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PREFACE

The International Cdrrence on Weigtin-Motion (ICWIMG6) returns to North America to join with
NATMEC 2012 North American Travel Monitoring Exhibition and Conference. The first time was in
2002 (ICWIM3), in Orlando, Florida, with the support of the lowa State University. The
Transportation Research Board (TRB), in charge of NATMEC, brought a strong support to the
International Society for Weighn-Motion (ISWIM) to join the efforts of the two Organizing
Committees in preparing for a successful event.

NATMEC is the premier fum for travel monitoring in the United States. It began with the focus on
weighin-motion (WIM) and has continued to bring together the WIM community for over forty years.

The 2012 theme: "Improving Traffic Data Collection, Analysis, and Use," framessliaged
conferencesd goal s. Bringing together the inter:i
excellent opportunity for assessing statéhepractice, identifying future research needs and
strengthening the WIM community for future progress. Theceedings provide an excellent

reference to those interested in quantifying loadings and traffic using WIM. NATMEC 2012 is
supported by the U.S. Department of Transportation, hosted by the Texas Department of
Transportation, cosponsored by AASHTO and hoeth Central Texas Council of Governments and
organized by Transportation Research Board.

ICWIM has a rich history, first held in Zurich (1995), and followed by Lisbon (1998), Orlando (2002),
Taipei (2005) and Paris (2008). ICWIM has covered WIM telduies, standards, testing and
applications of WIM to traffic monitoring, infrastructure engineering, enforcement and road pricing.

Freight transport delivered on road by commercial heavy vehicles is a key factor for development,
trade and economical gmth. However, the society has to face important challenges on the
environment (CO2 and noxious emissions) and energy savings, and thus shall ensure harmonized and
balanced development of all the transport modes. Therefore, it is crucial that all thegbedvy
vehicles comply with the legal limits and regulations, wherever they are travelling, to be operated at
fair cost, to facilitate the intenodality and to ensure a fair competition in freight transport. The issue
has become timelier in many parts oé thvorld, longer and heavier (higher capacity) vehicles are
being introduced to improve the freight transport efficiency and to reduce congestion and CO2
emission. Road safety remains one of the priorities in all countries, but above all in the develdping a
emerging countries, where almost 1 million people are killed on roads every year. Overloaded trucks
contribute to unsafety and severe accidents, above all for vulnerable users. With the financial crisis,
governments, public authorities, road owners apdrators have encountered difficulties to finance

the construction and maintenance of road infrastructures. Thus, the general trend is to increase the
infrastructure lifetimes and to cut the maintenance budgets. To keep a satisfactory quality it becomes
necessary to avoid any overload, and thus to efficiently enforce the weight limits. WIM systems and
technology is necessary to screen all the heavy vehicles and to help, if not to perform, the enforcement
operations.

To optimize road infrastructure designd maintenance and minimize the related costs, it is necessary

to get extensive and accurate data on weights and flows of axles and vehicles on each road section, as
well as time based trends. Advanced bridge and pavement calculation models requirednmogea
accurate data, as well as innovative road operation and pricing tools. Therefore, WIM becomes part of
a global ITS trend for heavy traffic management, as developed in Australia with the Intelligent Access
Programme (IAP). It is in this context,@ppeared appropriate to merge again, 10 years after ICWIM3

and NATMEC 2002, the ICWIM6 and NATMEC 2012 conferences into a single larger event covering

a wider domain and addressing a broader range of issues. It provides an opportunity to promote
exchangesf experience between more scientists, researchers, engineers and other professionals.
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The conference addresses the broad range of technical issues related to weight measurement sensors,
technologies and systems, weight data management and quality nassueaforcement, road
operation and pricing and infrastructure related issues. It provides access to current research, best
practice, and related policy issues. It is a radiiciplinary, interagency supported event. It provides

an international forumadr WIM technology, WIM standards, research, policy and applications, and it
reviews new developments since the last International conference (ICWIM5).

This conference promises to be more successful than ever, with almost 70 abstracts submitted,
reviewed ly the International scientific committee, with 50 papers accepted, from 20 countries. The
conference is organised in 6 oral sessions, one poster session and 2 panel discussions, all of them open
to all the delegates registered to ICWIM6 or NATMEC2012. €hsessions cover a variety of topics
including:

1. WIM Algorithms, Technology and Testing

2. WIM for Enforcement

3. WIM Standard, Calibration, Data Quality and Management

4. WIM Implementation, ITS, Traffic Monitoring, Safety and Environment
5. Applicatian of WIM to Bridges

6. Application of WIM to Pavements

An industry exhibition is organised by NATMEC to facilitate the meeting of delegates with
manufacturers and users of traffic data and monitoring systems, WIM and related technologies.

The conferencés supported by International organisations such as the OECD/JTRC (Joint Transport
Research Centre) and the FEHRL (Forum of European Highway Research Laboratories), the FHWA
(US Federal Highways Administration) and the TRB (Transport Research Board).

We geatly appreciate the major sponsors of the conference: International Road DyhdRIXs,
TDC Systems, Traffic Data Systemd DS, Kistler and Indra Esteio SistemadESSA -, and the
regular sponsor (Sterela) for their support.

We welcome all delegaseio Dallas and to thé"8nternational Conference on Weigi-Motion.

AnnMar i édDoMNEL L Ber naacdBJ
ConnDOT, United States | FSTTAR,n cke

Conf er encb6e ed ICAMI rMs

Tho na SPAL MERLEE
TRB, United States
NATMEC 2012 chair
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This is the sixth International Conference on WeigtMotion (WIM) and the enthusiasm is there for
delegates tdravel to the farthest corners of the world to share experiences of WIM and hear about the
latest developments. The International Society for Waighlotion (ISWIM), an international net
for-profit organisation based in Switzerland, was born in 2007 adficially launched in 2008, to
welcome all with a common interest in WIM. It supports advances in WIM technologies and promotes
more widespread use of WIM and its widespread applications.

Organizing WIM conferences and seminars is a major objectiWIMSsuccessfully held the's
International conference ICWIMS5 in Paris in May 2008, with the support of the French Laboratoire
Central des Ponts et Chaussees (now IFSTTAR). In April 2011, with the support of the DNIT
(Department of Transport of Brazil) atlde Federal University of Santa Catarina, a very successful
International Seminar was organized in Florianopolis (Santa Catarina, Brazil). Additionally the Latin
American regional group of ISWIM was initiated. Furthermore, in North America, the TRB sub
committee on WIM is forming a regional group of ISWIM, and the European community of WIM
carried out in the 19906s and 200006s i mportant
REMOVE, Fiwi).

ISWIM is active on the Internet through its web sitét{://iswim.free.fj. This web site offers an
International portal for WIM, with many resources, such as scientific and technical publications, links
to WIM web sites, and facilitates exchanges of WIM experiences. The welksitdhas details of
affiliated vendors (i.e. The Vendor College). ISWIM has a scientific interest in WIM standardisation
and in promoting common tests and assessment of WIM systems and an application interest in
exposing endisers to the myriad of uses.

ISWIM consists of individual and corporate members. The Vendors College comprises 15 commercial
enterprises, mainly WIM system manufacturers and vendors. There is a Board of 15 members which is
elected by the General Assembly of all members. There is nbership fee for individuals. There is

a membership fee for companies and organisations. So, please join us and become an active member
of the ISWIM community by signing up on the ISWIM web shigp://iswim.free.fr

The Executive Board,

Bernard Jacob Lily Poulikakos Chris Koniditsiotis Chia-Pei Chou Anne-Marie McDonnell
President Treasurer General Secretary Information Officer Vice-president Sciences
IFSTTAR Empa TCA NTU ConnDOT

France Switzerland Australia Taiwan United States
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PANEL DISCUSSION 1
WIM FOR ENFORCEMENT

Chair:Bernard JAcOB, Ifsttar, France
Co-chair: Tom KEARNEY, USDOT-FHWA, United States

Panelists: J® QRABTREE (USA), Raul DAz (Chile), Chris KONIDITSIOTIS (Australia),
HansVAN Loo (Netherlands)

Around the world, the challenge that commercial motor vehicle safety program enforcement officials
increasingly face is the ability to maintain current lsevef enforcement capable of delivering an
effective level of truck weight enforcement. The first objective is to ensure a fair competition between
transport modes and transport companies, in a very competitive environment. Damage to pavement
and bridgeinfrastructure caused by over loaded and illegally loaded trucks generates a cost to the
general public that is more difficult to fund every day. Also, highway safety can be severely
compromised by illegally loaded trucks at a time when highway progricrats are redoubling their

efforts to deliver the safest highway operating conditions in recent memory. Enforcing compliance of
truck weight limits is daunting in light of current truck volumes and becomes increasingly challenging

in light of truck volunes forecast over the short and medium term as increases in population and
associated increases in consumption levels continue to grow. The ability of enforcement agencies to
employ traditional approaches to truck enforcement program activities has béauoeasingly
strained by the current levels of truck traffic and current public sector budgetary pressures, above all
with high staff cut. If the number of large commercial vehicles using public roadways continues to
grow at a rate that lessens the ratidaw enforcement personnel to trucks, the obvious conclusion is
less ability to weigh trucks and less effective enforcement. And the consequences are more overloads,
road and safety damages, and unfair competition.

The introduction of advanced techagies at the roadside has been identified in many countries as an
important opportunity to increase the effectiveness of truck enforcement activities without increasing
manpower. More intelligent, selective enforcement supports a modern highway transgerthat

uses enforcement resources effectively and does not compromise on ensuring fair transport costs,
protecting pavement and bridge assets or highway safety. Technologies capable of conducting many
of the inspections and measurements traditior@hducted at stationary site weigh stations have the
potential of shifting tremendous pressure away from over strained weigh station sites. The use of
automation in conducting truck enforcement activities has been identified as having the potential to
support adequate levels of enforcement able to handle increases in truck travel and serve as a deterrent
to illegal loading behavior. A key tool in this emerging technology based tool kit is Welgbtion

(WIM) technology. WIM systems installed in roadwaainlines are increasingly being used by

enf orcement psecrrseoennnoe It rtuoc kiisp rfeor compl i ance with
enforcement personnel efforts toward those vehicles requiring more extensive weight measurements
on a static sale. That also allows preventing overloads by company profiling and warnings, as done in
the Netherlands and France. Legally loaded vehicles can be excluded from enforcement queues
contributing to higher levels of productivity in the transport sector assalt. Onrboard WIM
complements the potential enforcement tools, and allows carriers to perforoorgeti and public
authorities to make a wide survey of truokefls. Australia is one of the stcadvanced country using
on-board WIM in the Intelligenfccess Program (IAP).

A new challenge is to develop, approve and implement fully automated WIM systems for
enforcement, as initiated in Taiwan and Czech Republic. Beside the technological challenges on
accuracy and reliability of the WIM systems, sometroiegical and legal issues are still to be
resolved.
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This session will present examples of how WIM can be and is being used as an automated
enforcement tool. The benefits that can be generated through the inclusion of WIM technology in
automated enforeeent frameworks will also be presented.
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PANEL DISCUSSION 2
APPLICATIONS OF WIM TO INFRASTRUCTURE S

Chair:EugeneOBRIEN, UCD, Ireland
Co-chair:Mike MorAVEC, USDOT-FHWA, United States

PanelistsMark HALLENBECK (USA), Lily PouLikakos (Switzerland)
Valter TanI (Brazil), Eiki YAMAGUCH! (Japan)

WIM has been used for many years in a range of application areas relating to road transport
infrastructure. The most significant development in the past decade has been the American
MechanistieEmpirical Paverant Design Guide and the need for U.S. state Departments of Transport

to establish default histograms of axle weight data for pavement design and assessment. Elsewhere in
the world, most countries are still using numbers of Equivalent Standard Axlesigm desir
pavements. In research circles, more sophisticated approaches to pavement assessment are in
development. The University of Nottingham is a leader in this area and has developed a general
framework for pavement life assessment which it is prorgatis a benchmark for other researchers.

They have made their model freely available for download and are encouraging other researchers to
participate in a worldwide comparison of the most sophisticated approaches.

WIM can also be used to assess the $igitgiof pavements to different types tife. In ICWIM5,
South African research was reported that showed meatitgedr e s sur e Of oot girei nt s o
types. This shows the potential of WIM to be used to assess the road friendlitress of

WIM data is also used for bridge load assessment and for the development of bridge loading standards.
Bridge safety is often assessed on the basis of an inspection of the bridge condition. However, accurate
traffic loading information can greatly enhartbés assessment and can identify-sténdard bridges

that are safe because of bridigendly traffic. In recent years, computing power has made possible

6l ong rund simulation of traffic | oadingngon bri
WIM, are simulated on computer. The results are much more accurate than early statistical studies that
extrapolated characteristic load effects from small WIM databases. The long run simulation studies
all ow 6what i f & ques twhatwauld beathe bnplicatiomnssfov bridgedl if tieu ¢ h  a
all owable | egal weight | imit were increased®é6.

Long run simulations can be also used to identify typical maxiimdiifietime traffic loading
scenarios. This has opened up many new possibilitthgramic sinulation of typical maximunmn-

lifetime loading scenarios is giving new insights into dynamic amplification. Early results are
suggesting that the level of dynamic amplification used for bridge safety assessment is much less than
previously assumed.

Devdopment continues and, with the continuing improvement in access to large WIM databases, it
seems that new uses for WIM data will continue to emerge.
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Session 1

WIM Algorithms, Technology and Testing

Chair : ANNE-MARIE MCDONNELL (ConDOT, United States)

Co-chair : JESUS LEAL (CEDEX, Spain)
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AN EXPERIMENTAL WIRE LESS ACCELEROMETER -BASED SENSOR
SYSTEM FOR APPLICATI ONS TO WIM AND VEHIC LE CLASSIFICATION

R. BAJWA E.COLERI C. R. R. P. B. WILD
Univ. of Univ. of FLORES RAJAGOPAL KAVALER VARAIYA  Sensys
California, California, Sensys Stanford Univ., Sensys Univ. of Network,
Berkeley, Davis, CA Networks Stanford, CA Networks, California, Berkeley,
CA Berkeley, Berkeley, Berkeley, CA

CA CA CA
Abstract

The paper describean experimental wireless, acceleromdtased sensor system for WIM

and vehicle classification. The system has four arrays of accelerometer sensors to measure
pavement vibration, and interspersed magnetometer sensors to measure speed. Sensor output
is wirelessly sent to a server, where it is processed to classify vehicles and estimate axle load.
Four tests are reported. The first checks repeatability of sensor measurements. The second
compares estimates of pavement displacements with those of deflsetisors. The third
evaluates axle detection. The fourth compares estimates of axle load with those of a Caltrans
WIM station on {80W.

Keywords: Wireless sensor, accelerometer sensor, wigighotion, vehicle classification,

axle load, deflection.

Résumeé

Cet exposé décrit un systeme de mesure expérimental pour la classification des véhicules et le
pesage en marche. Le principe de mesure est basé sur un accélérometre sans fil. Le systeme
possede quatre rangées d'accéléromémer mesurer les vibrats de la chaussée etsde
magnétometres pour mesurer la vitesse des véhicules. Les mesures collectées sont envoyées
sans fil & un serveur informatique ou elles sont traitées pour aboutir a la classification des
véhicules et & une estimation du poids s@agcte essieu. Quatre tests sont décrittessous.

Le premier évalue la répétabilité de la mesure. Le deuxieme compare les estimations de
déformation de chaussée avec des capteurs de flexion. Le troisieme évalue la détection des
essieux. Enfin le quatriem@mmpare le poids par essieu donné par ce systéme avec la station

de pesage, de I'exploitant Caltrans, installée sur l'autor@fte |

Mots-clés: Capteur sans fil, accélérométre, pesage en marche, classificasioéhileules,

charge a l'essieu, flexion.
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1. Introduction

Agencies like California Department of Transportation (Caltrans) use c¢tasgification and
weight data toenforce weight limits,charge €es and assess pavement damdgelay
Caltrans has 70 static weigh stations and 106 waighotion or WIM stations to monitor
Cal i f 860,000 lamésiles of highway and 12,48&Iges with a median age of §8ars.

An adequate monitoringystem for California needs many more weigh stations, but this need
cannot be met by stationdwhicloase expéenaive iodnstall and kvdinkin.

This paper describes aexperimentalwireless, accelerometéased system to classify
vehicles and estimate axle | oad and pavemer
Wi rel ess \ANMG stih undeiSdévelopment. It represents a promising approach

toward an inexpensive, eafiyinstall system made possible by recent advances in MEMS
(Micro-ElectrecMechanical Systems) devices, and wulow power radios and
microprocessors. The challenge is to m&&-WIM sufficiently accurate. The tests

reported here suggest this is possible.

SWWI M uses four arrays of accel erometer sen
caused by a moving vehicle, together with magnetometer sensors to measure vehicle speed.
Sensor measurements are wirelessly sent to an Access Point (APCC), which forwards the data
via cellular modem. Signal processing algorithms work on the data to determine the number
and spacing of a truckds axl eceloadsfeachnagld. e t he

Four sets of test results are reporté@the firstevaluates repeatability of sensor measurements

at a Heavy Vehicle Simulator at UC Davis. The secooihparesestimatesof pavement
displacement with those of deflection sensora iralling Weight Deflectometer experiment.

The third evaluates axle detection using three accelerometers located downstream of a
Caltransweigh stationon -680S The fourth compares SWI M Gstimates of axle load

with those from a Caltrans WIM statiam -80W.

The rest of the paper is organized as follows. Section 2 described/ISW Section 3
presents the test results. Section 4 summarizes our conclusions from this study.

2. SW-WIM

This section provides a description of ®&-WIM systemconfiguration at the-80 test site
the sensor design, and the signal processing algorithms.

2.1System Configuration

Fig 1 is a schematic of SWNIM deployed on lane 2 of westbound@0 in Pinole, CA at the

Appian Way exit. The test site is directly upstream &@adtrans WIM station whose data
serves as Oground trutho. The | eft side of
wide lane of the pavement (in the actual deployment each array has a small stagger to prevent
6shadowingd of tndfhe pavement vibratio
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Figure 1 - SW-WIM test site on 1-80 in Pinole, CA.

There are four arrays of accelerometer sensors (red circles) and five magnetometer sensors
(black squares). The arrays are 4.6m (15ft) apart. The multiple array meassrperenit

separation of the dynamic and static axle load (Cebon, 2006). (UnlikévEWI, todayos
WIMs require a smooth pavement to reduce the dynamic component, but this is very
expensive.) The six sensors in each array are redundant, but allow us rtoirdetthe

sensitivity of the measurements to sensor placement. Each accelerometer sensor measures the
vibration or acceleration of the pavement at the sensor location. The magnetometer sensors
measure the arrival and departure times of each vehicle, frioichvwone obtains vehicle

speed, since the distance between two magnetometer sensors is fixed.

The rest of the equipment is mounted on a 5m (15ft) pole on the side of the highway inside a
ruggedi zed O6TOPBox©6. Thi s e qbsarvptioreofthe SpVr o v i d €
WIM system. The equipment includes (i) two APCC processor modules with attached Hard

Disk (HD) storage connected to the external SP radio modules that receive the sensor data; (ii)
external PafTilt-Zoom camera for video capture fealidation; (iii) Power Supply (PS) and
temperature controller for remote ssystem reset and monitoring; and (iv) cellular 3G

modem, WiFi bridge, and Ethernet data port for multiple ways of providing system and data
access. The test system is a coneeniand versatile platform for collecting pavement
vibration data under a variety of traffic and environmental conditions. Data from the site can

be collected 24 hours/day and 7 days/week.

2.2Sensor Design

Each accelerometer sensamube is comprised of a MEM accelerometera temperature
sensora microprocessor, memoryradio transceiver, an antennayattery, and an electronic
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PC board that interconnects these components, assembleBigifleft). The assembly is
placed in dardened plasti¢.4 cmx 7.4 cm x 4.9 cncube(middle), which is then filed with

a potting material. The magnetometamsor cube is virtually identical, except that the
accelerometer is replaced by a magnetomé&iachcubeis placedin a 10-cm radius 5.7-cm

deep hole in thavement(Fig 2, right), which is then filled with fagirying epoxy.The
pavement needs no preparation and a sensorisubsgtalled in 10 minutes(The system of

Fig 1 was installed by a-gerson crew in four hours.) The analog accelerometer sensor
measurements are lepassfiltered at 50Hz, sampled at 512Hz and sent throughaitl®/D
converter. The resulting bit stream is transmitted by the sensor radio to the APCC.

The APCC has a Linux processor and various communications interfaces as sheigriin
The data from the APCCs and the camera can be stored locally and downloaded over the 3G

network.

Figure 2 - Sensor cube assembly (left), package (middle), and installation (right)

2.3Signal Processing

The APCC synchronizes all the sensor clodiksie stamps all measurements using the
Internet NTP, and stores the data in the hard disk. The data are retrieved via a 3G cellular
modem and processed offline. The processing algorithms are currently in Matlab. Eventually
real time algorithms will beistributed among a server, the APCCs, and the sensors.

Let y(z,t) be the displacement of the pavement caused by a truck at sensor |Izctiome

t. The accelerometer sensor s@@menz(t)in mg is
0%
Z(t) =n % gj(&",t) + w(t).
Here n is a characteristic of the accelerometer, andis measurement noise. Let

¢ ={tw— z(t).t € (ty.11)} denote individuatruck samples, obtained by the SEG algorithm.

SEG segments the continuous sensor measurements into sgnipiesach vehicle, using the
magnetometer sensor to detect the arrival and departure of a vehicle (Haoui et al, 2008).
Vehicle length is the product of its speed and the magnetometer occupancy time (departure
time1 arrival time). Vehicles longer than 7m (20ft) are treated as trucks-triNck samples

are not used in this study which focuses on trucks-tNak data areecorded.

Three algorithms proce(s NRED (Noise REDuction), ADET (Axle DETection), and LDC
(Load and Displacement Computation).
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NRED removes fron¢frequencies above 6.2 Hz or below 0.1 Hz; the ésitewkre arrived at
empirically.

ADET identifies the occurrence of a negative peak with an individual &DET passes the
measured energin ¢ through a moving averagblter and detects the peaks that are
sufficiently spacedapart in time The number and location of these peaks gives axle count and
axle spacing for each truck. Most vehicle classification schemes are based on number and
spacing of axles.

LDC doubleintegrates the NREfItered response for each axle to estimmthe deflection.
However, the load estimation algorithms reported here are based only on acceleration. The
use of displacement for load estimation is currently under study.

3. Test Results
Results of SWWIM tests are reported in this section.

3.1Repeatability

SW-WIM should give virtually identical pavement acceleration measurements from repeated
motions of the same truck. Théeavy Vehicle SimulatofHVS) at University ofCalifornia
Pavement Research Cenisrused to simulate a single wheel moving repegtedier a
concreteroad overlaid with a densgraded polymer modified asphalt concrete layer at three
speeds and with threwheel loads. Sixty trials were repeated for each spémab
combination.

Acceleration (mg!

L L s L
0 50 100 150 200 250

Acceleration (mg)

Acceleralion {mg!

Time (s) Time (s)

(a) {(b) Multiple runs.

Figure 3 - (a) Raw vs filtered accelerationsignal; (b) multiple trials.

Fig 3(a) is a record of the raw acceleration measurement (top) and its /NIREEEH version
(bottom) for repeated runs. The latteweals thébackandforth passage of the singtee

over the sensdout the passage is absed in the aw signal.The attenuatiorf the filtered

signal at the beginning and end of the record is due to transients in NRED. Fig 3(b)
superimposes plots of several runs for 80 kN load at 5.41 mph. For this the variation in
positive peaks, negatiyeeaks, energy (as % of the mean) is 6.1, 7.4, and 4.3% respectively
for one sensor and 4.0, 2.9, and 5.4% respectively for another sensor. EvideAtyIN6W
measurements are similar under repeated loading conditions.
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3.2Pavement Deflection

A falling weight délectometer (FWD) experiment can be used to gaugeV8WMo6 s e st i mat

of deflection (displacement). The FWD imparts a load pulse by dropping a large weight onto
the pavement through a circular load plate. Deflection sensors mounted away from the load
plate measure the displacement of the pavement in response to the load. The displacement
h(x,t) measured at locaticnat timet is an estimate of the pavement impulse response.

A FWD experiment was conducted on the concrete pavemeywlof County Road 32A The

plan on the left of Fig 4 indicates the locations at which the weight is dropped and where the
pavement displacement is measured. A-BAW cube is located at the center (circle
numbered 8,17). The plot on the right compares the Féasured displacement with that
obtained by the LDC algorithm. The agreement is very good.

t

Direction of Travel
(Eastbound)
3330

1665 e 1515
I
1

|
1
a 7 R pEe e g
3 300

Displacement (m)

INI

38
1:5411—1-:3

Asphalt Concrete Shoulder

Wastbound direction (PCC)

Loading piste dameter is 300 mm

Al dim ensions are n mm
In-pavement acoslerometer is 0 0.005 001 0015 002 0025 003 0035 004
installad st the canter of the dsb Time (5)

(test locations 8817)

Figure 4 - Measurement plan of FWD experiment (left); comparison of FWD andSW-
WIM measurements

3.3 Axle Detection

The ADET algorithm passes the measured energy of the signal through a moving average
filter and peaks of the resulting signal that are at least 3ft apart are labeled as axle locations.
The low pass filtering combined with this rmrum separation constraint helps distinguish

the real peaks corresponding to axles from any other peaks in the signal. The experimental
site is downstream of the Caltrans weigh station at Sunol6&9$. The left panel in Fig 5
displays three plots: thep plot is the raw signal from a single sensor, the middle plot shows
the result when ADET is applied to the same sensor, and the bottom plot shows the result
when ADET is applied to pointwise maximum of the signal from the three sensors. The
single sensodetects two axles at the peaks (red dots) while the maximum detects all three
axles. The table on the right gives the number of trucks whose axles are correctly or
incorrectly counted.
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Each individual sensor correctly counts the axles in 47 out ofus&g (errors are always

from undercounting) whereas the pointwise maximum of the signals across three sensors
correctly counts the axles in all 53 trucks. A detailed description of axle detection can be
found in (Bajwa et al, 2011).

i 1 _ ! ' ' ' ' Count Err Seneor | | Semsor 2 Semsor 3| Combaned
ol i 0 0 | 0

i J’\A 2 | 2 1 0
P e [ $ 4 4 0

i ; | | Comeat 4 47 17 51

; ! _/\I\k | Performance = 88.7% 838, 71% 8. 1% 100FE

Tewis

Figure 5 - (Left) Raw signal, NREDprocessed signal from one ssor, and the maximum
of three signals. (Right) Axle detection by each sensor and by their maximum.

3.4Axle Load

We begin wi tW¥(l)rae porteesnepnitaitnegb t he p aglegisolted 6 s r €
axle. In practice¥ is obtained by averaging the responses of different sensors to an axle that

is far from the other axlesw is normalized” ¥?(¢) = 1. The ADET algathm processes

the measurement samg(eof a truck and gives the number of axles and their locations. For

example, 5 axles may pass over the senst,, - - . #;. We find coefficientsF; by solving
. . 2
nﬁnzt: L) — Z Pt —t)]. (1)

(Below ¢ is the average of the response of the three middle sensors.) WF; takbe the
force on the pavement exerted by axle The force depends linearly on axle load and
increases with truck speed. Empirical considerations suggest removing dependence on speed
V by taking the force az;, = F;/V5. It remains to determine thoalibration coefficienty,,
which relates the measured forzpto the true loadw;. Assuming thatw; is correctly
measured by the Caltrans WIM statianis estimated via the regression modzais the axle
index and- is the index for afaxle truck)

w] =yl +e',i=1,---,5, n=1,---, N. (2

x10°

Acceleration (cg,
Estimated Weight (tons)

— LS fit
— Template ; . . ; o i 2 3 3 5 5 7 ]
00 {1]1] 300 400 500 600 700 ACtuaI Welght (tons)

Sample Number

Figure 6 - (left) Sample( vs. least squares fit (1); (right) regression (2) for third axle.
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We present results for a small setNV = 15 trucks. The left panel of Fig 6 compares one
sample¢ with the least squares {5, F;W(t — 7;) of (1). The right panel shows the scatter
plot (=, w!) and the regression (2) for the third tandem axle of the 15 trucks in the sample.

Table 1 - Mean relative absolution error from regression (2)

e Axlel | Axle 2/3 | Axle 4/5| Axle 2 Axle 3 Axle4 | Axle5
Individual 4.87 9.05 7.79 8.15 12.41
Joint 4.16 5.41 4.72 6.27 5.56 9.12 5.53

Table 1 gives the mean relative absolute error for each of five axles,ddagne
_ X4l X, ey =yl
Hi = n = n . ©))
n Wi Zn w;
Each entry in the fir st fromawepdratelregiessidn fob éachd i v i
axle. In the second row, three regressions are carried out: axle 1, and combined xdeslem a
2/3 and 3/4. The estimated load for the combined axle 2/3 is then evenly allocated among
axles 2 and 3; similarly the estimated load for 4/5 is evenly allocated among axles 4 and 5.
Surprisingly, the errors iinnthleedpionadit doi eésal
This indicates a potential improvement in our approach to the determinatF;rfrom (1).
Ongoing work is addressing this |improvement,
between the ke and right tires, and understanding how the calibration coefficigntary
with temperature and pavement type.

4. Conclusions

SW-WIM represents a promising approach toward an inexpensive;t@asstall system

based on MEMS saors, and ultrdow power radios and microprocessors. -SVIM is

under development. Tests indicate that it adequately classifies trucks and measures pavement
displacement. Preliminary results suggest-8M¥ should be able to accurately estimate

axle loas after improvements in the current algorithms.
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HIDDEN MARKOV MODELI NG FOR WEIGH -IN-MOTION ESTIMATION

R.ABERCROMBIE E. FERRAGUT S. BOONE
Oak Ridge National Laboratory (ORNL)
Computational Sciences and Engineering Division
Oak Ridge, TN USA

Abstract

This paper describes a hidden Markov model to assist in the weight measurement error that
arises from complex vehicle oscillations of a system of discrete masses. Present reduction of
oscillations is by a smooth, flat, level approach and constamt,sgleed in a straight line. The
model uses this inherent variability to assist in determining the true total weight and
individual axle weights of a vehicle. The weight distribution dynamics of a generic moving
vehicle were simulated. The model estimatammverged to within 1% of the true mass for
simulated data. The computational demands of this method, while much greater than simple
averages, took only seconds to run on a desktop computer.

Keywords: Weighin-Motion, WIM, MS-WIM, Markov, Multiple sensors

Résumé

Cet article décrit un modéle de Markov cachérnpettant de minimiset 6 e rdarsu r

| 6 est i rpaidsduaamion. Cette errewent des oscillations complexes du systeme de
masses discretes du véhicule. La réduction des oscilla@ofastpar une approchde lissage

plane etrégulierea vitesse constante et lente en ligne droite. Le modéle utilise cette variabilité
inhérente pour déterminer le poids total réel et le poids de chaque essieu d'un veéhicule.
L6 o s c i dyhamitiue denla distrittion des masses d'un véhicule roulant a été simulée. Le
mod | e dbéesti mati on c oremassegpaurlésdanméessinuléeselel %
temps de calcul de cette méthode, bien que beaucoup plus grand que celui de simples
moyennes, est de seulemguelques secondes sur un ordinateur de bureau.

Mots-clés:Pesage en marche, WIM, M8IM, Markov, multi-capteurs.
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reproduce the published form of this contribution, or allow others to do so, for U.S. Government purposes
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