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ABSTRACT!

Wireless ad hoc sensor networks have the advantage of spanning
a large geographical region and being able to collaboratively
detect and track non-local spatio-temporal events. This paper
presents a dual-space approach to event tracking and sensor
resource management in sensor networks. The dual-space
transformation maps a non-local phenomenon, e.g., the edge of a
half-plane shadow, to a single point in the dual space, and maps
locations of distributed sensor nodes to a set of lines that
partitions the dual space. The detection problem becomes finding
and tracking the cell that contains the point in the arrangement
defined by these lines. This mechanism can be effectively used
for power management of the sensor network — nodes that will
not be immediately visited by an event can be turned off to save
energy required for sensing, processing, and communication. The
approach has been successfully demonstrated on a laboratory
testbed built using the UC Berkeley motes sensors. An
implemented application of detecting and tracking light shadow
edges moving over a sensor field is described.
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1. INTRODUCTION

Wirelessly distributed, heterogeneous ad hoc sensor networks
are defined by several unique characteristics unparalleled to
those on conventional centralized sensor platforms. A wireless
sensor network can cover a large geographical region, and
hence can be used to detect and track multiple, simultaneous
events and support multiple active user queries. Because of its
dense spatial sampling and multi-aspect, multi-modality
sensing, the network can assemble information from spatially
diverse sources to improve signal/noise ratio. The redundancy
in the network can ensure a certain degree of robustness
against node failures. The network may be quickly deployed for
a particular application, and the ubiquity and low-cost nature of
the MEMS micro-sensors can potentially give users
unprecedented access to real-time situational information.

One of the key technologies to enable widespread use of ad hoc
sensor networks in commercial and military applications is
collaborative signal and information processing (CSIP) [7],
[8]. CSIP provides the data representation and control
mechanisms to allow sensor nodes in a network to
collaboratively process and store sensor information, respond to
external events, and report results. While the sensor data is
local to each node, the information content to be extracted from
the network is global and must be obtained through
collaboration among the nodes. For example, in a scenario of
tracking a chemical plume, each sensor only has limited
information such as whether certain chemical elements exist at
the sensing spot, whereas the global information such as the
shape of the plume and its motion need to be determined
collaboratively by many sensors. In addition, because of limited
node energy reserves (i.e., battery power), such processing and
communication must be achieved in an energy efficient way.

This paper addresses a key problem in supporting scalable
CSIP for sensor networks, the use of physical constraints to
dynamically define sensor collaboration regions. The
implication of this is twofold:

e  This capability enables a network to track non-local
spatio-temporal events or objects by aggregating
information from multiple nodes.

e It provides a principled mechanism to manage the
sensing, communication, and power usage within the
network, by using the physical constraints from the
sensor layout and a model of the physical event so as



to activate and control only those sensors that can
obtain information relevant to the task at hand.

As a surrogate for studying large-scale tracking problems, we
have developed a laboratory testbed of a 2-dimensional,
wirelessly connected sensor field using the Berkeley motes
sensors. We consider an edge detection and tracking problem for
a 2-D continuous shadow over the senor field. If the sensor array
is dense, then, locally, the edge of the shadow may be
approximated as a straight line segment. We develop a dual-
space representation to map the non-local line segment into a
local phenomenon in an appropriately parameterized
configuration space. We then show how motion constraints from
the target shape and dynamics can be exploited to activate only
those sensors relevant to the current configuration. The dual-
space algorithm has been implemented on the testbed of 16
motes and tested on tracking a moving half-plane shadow.

One important goal of this work is to study the effect of active
sensor management on the energy usage. Hence we have initially
focused on developing an efficient and practical dual-space
algorithm, while making simplifying assumptions on the shape of
the object being tracked, the signal processing of sensor events,
and the implementation of the algorithm on the testbed. Carrying
the result of tracking a half-plane shadow over to objects with
arbitrary  geometric shapes requires employing more
sophisticated modeling algorithms such as those commonly used
in computer vision, as discussed in the Discussion section. While
our implementation deals with the important problem of sensor
noise in detections, the paper will gloss over how we set up the
detection threshold in the experiment for space reasons. As an
initial implementation, the processing of sensor data is all
carried out centrally. A distributed implementation is currently
under the way. Despite these simplifying assumptions for the
initial implementation, our experiment has allowed us to assess
the impact of sensor management on the network energy use.

Activating only relevant sensor nodes has significant savings on
the energy use of a sensor network. Modern wireless sensor
hardware platforms usually have low-power mode, in which the
processor, sensors, and the wireless transmission circuits are put
into deep sleep to preserve power. Sensor nodes can be turned
back to active mode by receiving wakeup packets. For example,
in Berkeley MICA motes [3], one second of sleeping mode can
save enough power for sending more than 70 packets, or
performing 70K operations. In our experiment, we have observed
that only 28% sensors on the average are awake at any given
time, out of a total of 16 nodes.

In the remainder of the paper, we will describe the dual-space
representation and algorithm (Sections 2 and 3), present
experimental results from the testbed (Section 4), and discuss
possible extensions of the current work (Section 5).

2. DUAL-SPACE PRINCIPLE

The approach we take to estimate the edge of the shadow is
based on the dual space principle in computational geometry,
(see e.g. [1], [5]). In the following, we assume the shadow is a
half plane, bounded by a line. We exploit the fact that both a
sensor location and the location (line equation) of the edge
shadow can be described by two parameters.
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What does a dual-space representation buy us? The geometric
duality described below allows us to map a seemingly non-local
phenomenon (the position of the shadow edge), into a local
attribute in the dual space. This allows the sensor nodes to be
ordered according to how “close” they are relative to the
frontier of the object motion and simplifies the sensor
activation procedure. If the sensor activation algorithm were
implemented in the primal space, without using the dual-space
transformation, each sensor node will have to reason about its
distance to the object edge relative to other sensor nodes and
the motion of the object, a fairly complex geometric problem to
solve.

2.1 Dual-Space Transformation

Let us consider a line in a 2-dimensional space (called the
primal space): y = «-x+ 3, which is uniquely defined by two
parameters « and . To represent this line through this pair
of parameters, we can simply use the point (-«, /) in another

2—dimensional space (called the dual space) *. Similarly, a
point in the primal space (a,b) uniquely defines a line in the

dual space: @ =a-0+b. This 1-to-1 mapping, as shown in

Figure 1, is one form of dual-space transformation’.

primal space dual space

T ¢p=a-0+b
e, b)
e (ap

X
y=a-x+pf

Figure 1. The mapping between the primal space and the
dual space.

This dual-space transform has several useful properties, which
follow immediately from the definition:

e If, in the primal space, a point (a,b) is on a line
y=a-x+f, then, in the dual space, the
corresponding line @ =a-0+b goes through the
corresponding point (—«, /), and vise versa.

e If, in the primal space, a point (a,b) is above a line
y=a-x+f, 1e, b>a-a+f, then in the dual
space, the corresponding line ¢ =a-0+b is above
the corresponding point (-, ), 1e. f<-a-a+b.
Similar results hold for the below relation.

e If in the primal space, a line y = - x+ 8 performs a
continuous motion, including rotation and translation,
the corresponding point (-«,f) performs a
continuous motion in the dual space.

2 We use —ainstead of «in the dual space so that the
properties are easy to derive later on.
3Tt is also called Hough Transformation in some literatures.



Now, consider a set of points {Py, ..., P4} and one line L, in the
primal space, as shown in Figure 2, whose corresponding dual-
space representations, {pi, ..., ps} and I, are shown in Figure 5.

primal space

Pya,, b,)
°
e P(a,b)

Py(a,, by)o e P(a, b,

X

Liy=a-x+p

Figure 2. A set of points and a line in the primal space.
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Figure 3. The dual space representation of the points and
the line in Figure 2.

In Figure 3, the lines {pi, ..., ps} define a line arrangement that
partitions the dual space into a set of convex polygons, called
cells [1], [5]. The boundaries of these cells are line segments
lying on the lines {pi, ..., ps}. Obviously, some cells are
bounded, while others extend to infinity. The dual of a primal
line L is a point / that must be contained in one of the cells (in
this example, the shaded cell in Figure 3), unless it is on a cell
boundary. Let us use /< p to indicate that the point / is below

the line p in the dual space; then, the shaded cell in Figure 3
contains all points / satisfying:

I>p,

I<p,. (D

1< p,
When the line L in the primal space moves, / moves in the dual
space. As long as L does not rotate across the vertical direction
or intersect any point in the primal space, [ will stay in the cell
defined by (1) in the dual space. Furthermore, in the dual space,
[ can enter other cells only if it crosses one of the cell
boundaries, including, conceptually, a boundary at infinity. In
particular, as shown in Figure 3, / cannot intersect p4, before it
crosses one of the current cell boundaries. This observation is the
key for our power management scheme: if {P, ..., P4} are the
positions of four sensors and L is the boundary of the half plane
shadow, then P, can be turned off as long as none of P;, P, and
P; senses a transition.
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2.2 Line Arrangements

The arrangement of lines in the dual space and the cells they
create can be computed by using the topological sweep
algorithm of Edelsbrunner and Guibas [2], as modified by
Rafalin, Souvaine and Streinu to deal with degeneracies [6].
The details of topological sweep algorithm are beyond the
scope of this paper; we only describe how the sweep results are
used.

A typical topological sweep algorithm computes the segments
created by the intersections of the set of lines, and their relative
locations in terms of adjacency and direction. For example,
Figure 4 shows a subset of the line arrangement. Segment A is
on line p; and is uniquely defined by the intersection of A and
B (or C), and the intersection of A and D (or E). Furthermore,
the relative locations of A with its adjacent cells can be given
by:

B is on the left up of A,

C is on the left down of A,

D is on the right up of A; and

E is on the right down of A.

Of course, if a segment extends to infinity, such as G and H
among many others in Figure 4, then two of these four adjacent
segments may not exist. Also note that the adjacent segments at
the same endpoint may not belong to the same line. This may
happen when multiple lines intersect at the same point. Given
these relations, the cells that have the segment A as their
boundary can be determined by “walking” through the
relations. For example, the cell that is above A must have A’s
left-up segment (B) and right-up segment (D) on its boundary,
and so on.

P, P3

Figure 4. A subset of the line arrangement.

Thus, for an arrangement of lines, we can use the following
data structure to efficiently store the segments:
Segment = { id;

Line; left end; right end;

left-up segment;

left-down segment;

right-up segment;

right-down segment;

}

A table of all these segments in the plane gives sufficient
information to construct all the cells and their relative
locations.



3. HALF-PLANE SHADOW LOCATING

AND SENSOR MANAGEMENT

Assume that the shadow is a half plane. By using the dual space
transform, we can easily determine the set of sensors at the
“frontier”, i.e., the ones that may detect a transition next. We use
light sensors to facilitate the discussion in this section.
Obviously, the mechanism applies to any sensors that give binary
readings.

Let 0 represent a dark reading at a sensor, and 1 represent a light
reading. Then at any time, the sensor field gives a vector of
readings consists 0°s and 1’s. The goal is to identify the set of
sensors that the shadow may cross next, and thus estimate the
edge of the shadow and turn off the nodes that are irrelevant at
this time.

Using the dual space transform, each sensor defines a line in the
dual space, and the edge of the shadow is a point. Thus, the
problem is converted to determining the cells that are consistent
with current sensor reading; these are the cells that may contain
the dual of the shadow edge. The sensors corresponding to the
boundaries of the cell are the sensors at the “frontier,” so other
nodes can be safely turned off. In addition, the corners of the
cell, corresponding to several lines in the primal space, define
the extreme positions that the edge of the shadow could be.

Note that the constraints in the dual space are in forms of above
and below relations. For the same vector of sensor reading, there
may be two possible answers for the location of the shadow; 1.e.
the shadow is above is boundary or the shadow is below its
boundary. For example, the two shadow locations, shown in
Figure 5 (a) and (b), yield the same sensor readings, [0, 1, 1, 1]

on {Py, ..., Ps}. However, the constraints are different:
e In(a), the constraints are:
I>py 1<py:
_ )
I<py, [<Py.
e In (b) the constraints are:
I<py I>py:
_ 3)
I>py; [>Py
y Y I
/ ¢} PZ o P2
o p4 o P4

y/ x
@ (b)

Figure 5. Two different configurations that yield the same
sensor reading.

Moreover, in the dual space, situations in Figure 5 (a) and (b)
have different representations. The representation of (a) is
exactly the same as in Figure 3, while the representation of (b) is
illustrated in Figure 6.
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/ 4 \ 0
P
Figure 6. The dual space representation for the situation
shown in Figure 5 (b).

In general, the sensors that contribute to the boundaries of the
cells in the two situations may not be the same, and both of
them should be taken care of. The algorithm that finds the cells
is similar to linear programming:

First, assume that the shadow is below its boundary L, then a 0
reading at sensor P; indicates a constraint:

1> Di,
and an 1 reading at sensor P; indicates a constraint:

1< Dj-
Next, solve the set of all inequality constraints to find a point at
the cell boundary (in fact, a corner of the cell). This can be
done through standard linear programming techniques. Finally,
the cell can be found by walking along the boundaries of the
cell following the constraints and the line arrangements
structure. A similar process can be applied for the case when
the shadow is above L, after flipping all constraints. Of course,
sometimes, only one of the two cases yields a solution, i.e. only
one cell satisfies all constraints.

The method described above is static, and could be applied
without knowing the history of the motion of the shadow.
However, if we take advantage of the fact that the motion of a
shadow is continuous, so that the dual of its edge can only
move from one cell to an adjacent cell, then the linear
programming part of the computation does not have to be
performed after the algorithm is started. For example, if the
cell {B, A, D} in Figure 4 contained the dual of the shadow
edge, and sensor p; just flipped its reading, then it is clear that
{C, A, E} is the new cell. We can immediately “walk™ out the
cell by starting at the intersection of A and B (or C), flipping
the constraint on line p;, and keeping all other constraints
unchanged.

Note again that only those sensors corresponding to lines
bounding the cell(s) that may contain / need be kept active: one
of these sensors must detect an event before any other sensor in
the field can. By tracking the dual cell containing /, we are
effectively tracking this active subset of the sensors.
Furthermore, in any line arrangement the expected number of
lines bounding an ‘average’ cell is at most four [1] (in the
model where all cells are equally likely), independent of the
overall number of sensors present. Thus we can expect the
number of sensors that need to be active at any one time to be
very small. In a large sensor field this may lead to substantial
energy savings over time.



4. EXPERIMENT

We have built an experiment testbed to validate the shadow
tracking algorithms and to demonstrate the benefits of sensor
power management using a network of “motes” with light
Sensors.

4.1 Rene Motes

Motes [3] are designed at UC Berkeley to advance the
understanding of system issues in wireless networked sensors.
Figure 7 shows a Rene mote (one mote design) that we used in
our experiment. The CPU on a Rene mote is an 8-bit Atmel
AT90LS8535 processor running at 4 MHz. Software can be
programmed on to 8Kbytes of flash memory on board. Each mote
has four programmable power output pins and seven multiplexed
10-bit Analog-to-Digital converter input pins. One of the A/D
channels is connected to a light sensor. The software on motes is
developed using TinyOS [3], a small footprint event-driven
operating system. The sensor readings are triggered by a timer of
64 Hz. RF communications between motes is carried on the 916
MHz band. Data is passed in a 30-byte packet at up to 10K bits
per second.

Our first-cut implementation takes a centralized approach to
dual-space computation. In our experiment, motes are considered
locally collaborative. A mote configured as a master collects data
from each soldier mote. The soldier motes are configured to
broadcast their readings, whenever they detect a significant
change in light level. In this small area experiment, the master
mote can hear directly from every soldier. However, network
routing approaches such as directed diffusion [4] may be used for
larger-scale testbed. Except for the mote ID, which is used to
identify sensor information during the computation, all soldier
motes run an identical program. The master mote serves as a
base station for the soldier motes and is connected to a PC for
processing needs. In the current implementation, all dual-space-
based computations are processed and displayed on a PC.

AN ]

o) \ \\
Figure 7. A picture of Berkeley wireless sensor platform,
known as a mote. The processor, as well as the RF module, is
soldered on the lower board; the upper sensor board allows
for additional sensor circuitry. A photodiode is provided
onboard and is housed inside a collimator in our experiment.
The black cylinder at the corner is the antenna.

4.2 Sensor Field Board

The experiment is performed on a vertical 6 foot by 6 foot board
to allow an overhead viewgraph projector to illuminate the entire
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platform. Sixteen motes are mounted on the board at
randomized, pre-determined cross-points on a 3.5-inch grid.
Figure 8 shows the photograph of the board and the motes,
which are numbered from 1 to 16 to facilitate the explanation
of how the experiment is performed, mounted on a
geographical map.

Although the shadow can enter and leave the sensor field from
any direction, without loss of generality, a case will be shown
where the shadow comes down from the top left corner.

Shadow covering
Mote 16 only

=10

Shadow covering
Mote 6 and above

72 inches

Figure 8. The layout of 16 motes on a vertical board.

4.3 Experiment

Before the shadow appears, all of the motes are being
illuminated and the shadow can arrive from any direction.
Therefore, all the motes on the convex hull are “on-guard” and
are depicted as darker nodes in the screen shot in Figure 9. The
lines that connect these nodes are the possible extreme
positions of the shadow; the shadow itself must be out of that
boundary.

[(orime space | dual space

Figure 9. The screenshot when no sensor node is covered by
the shadow. The “darker” sensors linked by the lines at the
boundary are the sensors on-guard.



Figure 10 shows the screen shot of the dual space representation
for the configuration in Figure 9. All possible half-plane lines
lying outside the mote perimeter are conceptually points inside
the top and bottom troughs outlined in bold. These two cells in
the dual space indicate that both “above” and “below”
assumptions yield a valid solution. In fact, in the primal space,
the shadow can come from either above or below.

As the shadow moves down to cover mote 16, the mote will
detect a change in illumination level and therefore sends out a
RF packet to the master mote. The states of the motes are
updated as shown in Figure 11. Mote 16 is marked with a big
black dot to identify in the GUI as overcast. Four other motes are
marked in dark gray, meaning that they are possibly the next
ones to be visited by the shadow. The lines connecting the dark
gray motes depict position and orientation of the edge of the
shadow. In other words, the shadow’s edge must lie within the
bounds of all the five lines shown in Figure 11. The
corresponding dual space representation of the shadow’s edge is
bounded within the cell (not completely shown) marked by bold
lines in Figure 12. Note that the “below” cell in Figure 10 is no
longer valid, indicating that the “below” assumption yields no
solution.

prime space |(dual space

Figure 10. The screenshot of dual space representation when
no sensor node is covered.

(orime space | uaisgacel

Figure 11. Mote 16 is covered by the shadow. Motes 16, 15,
14, 13, and 5 are the now frontiers for detection.
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(itme snace | dual space

Figure 12. Dual space representation of shadow covering
mote 16 only.

As the shadow moves further down, more motes are being
covered. The dual space representation moves from one cell to
an adjacent cell. In each step, the boundary line it crosses
corresponds exactly to the mote that is just covered. Figure 13
shows the primal space when all motes with ID greater than 6
are covered. At this time, motes that are far behind of the
shadow frontier can also be turned oft. The half-plane hence
lays within the lines formed amongst motes 4, 5, 6, and 7.
Figure 14 shows the corresponding dual space location of the
shadow’s edge. When the shadow covers every mote on the
board, the shadow’s edge position is undetectable by this set of
motes, and the representation resembles that of Figure 9 again.

Figure 13. Motes with ID bigger than 6 are covered by the
shadow.
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Figure 14: Cell outlined in bold indicates the location of the

shadow after it covers mote 6. Numbering of the lines refers

to the corresponding mote number. The range of this figure
is the box indicates by the zoom-in area in Figures 12.

Figure 15 summarizes all the cells the shadow has traversed in
the dual space after the shadow has covered the last mote. Since
the shadow’s motion in this example is mainly a translation from
top to bottom without too much rotation, the footprint of the edge
in the dual space moves vertically downwards to indicate that
there has been mainly a change in the y-intercept but the slope of
the half-plane remains largely unchanged. Given a trace like in
Figure 15, it is possible to reconstruct the trajectory of the
shadow in some optimal means, say with minimal rotation, so
that the reconstructed trajectory produces the same sensor
readings (i.e. crossing the same cell boundaries) as the original
shadow.
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12 10 154 71 528 6 1613

Figure 15. The trace of the shadow, in terms of the cells that
it’s edge has traversed in the dual space.

In the dual space, the 16 lines create a total of 102 cells, which
cover all possible positions of the shadow edge. The number of
boundaries for each cell indicates the number of nodes that need
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to be activated when the dual of the shadow edge falls in that
cell. Figure 16 shows the distribution of this number for all 102
possibilities. In almost all cases (>97%), only 3 to 5 out of the
16 nodes need to be active at the same time. Figure 17 shows
the number of active motes during the previous experiment. On
average, less than 30% motes are active. The rest can be put
into sleep to preserve power.

7
sl

number of active nodes
o

cases

Figure 16. The number of active nodes in the 16 mote
configuration.

%
50

40 -

20 4 =

O T T T T T T T T T T T T T T T 1
123 4567 8 910111213141516

steps

Figure 17. The percentage of active motes during the
experiment.

5. DISCUSSION

Based on the ideas of the dual-space transform and half-plane
shadow detection, ongoing work continues on developing
distributed detection algorithms and the tracking of shadows of
arbitrary shape.

5.1 Distributed Detection

In the current implementation, all dual-space transforms and
boundary detections are computed centrally on a PC. This is
not completely unrealistic, considering that 1) the
computational power, in terms of both speed and memory size,
on the motes is very limited, and 2) it is reasonable to have a
heterogeneous sensor network that consists of a few powerful
nodes together with numerous less powerful and cheaper
sensors such as the motes. However, it is also interesting to
develop distributed algorithms so that homogeneous mote nets
may work autonomously.

There are several possibilities for distributed algorithms,
depending on the goal of the application. First, note that, for a
finite number of sensors in the field, there are only a finite
(although quadratic) number of sensor-reading configurations.



We may use a group of, say 16, sensor nodes as a cluster and pre-
compute all the cell arrangements into a table and store it on the
sensor nodes. These clusters can then serve as tiles in a large
scale system. Within a cluster, turning oft and waking up sensor
nodes becomes a simple table lookup. A higher-level system can
then connect the edge estimates from each cluster to form the
global shape. An alternate is to have each mote only know those
dual space cells that are incident on the line representing it.
These cells correspond to the concept of the zone [1] of a line in
a line arrangement, and it is known that the storage required will
only be linear in the total number of lines (motes). A third
alternate is to perform the dual computation on-line. A simple
approach 1s for each node to compute its own constraints
intersecting with a partial result, which is passed from mote to
mote. For example, the first mote computes a half plane, and
passes the information to the second mote. Then the second mote
adds in its own constraint and obtains a wedge, and so on. After
passing through all the motes, a cell or two cells are found. This
process can be used to initialize the sensor field, or performed
occasionally to collaboratively diagnose sensor failures.

5.2 Edge Refinement Using Mobile Sensor
Network

The size of a cell in the dual space represents the “freedom” that
the edge of the shadow has in the primal space. The smaller the
cell is, the more accurate our estimate is of the edge of the
shadow. If we suppose that the sensor nodes actually have
mobility, then we can further refine the shadow detection
accuracy by moving the sensor nodes or adding more sensors.

Given a cell in the dual space that contains the edge of the
shadow, and assuming that the motion of the shadow is relatively
slow, one of the sensor nodes corresponding to one line segment
that forms the cell can move, so that the size of the cell shrinks.
In particular, we can optimally choose the sensor node and its
motion, so that the size of the cell is shrunk the fastest. When
this sensor changes its reading, we know that the edge of the
shadow is right on that node. Then, another sensor node can
move to further shrink the cell. If the second sensor changes
reading, then the edge of the shadow is the line that connects the
two sensors. We can easily control the motion of the second
sensor node in the dual space representation so that the second
node does not overlap with the first one.

5.3 Tracking More Complicated Shadows

More complicated shadow detection and tracking can be
achieved using half-plane detection as a building block. If the
density of sensors is large enough comparing to the size of the
shadow, then a (convex) shadow can be considered as the
intersection of several half-plane shadows. As shown in Figure
18, sensors surrounding the edges of the polygon shadow can be
dynamically clustered, and the same half-plane shadow detection
discussed previously can be applied for that cluster. The
intersection of these half planes will give the boundary of the
polygon shape. Of course, this detection is always an
approximation. For example, in Figure 18, the detected shape
may have four edges, while the original shadow has five.
Nevertheless, the detected shape will be consistent with sensor
readings.
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cluster2
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Figure 18. Detecting convex shadows through sensor node
clustering.

6. CONCLUSION

This paper presents a shadow edge detection and power
management scheme in sensor networks using a dual-space
transformation. The approach converts non-local phenomena
into localized representations and solves the problem in an
appropriate configuration space. A testbed of distributed motes
was implemented to demonstrate this approach. A fully
distributed detection of shadows of more complicated shapes is
under development.
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