TARGET ENUMERATION VIA EULER CHARACTERISTIC INTEGRALS *

YULIY BARYSHNIKOV t AND ROBERT GHRIST

Abstract. We solve the problem of counting the total number of observable targets (e.g., persons,
vehicles, landmarks) in a region using local counts performed by a network of sensors, each of which measures
the number of targets nearby but neither their identities nor any positional information. We formulate and
solve several such problems based on the types of sensors and mobility of the targets. The main contribution
of this paper is the adaptation of a topological sheaf integration theory — integration with respect to Euler
characteristic — to yield complete solutions to these problems.

1. Topological enumeration.

1.1. Sensors. Sensor networks are poised to impact society in fundamental ways anal-
ogous to the impact of the personal computer and the internet. The rapid development of
small-scale sensor devices coupled with wireless ad hoc networking capability is giving birth
to a wide variety of sensor networks for applications to agriculture, defense, environmental
monitoring, and more.

At present, there are severe limits on sizes and types of implementable networks. In partic-
ular, there are trade-offs between power consumption, sensing complexity (how much data
is gathered and processed on-board), sensor size, sensor range (how large a neighborhood
of the sensor is scanned), and communication bandwidth. Current implementations of sen-
sor networks in environmental and agricultural monitoring are limited to dozens or at most
hundreds of sensors (see e.g., [15] for a typical deployment). This constraint will not persist.
Ubiquitous sensing — the saturation of physical environments with networked sensors —
is a future scenario whose possibility is strongly suggested by Moore’s law, by advances in
micro- and nano-scale electronic device fabrication, and by advances in wireless networking
capabilities [8]. The potential to integrate sensors into building materials, roads, soil, and
other media portend an extraordinary increase in the ability to monitor street traffic, crowd
dynamics, wildlife habitats, and crop development.

This paper initiates a mathematical (and in particular topological) approach to target-
counting problems in sensor networks. Counting is a fundamental application of sensors,
both in present and potential settings. Scenarios where counting is critical include: agricul-
ture (crop/weed/insect populations, herd size); border security (people, vehicles, shipping
containers); commerce (customers, stock, mail parcels); ecology (wildlife population, partic-
ulate pollutants); situational awareness (troops, vehicles, artillery); traffic control (vehicles,
pedestrians); and more. Note that objects to be counted span several orders of magnitude
in scale, depending on the particular application domain. In many instances, targets may
be in motion.

At present, there are many sensor modalities which admit counting. The most common in
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current applications are what one might call one-dimensional sensors, e.g., people-counters
installed at entrances and exits of retail stores. Such sensors act via beam-interruption
and are used to enumerate inflow and outflow. More relevant to the setting of this paper
are sensors whose ‘support’ is of dimension higher than one. For example, the motion-
detectors common in security applications range over a broad (but localized) swath of space.
Infrared, acoustic, optical, and radio frequency are a few of the relevant sensor modalities.
On the horizon are a variety of sensor types under rapid development, many at very small
physical scales. These include smart optical arrays and biophotonic sensors used for counting
individual DNA strands, molecules, or photons.

Following the paradigm of integration theory, we begin with the ‘continuum limit’ where
sensors are assumed to be very small and distributed with very high density. We then pass to
the setting of networks (dense or sparse, grids or ad hoc) from the perspective of discretizing
the domain. The sensors in our models require very few higher-order processing capabilities:
no clocks, time-stamps, or synchronization; no range-finding or directional sensing capabil-
ities; and very little memory. On-board computational needs are flexible. For a centralized
scheme, nodes need no computational ability at all and can be scanned by a central data
collector and processor. Our methods allow for decentralized computation, assuming the
ability to share counting data with neighbors and perform integer arithmetic. Such com-
putational abilities are well within the range of small-scale processors — communication
complexity becomes the limiting factor.

1.2. A simple example: geometric enumeration. The following simple exam-
ple of target enumeration has a trivial geometric solution that motivates our topological
techniques. Consider a field of (infinitesimally small) sensors, one at each point z in a pla-
nar domain R2. Assume there is a finite set of points acting as observables or TARGETS
{0,} C R?, and that the sensor at # € R? returns a quantized count h(x) € N equal to
the number of targets which are ‘nearby’ — which can be sensed by whatever modality
(optical, acoustic, infrared) is used. The sensors have no information about target location
or identity.

How can sensors merge their local counts into a global count of the number of targets? If
the targets are sufficiently separated, then this becomes a simple problem of counting the
number of connected ‘on’ clusters in the network [9]. If we want to allow for more complex
target interactions, the following critical (if not entirely realistic) assumption makes the
problem very simple. Assume that each target O, impacts its environment in such a way
that O, is detected precisely on those sensors within Euclidean distance R of O,. This is a
reasonable assumption if all targets are identical on a homogeneous domain. Then the total
number of targets may be computed as an integral:

#{O0.} = % /}R2 h(x) dz, (1.1)

where M = 7R? is the ‘mass’ of the support set U, on which the target O, is detected.
This formula is trivial: the count returned by the sensor field is of the form h = 1y,
where 1 denotes the characteristic function. As integration is linear, one observes:

/R2h(:6)dx:/R2Z]luad:c:Z/Rz]andx:ZM:M#a'

This method is immediately applicable to arbitrary dimensions as well as to more general
target supports U,, so long as all targets have supports with identical mass. In addition,
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one can discretize the domain, sampling h on a finite set, say, a grid. Then a total count
of targets can be realized as a discrete integral, assuming the grid is neither too coarse nor
degenerate with respect to target supports.

This paper generalizes this simple idea to problems whose target supports may have different
(and unknown) sizes but whose topology is fixed. Because we replace geometric assumptions
with topological ones, our methods are adaptable to a wide range of enumeration problems
in sensor networks, particularly situations where one wants to count many different types
of targets. For example, if one wants to count the number of vehicles in an area via a
field of counting sensors, our methods allow for different sizes of ‘footprints” — SUVs and
subcompacts alike can be counted.

F1a. 1.1. A sensor field counts the number of in-range visible beacons based on line-of-sight. Target
supports (the region in the sensor space from which the target is sensed) may vary greatly in size and
shape depending on beacon strength and target space obstacles; however, target supports are star-convex
with respect to the target and thus all topologically trivial.

1.3. Other problem statements. There are numerous interesting and challenging
problems which involve determining a global count based on a local count. Some variants
we address in this paper include the following.

1. Each sensor sweeps a finite length beam or cone over all bearings, recording the
number of targets sensed as a function of bearing and location.

2. Each sensor increments an internal counter whenever a moving target comes within
range.

3. Each sensor increments an internal counter whenever a moving wavefront initiated
by a target event passes within range.

In these situations, assume that the sensor field is parameterized by some topological space
X. The sensor field returns a ‘counting function’ h : X — N. The goal is to aggregate the
redundant data of h and normalize in such a way as to yield a global count of targets/events.

1.4. Results and related work. The major result of this paper is a topological
integral calculus for a variety of target enumeration problems.

Although our applications are novel, all of the mathematical tools used in this paper are
fairly elementary and known to experts. Our key tool is the theory of integration with
respect to Euler characteristic, a calculus based on the Euler characteristic. Though the
ideas date back to Blaschke [3] and Hadwiger [13] as a form of inclusion-exclusion, we follow
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the more modern approach, based on ideas from (1) SHEAF THEORY, as in [30, 23, 24, 25];
and (2) MOTIVIC INTEGRATION, as in [6, 29]

Integration with respect to Euler characteristic is not well-known to applied mathemati-
cians, though see [24] for an application to computational geometry, as well as [18] for
recent work on using Euler characteristic integrals to compute volumes. Integrals involv-
ing Euler characteristic appear frequently in the literature on integral geometry [3, 13] and
convex geometry [11, 20]. There is also a significant literature in geometric combinatorics
concerning Euler characteristic as a measure [5, 21, 22]. More recently, integrals involving
Euler characteristic have arisen in analyses of the geometry of Gaussian random fields, as
in [1, 2, 31, 28]. Many of these papers appear to use integration with respect to Euler
characteristic without the formal machinery. An algebraic cousin to Euler characteristic
integrals appears in the body of literature on generalized Bonferroni inequalities [10] and
tube formulae [7], all generalizations of the inclusion-exclusion principle.

There are few if any similar approaches to problems in target estimation or tracking, the
literature on which almost always assumes the ability to identify different targets (along with
other high-level functions, including distance estimation, bearing estimation, and sensor
localization). For example, the large-scale wireless system implemented in [15] assumes an
aggregation phase based on strict spatial separation of targets. Jung and Sukhatme [16]
implement a multi-target robotic tracking system where the targets are labeled with colored
lights. The survey paper of Guibas [12] pointing to the broader literature on geometric
range-searching assumes the ability to aggregate target identities and concerns itself with
computational complexity issues. The paper by Li et al. [19] on multi-target tracking via
sensor networks notes that, “target classification is arguably the most challenging signal
processing task in the context of semsor networks.”

One significant solution to a target enumeration problem is found in the work of Fang,
Zhao, and Guibas [9], which gives a distributed algorithm for target enumeration without
any target-identification capabilities on the part of the sensors. Their work assumes that all
target supports are round balls in R?; that each sensor reads a R-valued signal proportional
to the inverse square of distance-to-target; and that target impacts are additive. Their
algorithm counts the number of local maxima in the sensor signal field and therefore gives
an accurate count so long as the target supports overlap minimally or not at all. Our work is
complementary to this in that the theory we introduce accommodates very complex target
support overlaps.

The other example of target counting without identification or localization arises in work of
Singh et al., who consider a network of sensors which return a value in {0, 1} depending on
target proximity [27]. Their technique involves using time-series data in the case of moving
targets/sensors, since a target count in the stationary case is too difficult, even if all target
supports are convex, round, fixed, etc.

The sensors in our model are minimal in that they use nothing more than local counts
without geometric data about the target identity, distance, or bearing. That being said,
we have ignored for the moment many of the important technical issues associated with
network implementation of our methods. Much of the work in aggregation of data by
a network concerns network protocols for signal processing [19], managing constraints on
bandwidth and energy [4], and dealing with errors or node failures [32]. This introductory
paper does not treat these important issues. We also assume noise-free sensor readings
over a continuum field of sensors (or at least a sufficiently dense network). In particular,



certain degenerate target configurations require knowing sensor readings on sets of Lebesgue
measure zero: an unrealistic demand. The present paper assumes an idealized setting to
develop and highlight the mathematical tools.

2. Integration with respect to Euler characteristic. Our results follow from the
classical and elegant theory of integration with respect to Euler characteristic [30, 23]. We
restrict attention to subsets of R™.

2.1. The simplicial approach. For simplicity, we begin our treatment of topological
integration with simplicial complexes (triangulated piecewise-linear sets) in R™. For k > 0,
a k-SIMPLEX, o, is the convex hull of a set of k + 1 affinely independent VERTICES {v;}§ in
R": o = {,tiv; : t; €(0,1),>,t; =1}. A FACE of ¢ is a simplex spanned by a proper
nonempty subset of the vertex set of o. The closure cl(o) of a simplex ¢ is the (disjoint)
union of o and all its faces. A SIMPLICIAL COMPLEX X is a finite collection of simplices
such that each pair o, 7 of simplices satisfies cl(c) N cl(7) is either empty or the closure of
some simplex in the complex. A complex is called CLOSED if it contains all its faces.

See, e.g., [14] for elementary definitions and examples. Throughout this paper, all simplicial
complexes will be implicitly assumed finite. The above definition differs from the usual in
that we do not assume that a simplicial complex is closed: most authors do.

DEFINITION 2.1. The GEOMETRIC EULER CHARACTERISTIC of a simplicial complexr X is

X(X) =D (=1 =3 (= 1) 4 {k-simplices in X} . (2.1)
o k=0

EXAMPLE 2.2.

1. Euler characteristic generalizes cardinality: for a finite set X, x(X) = | X].

2. If X is a compact contractible set — if it can be deformed continuously within itself
to a single point — then x(X) = 1.

3. For a finite graph I', x(I") = #V — #E: vertices minus edges.

For X a triangulated orientable surface of genus g, x(X) =2(1 — g).

5. For X C R? a compact connected set with N disjoint discs (open or closed) removed,
x(X)=1-N.

.~

As one could guess from the above examples, the Euler characteristic is a topological in-
variant: x(h(X)) = x(X) for h a homeomorphism. It is therefore independent of the sim-
plicial structure imposed on X. That this is so follows from a homological interpretation:
X(X) =3 i o (—=1)* dim(Hy (X)), where Hy(X) = HPM(X;R) denotes the BOREL-MOORE
HOMOLOGY of X with R coefficients.! For X a closed complex, Hy,(X) = HP(X;R), the
more familiar k** simplicial homology group of X with R coefficients, a vector space whose
dimension measures the number of ‘holes’ in X that a k-dimensional subcomplex can detect.
The MAYER-VIETORIS PRINCIPLE [14], a homological inclusion-exclusion principle, yields
the following: for A and B subcomplexes of X,

X(AUB) = x(A4) + x(B) = x(ANB). (2.2)

I This is isomorphic to the singular relative homology Hy(cl(X),cl(X)— X;R). A detailed understanding
of this definition is not required of the reader.



The above equation evokes the definition of a measure and allows one to interpret Equ. (2.1)
as giving a ‘topological volume’ of a complex. As many authors have implicitly or explicitly
observed [3, 13, 21, 23, 30], the measure dx derived form x is well-behaved when restricted
to the appropriate classes of integrands and domains. In the setting of Z-valued functions
over simplicial complexes, this measure theory has a simple combinatorial definition.

DEFINITION 2.3. Let X denote a finite simplicial complex and CF(X) the abelian group of
functions X — Z with basis 1,, where o is a simplex of X. The EULER INTEGRAL is the
homomorphism [y dx : CF(X) — Z which sends 1, — x(0) = (=1), for o a k-simplex.

The following is obvious from Definitions 2.1 and 2.3.

LEMMA 2.4. The Euler integral satisfies fX Tadxy=x(A) for AC X a subcomplex.

2.2. The definable approach. We extend the definitions to a wide class of spaces
which are not obviously simplicial. The reader who is in a hurry may skip ahead to §3 and
remain in the class of simplicial complexes.

Not all sets are measurable in dy: Cantor sets, Hawaiian earrings, and other ‘wild’ sets
do not possess a well-defined Euler characteristic. In many respects, the best definitions
for what should be called a ‘tame’ set are to be found in the literature on O-MINIMAL
STRUCTURES [29].

Briefly, an o-minimal system A4 = {A,} is a sequence of Boolean algebras 4,, of subsets
of R™ (families of sets closed under the operations of intersection and complement) which
satisfies certain natural properties (the system is closed under products and projections, and
Aj consists of all finite unions of points and open intervals). Sets belonging to A, are called
“tame” or, more properly, DEFINABLE. A (not necessarily continuous) function is called
definable if its graph (in the product of domain and range) is a definable set in the system.
The interested reader is encouraged to see the text of van den Dries [29], which requires
little background. Canonical examples of o-minimal systems include semilinear sets (sets
defined by a finite number of affine inequalities), semialgebraic sets (sets defined by a finite
number of polynomial inequalities) and subanalytic sets (sets which are the local image of
real-analytic manifolds under real-analytic mappings).

One of the principal results from the theory of o-minimal structures is the TRIANGULATION
THEOREM: any definable set A can be expressed as the image under a definable homeo-
morphism of a simplicial complex. From this, and the fact that y is a homeomorphism
invariant, it follows that all definable sets possess a well-defined Euler characteristic. One
proceeds in the obvious manner:

DEFINITION 2.5. Denote by CF(X) the group of CONSTRUCTIBLE functions®, functions
h: X — Z with finite range and definable level sets h=(c).

It follows from the Triangulation Theorem that any f € CF(X) admits a decomposition as
f=>,cals, for c, € Z and 6, C X a simplex (in a definable triangulation).

DEFINITION 2.6. The EULER INTEGRAL is the homomorphism [y dx : CF(X) — Z which
sends Y calo, — >, cax(0a).

The analogue of Lemma 2.4 clearly holds.

2In order to avoid complications concerning proper functions, we will assume for the remainder of the
paper that CF(X) is restricted to compactly-supported functions.
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2.3. The sheaf approach. There is, as intimated earlier, a deeper treatment in the
literature on sheaves. There are significant and deep perspectives from sheaf theory which
can be easily interpreted in the setting of Euler integration.

A sheaf is, roughly speaking, a means of assigning to open sets of a topological space some
algebraic object (a group, e.g.) in a manner that respects the operations of (1) restriction;
and (2) gluing. The canonical example of a sheaf on a space X is C(X), the continuous
functions X — R. This forms a sheaf since (1) the restriction of a continuous function is
continuous; and (2) two continuous functions on subsets which agree on the intersection
extend to a continuous function on the union. Sheaf theory allows one to extend some of
the more familiar concepts implicit in C(X) — germs, sections, analytic continuation, etc.
— to a vast degree of generality.

As the definition of constructible function is local (depends only on a system of open sets
covering X ), CF(X) can be thought of a sheaf over X with respect to the standard topology.
Following the general formalism of sheaf operations ([17, 23, 25]), one obtains an interpre-
tation of [  dx via the pushforward (or direct image, since we assume compactly supported
integrands) construction.

DEFINITION 2.7. Let F : X — Y be a definable map for a fived o-minimal structure.?
The PUSHFORWARD of F' is the induced homomorphism F, : CF(X) — CF(Y) defined, for
h e CF(X) via

Eaw = [ hwde) (2.3

Since we assume definability and compact supports, h is integrable on F~1(y) for ally € Y.
Formal methods imply that the pushforward is functorial, meaning that things which ought
to commute do. This is no mere formality: in the present context, this result is extremely
important, leading to the following.

THEOREM 2.8 (Fubini Theorem [30, 23]). For F : X — Y as above and h € CF(X),

/mewzfﬂmwww. (2.4)
X Y

Proof. In the case of the trivial map X — {pt}, CF({pt}) = Z and one checks that the in-
duced pushforward CF(X) — Z is precisely the integral with respect to Euler characteristic.
Given F : X — Y, functoriality says that the composition commutes:

Ix dx
/\
CF(X) > CF(Y) —>17. (2.5)

Iy dx
O

The fact that [  dx is the pushforward of X + {pt} implies that this operation respects the
gluings and restriction operations implicit in sheaves, and it is thus proper to call it by the

3Concrete examples include piecewise-linear maps between simplicial complexes, algebraic maps between
real semi-algebraic sets, and analytic maps between real-analytic manifolds.
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term integral.* This brief aside on sheaves hints at a wealth of available tools: convolution
operators, integral transforms, etc., to be utilized in future work.

3. A simple enumeration theorem. We give an immediate application of integra-
tion with respect to Euler characteristic in a simple target enumeration problem. The
following generalizes the problem and setting of §1.2.

Let W denote the TARGET SPACE, a topological space which models the domain in which
the targets O, lie. In the setting of §1.2, the sensors fill W = R2. More generally, one can
parameterize the collection of sensors into a SENSOR SPACE, denoted X. The sensor space
is a topological space which may differ from W. For example, one may count targets in a
3-dimensional room via a network of sensors located along a 2-d wall. Each target O, has
a TARGET SUPPORT, defined to be U, = {x € X : the sensor at = detects Oy }.

PrOBLEM 3.1. (Fixed targets) Assume a sensor modality in which each sensor z € X
records the number of targets in range. This yields a (constructible) HEIGHT FUNCTION,

h(z) :=#{a : x € Uy}, (3.1)

and represents the count that a collection of sensors on X gives of the targets in W. The
problem is to compute the number of targets, given only A : X — N.

If we assume that the target supports all have the same nonzero Euler characteristic, then
Problem 3.1 is immediately solved.

THEOREM 3.2. Given h : X — N the counting function for {Uy} a collection of compact
definable target supports in X satisfying x(Uy) = N # 0 for all . Then

1
#Ha = N/){hdx. (3.2)

Proof.

/thx_/x<za:11%> dx_za:/X]andX_za:X(UQ)_N#a. (3.3)

O

This result solves Problem 3.1 and greatly generalizes the simple example of §1.2, in that
we do not need to assume that the target supports are round or even convex. In the case
of convex, or even contractible compact sets, N = 1 and the formula is especially simple.
Note however that if N = 0, no solution is possible in general: see Fig. 3.1.

4. Computation. Integration with respect to Euler characteristic, being partly com-
binatorial in nature, permits simple, clear computations.

4.1. Excursion sets. We employ the following convenient notation. For functions
h:X — Z, the set {h = s} is the LEVEL SET {z € X : h(z) = s}, and the set {h > s} is
the UPPER EXCURSION SET {z € X : h(z) > s}. Lower excursion sets are likewise defined.

40ne could prove the Fubini theorem directly by using the lemma that x is multiplicative under Cartesian
products and invoking the definable Hardt theorem [29] if the sheaf formalism is to be avoided.
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Fic. 3.1. Given h = Y 1y, with x(Us) = 0, one has [ hdx = 0. It is not possible in general to
determine #a. [left] The height function of a collection of annuli. Four? or [right] six? Any even number
between two and twelve is possible with embedded annuli.

PROPOSITION 4.1. Given h € CF(X), the integral of h with respect to dx may be computed
as follows:

oo

/ hdy = Z sx{h=s} (4.1)
X s=—00
= Zx{h > st —x{h < —s}. (4.2)
s=0
Proof.
h= > sl =Y s(Mnza—nsa)+ Y s(Uincsy—linesy) = O sy —Lna—s},
s§=—00 s=0 s=0 s=0

where the last equality comes from telescoping sums. Lemma 2.4 completes the proof. O

Eqn. (4.2) is preferable to Eqn. (4.1) in practice, since, for h a sum of indicator functions
over compact sets, the excursion sets of h are compact for all s, whereas h~!(s) is only
relatively compact.

ExaMPLE 4.2. Fixed targets. In the example of Fig. 4.2, seven contractible sets are dis-
played, along with a height function on connected components. In the intended application,
only h is known, not the target supports. Decomposing h into upper excursion sets (Fig.
4.2) allows one to compute [ hdx via Eqn. (4.2):

s=3 s=2 s=1 s=0

> PN N SN
/hdx:Zx{h>s}= 2 +3 4+ 3 +-1=7 (4.3)
s=0

The levels sets of h in Fig. 4.2 are ‘fragile’ in the sense that a perturbation of h=!(s) (in
the Hausdorff metric) usually changes the topology and hence the Euler characteristic of
the level set. The upper excursion sets are less likely to exhibit such instability. This will
become more important when sampling integrands over discrete sets.
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FiG. 4.1. A collection of contractible patches {Uq} in R2 corresponding to the supports or ‘visibility
regions’ of seven targets. The collection decomposes R? into cells labeled according to the height function h
returned by a dense sensor network.

FI1G. 4.2. Decomposing h into upper excursion sets and computing x yields the integral [ hdx.

There are other means of computing integrals with respect to dy, many of which are related
to Morse theory. We detail these in subsequent work.

4.2. Homology and duality. Since the Euler characteristic has a homological as well
as a combinatorial definition, we can switch perspectives at will, playing off strengths for
computational purposes. We augment Proposition 4.1 with a specialized formula for certain
integrands on the plane.
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THEOREM 4.3. For h : R?2 — N constructible and upper semi-continuous,

oo

/R2hdx:Z(ﬁo{h>s}—ﬁo{hgs}—i-l), (4.4)

s=0

where [y denotes the zeroth BETTI NUMBER; equivalently, the number of connected compo-
nents of the set.

Proof. Let A be a compact nonempty subset of R2. From the homological definition of
the Euler characteristic, x(A) = Y. .o ,(—1)% dim H,(A), where, by compactness, H is the
singular homology. However, since A C R?, H,(A) = 0 for all s > 2. Thus, it suffices to
compute x(A4) = dim Hy(A) — dim H;(A4). By Alexander duality [14],

dim H;(A) = dim H°(R? — 4, A) = dim Hy(R? — A) — 1,

and dim Hy = [y, the number of connected components. One substitutes into Eqn. (4.2)
the above computations for A = {h > s} and R? — A= {h < s}. O

This formulation is extremely important to numerical implementation of this integration
theory to planar sensor networks: see §5.2.

EXAMPLE 4.4. The duality formula (4.4) applied to the integrand of Example 4.2 yields

s=3 s=2 s=1 s=0

/ hix=2—1+0)+B- 11D+ @ -2+ 0+1-3+1)=1.
R2

5. From fields to networks. The mathematical tools formulated here for enumera-
tion problems depend on having a sensor field with counting data at all points in a continuum
of the sensor space. Any realistic implementation must occur over a discrete collection of
sensors: a network, where nodes N (typically within the target space N' C W) record values.

Trying to parameterize the sensor space X as a discrete set based on the nodes A is doomed
to failure, as the target supports will be likewise discrete and of unknown and non-uniform
Euler characteristic. Likewise, if the communication links between nodes give the sensor
network the structure of a graph, then the network graph is an equally bad candidate
for the sensor space X: cycles in the graph can make the Euler characteristics of the
target supports vary greatly. In fact, the denser the network in W, the more negative the
Euler characteristics of the target supports become (e.g., in Fig. 5.3, the target supports
intersected with the network are graphs with negative Euler characteristic).

5.1. Numerical analysis and Euler integrals. A more sensible parametrization is
to model the sensor space X as a simplicial approximation to the target space W, using the
nodes N as vertices. Assume that enough structure is known about N to give a simplicial
structure that has A as the vertex set. In analogy with the problem of computing a nu-
merically approximate Riemann integral of an integrand h based on a discrete sampling, we
propose that the integral of the piecewise-linear (PL) interpolation hpy, of h based on the
sampled values at A is a good approximation.

Unfortunately, the integration theory of §2 does not take continuous R-valued functions
as integrands. In a sequel to this paper, we extend the integration theory to R-valued
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(definable) integrands and show that the PL approximation is, indeed, correct; furthermore,
when the sampling is too coarse, one can construct an “expected value” for the integral which
contains useful data. For the present, we limit ourselves to computing the constructible
upper semi-continuous approximation |hpr|. The following result shows that this gives an
accurate approximation to f h dx upon refinement.

THEOREM 5.1. Let h : R™ — N be an upper semi-continuous constructible function satisfy-
ing {h > s} =cl(int({h > s})) — every upper excursion set of h is the closure of its interior
i R™. Then, for a sufficiently dense and reqular triangulation of R™, the PL interpolation
hpr of h over the vertex set of the triangulation satisfies

/Rn \hpr]dy = / hdx. (5.1)

This is the first step toward the development of numerical analysis for Euler integration.

Proof. For h as above, a sufficiently fine and regular triangulation has the following features.
Let o be a simplex of the triangulation and A = cl(o) its closure. For each A, (1) maxh|A
is attained at some vertex of A; and (2) h|A has all upper excursion sets contractible. Thus,
Jx hdx =maxa h = [, |hpr] dx. Additivity of [ dx completes the proof. O

EXAMPLE 5.2. Fig. 5.1 gives an example of an integrand sampled on a uniform hexagonal
grid. The integral of |hpr| with respect to Euler characteristic is:

AN AN A=
/\_hPLJdXZl +°3 +°0 =4 (5.2)

AT AYQYA'A'A'A
"" "‘ .' ' V‘V
VA VAVAVAVAVAVAVAVAS
'A'A'A'A'A'A'AVA'

Fic. 5.1. The height function of a collection of target supports [left] is sampled on a regular mesh
[right].

Applying Theorem 5.1 can be problematic. For target supports which are nearly tangent,
a given sensor network may or may not sample the chamber correctly. See Fig. 5.2 for a
sampling of errors that can arise from small chambers.

5.2. Ad hoc planar networks. We note that the strategy of converting the sampling
of the true impact function h over N to a PL interpolation hpy, does not necessarily require
knowing the coordinates of the nodes. Indeed, the evaluation of [ « " dx 1s conspicuous in its

12



Fic. 5.2. Errors can arise from sampling an integrand with geometrically small chambers.

freedom from coordinate geometry: it is a topological integral. If one is given a triangulation,
the extension of the counting function h on vertices over the domain is automatic. However,
if no geometry associated to N is known, it may not be possible to determine a canonical
extension hpy, over the domain. Such a situation is not uncommon in sensor networks based
on ad hoc wireless communications, an increasingly common protocol for distributed sensor
networks and robotics.

Assume that one is given a network in the form of an abstract graph G. By abstract we
mean that the projection of the 1-d cell complex G to the workspace is unknown. Edges
should possess some coarse proximity data. One popular (if rigid) assumption is that G is
a UNIT DISC GRAPH, in which edges exist between nodes if and only if they are within unit
distance in the workspace. For this and other proximity-based networks, the duality results
of §4.2 allow us to compute integrals based on coordinate-free ad hoc network sampling.

COROLLARY 5.3. Assume an upper semi-continuous constructible integrand h : R? — N,
and let G be a network graph with nodes N' C R2, where the only thing known is the
restriction of h to N (in particular, the coordinates of N in R? are unknown). If the
network G correctly samples the connectivity of the upper and lower excursion sets of h,
then Eqn. (4.4) returns the exact number of targets.

An example appears in Fig. 5.3. Note that in this example, the topology of the excursion sets
of h is not always sampled correctly: sparsity leads to holes in the network. Nevertheless,
since the connectivity of the upper and lower excursion sets is sampled faithfully, the integral
is correct. Although the example drawn is a unit disc graph, this is by no means necessary
for the result.

REMARK 5.4. The situation in higher-dimensional workspaces is not as convenient as in
the planar case, since duality does not pair completely to connected components alone. The
next most natural domain in which to work is R®. Here, duality is effective in mitigating
spurious generators of Hy — voids in the network. However, holes appearing as generators
of Hy are dual to H; generators in the complement, and one must deal with homology in
dimension one. This is by no means as straightforward as in the planar case, and a simple
clustering algorithm will not suffice.

5.3. Distributed computation. Since our methods are based on an integration the-
ory, the enumeration of targets detailed in this paper is a local computation. To wit:

/ hdxz/hdx—i—/ hdx—/ hdx. (5.3)
AUB A B ANB
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F1a. 5.3. A sparse sampling over an ad hoc network retains enough connectivity data to evaluate the
integral exactly.

Thus, enumeration can be performed in a distributed manner easily. This is particularly
easy when the network is a lattice, as one can employ standard distributed protocols for
localization and merging of target counts.

6. Enumeration. In this section, we solve a variety of target enumeration problems
in terms of integrals with respect to Euler characteristic.

6.1. Moving targets. The lack of a convexity assumption in our theory makes it ideal
for applications in which target supports are generated by moving vehicles.

PrROBLEM 6.1. (Moving targets) In this setting, one has a finite collection of targets
O, which move along continuous paths O, (t) in the domain W C R”™ over some fixed
time interval, see 6.1. Assume that sensor nodes can detect when some target comes within
proximity range (a time-dependent set U, (¢) containing O, (¢)), and that each such detection
produces an increment in its internal counter: such increments occur only when the node
detects an increase in the number of targets within range. One obtains a height function
h: W — N of the form:

h(z) :=#{(t,a) : € Us(t +€) and @ & Us(t —€) for e — 07} (6.1)

The problem is to compute the number of targets based solely on the function h. Note in
particular the absence of temporal data: there are no clocks.

One interesting feature in this setting is the possibility that the “trace” — the union of
temporal supports U;U,(t) — can be a non-contractible set. In this setting, the Fubini
theorem is invaluable.

THEOREM 6.2. Assume moving targets as per Problem 6.1. Then the number of targets is
equal to #a = [, hdx, where h is the height function of Eqn. (6.1).

Proof. Consider the sensor space X = W x R as the product of the target space W with
time, and let F' : X — W be temporal projection. The target supports in X are the
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traces Uy, := UUq(t) x {t}: this is a contractible set, as illustrated in Figure 6.1[right]. Let
g: X — Nbeg=>_ 1y,. From Theorem 3.2, the number of targets is fX gdyx. By the
Fubini theorem, this equals [, Figdy, where (F.g)(w) = fF_l(w)gdx. The intersection

F~1(w)NU, is a finite number of compact intervals — one for each time w goes from being
outside Uy, (¢) to inside it as ¢ increases. Thus, h = F.¢ and

/hdxz/ F*gdxz/gd)(:#a.
w w b'e

The fact that integration with respect to Euler characteristic admits a Fubini theorem is
thus not merely a curiosity but rather a crucial feature.

|

Fi1c. 6.1. Vehicles moving in a planar environment activate sensors along regions which intersect
over time and accumulate a larger height function there. The resulting integrand is the pushforward of a
temporal projection map.

EXAMPLE 6.3. Moving targets. Fig. 6.1 illustrates a height function for a moving-target
situation as in Problem 6.1. Note that some traces self-intersect. One computes:

s=2 s=1 s=0

> AN A~ S
/hdxzzx{h>s}: 1 +716 +~13= 4. (6.2)
s=0

Theorem 6.2 is applicable to the problem of counting vehicles which move over a region with
acoustic sensors embedded. The advantage of the Euler integration method is that one can
count vehicles of different ‘size’ — large or small vehicle traces are irrelevant. A challenge
for implementation lies in (cusp) singularities generated by a vehicle that turns too sharply,
leading to an integrand that it not upper semi-continuous, as in Fig. 6.2. Such a singularity
does not invalidate Theorem 6.2. Indeed, the integral of this height function with respect
to Euler characteristic is equal to

/ hdy =x{h>1}+x{h >0 =(1—1)+ (1) =1.
R?

The upper excursion set h > 1 is not a compact disc, but rather has a closed interval in the
boundary removed. Thus x{h > 1} =1—1 = 0. Any sensor network, no matter how dense,
will fail to see the higher codimension piece of boundary that is set to 1 instead of 2.
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Fic. 6.2. A cusp singularity in the trace of a moving vehicle; no matter how densely it is sampled, one
will never recover the correct Euler integral.

6.2. Wavefronts. The following problem is motivated by enumerating events whose
effects propagate in time.

PROBLEM 6.4. (Wave fronts) Consider a finite collection of points O, in W C R™.
Each O, represents an event which occurs at some time and which triggers a wavefront
that propagates for a finite extent. Assume that each sensor has the ability to record the
presence of a wavefront which passes through its vicinity. Nodes have a simple counter
memory which allows them to store the number of wavefronts that have passed over as a
counting function h : W — N. The problem is to determine the number of source events

Oa.

Again, there is no temporal data associated to the sensors. With a particular assumption
on the sensing modality, this problem is solved as a corollary of Theorem 6.2, using the
same Fubini argument. Assume that the ‘wavefront’ associated to each event O, induces a
continuous definable map F, from a compact ball D™ to W whose restriction to rays from
the origin are geodesic rays in W based at O,. It is not enough to model sensors which count
wavefronts by recording the number of ‘fronts’ that have passed, as one must account for
singularities. To that end, the cleanest assumption for the counting sensors is the following:

COROLLARY 6.5. In the context of Problem 6.4, assume that each sensor at w € W incre-
ments its internal counter by x(F;*(w)) whenever the wavefront of O, passes over. Under
this assumption, the number of triggering events is #a = fW hdx.

Proof. Apply the Fubini theorem to h = > _(Fa)«1pn, where F,, is the mapping of the
wavefront into W. O

Since n = dim(W) = dim(D"), the inverse image F, !(w) is generically discrete, and the
assumption on the sensor modality boils down to counting the number of passing wavefronts.
However, certain complications can arise in practice. For example, very coarse binary sensors
may not be able to distinguish between one wavefront and several wavefronts passing over
simultaneously: this can lead to positive-codimension defects in the counting function h.

A similar loss of upper semi-continuity occurs when there is reflection of wavefronts along
the boundary dW. For a compact domain W C R™ with smooth boundary dW. Consider
a wavefront-counting integrand h = > (F,)«1p» whose projection maps F, may have
fold singularities (reflections) along OW. Let AT : W — N be the upper semi-continuous
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Fi1c. 6.3. [left] Events trigger wavefronts which increment counting sensors as the front passes over.
[right] Reflections along the boundary can be accounted for accurately.

extension of hA. Then it is easy to show using the techniques of this paper that

1
#a:/ th:/ h+dx——/ ht dy. (6.3)
w w 2 Jow

6.3. Beam sensors. Instead of having the targets (or their wavefronts) move, we can
consider situations in which the sensors have some internal degree of freedom. The following
is a mathematical abstraction of the idea of a sensor which uses a bi- (or multi-) directional
beam to count targets.

PROBLEM 6.6. (Beam sensors) Fix a Euclidean target space in R and consider a variant
of Problem 3.1 in which each sensor node at x € R™ senses targets via a “beam” that is
a round k-dimensional ball in R™ centered at z (the term ‘beam’ evoking the case k = 1).
Each target O, has a spatially extended region of brightness over some convex neighborhood
Vy of O, in R™. The sensor at x € R™ performs a sweep of its k-ball beam over all possible
bearings. At each such bearing, the sensor counts the number of intensity regions V,, within
the beam. Problem: compute the number of targets #a.

Note that each target has a spatially extended range over which it is sensed. The sensor
field is parameterized over the Grassmannian bundle Grg(R™) = R™ x Gr}, where Gr}, is the
Grassmannian of k-planes in R™. (For example, the projective space RP™ is Gry.) Thus,
the sensor field returns a counting function h : Gry(R™) — N.

THEOREM 6.7. Under the assumptions of Problem 6.6 and the additional assumption that
if n if even then so is k, the number of targets is equal to

o LR
#Ho = Bl /Grk(Rn)hdx, (6.4)

where | -] denotes the floor function.

Proof. Target supports U, C Grg(R™) are computed as follows. Fix an a and fix a ‘bearing’
k-plane in the Grassmannian Grj. The set of nodes in R™ at which this k-ball intersects
V, is star-convex with respect to (the centroid of) V,. Thus, the target support U, is
topologically equivalent to V,, x Gr); and thus to Grj. The Euler characteristic of Gry, is:

0 :n even, k odd
X(Gry) = < EJ ) . else
2
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The result follows from Theorem 3.2. O

In the case of the plane (n = 2) with linear beams (k = 1), the theorem fails, since target
supports have the homotopy type of a circle. Fig. 3.1 suggests that counting may be
impossible in this setting. See, however, §6.4.

6.4. Sweeping sensors. We consider a variant on Problem 6.6 in which sensors sweep
cones instead of beams.

PROBLEM 6.8. (Sweeping sensors) Fix a Euclidean target space in R and consider a
variant of Problem 3.1 in which sensor nodes do not return merely a count of the number
of targets within range, but rather a parameterized count of targets as the sensor performs
a ‘sweep’ over its visual sphere. For example, in dimension 2, a sensor at x € R? returns
a piecewise-constant function h, : S' — N which indicates how many targets are seen as
a function of bearing. Assume, for simplicity, that a sensor at location x with bearing
v € TY(R") scans a compact cone at x centered on v whose aperture and length are
independent of x and v. The problem is how to compute the target count given the collection
of functions h = {h, : = € X}, where h,(v) returns the number but not identity of targets
within the cone at (x,v).

Note that it is not assumed that the size, shape, or volume of the scanning cone C' is known,
only that it is a cone. For a very thin scanning cone, intersections with the targets rarely
overlap, and x(h;1(1)) yields the correct number of targets within range of z, reducing the
problem to that of Problem 3.1. For more general cones, however, sweeping does not return
an immediate count at x.

THEOREM 6.9. Under the assumptions of Problem 6.8 and a general-position assumption
on the targets {O,}, the number of targets is equal to

#a= [ @, < /T e dx(v)) dx(@), (6.5)

where ®,, is the operator that replaces a function with its upper-continuous (for n even) or
lower-continuous (for n odd) extension over 0-dimensional discontinuities.

Proof. The rationale: the inner integral has the effect of aggregating all targets visible at
x during a complete sweep over the unit tangent sphere T} = TIR"™ = S"~1 The outer
integral would give Y x(U,) in accordance with Theorem 3.2.

Unfortunately, the target supports U, are not contractible. Fix a bearing direction and
consider the intersection of the target support in T}R": it is a contractible set (translated
copies of the sensing cone). Hence, each U, is a bundle over the (n — 1)-dimensional
sphere of tangent directions with compact contractible fiber. This has Euler characteristic
X(Us) = (=1)""1. For n even, this vanishes.

If one considers T'R™ as a bundle over R”, the resulting target support is the function
1g, — (-1)"1le,, where S, is the set of points € R™ such that there exists a bearing
placing the sensing cone at xz over O,. At the single point O, this function is equal to
x(S™1): “flling in’ to a 1 would make the target support a compact contractible set.

The operator ®,, wipes out these defects by, in effect, gluing in an open unit disk into each
U,, so that the resulting tame set U, is contractible. By the general position assumption,
the defects caused by sensors on top of targets are the only such strata on which ®,, acts. It
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remains to note that the operator ®@,, is linear on upper (or lower) semi-continuous functions,
and thus acts independently on each singularity. O

Note that it is not necessary to assume the functions h, have a rigid parametrization — one
need not interrogate how many targets are seen at a given bearing. The combinatorial type
suffices. In the case of a discrete network of sensors as opposed to a continuum sensor field,
one can assume that the sensors are not at the same location as the targets and the defects
will be hidden. (Though it should also be noted that in practice a sensor’s support region
can ‘diffuse’ somewhat, yielding small codimension-0 defects in the height function.) A
discrete network of sweeping sensors actually makes the computation of the integral easier,
as one can dispense with the O-dimensional singularities by a general position argument.

7. A concluding introduction. The goal of this paper is to introduce integration
with respect to Euler characteristic as a powerful and computable tool to perform data
aggregation in networks of extremely weak sensors. As with many problems in sensor
networks, the fundamental issue is the passage from local data to global information: an
ideal target for algebraic topology.

This is an introduction to the mathematical techniques, and we have ignored many of the
complications present in physical sensor networks and important to implementation. We
have not dealt with communication and signal protocol issues, the difficulty of localizing
nodes, and the stochastic nature of real sensors. We are optimistic that these topological
methods will robustly adapt to many of these issues.

We stress one point: by solving these target enumeration problems via an integration theory,
we can leverage techniques (e.g., the Fubini theorem) and perspectives (e.g., numerical
integration) forcefully. Due to limitations of space, this paper provides a bare introduction
to the mechanics and utility of Euler integration. Much more is knowable and known.
Future work will contain the following highlights:

1. The integration theory extends from constructible functions CF(X) to definable
R-valued functions. Though the corresponding integral operator is not linear (!) it
does have an attractive expression in terms of Morse theory.

2. The analogue of Theorem 5.1 holds for the R-valued interpolant hpy,.

3. The R-valued theory gives a natural approach to expected target counts, confidence
measures on sensor readings, and harmonic extensions of integrands over holes.

4. Euler integration admits a variety of integral transforms which are often invertible
[24]. In the context of sensor networks, inverse transforms can be used to localize
the targets, based only on counting sensors.

Open questions abound, including the impact of noise, the confidence of a discretized sam-
pling, and the challenge of integrating more complex type of data (such as logical state-
ments).

REFERENCES

(1] R. Adler, The Geometry of Random Fields, Wiley, 1981.

[2] R. Adler, “On excursion sets, tube formulas and maxima of random fields,” Ann. Appl. Probab. 10,
2000, 1-74.

(3] W. Blaschke, Vorlesungen tber Integralgeometrie, Berlin, 1955.

[4] A. Boulis, S. Ganeriwal, and M. Srivastava, “Aggregation in sensor networks: an energy - accuracy
tradeoff,” J. Ad-hoc Networks, 1, 2003, 317-331.

19



B. Chen, “On the Euler measure of finite unions of convex sets,” Discrete and Computational Geometry
10, 1993, 79-93.

R. Cluckers and M. Edmundo, “Integration of positive constructible functions against Euler charac-
teristic and dimension,” J. Pure Appl. Algebra, 208(2), 2007, 691 - 698.

K. Dohmen, Improved Bonferroni Inequalities via Abstract Tubes, Springer Lecture Notes in Mathe-
matics vol. 1826, Springer-Verlag, 2003.

D. Estrin, D. Culler, K. Pister, and G. Sukhatme, “Connecting the Physical World with Pervasive
Networks,” IEEE Pervasive Computing 1:1, 2002, 59-69.

Q. Feng, F. Zhao, And L. Guibas, “Lightweight Sensing and Communication Protocols for Target
Enumeration and Aggregation” in proceedings MobiHoc, 2003.

J. Galambos and I. Simonelli, Bonferroni-type Inequalities with Applications, Springer-Verlag, 1996.

H. Groemer, “Minkowski addition and mixed volumes,” Geom. Dedicata 6, 1977, 141-163.

L. Guibas. “Sensing, Tracking and Reasoning with Relations,” IEEE Signal Processing Magazine,
19(2), Mar 2002, .

H. Hadwiger, “Integralsidtze im Konvexring,” Abh. Math. Sem. Hamburg, 20, 1956, 136-154.

A. Hatcher, Algebraic Topology, Cambridge University Press, 2002.

T. He, P. Vicaire, T. Yan, L. Luo, L. Gu, G. Zhou, R. Stoleru, Q. Cao, J. Stankovic, T. Abdelzaher,
“Achieving Real-Time Target Tracking Using Wireless Sensor Networks,” in proceedings of IEEE
Real Time Technology and Applications Symposium, 2006, 37-48.

B. Jung and G. Sukhatme, “A Region-Based Approach for Cooperative Multi-Target Tracking in
a Structured Environment,” in proceedings of IEEE/RSJ Conference on Intelligent Robots and
Systems, 2002.

M. Kashiwara and P. Schapira, Sheaves on Manifolds, Springer-Verlag, 1994.

D. Klain, K. Rybnikov, K. Daniels, B. Jones, C. Neacsu, “Estimation of Euler Characteristic from
Point Data,” preprint 2006.

D. Li, K. Wong, Y. Hu, and A. Sayeed, “Detection, classification, and tracking of targets,” IEEE
Signal Processing Magazine, 19(2), 2002, 17-30.

R. Morelli, “A Theory of Polyhedra,” Adv. Math. 97, 1993, 1-73.

G.-C. Rota, “On the combinatorics of the Euler characteristic,” Studies in Pure Mathematics, Aca-
demic Press, London, 1971, 221-233.

S. Schanuel, “Negative sets have Euler characteristic and dimension,” in Lecture Notes In Mathematics
1488, Springer, 1991.

P. Schapira, “Operations on constructible functions,” J. Pure Appl. Algebra 72, 1991, 83-93.

P. Schapira, “Tomography of constructible functions,” in proceedings of 11th Intl. Symp. on Applied
Algebra, Algebraic Algorithms and Error-Correcting Codes, 1995, 427-435.

J. Schiirmann, Topology of Singular Spaces and Constructible Sheaves, Birkhauser, 2003.

M. Shiota, “Piecewise linearization of real-valued subanalytic functions,” Trans. Amer. Math. Soc.,
312(2), 1989, 663-679.

J. Singh, U. Madhow, R. Kumar, S. Suri, and R. Cagley, “Tracking multiple targets using binary
proximity sensors.” In Proceedings of the 6th international Conference on Information Processing
in Sensor Networks, 2007, 529-538.

A. Takemura and S. Kuriki, “On the equivalence of the tube and Euler characteristic methods for
the distribution of the maximum of Gaussian fields over piecewise smooth domains,” Ann. Appl.
Probab. 12(2), 2002, 768-796.

L. Van den Dries, Tame Topology and O-Minimal Structures, Cambridge University Press, 1998.

O. Viro, “Some integral calculus based on Euler characteristic,” Lecture Notes in Math., vol. 1346,
Springer-Verlag, 1988, 127-138.

K. Worsley, “Local Maxima and the Expected Euler Characteristic of Excursion Sets of x2, F and ¢
Fields,” Advances in Applied Probability, 26(1), 1994, 13-42.

J. Zhao, R. Govindan and D. Estrin, “Computing Aggregates for Monitoring Wireless Sensor Net-
works,” in proceedings of IEEE Intl. Workshop on Sensor Network Protocols and Applications
(SNPA), 2003.

20



