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Abstract

This paper presents PipeProbe, a mobile sensansysir
determining the spatial topology of hidden watgrefines
behind walls. PipeProbe works by dropping a tinyelgss
sensor capsule into the source of the water pigeliAs the
PipeProbe capsule traverses the pipelines, it gathed
transmits pressure and angular velocity readingsough

spatio-temporalanalysis on the sensor readings, our algo-

rithm locates all turning points in the pipelinesdamaps
their 3D spatial topology. We evaluated the PipbErsys-
tem by developing a prototype and using data catemn

our experimental testbed. Results show that theMgbe
system successfully located and estimated 90%l qfifz

tube lengths within 8-cm accuracy on average tebgths
of 76 cm. PipeProbe also successfully located 90%llo
turning points within 15-cm accuracy on averagegten
paths of 335cm.

Categories and Subject Descriptors
C.3 [Special-Purpose and Application-Based SystefdReal-

time and Embedded Systems, Signal Processing System

General Terms
Design, Experimentation, Performance.

Keywords
Wireless Sensor Networks, Mapping Water Pipeliren-S
sor Inference, Constraint Satisfaction.

1. Introduction

Houses are often equipped with an extensive wadper p
line network distributing water to different watasing fix-
tures and appliances throughout the home, suchthsdom
toilets, kitchen faucets, garden sprinklers, wagimachines,
etc. It is therefore unfortunate that plumbing amked as
one of the ten most frequently found problems imées
[11]. Leaking pipes are one of the most common lerab
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in plumbing [12], and hidden leaking pipes oftenis= ex-
tensive damage to floors, walls and belongingstinrae.

The first step in fixing leaking pipes is to locathere
they are for further inspection. When leaking watgyes
are hidden inside walls and underneath floors, riiaig
their location without direct inspection becomesyvdiffi-
cult, especially when the original diagram of thpefine
layout is also missing. Searching for the pipelmeations
becomes guesswork and often requires a brute-foetkod,
such as knocking down walls and stripping floor eravgs.
This problem created an opportunity for the develept of
PipeProbe, a mobile sensing probe that is droppiedthe
source of the water pipeline. During its traversgbipeline,
the PipeProbe collects the sensor readings (resspre and
angular velocity) necessary for the reconstructibthe 3D
spatial topology of the traversed water pipelimecémpar-
ison to the traditional brute-force approach, ttiygeProbe
system is a non-intrusive method of mapping andtlng
indoor water pipelines that requires no alteratmithe wa-
ter pipeline infrastructure. Since leaking oftencurs at
places where two disjoint pipe tubes join togethespping
locations of these pipeline turning points is egdcim-
portant for inspection.

Three previous projects that applied wireless senso

network technologies for monitoring water pipedude the
NAWMS project [2], the PIPENET project [1] and Hydr
Sense [3]. The NAWMS project detected and locaieé p
leaks by attaching vibration sensors to the pipéasa. Si-
milarly, the PIPENET project [1] monitored wateowl and
detected leaks by attaching acoustic and vibrat@msors to
large bulk-water pipelines and pressure sensomsotmal
pipelines. HydroSense [3] employed a single endpsens-
ing solution in which the amount of water outfloworh
each water outlet could be uniquely estimated layniag
and recognizing a pressure wave signature. In asinto
these projects, the PipeProbe system adopts a emsxils-
ing approach. It employs a tiny mobile sensor thaels
inside of the water pipeline infrastructure whilemotely
performing on-the-spot data collection near possjiriob-
lematic locations. Alvarado et al. [9] developedahotic
fish under a foot long that closely mimics a resih's natu-
ral swimming motion. This robofish is equipped wién-
sors to detect environmental pollutants. Its orw-fize is
considerably larger than that of our PipeProbe wWapsnd
its motor requires a 2.5-5W external power source.



The three important contributions of this work #ne
following:

Rather than fixing sensing points in the utilitfrax

structure, PipeProbe adopts a mobile sensing ap

possible paths for the connected water pipes. Wit
capsule is flowing inside the water pipelines, dgd the
sensed pressure and angular velocity data to arRBEP
A radio within the PipeProbe capsule transmits sbesor

"data buffered in the EEPROM to a PC-connected bise

proach in which a mobile sensor travels and perform jon Alternatively, when the PipeProbe capsuleviiamut of

on-the-spot data collection at different places.

a water outlet, users can manually transfer seestar from

A novel localization method was developed to accu- the capsule’s EEPROM to a PC. Finally, the datdyaisa

part of the PipeProbe system computes and map8DRhe

rately estimate the 3D spatial topology of the cap- spatial topology of the hidden water pipeline.

sule-traversed water pipelines from the pressutke an

rotation graphs collected and computed by the Pipe-  During the data collection stage, if the PipeProhp-

Probe system. Experimental results from our testbedsule flows out of a water outlet, it can be reitesgiinto the
showed that our mobile sensing approach produced awater inlet and reused for additional data coléectiMul-
high-precision 3D map of the pipeline with centime- tiple trips enable the discovery of diverse pipelimanches,

ter-level errors.

which are used for producing the full map. In addit mul-
tiple measurements over the same flow path cartilized

Since the PipeProbe capsule is designed to model &g filter out noise in the data and enhance theracy of the
water droplet, its physical movement leverages the 3p spatial topology reconstruction.

force inside of the pipeline infrastructure for puob-

sion. This means that no motoring is necessary to2.1 Vertical Movement

power its movement, which increases the PipeProbe

capsule’s energy-efficiency and allows it to operat
on only 15 mA of current. To illustrate, a tinyhiitim

The water pressure sensor is based on the Préasnre
ciple, which states that static pressure at angisgrpoint in
a confined liquid is produced by the weight of tiguid

button cell battery can keep our PipeProbe capsuleabove that point. In other words, this pressuresddg only

operating for over 1 kilometer at a water flow rafe
15 centimeters per second.

The rest of this paper is organized as followstiSe@
presents the design principles for PipeProbe’s ladgns-
ing approach. Section 3 explains the design andeimgn-
tation of PipeProbe’s sensing capsule and the psooé
data collection. Section 4 details the PipeProbg&em of
operation and how data processing is used to neagpétial
topology of the pipelines. Section 5 describes d¢kperi-
mental testbed and scenarios. Section 6 presentsviiua-
tion's results. Section 7 discussion limitationsd atieir
possible solution. Section 8 reviews related wéikally,
Section 9 concludes the study and suggests dinscfiar
future studies.

2. Pipeline Profiling

Ideally, the PipeProbe system would be to clongécaam
sensing hydro molecule that flows along the pimeliike
the myriad other hydro molecules in the fluid systeand
observe the wall-embedded pipelines from withine Thr-
rent PipeProbe prototype is made of a tiny wirekssssor
node packaged in a water-proof spherical shell oreas 4
centimeters in diameter. PipeProbe works in twgesta(1)
data collectionstage and (2)data analysisstage.In the
data collection stage, the PipeProbe capsule savex wa-
ter pipeline and collects data from the pressuik gyros-
cope sensors; in the data analysis stage, oumsystalyzes
the sensor readings and derives the 3D spatialdgpaf
the traversed water pipeline.

PipeProbe operates as follows. First, the capssile i

dropped into the main water inlet of a home or ding.
When an outlet (i.e., a faucet) is opened, theef@t the
resulting water flow pushes the capsule througlferdint

on the height of the liquid above that sensing paird the
liquid density. If a liquid is confined in a tanthe pressure
at any sensing point in the tank is given by:

1)

whereP is the pressure, is the density of the liquid (in
our case, water), is the acceleration due to gravity and
is the height of the sensing point. With constamalijy and

density, pressure is proportional to the heighthefsensing
point.

Based on the Pressure Principle, the movement @n th

vertical plane of a pressure-sensing capsule castiaated
from the pressure difference between two sensirigtgo
Consider a vertical pipe with length, the difference in
pressure readings between the top and bottom ofettieal
pipe is P. From equation (1), the pressure difference is

)

Since h is the length of the vertical pipk,can be de-
rived as follows

®3)

2.2 Horizontal Movement

Since a capsule detects no pressure differencee whil

traveling on a horizontal plane, the Pressure Riieds
only applicable to determining the capsule’s tragktime
on a vertical plane. Another approach based onlangsa-
locity from a gyroscope sensor is used to estirttsecap-
sule’s movement direction on a horizontal planenBiming
both length and direction of horizontal movememegithe
full 2D horizontal mapping. We will first describdeow to



determine a pipe’s horizontal length from the cégisura-
versal time on a horizontal plane, and then holedate the
horizontal turning points from the capsule’s angularota-
tion velocity.

To determine the length of a horizontal tube (rejukhe
sensor is cased in a spherical shell and its delisé.,
weight over volume) is adjusted so that it equiad¢swater’s
density. This allows the capsule to flow througé fiipes as
if it were part of the fluid system. As a resultetestimated
water flow velocity approximates the capsule’s oxgfocity.
This allows us to measure the duration that thesgome
sensor’s readings remain constant, giving us thgtte of
the corresponding horizontal pip) (which is estimated by
multiplying the capsule’s flow velocity) by the flow time

L=v*t 4)

For this calculation to work, we make the assunmptio

that the diameter of the pipes is uniform; thustewdow
velocity in the horizontal plane is constant acralscon-
necting pipes. To derive the water flow velocitgeaan fix
the valve at the water’s inlet and then divide dngount of
water entering the inlet and the area size of the’pintake
surface. Since home water pipes come in severattsel
sizes [10], our future work will discuss how toaelthis
assumption using additional sensors on the PipePcab-
sule.

To locate a pipe’s horizontal turning points, aapgope
on the PipeProbe capsule measures its angularityelBy
integrating angular velocity into the rotation amgthe Pi-
peProbe system distinguishes when the capsule nadleds
horizontal turn, i.e., with the positive 90-degresation
angle, from a left horizontal turn, i.e., with agaéve
90-degree rotation angle.

3. Data Collection

kHz for sensor ADC. To fulfill that requirement a
SG3030JC was chosen for the external oscillatoe. dres-
sure sensor samples the water pressure at a peaif a3
Hz. Figure 1 shows the components in the PipePcalpe
sule.

After the pressure sensor and oscillator were rateg
with the Eco mote, they were enclosed with a waterfp
plastic casing. The pressure sensor is exposeitleutthe
casing to maintain contact with the water. Thiskaaging
went through 4 iterations of design. The first ptgpe
(Figure 2) used a cylindrical casing. However, ¢inder
shape (which has non-uniform surfaces from diffepars-
pectives) proved problematic, incurring varying nmgv
velocities as the capsule tumbled through the pipreshe
2" jteration we changed the case to a spherical stmpe
solve this problem.

The next problem that we discovered was the wesfht
the capsule. The electronics and the case wergtdoThe
density difference between the capsule and waseitesl in
a constantly floating capsule, whose traveling e#yowas
particularly unstable. The'®prototype failed to behave like
a water droplet, i.e., travels at the same velag#tyhe cur-
rent. Thus, a counterweight was added to the phiotbtype
so that while the capsule is sitting still in thater it will
neither float to the surface nor sink to the bott@iven the
target density at 1g/cinthe ideal weight was 33.51 grams
for a 2-cm radius sphere.

However, the % prototype still required some modifica-
tions, as indicated by significant variations i fressure
readings. This was due to the fact that the pressensor
may turn arbitrarily as the capsule rotated throtinghpipe-
lines. To minimize the jitter in the pressure semsadings,
the 4" prototype (Figure 3) fixed the counterweight te th
bottom hemisphere of the capsule. This design niieich
the amount of flipping rotation on the capsule auhe
z-axis. The idea is like a roly-poly toy, or a tumblwhich

The PipeProbe capsule was prototyped with the Ecohas a heavier hemisphere below its center. Whetuthb-

wireless sensor mote [4]. The Eco mote is an aibrapact
and low power wireless sensor node. It measureg it
mm (L) x 11 mm (W) x 7 mm (H) and weighs 3 granms (i
cluding battery). It consumes less than 10 mA amsmis-

sion mode (0 dBm) and 22 mA in receiving mode. Its
maximum data rate and RF range are 1Mbps and 1€rsnet

respectively. The Eco’s small form factor and loower
consumption make it ideal for our PipeProbe capsiiieh
requires a tiny size to allow it to flow freely ide a water
pipeline. The Eco mote has a flexible-PCB type azjmmn
port that has 16 pins. This expansion port includesdigi-
tal /0 pins, two analog input lines, serial pegpdl inter-
face (SPI), RS232, and voltage inputs for a reguland
battery charging. The Intersema MS5541C pressursose

[13] is wired to the Eco mote via the SPI protocol.

MS5541C measures a pressure range from 0 to 14nlithrs
a resolution of 1.2 mbars. Given less than 5 uAratpey
current the MS5541C enables the Eco mote to safrple

quently without drawing too much battery power. The

MS5541C requires an oscillator at the frequenc2768

ler is pushed down, it quickly rights itself. Sirefksts con-
firmed that creating a heavier hemisphere in thesule
significantly reduced the amount of flipping roteti and
stabilized the pressure sensor’s readings.

Figure 4 shows our'band final prototype, which incor-
porated a gyroscope module (Figure 1(f)) for détgcho-
rizontal turns, thus giving it 3D pipeline mappicapability.
The gyroscope module is the STMicroelectronics LlI-
SY300AL chip [6], which measures the rotational imot
along the yaw (z) axis with a £300°/s range angbwtstan
analog voltage. The gyroscope module is fixed pedgiat
the top of one of the capsule’s hemispheres suahttte
gyroscope lays flat on the horizontal plane in otdeobtain
an accurate z-axis measurement. Furthermore, ibhedio-
totype has a tail-like fin whose function is tother stabil-
ize the capsule’s movement on the horizontal pkamg to
re-align the capsule’s heading in the presenceaurdiutent
water flow within the pipeline.
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Figure 1. The PipeProbe capsule and its parts: (ayvaterproof
plastic casing, (b) hemisphere used to stabilizeoflv velocity, (c)
Eco mote, (d) a pressure sensor, (e) an oscillatdf) a gyroscope
sensor, and (g) counter weight.

=

Figure 3. The vl capsule prototype.

Figure 4. The final capsule prototype.

4. Data Processing
Figure 5 shows four steps in the analysis of thiected
data from PipeProbe capsule. (1)vfedian filteris 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 gyrascop
time-series data to detect all vertical and hottiabturning
points on the flow path of the PipeProbe capsdg Sfnce

L l |

Figure 5. Data Analysit

the sensor data alone cannot determine the priecdaton
of all turns, Layout mappingsolves for unknown coordi-
nates of these turns by modeling it as a consteaitisfac-
tion problem in which the constraint specifies ttreg coor-
dinates of these intermediate turns must fall quath be-
tween the known coordinates of the inlet and oufeldi-
tionally, repeated measurements from multiple magppi
trips are aggregated to remove noisy outliers amable
more accurate reconstruction of the 3D spatial ltapoof
pipelines. (4) Solving the constraint satisfactiproblem
may generate multiple topological solutions. Todfithe
correct spatial topology, the PipeProbe systen dises the
spatial constraints within a home’s walls to eliatm un-
reachable placements whose topologies do not ffitirmvthe
confined spaces of the walls. Furthermore, beaistenkrs
are placed on walls that have the remaining amtyignaths
if needed. The listener on the wall which has tbeect
path where the PipeProbe capsule actually flowsvbyld
measure the highest received packet rate. Thesesteps
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 hemariooth
the pressure signal. We first divide the pressigeas into
windows of ten pressure samples. The median opths-
sure values is computed within each window. Theiamsd
form the skeleton of the smoothed signal. The pugssure
signal is very likely segment-wise linear. Thus, weeon-
struct the intermediate data points of the smoottigull by
linear interpolation of the consecutive mediansilllstrate,
Figure 6 shows a raw pressure signal wheraxis
represents the time the pressure sensor is saraptedhe
y-axis depicts the pressure reading at the timelyipp the
median filter produces a smooth pressure signiigare 7.
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Figure 6. A raw pressure signal before applying thenedian filter.
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Figure 7. A smoothed pressure signal after applyinghe median
filter.
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Figure 8. Three types of turns detected by the Piprobe system.

(a)(b) contain two h-v-turns where a pipeline turnsfrom a hori-
zontal plane to a vertical plane and the vertical drning angle is
restricted to 90-degree upward or downward. (c) shws a v-h-turn
where a pipeline turns from a vertical plane to a brizontal plane
and the horizontal turning angle has unrestricted feedom from 1
to 360-degrees. (d) gives an h-h-turn where a pipeé turns and
stays on the same horizontal plane and the horizoalt turning
angle is restricted to right or left 90-degree.

4.2 Turn Detection

A water distribution pipeline infrastructure corsiof
multiple rigid tubes and joints (i.e., turning p@) Section
2 described the general approach to determine larggh.
Here, we define target types of turning pointsha Pipe-
Probe system and describe the corresponding tuettdm
algorithms.

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

h-v-turn(t, p, ,) or horizontal-to-vertical turn: Figure
8(a)(b) contain two examples of horizontal tubes
making an , vertical turn either upward or downward
along thez-axis. At this vertical turning point, Pipe-
Probe measures the pressure reagdiag timet. ,is
restricted to be either a negative 90-degree dsipres
angle or a positive 90-degree elevation angle, i.e.
={-90° 90°}. From consultation with a master
plumber, this 90-degree vertical turning restrictio
follows the conventional residential pipeline layou
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, ) or vertical-to-horizontal turn: Figure
8(c) shows an example of a vertical tube making an
xy horizontal turn. At this horizontal turn, PipePeob
measures the pressure reading af timet. ,, has an
unrestricted 360-degree freedom on the horizontal
plane, i.e., ,,={1°, .., 360°}.

h-h-turn(t, ) or horizontal-to-horizontal turn: Figure
8(d) shows an example of a horizontal tube makimg a
xy horizontal turn at timé. ,, is restricted to be ei-
ther a positive 90-degree left angle or a negative
90-degree right angle,e., , ={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 algorithans
identify and locate the above three turn types. Viern
detection algorithm locates (1) v-h-turns and (2)-turns
by analyzing the change in pressure readings. Fhgnh
detection algorithm identifies (3) h-h-turns by gessing
and integrating angular velocities from a gyrosctupegive
the pipe’s horizontal rotation. The following subtens
describe the details of these two turn detectigorihms.

4.2.1 V-Turn Detection
The v-turn detection algorithm locates v-h-turngd an

h-v-turns from the smoothed pressure signals odbxdiiim the
previous step. At the same time, it also compwgagths of
the pipe tubes and directions of turns. When tlpsua is
moving vertically, the pressure increases or dee®di-
nearly over the distance traveled. In contrast,nwthe cap-
sule is moving horizontally, the pressure leveysteonstant
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Figure 9. This example demonstrates how the v-turdetection
algorithm works. (a) shows an example pipeline stieture (only
the red part) containing two h-v-turns and one v-hturn. (b)
gives the corresponding pressure graph collected kiye Pipe-
Probe capsule.

regardless of the distance traveled. In fact, étheurning
point on the pressure graph marks a v-turn in tingsipal
pipeline topology. (2) Distance traveled between t&dja-
cent v-turns is the length of a vertical tube (ey These
two mapping rules are explained in detail as folow

H-v-turns, v-h-turns and their connected tubesadien
hidden behind a vertical 2D wall space. Changeshé
pressure signal occur while the PipeProbe capsuleat
versing an h-v-turn or a v-h-turn. Figure 9(a) shawpipe-
line structure, i.e., the red flow path, containengownward
h-v-turn, followed by a v-h-turn and another downdva
h-v-turn. Figure 9(b) illustrates the collectedgmere graph
during the capsule’s traversal of this pipelineictinre. The
pressure graph shows a steady rise of pressuragsaafter
the capsule completes its first downward h-v-tuen, turn-
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Figure 10. The green line segments depict the resing linear

fit from the best combination of the candidate turring points.

The v-turn detection algorithm takes the followitvgp
steps. (1) Compute the derivatives from the smabtires-
sure graph using a sliding window. The horizontthpcor-
responds to the derivative of the smoothed dataleigu
zero, and the derivative of the vertical path mayelther
larger or smaller than zero depending on the dedcif the
vertical path. (2) After segmenting the horizoraald ver-
tical paths and identifying the direction of veafianove-
ment, we then try to pinpoint the exact turningnpait the
intersection of the zero and non-zero derivatigrsmts.

There are a number of candidate points for thedate
tions. A simple solution is to identify the dataingowhere
the change of the derivatives is the highest. Tiisyever,
is sensitive to pressure sensing noise. To miniragana-
tion error, we define a set of candidate pointsefach inter-
section. When the derivative shows a vertical-tomial
movement, we include the data point that giveslangest
derivative change and the four preceding data poimthe
candidate set.
tal-vertical movement, we include the largest cleapgint,
as well as the four subsequent data points. Expaisrnre-
vealed that a window size of 5 samples provided bt
result.

There areK candidate sets fdf intersections. Each in-
tersection is an h-v-turn or a v-h-turn in the pbakpipe-
lines. Having 5 data points in each candidatetbete are
5% combinations to search for the best solution. &ach
combination, we derive the best linear fit by regien for
each of the segments. By testing all combinatiors @m-

ing from horizontal movement (constant pressure) to Puting the mean square error of the individual gadants
downward movement (increasing pressure)_ The nse i for the best linear f|t, we can |dent|fy the conddion such

pressure readings comes to a halt after the capsakes a
v-h-turn, i.e., turning from downward movement (ggsing
pressure) to horizontal movement (constant prekstie
nally, the pipeline structure makes a downwardthrm; i.e.,
turning from horizontal movement (constant pressuioe
downward movement (increasing pressure). By reaiupi
different pressure changing shapes in the preggapmh, the
v-turn detection algorithm locates not only theasening
points but also the upward/downward direction df-tirns
and h-v-turns.

that the sum of the mean square error over all satgris
the minimum. Figure 10 shows the turn detectiorultes
from Figure 9(b).

Here we show an example of the v-turn detection-alg
rithm detecting the blue-colored pipe segment igufé 9.
First, the turning point notation in Section 4.2used to
specify sensor data collected on the two turningitpo
h-v-turr, and v-h-turrs. For example h-v-turrny(8.27 sec,

1,012 mbar, -99 means that the PipeProbe capsule sensed

a pressure reading of 1,012 bar at the time poig7 8

When the derivative shows a horizon-



seconds with an inferred turning angle -6f° from the
changes in the pressure signals.

h-v-turny(8.27 sec, 1,012 mbar, -90
v-h-turrg(11.46 sec, 1,046 mbars)
Applying equation (3) gives the length of the blutibe

betweenh-v-turn, andv-h-turrg. That is, the 34 mbar pres-

sure difference (1,046 mbar — 1,012 mbar) betwhenwo
turning points approximates to 40.34 cm drop intival
height. Therefore, the corresponding v-tube is teth@as
follows:

h-v-turn,(-90°) v-tube(40.34 cm)

4.2.2 H-Turn Detection

v-h-turng( 9

The h-turn detection algorithm locates h-h-turngl an

their horizontal turning angles ,{) from pressure and gy-

roscope sensor readings. H-h-turns and their coedec

tubes are often hidden under floors and above @wpgil-
ings. Since 90-degree pipe joints are the most comym
found (or the only available) joints in water pipel supply
stores, the h-turn detection algorithm focuses eteaing
90-degree right and left h-h-turns, i.e,= {90°, -90°. The
h-turn algorithm takes the following three stefds: iflenti-
fying horizontal tubes, (2) applying a thresholda filter
to remove noises in the angular velocity readirrgsnfthe
gyroscope, and (3) calculating the capsule’s ratatiate
and identifying the h-h-turn. Figure 11(a) showsaample
pipeline structure, i.e., the red flow path, comitaj a
v-h-turn followed by two h-h-turns. This exampleigtrates
how the h-turn detection algorithm detects thebettins.

In the first step, h-tubes are recognized frompifessure
readings (Figure 11(b)) as described in Sectiorl4\®hen
the PipeProbe capsule is traveling on the horizgitme,
the capsule detects little or no pressure diffexreas the
height of the capsule stays unchanged.

The second step filters out noises in the raw argre-
locity data and keeps only those angular veloadings
where the capsule passes through an h-h-turnasevthcan
produce the correct rotation rate. The filteringtioé raw
angular velocity graph (Figure 11(c)) occurs in tstages.
First, any high angular velocity readings duringd®robe’s
traversal of v-tubes are considered noises bedatisms by
definition do not occur in v-tubes. Second, a semibire-
shold-based filter is applied to remove small randwises
from the raw angular velocity readings. When thpsoée
flows inside h-tubes, its gyroscope sensor may oreazl-
atively small angular velocity due to water turtnde inside
the tube. Experiments showed that a threshold vafltd00
deg/sec is effective in filtering out angular vétpmoises
from the gyroscope. Therefore, if the angular vigjocs
within £100 deg/sec, we can simply ignore it. Fegal(d)
shows the resulting filtered angular velocity graph

The third step calculates the rotation rate (Fidlkée))
by integrating the filtered angular velocity grafffigure
11(d)). Interestingly, the experiment results shibat when
a PipeProbe capsule makes a 90-degree left h-h-igrn
rotation angle reveals this unique angular velopéttern —
first exhibiting a high positive signal (i.e., agitive value
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Figure 11. This shows how the h-turn detection algdhm
works. (a) is an example pipeline structure (onlytte red part)
containing a v-h-turn followed by two h-h-turns, (b is the
corresponding pressure graph collected by the PipeBbe
capsule, (c) is the raw angular velocity graph prodced by the
gyroscope sensor on the PipeProbe capsule, (d) idet
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/se
corresponds to leftward angular velocity) and fokal by a
low negative signal (i.e., a negative value comesis to
rightward angular velocity). This
“high-positive-low-negative” angular velocity patte
matches the actual observation on how the PipeRrape
sule makes a right h-h turn due to our tail-like diesign in
our final prototype. First, the water flow at therting joint
pushes the capsule to over-rotate to the right.nTtiee
capsule corrects its heading direction by makimgoaerate
rotation in the reverse-left direction. On the ottmeand,
when the capsule makes a 90-degree right h-h-tupmp-
cures a “high-negative-low-positive” angular vetgcpat-
tern. Last but not least, for h-h-turn detectior, select the
peak positive/negative signal from the filtered w@ag ve-
locity data for the left/right turn on horizontdbpe.

Here we show an example of the h-turn detection-alg
rithm detecting the green-colored pipe segmentgnre 11.
First, the turning point notation in Section 4.2used to
specify sensor data collected on the two turningntpo
h-h-turn, and h-h-turns. For example h-h-turny(12.5 sec,
9(P) means that the PipeProbe capsule sensed a tumming a
gle of 9 from changes in the pressure signals at the time
point 12.5 seconds.



h-h-turny(12.5 sec, R h-h-turny(17.4 sec, -9

After applying Equation (4) with water flow velogit
measured at 24 (cm/sec) gives the length of thengnetube
betweenh-h-turn, and h-h-turrs. That is, the 4.9 seconds
time difference (17.4 sec — 12.5 sec) betweentioettirn-
ing points multiplying the water flow velocity o#d2cm/sec
approximates 117.6 cm of horizontal pipe length.

h-h-turn,(90°) h-tubg(117.6 cm)  h-h-turng( -90°)

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

o turn () tube (L) turmyg (s1)  tubgy (L)

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

By analyzing the turn-tube, layout mapping produaes
3D spatial diagram as the result. It works as fedloFirst,
the known positiong) of the starting point (i.e., the water
inlet) and the known positiorp{) of the end point (i.e., the
faucet outlet) are inserted at the beginning/enthisf tube
-tube sequence.

inlet(py) ...

Next, layout mapping transforms this turn-tube sempe
with inlet/outlet into a constraint satisfactioroplem. The
model constraint is that the pipeline network natatt from
Po(%o: Yor %), i.€., the position of the inlet into which the Pi
peProbe capsule is dropped, then move throughietdiate
vertical/horizontal pipe tubes of various lengthsd finally
reachp,(X. Y %), i.€., the position of the outlet where the
PipeProbe capsule flows out.

turn; () tube (L) ... outlet(p)

We can deconstruct a pipeline structure into laysrs
cutting it from each h-v turn. Hence, each layegibhe with
a v-h turn followed by one or more h-tubes. We dan
scribe thex-, y-,andz-axis movement on one layer using the
following three equations,

X:

®)

(6)

v @)

where denotes the-th horizontal tube in a layer,
’ denotes theth vertical tube in a layer, amdis the

number of h-h turns in a layer.

Summing up allk-axis movements from aii layers of
pipeline structures connects the inlet's startispsition )
to the outlet's ending-position §,), thus giving the fol-
lowing x-axis constraint satisfaction equation; similar -con
straint satisfaction equations are derivedyfandz-axes.

He  Hy &

(8)
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s tu&
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Another way to understand the above constrairgfsati
tion equations is as follows. Since h-tubes moveelpie
only on the horizontalx) plane and v-tubes vary only the
elevation g-axis) of the pipeline, constraint satisfaction eq-
uations can be specified individually on tke y-, andz-
axes. That is, chaining and summing all positivéd aaga-
tive x-axis movements from all h-tubes must getgipeline
from the starting inlet'sx-position, i.e.,X,, to the outlet’'s
x-position, i.e., X,, and similarly fory-axis and z-axis
movements.

(10

This constraint satisfaction problem is formallyfided
here. LetX;, X,,...,andX, be a set of variables, ad@,C,,...,
and C,, be a set of constraintEach variableX; has a non-
empty domairD; of possible values. The goal is to find all
possible solutions under all of the constraints. fdfeulate
the variables, values and constraints as follows:

-Variable:{ ;| i = 1...n}, wheren 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 structubeetl, the
ending point must be equal to the location of ttaewfau-
cet.

Our implementation of this constraint satisfactpmob-
lem utilizes the 360-ary tree data structure. Theet
branches out for each vertical-horizontal turnwhiich each
child node represents a different turn degree auth @ode
of the 360-ary tree tracks the corresponding coatei after
the turn. Thus, at least one of the leaf nodes|dhaive at
the outlet’s coordinate. Each path from the roottteaf
represents one possible pipeline layout. Once 6G:aBy
tree is fully constructed, we simply scan all teafnodes to
find the closest match(es) to the outlet’s coorgisa



4.4 Ambiguity Elimination

For some tube-tube sequences, solving the cortssain
tisfaction problem in layout mapping generates ipigt
possible solutions. Consider the pipeline structarEigure
12(a) and its measured pressure graph in Figut®.12inhce
there are two identical h-tube length segments, cibve-
straint satisfaction generates 360 possible saoisti@e., a
v-h-turn can be 1 to 360-degrees), all of whichisgathe
inlet/outlet positional constraints. Since most evapipe-
lines are hidden on a flat wall plane, all but taautions
are likely. The two possible solutions (Figure Esg that
the pipeline travels on the left side or the rigite of the
wall.

The PipeProbe system resolves such ambiguitieaghro
additional mapping trips where listener devices @exed
nearby the ambiguous paths obtained from the pusvio
mapping trip. In Figure 13, a listener is attacteedach wall
location closest to each of the right and left patks Figure
13 shows, the ideal placements of the two listelaeesat
their mirror locations and further apart. Then, tligbener
devices listen in for packets broadcasted fronctpsule as
it travels by their locations. When the capsulevBaearby
their locations, the listener device on the corfemt path
receives many more packets than the listener devicde
incorrect flow path. In other words, these two patre
disambiguated by the received packet rates of wielis-
tener devices. Table 1 shows an experiment resulistin-
guish the ambiguity.
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Figure 12. An example pipeline structure (a) and & pressure
graph (b) produce two possible pipeline topologieshown in Fig-
ure 13.
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Figure 13. Two possible water pipeline topologiesatisfy the
starting position and ending position constraints ad produced
from the pressure graph in Figure 12(b).

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

received packet # / total transmission packet #

Path 1 121/352

Path 2 13/352

5. Testbed

Figure 14 shows our pipeline testbed for evaluatireg
PipeProbe system. We purposely installed transpaiipe
tubes (measuring 5cm in diameters) to enable tdide
servation on how well and consistent the PipePrapsule
flowed inside of the pipeline as it went througte tfive
prototype versions in the iterative design-testhaea
process. The testbed measures 18 cm x 140 cm x1845
with 51 transparent pipe tubes and 21 valves (with wetio
red handles) forming a pipeline network that ha8xa
non-uniform grid on one vertical and two differémrizon-
tal travel paths on the ground. An input water seus at-
tached to the plastic bin on the testbed’s upmgt orner.
Thus, the upper right corner marks the startingnpof all
flow paths for our experiment. Figure 15 shows lgrggth
of each pipe tube.

Opening and closing different combinations of th2ge
valves generates different flow paths with varyleggths
and turn points for the traveling PipeProbe capdtigure
17 shows the 12 test scenarios in our evaluatiagh Ece-
nario was tested 6 times, i.e., the PipeProbe tapsakes
six repeated mapping trips on the same flow paturg 15
marks the length of interconnecting pipe tubestaedposi-
tions of valves. For example, only opening all tilye valves
and all the left valves generates the simple flaathpof
test#l (Figure 17) with 1 turning point and a traetlength
of 320 centimeters. Four possible end points westalled
in the test bed.

Data collection for each of the twelve test scermimn-
volved the following steps. First, the input wageurce was
turned on to fill water tubes with water. Secomdptoduce
a particular flow path, we set the valves acconginghird,
the water faucet was opened to generate a consnilmy
at a fixed rate. There are multiple ways to continel water
flow rate. A simple method is to calculate the amioof
time to consumé\ liters of water given a fixed input flow
rate and pipe diameter. Note that only one fauces w
opened at each time to generate a particular flagh.p
Fourth, we dropped the PipeProbe capsule into taerw
inlet. The PipeProbe capsule gathered and wirgldsshs-
mitted sensor readings at a rate of 20 Hz whilgetiag
inside the pipeline structure. Finally, the Pipdfer@apsule
was retrieved as it flowed out of the water outlet.
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Figure 14. The experimental testbed for evaluatinghe PipeProbe system. 51 transparent tubes formed3D non-uniform grid testbed.

21 valves with yellow handles were also installeBy opening and closing different valve combinationgdifferent capsule flow paths and
test scenarios were generated for evaluating the f&Probe system.

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

Figure 16. Ground-truth length and position measurenents of
pipe tubes and turning points.

6. Evaluation

Our main metric to evaluate the mapping accuradhef
PipeProbe system is defined as positional and heegors.
Positional error is the Euclidean distance betwibenesti-
mated coordinate and the ground-truth coordinatesézh
turning point on the flow path traversed by thedPimbe
capsule. Since the positional errors from previestsnation
points carry into the error for subsequent estiomafioints,
the positional error from a turning point is accuiative.
Figure 16 shows the ground-truth coordinate fouraing
point, which is measured as the midpoint of tha.tuength
error is the difference between the estimated feagd the
ground-truth length of each pipeline tube on ttoevfipath
traversed by the PipeProbe capsule. Since theherigtach
pipeline tube is measured relative to its own stgrpoint,
the length error is non-accumulative. Figure lewshthat
the ground-truth length of a pipeline tube is meedufrom
the midpoints of its two connecting pipe tubes.

6.1 Length Errors

Since the methods for deriving vertical tube lengtil
horizontal tube length are different, we analyzeizomtal
and vertical tube length errors separately. Tatdb@®vs the
number of measurements for each length of tube inst
12 test scenarios for both horizontal and verficals. Each
test scenario was tested 6 times, i.e., the PiePcapsule
makes six repeated mapping trips on the same flath. p
The average tube length from our test scenarieg-sm.
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Figure 17. Flow paths (marked in red lines) in thel2 test scenarios. The estimated flow paths of tipeProbe system are marked in red lines.

Table 2. The size of the collected dataset and thember of mea- (.19 cm). This difference is due to the use ofedént
surements categorized into vertical/horizontal tube and various techniques for calculating the lengths of horizbated ver-
tube lengths. tical tubes. When we calculate horizontal tubes, dtror is
Actual ground-truth | - Number of measure- accumulative, leading us to a less accurate reFSigjtire 19
Verical 'engtzrz)(cm) mgzts shows that the average error in calculating a fengneral-
tubes 20 81 ly increases with the length of the pipeline segmen
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Figure 18 shows the cumulative density function 62 5 7 10 15 20 25 30
(CDFs) of the length errors for vertical tubes (tbd line), Pipe Segment Length Error (cm)

horizontal tubes (the green line) and combined sufbee Figure 18. CDF of length errors.

blue line). The parametric settings were as foltae flow o
velocity was 11.7 cm/second and the pressure sagpite 8 e e L
was 20 Hz. The dataset for the CDF is based onésigih 7
estimates for the pipeline tubes in the 12 test@tges. The E 61
overall median length error was 2 centimeters, @0fb of 59
the errors were less than 7 centimeters. The médiagth '-E 4 i\ ™
error for vertical-only tubes was 1 centimeter, 8086 of S z //
the errors were less than 4 centimeters. The medragih 3 Al ——
error for horizontal-only tubes was 3 centimeters) 90% o
of the errors were less than 7 centimeters. Theréssilts 4 A T S ‘
demonstrate that our PipeProbe system achievesmeent © %% e segment Length (em) 180
ter-level positional accuracy. Additionally, thetigmation Figure 19. Average (standard deviation) length errs categorized
errors should be considered with respect to theriimeter into horizontal/vertical pipe segments and under dferent pipe
diameter, i.e., the error margin, of the pipe tubéthin segment lengths.
which the PipeProbe capsule flows. 6.2 Positional Errors
Figure 19 depicts the average (standard dewmatf Figure 20 shows the cumulative density function EED

length errors for different pipe tube lengths, saefilag the  for positional error. The dataset for the CDF wasel on
vertical from horizontal pipe tubes. The dataset the 588 positional estimates of pipeline turning poifite.,
length errors was based on 228 length estimateseftical v-turns and h-turns_) in the twelve test scenaffhg median
pipe tubes and 282 length estimates for horizquipal tubes, €70 was 6.8 centimeters, and 90% of the estinteesan
The average (standard deviation) length error fertical error less than 15.8 centimeters.

tubes, 1.5 cm (0.86 cm), was smaller than the geera Figure 21 plots the accumulated positional errois o
(standard deviation) length error for horizontddds, 3.6 cm  turning points with respect to their traveled distes from



Figure 22. Estimated layouts over the actual travesal paths (in bold red lines) for all 12 test scemms.
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Figure 20. CDF of positional errors.

the water inlet. The dataset for this plot was base 588
positional estimates for pipeline turning pointbeTaverage
traveled distance is 335 cm. The average error8axasen-
timeters. The effect of error accumulation is enide the
average positional error increases with the digtahe Pi-
peProbe capsule travels. The effect of error céatu®i is
also present with occasional drops in average ipnoait
error with successive distance increments. Figdll@-
strates the estimated layouts over the actual isav@aths
for all 12 test scenarios.

6.3 Sampling Rate

The sample rates for pressure and gyroscope Sessors

system parameters that directly affect positiomedre We
tested pressure and gyroscope sensors under atffemen-
ple rates separately.

Figure 21. Positional errors under different distarces traveled by
the PipeProbe capsule.

Figure 23 shows the position errors under diffesam-
pling rates [0.125Hz, 0.5Hz, 1Hz, 2Hz, 4Hz and 5Itx]
the pressure sensor. The dataset for the plot wssdbon
one flow path from test#1 (Figure 17), measuring plosi-
tional errors. The analytical results show thdtigher fre-
quency rate generally decreases the positional bewause
the increased number of data samples enables aancue
rate detection of the turning points. Figure 23gasgs that
we should maintain the sample rate above 5Hz faewa
velocities under 11.74 cm/sec, since the positienedr is
only 4 centimeters.

Figure 24 shows the rotational angle calculatednfro
angular velocities measured by the gyroscope sembibe
the PipeProbe capsule is making a 90-degree rightnh
under different gyroscope sample rates [1.25H#12,5Hz,
10Hz and 20Hz]. The results show that a higherueegy
rate produces a more accurate rotational anglertosthe
actual 90-degree turn. When the sampling rate ddopm



Figure 23. Positional errors under different samplerates for the
pressure sensor.

Figure 24. Rotation angle calculated from angular &locity
measured by the gyroscope under different sample tes.

to 1.25 Hz, the calculated rotational angle becobadegree
and causes the turn detection to miss it complefEhe
reason is that the gyroscope did not collect ensaghples
at 1.25 Hz during the short amount of time the Pipbe
completes a turn.

6.4 Data Collection Trips

Figure 25 shows the positional errors of the Pipber
system under different numbers of data collectigpst For
example, six data collection trips mean that thgeProbe
capsule makes six repeated mapping trips on the flam
path. Then, the dataset is gathered from the 12¢esarios
and processed with statistical outlier removal aneraging
to remove noise. The dataset for this plot wasdase588
positional estimates for pipeline turning pointsieTanalyt-
ical results show that a higher number of mappirgs t
generally reduces the positional error and itscesh devia-
tion. Most likely, this is because an increased Ipeimof
datasets enable more accurate reconstruction ofgatal
topology of the pipelines. At one data collectioip,tthe
PipeProbe system still achieved an average poaitiemor
of 4.9 centimeters and a standard deviation ofcBrilime-
ters. At six data collection trips, the PipeProbhstam
achieved an average positional error of 4.1 cetdreeand
a small standard deviation of 2.2 centimeters.

Figure 25. Average (standard deviation) positionagrrors under
different numbers of data collection trips.

7. Discussion

In the PipeProbe system, there two assumptionsal(1)
pipelines have the same diameter, and (2) the iposif
inlet/outlet point is known. Here we discuss howrétax
these assumptions. In addition, we also addresm#ibod
to reduce the size of PipeProbe.

A change in the internal pipe diameter causes gesor
ponding change in the volumetric flow rate and gigyo To
detect different water flow velocities, we will angnt Pi-
peProbe with an extra paddlewheel speed sensoeasum
ing its flow velocity directly. This would also aibthe need
to create constant water flow velocity in our catrgystem.
The paddlewheel speed sensor works as follows. &grw
flow causes the paddlewheel to spin, the magneigdiced
in the paddle spin produce electrical pulses ptigaal to
its flow velocity.

There are some cheap and handy tools that architeet
on a daily basis to measure the 3D position oft/olglet
points. For example, barometer can measure builognght.
Laser rangefinders can measure width/length. Higher
meters generally provide more accurate measurements

There are several ways to reduce the size of the-Pi
Probe such that it can fit into most pipes. Fomepie, the
current PipeProbe has a loose packaging and dadaliyo
utilize all its internal space. The largest comptna the
PipeProbe is the Eco mote whose size is 13 mm (L1 x
mm (W) x 7 mm (H). Therefore, we can shrink Pipéfro
by custom-making a spherical shell at the mm séa#king
a custom printed circuit board will also eliminabest wir-
ing that takes up space. We are currently workingthe
next version of PipeProbe with a size reductiomfr-cm
diameter to 2-cm diameter.

8. Related Work

Recent projects that use wireless sensor netwatk te
nologies for measuring water flow and detectingkdeg
include the NAWMS project [2] and the PIPENET puobje
[1]. The NAWMS project provides information aboutave
and how much water people are using by attachioigtion
sensors to pipe surfaces. NAWMS is easy to indtall,is
not very feasible since all of the pipes in a boidhave be



installed with a sensor. This gets expensive whenpipe-
line structure is complex. Similarly, the PIPENEfojpct
monitors water flow and detects leaks by attaclsiogustic
and vibration sensors to external pipelines andsgome
sensors to internal pipelines. In contrast wittséhprojects,
the PipeProbe system does not assume that waes aip
accessible for someone to attach sensor moduthsiia

Alvarado et al. [9] developed a robotic fish undeioot
long that closely mimics a real fish’s natural swimg mo-
tion. This robofish is equipped with sensors tcedeenvi-
ronmental pollutants. However, it is consideralblyger than
the PipeProbe capsule, and requires a 2.5-5W axteonv-
er source to run a motor.

There are also some noteworthy projects that eng#has

fixture classification of water pipeline. Fogarty &. [7]

used a microphone to monitor the plumbing system an

infer water usage within a household. Neverthelessto-

phone based recognition is obstructed by ambiesen®he
recently proposed HydroSense [3] is a promisingesys
which uses the pressure fingerprint of each wékéure to

identify its activity within a building accuratelyt uses sin-
gle-point detection and exploits the “water hamnedfféct,

which is uniquely produced by every fixture. By elding

and identifying the fixture’s fingerprint, it camfer if the

fixture is on or off. This project strengthens tbase for
processing pressure signals, which are stable airthiu

bited by ambient noise

With regards to water flow estimation and fixtudenmti-
fication, we are not aware of any prior work usangensor
probe for mapping the pipeline structures throughau
home. We consider the other systems complemerdavyirt
approach because PipeProbe maps water pipes b i#ssi
locating the leakage and monitoring the pipes.

Monitoring a house’s infrastructure provides bebeadi
information about its inhabitants. Patel et al. i@ntified
particular devices by detecting the electrical aciaused
by the devices’ operation. The recently proposedd\-
cope [5] uses a combination of the magnetic fiatmhustic
information, and light intensity to estimate themgo con-
sumption within a household.

9. Conclusion

The proposed PipeProbe system presents a novelemobi

sensor system for determining the spatial topotufgyidden
water pipelines. Experimental results from our kedt
achieved a median length error of 2 centimeters, 996 of
the tests had a length error of 7 centimeters s ighile
estimating the lengths of pipe tubes. We had a aneposi-
tional error of 6.8 centimeters, and 90% of thestémd a
positional error of 15.8 centimeters or less wiiéimating
the pipe’s turning points. By using a tiny capstdesense
pressure readings as it traverses through theipgselthe
PipeProbe system produces accurate mapping. Adalitjo
PipeProbe is highly energy-efficient, since its gibgl
movement leverages the existing water flow.
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