [|U;]|, radial function
l; linking function
L; linking vector field
{(M;,U;, 4;)} skeletal (or medial) linking structure
S; labeled refinement of stratification of M;
Sik stratum of S;
My linking axis in the complement
Wi strata of linking axis
M union of all M;
M union of all M;
B union of all 5;
e canonical projection ]\Zfi — M;
Moo unlinked portion of Mi
M union of all M,
Bioo region on B; corresponding to M.
Bso union of regions on B corresponding to M
Qico region of €); corresponding to M,
i linking flow from M;
A total linking flow on M
At linking flow for fixed ¢, A(+,t)
Bt level set of the linking flow at time ¢
84
o distance-squared function on R"*1 x Rn+!
p o|(B x int(2))
Ag type of singularity (single germ)
A, multigerm singularity type
(Aag : Ag,, -+ ,Ag,) linking configuration
(Aq : Ap) linking configuration where Ag = (Ag,, - ,Ag,)
ES\%) stratum consisting of A,-type points in M;
E(B%s stratum in B; corresponding to ES%?
Nig unit sphere in R™+!
v height function on R**! x 8™
T v|(B x S™)
Z spherical axis
E(Zg) stratum consisting of A,-type points in Z
h height function associated to Z
\%4 multi-valued vector field on Z
(Z,h,V) spherical structure
Eﬁ;ﬁ ) set of points in Qg exhibiting generic Blum linking proper-
ties
Eﬁ;ﬁ) corresponding set in M;
Eg:ﬁ) corresponding set in B,
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Symbol Meaning
87
Srad radial shape operator
Sy matrix representation of Syqq
SE edge shape operator
SEw matrix representation of Sg
In_11 n X n diagonal matrix with 1’s in first n — 1 diagonal posi-
tions, 0 in last
TeoM; tangent space to M; at xo ¢ OM;
1., OM; tangent space to M; at xq € OM;
nu compatibility 1-form
Koi principal radial curvature on M;
KEi principal edge curvature on M;
P radial flow
Py radial flow at time ¢
Uy radial vector field on M
uy unit radial vector field on M,
89
M;_.; strata of M; linked to M;
Qi_.j region of €); linked to (2,
Ni;j linking neighborhood of €2; linked to €,
N; total linking neighborhood of €;
Niso region in g corresponding to M;
Bi; boundary region of B; linked to B;
Risj total region for €2; linked to ;
Bio portion of B; not shared with other regions
8§10
T canonical projection M — M
g multi-valued function on M
7 gom
dM; skeletal (or medial) Borel measure on M;
Vi1 radial map M; — B;
R; Borel measurable region of B;
Ri Borel measurable region of ]\Zfi
Bsing singular points of B
§11
l truncated linking function on M;
L truncated linking vector field on M;

Cij closeness measure from €; linked to ;
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Symbol Meaning

Cij multiplicative closeness measure between 2; and 2;
gy additive closeness measure between €2; and ;

i positional significance measure

r graph

Iy subgraph

A tiered linking graph

§12

Xij union of smooth strata of X; N X;

X; X \ Uj>QCI(Xij)

Ti index set, {j #i: X;; # 0}

j() index set, {j >0: XOj 7§ @}

qi cardinality of J;

)o(i set of points in smooth strata of X;

D Jp assignment function for 1 <p <m and j, € J;

Xy, union of )o( j sharing strata with X;

or for assignment function, the disjoint union of X,
X7 set of smooth points of X; obtained by removing P and
singular @ points

Yyr Y x ... xY (r times)

A"Y diagonal in Y

AMY generalized diagonal in Y

)4 Y™\ AMY

R;‘H copy of R"! indexed by j

(R +1)(a) complement of A@WR?+1

o distance-squared function on X x R"**!

o distance-squared function on X; x R"+1

pi multi-distance function on X 7, x (R™+1)(m+1)

T height-distance function on X7, x (R**1)(m+1) x g»
sJH(X,R?) k—multijet space

ZE(k) (XJI ) RQ)
i f
gt f

partial -multi k—jet subspace
partial multijet map of parametrized family
0j* f for fixed parameter values

§13

transverse to submanifold or Whitney stratified set
submanifolds/stratified sets in jet spaces defining generic
properties of Blum linking structures

R+ —orbit of multigerms of type A,

fiber of orbit

submanifold of ;E®) (X ,R?) corresponding to linking
configuration (A, : Ag)
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Symbol Meaning

Rv s
S

Q

DI I

©
3

v

Coth

—~
~
~

~—

§14

closed stratified sets in ;S

set of all embeddings such that ,jfo; is transverse to every
element of S(i, )

NiPis

set of all embeddings such that ,j¥p; is transverse to every
element of S(i,¢)

NiPip

P, NPy

set of all embeddings such that ,jF7 is transverse to every
element of S(i,¢)

N Pir

Pooc NP~

§15

ring of germs of functions at (/) with maximal ideal m,)

Coti) ring of germs of functions at (2, u(?) with maximal ideal

RIS Sz Qv

[A]

[Bi]

[BN]

MyG)

§17

perturbed distance-squared function for o
perturbed distance-squared function for o;
perturbed multi-distance function for p;
perturbed distance-squared function for v
perturbed height-distance function for 7
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