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Abstract

This paper presents PipeProbe, a mobile sensor system for
determining the spatial topology of hidden water pipelines
behind walls. PipeProbe works by dropping a tiny wireless
sensor capsule into the source of the water pipelines. As the
PipeProbe capsule traverses the pipelines, it gathers and
transmits pressure and angular velocity readings. Through
spatio-temporal analysis on the sensor readings, our algo-
rithm locates all turning points in the pipelines and maps
their 3D spatial topology. We evaluated the PipeProbe sys-
tem by developing a prototype and using data collected in
our experimental testbed. Results show that the PipeProbe
system successfully located and estimated 90% of all pipe
tube lengths within 8-cm accuracy on average tube lengths
of 76 cm. PipeProbe also successfully located 90% of all
turning points within 15-cm accuracy on average length
paths of 335cm.

Categories and Subject Descriptors
C.3 [Special-Purpose and Application-Based Systems): Real-
time and Embedded Systems, Signal Processing Systems.

General Terms
Design, Experimentation, Performance.

Keywords
Wireless Sensor Networks, Mapping Water Pipeline, Sen-
sor Inference, Constraint Satisfaction.

1. Introduction

Houses are often equipped with an extensive water pipe-
line network distributing water to different water-using fix-
tures and appliances throughout the home, such as bathroom
toilets, kitchen faucets, garden sprinklers, washing machines,
etc. It is therefore unfortunate that plumbing is ranked as
one of the ten most frequently found problems in homes
[11]. Leaking pipes are one of the most common problems
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in plumbing [12], and hidden leaking pipes often cause ex-
tensive damage to floors, walls and belongings in a home.

The first step in fixing leaking pipes is to locate where
they are for further inspection. When leaking water pipes
are hidden inside walls and underneath floors, diagnosing
their location without direct inspection becomes very diffi-
cult, especially when the original diagram of the pipeline
layout is also missing. Searching for the pipeline locations
becomes guesswork and often requires a brute-force method,
such as knocking down walls and stripping floor coverings.
This problem created an opportunity for the development of
PipeProbe, a mobile sensing probe that is dropped into the
source of the water pipeline. During its traversal of pipeline,
the PipeProbe collects the sensor readings (i.e., pressure and
angular velocity) necessary for the reconstruction of the 3D
spatial topology of the traversed water pipeline. In compar-
ison to the traditional brute-force approach, the PipeProbe
system is a non-intrusive method of mapping and locating
indoor water pipelines that requires no alteration to the wa-
ter pipeline infrastructure. Since leaking often occurs at
places where two disjoint pipe tubes join together, mapping
locations of these pipeline turning points is especially im-
portant for inspection.

Three previous projects that applied wireless sensor
network technologies for monitoring water pipes include the
NAWMS project [2], the PIPENET project [1] and Hydro-
Sense [3]. The NAWMS project detected and located pipe
leaks by attaching vibration sensors to the pipe surface. Si-
milarly, the PIPENET project [1] monitored water flow and
detected leaks by attaching acoustic and vibration sensors to
large bulk-water pipelines and pressure sensors to normal
pipelines. HydroSense [3] employed a single endpoint sens-
ing solution in which the amount of water outflow from
each water outlet could be uniquely estimated by learning
and recognizing a pressure wave signature. In contrast to
these projects, the PipeProbe system adopts a mobile sens-
ing approach. It employs a tiny mobile sensor that travels
inside of the water pipeline infrastructure while remotely
performing on-the-spot data collection near possible prob-
lematic locations. Alvarado et al. [9] developed a robotic
fish under a foot long that closely mimics a real fish’s natu-
ral swimming motion. This robofish is equipped with sen-
sors to detect environmental pollutants. Its one-foot size is
considerably larger than that of our PipeProbe capsule, and
its motor requires a 2.5-5W external power source.



The three important contributions of this work are the
following:

. Rather than fixing sensing points in the utility infra-
structure, PipeProbe adopts a mobile sensing ap-
proach in which a mobile sensor travels and performs
on-the-spot data collection at different places.

. A novel localization method was developed to accu-
rately estimate the 3D spatial topology of the cap-
sule-traversed water pipelines from the pressure and
rotation graphs collected and computed by the Pipe-
Probe system. Experimental results from our testbed
showed that our mobile sensing approach produced a
high-precision 3D map of the pipeline with centime-
ter-level errors.

. Since the PipeProbe capsule is designed to model a
water droplet, its physical movement leverages the
force inside of the pipeline infrastructure for propul-
sion. This means that no motoring is necessary to
power its movement, which increases the PipeProbe
capsule’s energy-efficiency and allows it to operate
on only 15 mA of current. To illustrate, a tiny lithium
button cell battery can keep our PipeProbe capsule
operating for over 1 kilometer at a water flow rate of
15 centimeters per second.

The rest of this paper is organized as follows. Section 2
presents the design principles for PipeProbe’s mobile sens-
ing approach. Section 3 explains the design and implemen-
tation of PipeProbe’s sensing capsule and the process of
data collection. Section 4 details the PipeProbe’s system of
operation and how data processing is used to map the spatial
topology of the pipelines. Section 5 describes the experi-
mental testbed and scenarios. Section 6 presents the evalua-
tion’s results. Section 7 discussion limitations and their
possible solution. Section 8 reviews related work. Finally,
Section 9 concludes the study and suggests directions for
future studies.

2. Pipeline Profiling

Ideally, the PipeProbe system would be to clone a micro
sensing hydro molecule that flows along the pipeline, like
the myriad other hydro molecules in the fluid system, and
observe the wall-embedded pipelines from within. The cur-
rent PipeProbe prototype is made of a tiny wireless sensor
node packaged in a water-proof spherical shell measuring 4
centimeters in diameter. PipeProbe works in two stages: (1)
data collection stage, and (2) data analysis stage. In the
data collection stage, the PipeProbe capsule traverses a wa-
ter pipeline and collects data from the pressure and gyros-
cope sensors; in the data analysis stage, our system analyzes
the sensor readings and derives the 3D spatial topology of
the traversed water pipeline.

PipeProbe operates as follows. First, the capsule is
dropped into the main water inlet of a home or building.
When an outlet (i.e., a faucet) is opened, the force of the
resulting water flow pushes the capsule through different
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possible paths for the connected water pipes. While the
capsule is flowing inside the water pipelines, it logs the
sensed pressure and angular velocity data to an EEPROM.
A radio within the PipeProbe capsule transmits the sensor
data buffered in the EEPROM to a PC-connected base sta-
tion. Alternatively, when the PipeProbe capsule flows out of
a water outlet, users can manually transfer sensor data from
the capsule’s EEPROM to a PC. Finally, the data analysis
part of the PipeProbe system computes and maps the 3D
spatial topology of the hidden water pipeline.

During the data collection stage, if the PipeProbe cap-
sule flows out of a water outlet, it can be reinserted into the
water inlet and reused for additional data collection. Mul-
tiple trips enable the discovery of diverse pipeline branches,
which are used for producing the full map. In addition, mul-
tiple measurements over the same flow path can be utilized
to filter out noise in the data and enhance the accuracy of the
3D spatial topology reconstruction.

2.1 Vertical Movement

The water pressure sensor is based on the Pressure Prin-
ciple, which states that static pressure at any sensing point in
a confined liquid is produced by the weight of the liquid
above that point. In other words, this pressure depends only
on the height of the liquid above that sensing point and the
liquid density. If a liquid is confined in a tank, the pressure
at any sensing point in the tank is given by:

P = pgh (1)

where P is the pressure, p is the density of the liquid (in
our case, water), g is the acceleration due to gravity and h
is the height of the sensing point. With constant gravity and
density, pressure is proportional to the height of the sensing
point.

Based on the Pressure Principle, the movement on the
vertical plane of a pressure-sensing capsule can be estimated
from the pressure difference between two sensing points.
Consider a vertical pipe with length L, the difference in
pressure readings between the top and bottom of the vertical
pipe is 4P. From equation (1), the pressure difference is

AP = pgAh (2)

Since 4h is the length of the vertical pipe, L can be de-

rived as follows
L= 4P/pg (3)
2.2 Horizontal Movement

Since a capsule detects no pressure difference while
traveling on a horizontal plane, the Pressure Principle is
only applicable to determining the capsule’s traversal time
on a vertical plane. Another approach based on angular ve-
locity from a gyroscope sensor is used to estimate the cap-
sule’s movement direction on a horizontal plane. Combining
both length and direction of horizontal movement gives the
full 2D horizontal mapping. We will first describe how to



determine a pipe’s horizontal length from the capsule’s tra-
versal time on a horizontal plane, and then how to locate the
horizontal turning points from the capsule’s angular or rota-
tion velocity.

To determine the length of a horizontal tube (h-tube), the
sensor is cased in a spherical shell and its density (i.e.,
weight over volume) is adjusted so that it equals the water’s
density. This allows the capsule to flow through the pipes as
if it were part of the fluid system. As a result, the estimated

water flow velocity approximates the capsule’s own velocity.

This allows us to measure the duration that the pressure
sensor’s readings remain constant, giving us the length of
the corresponding horizontal pipe (L) which is estimated by
multiplying the capsule’s flow velocity (v) by the flow time
®).
L=v*t (4)

For this calculation to work, we make the assumption
that the diameter of the pipes is uniform; thus, water flow
velocity in the horizontal plane is constant across all con-
necting pipes. To derive the water flow velocity, one can fix
the valve at the water’s inlet and then divide the amount of
water entering the inlet and the area size of the pipe’s intake
surface. Since home water pipes come in several selected
sizes [10], our future work will discuss how to relax this
assumption using additional sensors on the PipeProbe cap-
sule.

To locate a pipe’s horizontal turning points, a gyroscope
on the PipeProbe capsule measures its angular velocity. By
integrating angular velocity into the rotation angle, the Pi-
peProbe system distinguishes when the capsule makes a left
horizontal turn, i.e., with the positive 90-degree rotation
angle, from a left horizontal turn, i.e., with a negative
90-degree rotation angle.

3. Data Collection

The PipeProbe capsule was prototyped with the Eco
wireless sensor mote [4]. The Eco mote is an ultra-compact
and low power wireless sensor node. It measures only 13
mm (L) x 11 mm (W) x 7 mm (H) and weighs 3 grams (in-
cluding battery). It consumes less than 10 mA in transmis-
sion mode (0 dBm) and 22 mA in receiving mode. Its
maximum data rate and RF range are 1Mbps and 10 meters,
respectively. The Eco’s small form factor and low power
consumption make it ideal for our PipeProbe capsule which
requires a tiny size to allow it to flow freely inside a water
pipeline. The Eco mote has a flexible-PCB type expansion
port that has 16 pins. This expansion port includes two digi-
tal I/O pins, two analog input lines, serial peripheral inter-
face (SPI), RS232, and voltage inputs for a regulator and
battery charging. The Intersema MS5541C pressure sensor
[13] is wired to the Eco mote via the SPI protocol.
MS5541C measures a pressure range from 0 to 14 bars with
a resolution of 1.2 mbars. Given less than 5 uA operating
current the MS5541C enables the Eco mote to sample fre-
quently without drawing too much battery power. The
MS5541C requires an oscillator at the frequency of 32.768
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kHz for sensor ADC. To fulfill that requirement a
SG3030JC was chosen for the external oscillator. The pres-
sure sensor samples the water pressure at a peak rate of 33
Hz. Figure 1 shows the components in the PipeProbe cap-
sule.

After the pressure sensor and oscillator were integrated
with the Eco mote, they were enclosed with a waterproof
plastic casing. The pressure sensor is exposed outside of the
casing to maintain contact with the water. This packaging
went through 4 iterations of design. The first prototype
(Figure 2) used a cylindrical casing. However, the cylinder
shape (which has non-uniform surfaces from different pers-
pectives) proved problematic, incurring varying moving
velocities as the capsule tumbled through the pipes. In the
2™ jteration we changed the case to a spherical shape to
solve this problem.

The next problem that we discovered was the weight of
the capsule. The electronics and the case were too light. The
density difference between the capsule and water resulted in
a constantly floating capsule, whose traveling velocity was
particularly unstable. The 2™ prototype failed to behave like
a water droplet, i.e., travels at the same velocity as the cur-
rent. Thus, a counterweight was added to the third prototype
so that while the capsule is sitting still in the water it will
neither float to the surface nor sink to the bottom. Given the
target density at 1g/cm’, the ideal weight was 33.51 grams
for a 2-cm radius sphere.

However, the 3™ prototype still required some modifica-
tions, as indicated by significant variations in the pressure
readings. This was due to the fact that the pressure sensor
may turn arbitrarily as the capsule rotated through the pipe-
lines. To minimize the jitter in the pressure sensor readings,
the 4™ prototype (Figure 3) fixed the counterweight to the
bottom hemisphere of the capsule. This design minimized
the amount of flipping rotation on the capsule around the
z-axis. The idea is like a roly-poly toy, or a tumbler, which
has a heavier hemisphere below its center. When the tumb-
ler is pushed down, it quickly rights itself. Simple tests con-
firmed that creating a heavier hemisphere in the capsule
significantly reduced the amount of flipping rotation and
stabilized the pressure sensor’s readings.

Figure 4 shows our 5" and final prototype, which incor-
porated a gyroscope module (Figure 1(f)) for detecting ho-
rizontal turns, thus giving it 3D pipeline mapping capability.
The gyroscope module is the STMicroelectronics LI-
SY300AL chip [6], which measures the rotational motion
along the yaw (z) axis with a £300°/s range and outputs an
analog voltage. The gyroscope module is fixed precisely at
the top of one of the capsule’s hemispheres such that the
gyroscope lays flat on the horizontal plane in order to obtain
an accurate z-axis measurement. Furthermore, the final pro-
totype has a tail-like fin whose function is to further stabil-
ize the capsule’s movement on the horizontal plane and to
re-align the capsule’s heading in the presence of turbulent
water flow within the pipeline.



s
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(b)

Figure 1. The PipeProbe capsule and its parts: (a) waterproof
plastic casing, (b) hemisphere used to stabilize flow velocity, (c)
Eco mote, (d) a pressure sensor, (e) an oscillator, (f) a gyroscope
sensor, and (g) counter weight.

Figure 4. The final capsule prototype.

4. Data Processing

Figure 5 shows four steps in the analysis of the collected
data from PipeProbe capsule. (1) A median filter is applied
to smooth out and remove noises from the pressure
time-series data. (2) Turn detection performs a spa-
tial-temporal analysis on the pressure and gyroscope
time-series data to detect all vertical and horizontal turning
points on the flow path of the PipeProbe capsule. (3) Since
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‘ Capsule data collection ‘

Raw pressure graph

‘ (1) Median filter ‘

Smoothed pressure graph

‘ (2) Turn detection ‘

Pipe segment lengths & turning
points

‘ (3) Layout mapping ‘

Multiple spatial topologies

‘ (4) Ambiguity elimination ‘

l Spatial topologies
Figure 5. Data Analysis

the sensor data alone cannot determine the precise location
of all turns, Layout mapping solves for unknown coordi-
nates of these turns by modeling it as a constraint satisfac-
tion problem in which the constraint specifies that the coor-
dinates of these intermediate turns must fall on a path be-
tween the known coordinates of the inlet and outlet. Addi-
tionally, repeated measurements from multiple mapping
trips are aggregated to remove noisy outliers and enable
more accurate reconstruction of the 3D spatial topology of
pipelines. (4) Solving the constraint satisfaction problem
may generate multiple topological solutions. To find the
correct spatial topology, the PipeProbe system first uses the
spatial constraints within a home’s walls to eliminate un-
reachable placements whose topologies do not fit within the
confined spaces of the walls. Furthermore, beacon listeners
are placed on walls that have the remaining ambiguity paths
if needed. The listener on the wall which has the correct
path where the PipeProbe capsule actually flows by would
measure the highest received packet rate. These four steps
are elaborated below.

4.1 Median Filter on Pressure Reading

Median filtering is a common technique for removing
noises in image processing, and is applied here to smooth
the pressure signal. We first divide the pressure signal into
windows of ten pressure samples. The median of the pres-
sure values is computed within each window. The medians
form the skeleton of the smoothed signal. The true pressure
signal is very likely segment-wise linear. Thus, we recon-
struct the intermediate data points of the smoothed signal by
linear interpolation of the consecutive medians. To illustrate,
Figure 6 shows a raw pressure signal where x-axis
represents the time the pressure sensor is sampled and the
y-axis depicts the pressure reading at the time. Applying the
median filter produces a smooth pressure signal in Figure 7.
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Figure 6. A raw pressure signal before applying the median filter.
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Figure 7. A smoothed pressure signal after applying the median
filter.
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Figure 8. Three types of turns detected by the PipeProbe system.
(a)(b) contain two h-v-turns where a pipeline turns from a hori-
zontal plane to a vertical plane and the vertical turning angle is
restricted to 90-degree upward or downward. (c) shows a v-h-turn
where a pipeline turns from a vertical plane to a horizontal plane
and the horizontal turning angle has unrestricted freedom from 1
to 360-degrees. (d) gives an h-h-turn where a pipeline turns and
stays on the same horizontal plane and the horizontal turning
angle is restricted to right or left 90-degree.
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4.2 Turn Detection

A water distribution pipeline infrastructure consists of
multiple rigid tubes and joints (i.e., turning points). Section
2 described the general approach to determine tube length.
Here, we define target types of turning points in the Pipe-
Probe system and describe the corresponding turn detection
algorithms.

The PipeProbe system detects three types of turning
points in the pipeline infrastructure:

. h-v-turn(t, p, 6,) or horizontal-to-vertical turn: Figure
8(a)(b) contain two examples of horizontal tubes
making an @, vertical turn either upward or downward
along the z-axis. At this vertical turning point, Pipe-
Probe measures the pressure reading p at time 7. 6, is
restricted to be either a negative 90-degree depression
angle or a positive 90-degree elevation angle, i.e., 6,
={-90°, 90°}. From consultation with a master
plumber, this 90-degree vertical turning restriction
follows the conventional residential pipeline layout
guide. This convention is also consistent with the
example piping layouts recommended by PPFA [10]
for four most common house types.

. v-h-turn(t, p, 0,,) or vertical-to-horizontal turn: Figure

8(c) shows an example of a vertical tube making an
0,y horizontal turn. At this horizontal turn, PipeProbe
measures the pressure reading of p at time ¢. 6,, has an
unrestricted 360-degree freedom on the horizontal
plane, i.e., 6,,={1° .., 360°}.

. h-h-turn(t, 6,,) or horizontal-to-horizontal turn: Figure

8(d) shows an example of a horizontal tube making an
0,y horizontal turn at time ¢. 0,, is restricted to be ei-
ther a positive 90-degree left angle or a negative
90-degree right angle, i.e., 6, ={90°, -90°}. Since
90-degree pipe joints are the most commonly found
(or only available) joints in water pipeline supply
stores, this work focuses on mapping pipelines that
make 90-degree turns.

We developed v-turn and h-turn detection algorithms to
identify and locate the above three turn types. The v-turn
detection algorithm locates (1) v-h-turns and (2) h-v-turns
by analyzing the change in pressure readings. The h-turn
detection algorithm identifies (3) h-h-turns by processing
and integrating angular velocities from a gyroscope to give
the pipe’s horizontal rotation. The following subsections
describe the details of these two turn detection algorithms.

4.2.1 V-Turn Detection

The v-turn detection algorithm locates v-h-turns and
h-v-turns from the smoothed pressure signals obtained in the
previous step. At the same time, it also computes lengths of
the pipe tubes and directions of turns. When the capsule is
moving vertically, the pressure increases or decreases li-
nearly over the distance traveled. In contrast, when the cap-
sule is moving horizontally, the pressure level stays constant
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Figure 9. This example demonstrates how the v-turn detection
algorithm works. (a) shows an example pipeline structure (only
the red part) containing two h-v-turns and one v-h turn. (b)
gives the corresponding pressure graph collected by the Pipe-
Probe capsule.

regardless of the distance traveled. In fact, (1) each turning
point on the pressure graph marks a v-turn in the physical
pipeline topology. (2) Distance traveled between two adja-
cent v-turns is the length of a vertical tube (v-tube). These
two mapping rules are explained in detail as follows.

H-v-turns, v-h-turns and their connected tubes are often
hidden behind a vertical 2D wall space. Changes in the
pressure signal occur while the PipeProbe capsule is tra-
versing an h-v-turn or a v-h-turn. Figure 9(a) shows a pipe-
line structure, i.e., the red flow path, containing a downward
h-v-turn, followed by a v-h-turn and another downward
h-v-turn. Figure 9(b) illustrates the collected pressure graph
during the capsule’s traversal of this pipeline structure. The
pressure graph shows a steady rise of pressure readings after
the capsule completes its first downward h-v-turn, i.e., turn-
ing from horizontal movement (constant pressure) to
downward movement (increasing pressure). The rise in
pressure readings comes to a halt after the capsule makes a
v-h-turn, i.e., turning from downward movement (increasing
pressure) to horizontal movement (constant pressure). Fi-
nally, the pipeline structure makes a downward h-v-turn, i.e.,
turning from horizontal movement (constant pressure) to
downward movement (increasing pressure). By recognizing
different pressure changing shapes in the pressure graph, the
v-turn detection algorithm locates not only these turning
points but also the upward/downward direction of v-h-turns
and h-v-turns.
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Figure 10. The green line segments depict the resulting linear
fit from the best combination of the candidate turning points.

The v-turn detection algorithm takes the following two
steps. (1) Compute the derivatives from the smoothed pres-
sure graph using a sliding window. The horizontal path cor-
responds to the derivative of the smoothed data equal to
zero, and the derivative of the vertical path may be either
larger or smaller than zero depending on the direction of the
vertical path. (2) After segmenting the horizontal and ver-
tical paths and identifying the direction of vertical move-
ment, we then try to pinpoint the exact turning point at the
intersection of the zero and non-zero derivative segments.

There are a number of candidate points for the intersec-
tions. A simple solution is to identify the data point where
the change of the derivatives is the highest. This, however,
is sensitive to pressure sensing noise. To minimize estima-
tion error, we define a set of candidate points for each inter-
section. When the derivative shows a vertical-horizontal
movement, we include the data point that gives the largest
derivative change and the four preceding data points in the
candidate set. When the derivative shows a horizon-
tal-vertical movement, we include the largest change point,
as well as the four subsequent data points. Experiments re-
vealed that a window size of 5 samples provided the best
result.

There are K candidate sets for K intersections. Each in-
tersection is an h-v-turn or a v-h-turn in the physical pipe-
lines. Having 5 data points in each candidate set, there are
5% combinations to search for the best solution. For each
combination, we derive the best linear fit by regression for
each of the segments. By testing all combinations and com-
puting the mean square error of the individual data points
for the best linear fit, we can identify the combination such
that the sum of the mean square error over all segments is
the minimum. Figure 10 shows the turn detection results
from Figure 9(b).

Here we show an example of the v-turn detection algo-
rithm detecting the blue-colored pipe segment in Figure 9.
First, the turning point notation in Section 4.2 is used to
specify sensor data collected on the two turning points:
h-v-turn, and v-h-turn;. For example, h-v-turny(8.27 sec,
1,012 mbar, -90°) means that the PipeProbe capsule sensed
a pressure reading of 1,012 bar at the time point 8.27



seconds with an inferred turning angle of -90° from the
changes in the pressure signals.

h-v-turny(8.27 sec, 1,012 mbar, -90°)
— v-h-turny(11.46 sec, 1,046 mbar, 0,,3)

Applying equation (3) gives the length of the blue v-tube
between h-v-turn, and v-h-turn;. That is, the 34 mbar pres-
sure difference (1,046 mbar — 1,012 mbar) between the two
turning points approximates to 40.34 cm drop in vertical
height. Therefore, the corresponding v-tube is denoted as
follows:

h-v-turny(-90°) — v-tubey(40.34 cm) — v-h-turny(0,3)
4.2.2 H-Turn Detection

The h-turn detection algorithm locates h-h-turns and
their horizontal turning angles (6,,) from pressure and gy-
roscope sensor readings. H-h-turns and their connected
tubes are often hidden under floors and above dropped ceil-
ings. Since 90-degree pipe joints are the most commonly
found (or the only available) joints in water pipeline supply
stores, the h-turn detection algorithm focuses on detecting
90-degree right and left h-h-turns, i.e., 8,,= {90° -90°}. The
h-turn algorithm takes the following three steps: (1) identi-
fying horizontal tubes, (2) applying a threshold-based filter
to remove noises in the angular velocity readings from the
gyroscope, and (3) calculating the capsule’s rotation rate
and identifying the h-h-turn. Figure 11(a) shows an example
pipeline structure, i.e., the red flow path, containing a
v-h-turn followed by two h-h-turns. This example illustrates
how the h-turn detection algorithm detects these h-h-turns.

In the first step, h-tubes are recognized from the pressure
readings (Figure 11(b)) as described in Section 4.2.1. When
the PipeProbe capsule is traveling on the horizontal plane,
the capsule detects little or no pressure difference as the
height of the capsule stays unchanged.

The second step filters out noises in the raw angular ve-
locity data and keeps only those angular velocity readings
where the capsule passes through an h-h-turn, so that we can
produce the correct rotation rate. The filtering of the raw
angular velocity graph (Figure 11(c)) occurs in two stages.
First, any high angular velocity readings during PipeProbe’s
traversal of v-tubes are considered noises because h-turns by
definition do not occur in v-tubes. Second, a simple thre-
shold-based filter is applied to remove small random noises
from the raw angular velocity readings. When the capsule
flows inside h-tubes, its gyroscope sensor may measure rel-
atively small angular velocity due to water turbulence inside
the tube. Experiments showed that a threshold value of +100
deg/sec is effective in filtering out angular velocity noises
from the gyroscope. Therefore, if the angular velocity is
within #100 deg/sec, we can simply ignore it. Figure 11(d)
shows the resulting filtered angular velocity graph.

The third step calculates the rotation rate (Figure 11(e))
by integrating the filtered angular velocity graph (Figure
11(d)). Interestingly, the experiment results show that when
a PipeProbe capsule makes a 90-degree left h-h-turn, its
rotation angle reveals this unique angular velocity pattern —
first exhibiting a high positive signal (i.e., a positive value
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Figure 11. This shows how the h-turn detection algorithm
works. (a) is an example pipeline structure (only the red part)
containing a v-h-turn followed by two h-h-turns, (b) is the
corresponding pressure graph collected by the PipeProbe
capsule, (c) is the raw angular velocity graph produced by the
gyroscope sensor on the PipeProbe capsule, (d) is the
noise-filtered angular velocity graph from (c), and (e) is the
rotation angle of capsule graph calculated from (d). The water
flow velocity was at 24 cm/sec.

corresponds to leftward angular velocity) and followed by a
low negative signal (i.e., a negative value corresponds to
rightward angular velocity). This
“high-positive-low-negative” angular velocity pattern
matches the actual observation on how the PipeProbe cap-
sule makes a right h-h turn due to our tail-like fin design in
our final prototype. First, the water flow at the turning joint
pushes the capsule to over-rotate to the right. Then, the
capsule corrects its heading direction by making a moderate
rotation in the reverse-left direction. On the other hand,
when the capsule makes a 90-degree right h-h-turn, it pro-
cures a ‘“high-negative-low-positive” angular velocity pat-
tern. Last but not least, for h-h-turn detection, we select the
peak positive/negative signal from the filtered angular ve-
locity data for the left/right turn on horizontal plane.

Here we show an example of the h-turn detection algo-
rithm detecting the green-colored pipe segment in Figure 11.
First, the turning point notation in Section 4.2 is used to
specify sensor data collected on the two turning points:
h-h-turny and h-h-turns. For example, h-h-turn,(12.5 sec,
90°) means that the PipeProbe capsule sensed a turning an-
gle of 90° from changes in the pressure signals at the time
point 12.5 seconds.



h-h-turny(12.5 sec, 90°) — h-h-turns(17.4 sec, -90°)

After applying Equation (4) with water flow velocity
measured at 24 (cm/sec) gives the length of the green h-tube
between h-h-turn, and h-h-turns. That is, the 4.9 seconds
time difference (17.4 sec — 12.5 sec) between the two turn-
ing points multiplying the water flow velocity of 24 cm/sec
approximates 117.6 cm of horizontal pipe length.

h-h-turny(90°) — h-tubey(117.6 cm) — h-h-turns( -90°)

4.3 Layout Mapping
The turn detection algorithm in Section 4.2 produces the
following turn-tube sequence:

woo turn; (0;) — tube; (L) — turniy; (0i;) — tubei; (Liyy)

> ...

L; is the length of the tube. For most vertical and hori-
zontal turns, 6; is a known value (£90° vertical angle) de-
termined by sensing either positive or negative pressure
change in the v-turn detection algorithm or by sensing either
a positive or negative 90-degree rotation angle in the h-turn
detection algorithm. A special turn with an unknown hori-
zontal angle, 6, occurs when an h-tube is preceded by a
v-h-turn such as the v-h-turn; in Figure 11.That is, 6,,; can
be any value in {1° ~ 360°} and it will be solved by the con-
straint satisfaction algorithm described as follows.

By analyzing the turn-tube, layout mapping produces a
3D spatial diagram as the result. It works as follows. First,
the known position (py) of the starting point (i.e., the water
inlet) and the known position (p,) of the end point (i.e., the
faucet outlet) are inserted at the beginning/end of this tube
-tube sequence.

inlet(py) ...— turn; (6;) — tube; (L;) — ... outlet(p,)

Next, layout mapping transforms this turn-tube sequence
with inlet/outlet into a constraint satisfaction problem. The
model constraint is that the pipeline network must start from
DolXo, Yo %) 1.€., the position of the inlet into which the Pi-
peProbe capsule is dropped, then move through intermediate
vertical/horizontal pipe tubes of various lengths, and finally
reach p,(x, y, z,), i.e., the position of the outlet where the
PipeProbe capsule flows out.

We can deconstruct a pipeline structure into layers by
cutting it from each h-v turn. Hence, each layer begins with
a v-h turn followed by one or more h-tubes. We can de-
scribe the x-, y-, and z-axis movement on one layer using the
following three equations,

X0

ZZO(L’;‘“‘”) c05(Bxyi) )
y: .
Zizo(yg-f"be) Sin(Byyi) (©)
2
+ (L) (7
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where LF~tb¢ denotes the i-th horizontal tube in a layer,
L¥~tube denotes the i-th vertical tube in a layer, and m is the
number of h-h turns in a layer.

Summing up all x-axis movements from all n layers of
pipeline structures connects the inlet’s starting x-position (xo)
to the outlet’s ending x-position (x,), thus giving the fol-
lowing x-axis constraint satisfaction equation; similar con-
straint satisfaction equations are derived for y- and z-axes.

m
Xp = X, + Z Z (LF™€) cos(Byi)
i=0

all layers

(8)

m
Yn=Yo t

all layers

,:O(L}il_mbe) Sin(exyi) (g)
Zn =7+ [+ (Ll{itube)]

all layers

(10)

Another way to understand the above constraint satisfac-
tion equations is as follows. Since h-tubes move pipeline
only on the horizontal (xy) plane and v-tubes vary only the
elevation (z-axis) of the pipeline, constraint satisfaction eq-
uations can be specified individually on the x-, y-, and z-
axes. That is, chaining and summing all positive and nega-
tive x-axis movements from all h-tubes must get the pipeline
from the starting inlet’s x-position, i.e., xy, to the outlet’s
x-position, i.e., x, and similarly for y-axis and z-axis
movements.

This constraint satisfaction problem is formally defined
here. Let X}, X,,..., and X, be a set of variables, and C;,C,,...,
and C,, be a set of constraints. Each variable X; has a non-
empty domain D; of possible values. The goal is to find all
possible solutions under all of the constraints. We formulate
the variables, values and constraints as follows:

-Variable: {6,,1 i = I...n}, where n is the number of
turns with unknown turning angles

-Domain: {1° 2°,..., 360°}
-Constraints: Equation (8) and (9)

With the starting point of the pipeline structure fixed, the
ending point must be equal to the location of the water fau-
cet.

Our implementation of this constraint satisfaction prob-
lem utilizes the 360-ary tree data structure. The tree
branches out for each vertical-horizontal turn, in which each
child node represents a different turn degree and each node
of the 360-ary tree tracks the corresponding coordinate after
the turn. Thus, at least one of the leaf nodes should arrive at
the outlet’s coordinate. Each path from the root to a leaf
represents one possible pipeline layout. Once the 360-ary
tree is fully constructed, we simply scan all the leaf nodes to
find the closest match(es) to the outlet’s coordinates.



4.4 Ambiguity Elimination

For some tube-tube sequences, solving the constraint sa-
tisfaction problem in layout mapping generates multiple
possible solutions. Consider the pipeline structure in Figure
12(a) and its measured pressure graph in Figure 12(b). Since
there are two identical h-tube length segments, the con-
straint satisfaction generates 360 possible solutions (i.e., a
v-h-turn can be 1 to 360-degrees), all of which satisfy the
inlet/outlet positional constraints. Since most water pipe-
lines are hidden on a flat wall plane, all but two solutions
are likely. The two possible solutions (Figure 13) are that
the pipeline travels on the left side or the right side of the
wall.

The PipeProbe system resolves such ambiguities through
additional mapping trips where listener devices are placed
nearby the ambiguous paths obtained from the previous
mapping trip. In Figure 13, a listener is attached to each wall
location closest to each of the right and left paths. As Figure
13 shows, the ideal placements of the two listeners are at
their mirror locations and further apart. Then, two listener
devices listen in for packets broadcasted from the capsule as
it travels by their locations. When the capsule flows nearby
their locations, the listener device on the correct flow path
receives many more packets than the listener device on the
incorrect flow path. In other words, these two paths are
disambiguated by the received packet rates of the two lis-
tener devices. Table 1 shows an experiment result to distin-
guish the ambiguity.
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Figure 12. An example pipeline structure (a) and its pressure
graph (b) produce two possible pipeline topologies shown in Fig-
ure 13.
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Figure 13. Two possible water pipeline topologies satisfy the
starting position and ending position constraints and produced
from the pressure graph in Figure 12(b).

Table 1. Received packet rate for distinguishing path ambiguity in
the pipeline structure shown in Figure 13. The path receiving the
higher received pack rate is the correct one.

received packet # / total transmission packet #

Path 1 121/352

Path 2 13/352
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5. Testbed

Figure 14 shows our pipeline testbed for evaluating the
PipeProbe system. We purposely installed transparent pipe
tubes (measuring Scm in diameters) to enable direct ob-
servation on how well and consistent the PipeProbe capsule
flowed inside of the pipeline as it went through the five
prototype versions in the iterative design-test-analyze
process. The testbed measures 18 cm x 140 cm x 345 cm
with 51 transparent pipe tubes and 21 valves (with yellow or
red handles) forming a pipeline network that has a 3x2
non-uniform grid on one vertical and two different horizon-
tal travel paths on the ground. An input water source is at-
tached to the plastic bin on the testbed’s upper right corner.
Thus, the upper right corner marks the starting point of all
flow paths for our experiment. Figure 15 shows the length
of each pipe tube.

Opening and closing different combinations of these 21
valves generates different flow paths with varying lengths
and turn points for the traveling PipeProbe capsule. Figure
17 shows the 12 test scenarios in our evaluation. Each sce-
nario was tested 6 times, i.e., the PipeProbe capsule makes
six repeated mapping trips on the same flow path. Figure 15
marks the length of interconnecting pipe tubes and the posi-
tions of valves. For example, only opening all the top valves
and all the left valves generates the simple flow path of
test#1 (Figure 17) with 1 turning point and a traversal length
of 320 centimeters. Four possible end points were installed
in the test bed.

Data collection for each of the twelve test scenarios in-
volved the following steps. First, the input water source was
turned on to fill water tubes with water. Second, to produce
a particular flow path, we set the valves accordingly. Third,
the water faucet was opened to generate a continuous flow
at a fixed rate. There are multiple ways to control the water
flow rate. A simple method is to calculate the amount of
time to consume N liters of water given a fixed input flow
rate and pipe diameter. Note that only one faucet was
opened at each time to generate a particular flow path.
Fourth, we dropped the PipeProbe capsule into the water
inlet. The PipeProbe capsule gathered and wirelessly trans-
mitted sensor readings at a rate of 20 Hz while traveling
inside the pipeline structure. Finally, the PipeProbe capsule
was retrieved as it flowed out of the water outlet.



Figure 14. The experimental testbed for evaluating the PipeProbe system. 51 transparent tubes formed a 3-D non-uniform grid testbed.
21 valves with yellow handles were also installed. By opening and closing different valve combinations, different capsule flow paths and
test scenarios were generated for evaluating the PipeProbe system.

Figure 15. The lengths (cm) of 51 pipe tubes and the locations of
21 valves are drawn on the diagram.

Ground-truth measure of
pipe tube length

v
Ground-truth measure
of pipe turnigg points

Figure 16. Ground-truth length and position measurements of
pipe tubes and turning points.
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6. Evaluation

Our main metric to evaluate the mapping accuracy of the
PipeProbe system is defined as positional and length errors.
Positional error is the Euclidean distance between the esti-
mated coordinate and the ground-truth coordinate for each
turning point on the flow path traversed by the PipeProbe
capsule. Since the positional errors from previous estimation
points carry into the error for subsequent estimation points,
the positional error from a turning point is accumulative.
Figure 16 shows the ground-truth coordinate for a turning
point, which is measured as the midpoint of the turn. Length
error is the difference between the estimated length and the
ground-truth length of each pipeline tube on the flow path
traversed by the PipeProbe capsule. Since the length of each
pipeline tube is measured relative to its own starting point,
the length error is non-accumulative. Figure 16 shows that
the ground-truth length of a pipeline tube is measured from
the midpoints of its two connecting pipe tubes.

6.1 Length Errors

Since the methods for deriving vertical tube length and
horizontal tube length are different, we analyze horizontal
and vertical tube length errors separately. Table 2 shows the
number of measurements for each length of tube used in the
12 test scenarios for both horizontal and vertical flows. Each
test scenario was tested 6 times, i.e., the PipeProbe capsule
makes six repeated mapping trips on the same flow path.
The average tube length from our test scenarios is 76-cm.
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Figure 17. Flow paths (marked in red lines) in the 12 test scenarios. The estimated flow paths of the PipeProbe system are marked in red lines.

Table 2. The size of the collected dataset and the number of mea-
surements categorized into vertical/horizontal tubes and various
tube lengths.

Actual ground-truth Number of measure-
length (cm) ments
Vertical 20 24
tubes 40 84
80 48
100 36
120 24
140 12
Horizontal 40 84
tubes 60 42
80 54
100 24
115 60
180 18

Figure 18 shows the cumulative density functions
(CDFs) of the length errors for vertical tubes (the red line),
horizontal tubes (the green line) and combined tubes (the
blue line). The parametric settings were as follows: the flow
velocity was 11.7 cm/second and the pressure sampling rate
was 20 Hz. The dataset for the CDF is based on 510 length
estimates for the pipeline tubes in the 12 test scenarios. The
overall median length error was 2 centimeters, and 90% of
the errors were less than 7 centimeters. The median length
error for vertical-only tubes was 1 centimeter, and 90% of
the errors were less than 4 centimeters. The median length
error for horizontal-only tubes was 3 centimeters, and 90%
of the errors were less than 7 centimeters. The test results
demonstrate that our PipeProbe system achieves centime-
ter-level positional accuracy. Additionally, the estimation
errors should be considered with respect to the 5-centimeter
diameter, i.e., the error margin, of the pipe tubes within
which the PipeProbe capsule flows.

Figure 19 depicts the average (standard deviation) of
length errors for different pipe tube lengths, separating the
vertical from horizontal pipe tubes. The dataset for the
length errors was based on 228 length estimates for vertical

pipe tubes and 282 length estimates for horizontal pipe tubes.

The average (standard deviation) length error for vertical
tubes, 1.5 cm (0.86 cm), was smaller than the average
(standard deviation) length error for horizontal tubes, 3.6 cm
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(1.19 cm). This difference is due to the use of different
techniques for calculating the lengths of horizontal and ver-
tical tubes. When we calculate horizontal tubes, the error is
accumulative, leading us to a less accurate result. Figure 19
shows that the average error in calculating a length general-
ly increases with the length of the pipeline segment.
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Figure 18. CDF of length errors.
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Figure 19. Average (standard deviation) length errors categorized
into horizontal/vertical pipe segments and under different pipe

segment lengths.

6.2 Positional Errors

Figure 20 shows the cumulative density function (CDF)
for positional error. The dataset for the CDF was based on
588 positional estimates of pipeline turning points (i.e.,
v-turns and h-turns) in the twelve test scenarios. The median
error was 6.8 centimeters, and 90% of the estimates had an
error less than 15.8 centimeters.

Figure 21 plots the accumulated positional errors of
turning points with respect to their traveled distances from
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Figure 22. Estimated layouts over the actual traversal paths (in bold red lines) for all 12 test scenarios.
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Figure 20. CDF of positional errors.

the water inlet. The dataset for this plot was based on 588
positional estimates for pipeline turning points. The average
traveled distance is 335 cm. The average error was 8.2 cen-
timeters. The effect of error accumulation is evident — the
average positional error increases with the distance the Pi-
peProbe capsule travels. The effect of error cancellation is
also present with occasional drops in average positional
error with successive distance increments. Figure 22 illu-
strates the estimated layouts over the actual traversal paths
for all 12 test scenarios.

6.3 Sampling Rate

The sample rates for pressure and gyroscope sensors are
system parameters that directly affect positional error. We
tested pressure and gyroscope sensors under different sam-
ple rates separately.
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Figure 21. Positional errors under different distances traveled by
the PipeProbe capsule.

Figure 23 shows the position errors under different sam-
pling rates [0.125Hz, 0.5Hz, 1Hz, 2Hz, 4Hz and 5Hz] for
the pressure sensor. The dataset for the plot was based on
one flow path from test#1 (Figure 17), measuring the posi-
tional errors. The analytical results show that a higher fre-
quency rate generally decreases the positional error because
the increased number of data samples enables a more accu-
rate detection of the turning points. Figure 23 suggests that
we should maintain the sample rate above SHz for water
velocities under 11.74 cm/sec, since the positional error is
only 4 centimeters.

Figure 24 shows the rotational angle calculated from
angular velocities measured by the gyroscope sensor while
the PipeProbe capsule is making a 90-degree right h-turn
under different gyroscope sample rates [1.25Hz, 2.5Hz, 5Hz,
10Hz and 20Hz]. The results show that a higher frequency
rate produces a more accurate rotational angle closer to the
actual 90-degree turn. When the sampling rate drops down
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Figure 23. Positional errors under different sample rates for the
pressure sensor.
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Figure 24. Rotation angle calculated from angular velocity

measured by the gyroscope under different sample rates.

to 1.25 Hz, the calculated rotational angle becomes 0-degree
and causes the turn detection to miss it completely. The
reason is that the gyroscope did not collect enough samples
at 1.25 Hz during the short amount of time the PipeProbe
completes a turn.

6.4 Data Collection Trips

Figure 25 shows the positional errors of the PipeProbe
system under different numbers of data collection trips. For
example, six data collection trips mean that the PipeProbe
capsule makes six repeated mapping trips on the same flow
path. Then, the dataset is gathered from the 12 test scenarios
and processed with statistical outlier removal and averaging
to remove noise. The dataset for this plot was based on 588
positional estimates for pipeline turning points. The analyt-
ical results show that a higher number of mapping trips
generally reduces the positional error and its standard devia-
tion. Most likely, this is because an increased number of
datasets enable more accurate reconstruction of the spatial
topology of the pipelines. At one data collection trip, the
PipeProbe system still achieved an average positional error
of 4.9 centimeters and a standard deviation of 5.0 centime-
ters. At six data collection trips, the PipeProbe system
achieved an average positional error of 4.1 centimeters and
a small standard deviation of 2.2 centimeters.

Positional Error (cm)

0 I i i I

0 1 2 3 4 5 6
Number of Data Collection Trips

Figure 25. Average (standard deviation) positional errors under
different numbers of data collection trips.
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7. Discussion

In the PipeProbe system, there two assumptions: (1) all
pipelines have the same diameter, and (2) the position of
inlet/outlet point is known. Here we discuss how to relax
these assumptions. In addition, we also address the method
to reduce the size of PipeProbe.

A change in the internal pipe diameter causes a corres-
ponding change in the volumetric flow rate and velocity. To
detect different water flow velocities, we will augment Pi-
peProbe with an extra paddlewheel speed sensor to measur-
ing its flow velocity directly. This would also avoid the need
to create constant water flow velocity in our current system.
The paddlewheel speed sensor works as follows. As water
flow causes the paddlewheel to spin, the magnets imbedded
in the paddle spin produce electrical pulses proportional to
its flow velocity.

There are some cheap and handy tools that architects use
on a daily basis to measure the 3D position of inlet/outlet
points. For example, barometer can measure building height.
Laser rangefinders can measure width/length. Higher-end
meters generally provide more accurate measurements.

There are several ways to reduce the size of the Pipe-
Probe such that it can fit into most pipes. For example, the
current PipeProbe has a loose packaging and does not fully
utilize all its internal space. The largest component in the
PipeProbe is the Eco mote whose size is 13 mm (L) x 11
mm (W) x 7 mm (H). Therefore, we can shrink PipeProbe
by custom-making a spherical shell at the mm scale. Making
a custom printed circuit board will also eliminate most wir-
ing that takes up space. We are currently working on the
next version of PipeProbe with a size reduction from 4-cm
diameter to 2-cm diameter.

8. Related Work

Recent projects that use wireless sensor network tech-
nologies for measuring water flow and detecting leakage
include the NAWMS project [2] and the PIPENET project
[1]. The NAWMS project provides information about where
and how much water people are using by attaching vibration
sensors to pipe surfaces. NAWMS is easy to install, but is
not very feasible since all of the pipes in a building have be



installed with a sensor. This gets expensive when the pipe-
line structure is complex. Similarly, the PIPENET project
monitors water flow and detects leaks by attaching acoustic
and vibration sensors to external pipelines and pressure
sensors to internal pipelines. In contrast with these projects,
the PipeProbe system does not assume that water pipes are
accessible for someone to attach sensor modules to them.

Alvarado et al. [9] developed a robotic fish under a foot
long that closely mimics a real fish’s natural swimming mo-
tion. This robofish is equipped with sensors to detect envi-
ronmental pollutants. However, it is considerably larger than
the PipeProbe capsule, and requires a 2.5-5W external pow-
er source to run a motor.

There are also some noteworthy projects that emphasize
fixture classification of water pipeline. Fogarty et al. [7]
used a microphone to monitor the plumbing system and
infer water usage within a household. Nevertheless, micro-
phone based recognition is obstructed by ambient noise. The
recently proposed HydroSense [3] is a promising system
which uses the pressure fingerprint of each water fixture to
identify its activity within a building accurately. It uses sin-
gle-point detection and exploits the “water hammer” effect,
which is uniquely produced by every fixture. By detecting
and identifying the fixture’s fingerprint, it can infer if the
fixture is on or off. This project strengthens the case for
processing pressure signals, which are stable and uninhi-
bited by ambient noise

With regards to water flow estimation and fixture identi-
fication, we are not aware of any prior work using a sensor
probe for mapping the pipeline structures throughout a
home. We consider the other systems complementary to our
approach because PipeProbe maps water pipes to assist in
locating the leakage and monitoring the pipes.

Monitoring a house’s infrastructure provides behavioral
information about its inhabitants. Patel et al. [8] identified
particular devices by detecting the electrical noise caused
by the devices’ operation. The recently proposed ViridiS-
cope [5] uses a combination of the magnetic field, acoustic
information, and light intensity to estimate the power con-
sumption within a household.

9. Conclusion

The proposed PipeProbe system presents a novel mobile
sensor system for determining the spatial topology of hidden
water pipelines. Experimental results from our testbed
achieved a median length error of 2 centimeters, and 90% of
the tests had a length error of 7 centimeters or less while
estimating the lengths of pipe tubes. We had a median posi-
tional error of 6.8 centimeters, and 90% of the tests had a
positional error of 15.8 centimeters or less while estimating
the pipe’s turning points. By using a tiny capsule to sense
pressure readings as it traverses through the pipelines, the
PipeProbe system produces accurate mapping. Additionally,
PipeProbe is highly energy-efficient, since its physical
movement leverages the existing water flow.
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