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WEIGH-N-MOTION SCALE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

The present application claims priority to U.S. Provisional 
Patent App. No. 61/329,300 filed on Apr. 29, 2010, the entire 
disclosure of which is incorporated by reference herein. 

BACKGROUND 

There have been many Suicide bomber attacks using 
vehicle borne improvised explosive devices (VBIED) over 
the past two decades, which have resulted in a huge loss of 
life. The typical tactic employed by the terrorist group is to 
load a vehicle with low cost explosives and drive to a political 
target, such as an embassy, military base, sports event, etc. 
Most attacks of this type have used between 250 and 2000 
pounds of explosives concealed in the vehicle. To mitigate the 
damage from this type of attack, it is necessary to detect and 
deter the vehicle well before it enters the target area. 
The Alcohol, Tobacco and Firearms website lists explosive 

payload based on vehicle size and type. For example, a com 
pact sedan can carry up to 500 pounds of explosives; whereas 
a passenger van or cargo van can carry up to 4000 pounds. 
Some early VBIED threats were easily identified because the 
heavy explosive payload caused the vehicle to ride very low 
on its suspension. Since that time terrorists have learned to 
add (i.e., weld) additional Support to the Suspension under the 
heavy explosives so that the vehicle appears to ride normally. 

Commercial axle scales have been developed primarily for 
use as truck scales for enforcing highway load limits. Tradi 
tional truck scales have used large platforms to measure mul 
tiple axles while the vehicle is stopped on the scale. More 
recently, weigh-in-motion (WIM) systems have been devel 
oped to allow the vehicles to continue moving over the scale 
without stopping. Some systems, like the Fairbanks Model 
4020, require the vehicle to slow to less than 5 miles per hour 
(mph) while others, like the IRD Bending Plate WIM Sensor 
can measure a weight of a vehicle when the vehicle is at full 
highway speed. The WIM scales measure each axle sepa 
rately or, in some cases, each tire separately. Thus, commer 
cial axle scales and WIM scales provide examples of a num 
ber of different means for determining a vehicle weight. 
Commercial axle scales may be more effectively utilized at 
border crossings where customs officials have the task of 
determining which vehicles should be subjected to detailed 
inspection to uncover illegal drug or commercial trafficking 
and/or terrorist threat. 

SUMMARY 

In an example embodiment, a method for assessing a threat 
potential of a vehicle is provided. Dimensional characteristics 
of the vehicle are determined based on image data of the 
vehicle. A make and a model of the vehicle is identified based 
on the determined dimensional characteristics of the vehicle. 
A number of passengers in the vehicle is identified based on 
the image data of the vehicle. A payload weight threshold is 
identified for the vehicle based on the identified make and 
model of the vehicle. A non-passenger weight is identified for 
the vehicle based on the identified make and model of the 
vehicle. A passenger weight is identified for the vehicle based 
on the identified number of passengers. A payload weight is 
determined by Subtracting the identified non-passenger 
weight for the vehicle and the identified passenger weight for 
the vehicle from the received weight data for the vehicle. The 
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2 
determined payload weight is compared to the identified pay 
load weight threshold. An alert is generated based on the 
comparison. 

In another example embodiment, a computer-readable 
medium is provided having stored thereon computer-read 
able instructions that if executed by a computing device, 
cause the computing device to perform the method of assess 
ing a threat potential of a vehicle. Further, any of the opera 
tions described herein may be implemented as computer 
readable instructions that are stored on a computer-readable 
medium. 

In yet another example embodiment, a computing system 
is provided. The system includes, but is not limited to, a 
communication interface, a processor, and the computer 
readable medium operably coupled to the processor. The 
communication interface is configured to receive image data 
of a vehicle and weight data for the vehicle. The computer 
readable medium has instructions stored thereon that when 
executed by the processor, cause the system to perform the 
method of assessing a threat potential of a vehicle. 

In yet another example embodiment, a vehicle alert system 
is provided. The system includes, but is not limited to, a scale, 
an imaging system, and the computing system. The scale is 
configured to detect weight data for a vehicle. The imaging 
system is configured to capture image data for the vehicle. 

Another illustrative system includes a camera, a weigh-in 
motion scale, and a processor. The camera is configured to 
capture one or more images of a vehicle as the vehicle goes 
over the weigh-in-motion scale. The weigh-in-motion scale is 
configured to generate one or more weight measurements of 
the vehicle as the vehicle goes over the weigh-in-motion 
scale. The processor is operatively coupled to the camera and 
the weigh-in-motion scale. The processor is configured to 
determine an acceleration of at least a portion of the vehicle 
based at least in part on the one or more images of the vehicle. 
The processor is also configured to adjust at least one of the 
one or more weight measurements based on the acceleration. 

Another illustrative method includes capturing, with a 
camera, one or more images of a vehicle as the vehicle goes 
over a weigh-in-motion scale. One or more weight measure 
ments of the vehicle are generated as the vehicle goes over the 
weigh-in-motion scale. An acceleration of at least a portion of 
the vehicle is determined based at least in part on the one or 
more images of the vehicle. At least one of the one or more 
weight measurements is adjusted based on the acceleration. 

Another illustrative computer-readable medium has com 
puter-readable instructions stored thereon. The instructions 
include instructions to capture one or more images of a 
vehicle as the vehicle goes over a weigh-in-motion scale. The 
instructions also include instructions to generate one or more 
weight measurements of the vehicle as the vehicle goes over 
the weigh-in-motion scale. The instructions also include 
instructions to determine an acceleration of at least a portion 
of the vehicle based at least in part on the one or more images 
of the vehicle. The instructions further include instructions to 
adjust at least one of the one or more weight measurements 
based on the acceleration. 
The foregoing Summary is illustrative only and is not 

intended to be in any way limiting. Other principal features 
and advantages of the invention will become apparent to those 
skilled in the art upon review of the following drawings, the 
detailed description, and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Example embodiments will hereafter be described with 
reference to the accompanying drawings, wherein like 
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numerals denote like elements. The drawings depict example 
embodiments in accordance with the disclosure and are, 
therefore, not to be considered limiting of its scope. 

FIG. 1 depicts a block diagram of a vehicle alert system in 
accordance with an example embodiment. 

FIG. 2 depicts a diagram of aspects of the vehicle alert 
system of FIG. 1 in accordance with an example embodiment. 

FIG.3 depicts a second block diagram of the vehicle alert 
system of FIG. 1 in accordance with an example embodiment. 

FIG. 4 depicts a flow diagram illustrating example opera 
tions performed using a vehicle alert application of a com 
puting device of the vehicle alert system of FIGS. 1 and 3 in 
accordance with an example embodiment. 

FIG. 5 depicts an example camera field of view of the 
vehicle alert system of FIG. 1 in accordance with an example 
embodiment. 

FIG. 6 depicts a flow diagram illustrating example opera 
tions performed using the vehicle alert application to deter 
mine vehicle characteristics in accordance with an example 
embodiment. 

FIG. 7 illustrates a reference background image in accor 
dance with an example embodiment. 

FIG. 8 illustrates a vehicle image in accordance with an 
example embodiment. 

FIG. 9 illustrates a vehicle silhouette image generated in 
accordance with an example embodiment. 

FIG. 10 illustrates a cropped vehicle silhouette image in 
accordance with an example embodiment. 

FIG. 11 illustrates an edge shape image generated in accor 
dance with an example embodiment. 

FIG. 12 illustrates a histogram corresponding to an edge 
shape image in accordance with an example embodiment. 

FIG. 13 illustrates sample database entries in accordance 
with an example embodiment. 

FIG. 14 illustrates a system that includes three distinctly 
positioned cameras in accordance with an example embodi 
ment. 

FIG. 15 is a plot illustrating reflectivity versus wavelength 
for three different types of glass. 

FIG. 16 is a diagram illustrating an above the road WIM 
scale in accordance with an illustrative embodiment. 

FIG. 17 is a diagram illustrating a speed bump WIMscale 
in accordance with an illustrative embodiment. 

FIG. 18 is a diagram illustrating a vehicular spring-mass 
damper model in accordance with an illustrative embodi 
ment. 

FIG. 19 is a chart illustrating the vertical displacement of a 
vehicle traveling over an above the road WIM scale in accor 
dance with an illustrative embodiment. 

FIG. 20 is a chart illustrating the weight measured by the 
WIM scale of FIG. 19 as a function of time, in accordance 
with an illustrative embodiment. 

FIG. 21 a chart illustrating the vertical displacement of a 
vehicle traveling over an above the road WIMscale at 5 mph 
in accordance with an illustrative embodiment. 

FIG. 22 is a chart illustrating the weight measured by the 
WIM scale of FIG. 21 as a function of time, in accordance 
with an illustrative embodiment. 

FIG. 23 is a block diagram illustrating a motion capture 
system in accordance with an illustrative embodiment. 

FIG. 24 is a diagram illustrating vertical displacement Ay 
of a vehicle in accordance with an illustrative embodiment. 

FIG. 25 is a chart illustrating vertical displacement and 
acceleration as a function of time in accordance with an 
illustrative embodiment. 
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4 
FIG. 26 is a flow diagram illustrating operations performed 

to estimate static vehicular weight of a moving vehicle in 
accordance with an illustrative embodiment. 

FIG. 27 is a diagram illustrating horizontal displacement 
AX of a vehicle in accordance with an illustrative embodi 
ment. 

FIG. 28 is a diagram illustrating a vehicle with a first 
reference point and a second reference point in accordance 
with an illustrative embodiment. 

FIG. 29 is a chart illustrating the period of oscillation r of 
the rear Suspension of a vehicle in accordance with an illus 
trative embodiment. 

DETAILED DESCRIPTION 

With reference to FIG. 1, a block diagram of a vehicle alert 
system 100 is shown in accordance with an example embodi 
ment. Vehicle alert system 100 may include a vehicle 102, a 
scale 104, one or more cameras 106a, 106b, a computing 
system 108, and a security, Surveillance and intelligence sys 
tem 110. Vehicle 102 can be any type of moving or movable 
structure Such as a car, trucks of various sizes having various 
number of axles, vans, trailers, etc. Vehicle alert system 100 
determines characteristics of vehicle 102 to determine the 
possibility that vehicle 102 is carrying an explosive device. 
One or more networks of the same or different types may 

allow communication between scale 104, the one or more 
cameras 106a, 106b, computing system 108, and security, 
surveillance and intelligence system 110. The one or more 
networks can be any type or combination of wired and/or 
wireless public or private network including a cellular net 
work, a local area network, a wide area network such as the 
Internet, etc. The one or more networks further may be com 
prised of sub-networks and consist of any number of devices. 
In the example embodiment of FIG. 1, scale 104 communi 
cates with computing system 108 through a first communica 
tion link 112, the one or more cameras 106a, 106b commu 
nicate with computing system 108 through one or more 
communication links 114, and computing system 108 com 
municates with security, Surveillance and intelligence system 
110 through a second communication link 116. In the 
example embodiment of FIG. 1, first communication link 112 
and the one or more communication links 114 are depicted as 
wired communication links and second communication link 
116 is depicted as a wireless communication link utilizing a 
first antenna 118 of computing system 108 and a second 
antenna 120 of security, Surveillance and intelligence system 
110. Any type or combination of wired and/or wireless net 
work linkage, however, may be utilized in vehicle alert sys 
tem 100 Such that the various components can communicate. 

Thus, the components of vehicle alert system 100 may be 
positioned in a single location, a single facility, and/or may be 
remote from one another. One or more of the components of 
vehicle alert system 100 may be connected directly, for 
example, using a cable for transmitting information between 
systems. One or more of the components of vehicle alert 
system 100 may be connected using the one or more net 
works. 

Scale 104 may include any type of load sensing device 
placed in or on a roadbed to determine a total vehicle weight, 
an axle weight, and/or a tire weight of vehicle 102 without 
limitation. For example, scale 104 may include a commercial 
axle scale, weigh-in-motion (WIM) system, etc. Depending 
on the application environment of vehicle alert system 100, 
different types of scales may be better utilized. For example, 
at a border crossing where vehicle 102 is either stopped or 
traveling at a low rate of speed, a commercial axle scale may 
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be more appropriate; whereas on a highway or city street, a 
WIM system May be more appropriate because vehicle 102 
may not be required to stop. 
The one or more cameras 106a, 106b capture a digital 

image of vehicle 102 and may refer to any type of imaging 
device. The one or more cameras 106a, 106b are positioned 
such that the largest vehicle of interest can be viewed within 
the field-of-view (FOV) of the camera as vehicle 102 crosses 
scale 104. Both visible and infrared wavelength cameras may 
be used to obtain high contrast for vehicle shape detection. 
Multiple cameras may be used to obtain vehicle geometry in 
both the length and width directions. 

The distance from the one or more cameras 106a, 106b to 
the traffic lane is known to scale the camera FOV. For 
example, with reference to FIG. 2, an imaging system 106 is 
shown a distance 200 from scale 104 and the traffic lane on 
which vehicle 102 is traveling. A background 202 may pro 
vide a backdrop, which enhances the ability of imaging sys 
tem 106 to obtain an image that more clearly delineates 
vehicle 102 from the surrounding environment and traffic. 

With reference to FIG.3, a second block diagram of vehicle 
alert system 100 is shown in accordance with an example 
embodiment. Computing system 108 may include an output 
interface 300, an input interface 302, a computer-readable 
medium 304, a communication interface 306, a processor 
308, a vehicle alert application 310, a display 312, a speaker 
314, a printer 316, and a database 318. Different and addi 
tional components may be incorporated into computing sys 
tem 108. Computing system 108 may include a computer of 
any form factor Such as a personal digital assistant, a desktop, 
a laptop, an integrated messaging device, a cellular telephone, 
a Smartphone, a pager, etc. 

Output interface 300 provides an interface for outputting 
information for review or analysis by a user of computing 
system 108. Computing system 108 may have one or more 
output interfaces that use the same or a different interface 
technology. For example, output interface 300 may includean 
interface to display 312, speaker 314, printer 316, database 
318, etc. Display 312 may be a thin film transistor display, a 
light emitting diode display, a liquid crystal display, or any of 
a variety of different displays known to those skilled in the art. 
Speaker 314 may be any of a variety of speakers as known to 
those skilled in the art. Printer 316 may be any of a variety of 
printers as known to those skilled in the art. Display 312, 
speaker 314, printer 316, and/or database 318 further may be 
accessible to computing system 108 through communication 
interface 306. 

Input interface 302 provides an interface for receiving 
information from the user for entry into computing system 
108 as known to those skilled in the art. Input interface 302 
may use various input technologies including, but not limited 
to, a keyboard, a pen and touch screen, a mouse, a track ball, 
a touchscreen, a keypad, one or more buttons, etc. to allow the 
user to enter information into computing system 308 or to 
make selections presented in a user interface displayed on 
display 312. The same interface may support both input inter 
face 302 and output interface 300. For example, a touch 
screen both allows user input and presents output to the user. 
Computing system 108 may have one or more input interfaces 
that use the same or a different input interface technology. 

Computer-readable medium 304 is an electronic holding 
place or storage for information so that the information can be 
accessed by processor 308 as known to those skilled in the art. 
Computer-readable medium 304 can include, but is not lim 
ited to, any type of random access memory (RAM), any type 
of read only memory (ROM), any type of flash memory, etc. 
Such as magnetic storage devices (e.g., hard disk, floppy disk, 
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6 
magnetic strips,...), optical disks (e.g., compact disk (CD), 
digital versatile disk (DVD), ...), smart cards, flash memory 
devices, etc. Computing system 108 may have one or more 
computer-readable media that use the same or a different 
memory media technology. Computing system 108 also may 
have one or more drives that Support the loading of a memory 
media such as a CD or DVD. Computer-readable medium304 
may provide the electronic storage medium for database 318. 

Communication interface 306 provides an interface for 
receiving and transmitting data between devices using Vari 
ous protocols, transmission technologies, and media as 
known to those skilled in the art. Communication interface 
306 may support communication using various transmission 
media that may be wired or wireless. Computing system 108 
may have one or more communication interfaces that use the 
same or a different communication interface technology. 
Data and messages may be transferred between computing 
system 108 and scale 104, the one or more cameras 106a, 
106b, and/or security, surveillance and intelligence system 
110 using communication interface 306. 

Processor 308 executes instructions as known to those 
skilled in the art. The instructions may be carried out by a 
special purpose computer, logic circuits, or hardware circuits. 
Thus, processor 308 may be implemented in hardware, firm 
ware, or any combination of these methods and/or in combi 
nation with software. The term “execution' is the process of 
running an application or the carrying out of the operation 
called for by an instruction. The instructions may be written 
using one or more programming language, Scripting lan 
guage, assembly language, etc. Processor 308 executes an 
instruction, meaning that it performs/controls the operations 
called for by that instruction. Processor 308 operably couples 
with output interface 300, with input interface 302, with 
computer-readable medium 304, and with communication 
interface 306 to receive, to send, and to process information. 
Processor 308 may retrieve a set of instructions from a per 
manent memory device and copy the instructions in an 
executable form to a temporary memory device that is gen 
erally some form of RAM. Computing system 108 may 
include a plurality of processors that use the same or a differ 
ent processing technology. 

Vehicle alert application 310 performs operations associ 
ated with determining if a vehicle is carrying an excessive 
payload which may be an explosive device and alerting Secu 
rity personnel concerning a vehicle identified as carrying an 
explosive device. Some or all of the operations described 
herein may be embodied in vehicle alert application 310. The 
operations may be implemented using hardware, firmware, 
software, or any combination of these methods. With refer 
ence to the example embodiment of FIG. 3, vehicle alert 
application 310 is implemented in software (comprised of 
computer-readable and/or computer-executable instructions) 
stored in computer-readable medium 304 and accessible by 
processor 308 for execution of the instructions that embody 
the operations of vehicle alert application 310. Vehicle alert 
application 310 may be written using one or more program 
ming languages, assembly languages, Scripting languages, 
etc. 

Computing system 108 includes or can access database 
318 either through a direct connection such as by being part of 
computer readable medium 304 or through output interface 
300. Database 318 is a data repository for vehicle alert system 
100. Database 318 may include a plurality of databases that 
may be organized into multiple database tiers to improve data 
management and access. Database 318 may utilize various 
database technologies and a variety of different formats as 
known to those skilled in the art including a file system, a 
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relational database, a system of tables, a structured query 
language database, etc. Database 318 may be implemented as 
a single database or as multiple databases stored in different 
storage locations distributed over a network Such as the Inter 
net. 

With reference to FIG. 4, example operations associated 
with vehicle alert application 310 are described. Additional, 
fewer, or different operations may be performed depending 
on the embodiment. The order of presentation of the opera 
tions of FIG. 4 is not intended to be limiting. In addition, 
although some of the operational flows are presented in 
sequence, the various operations may be performed in various 
repetitions, concurrently, and/or in other orders than those 
that are illustrated. In an operation 400, scale 104 detects the 
presence of a vehicle and measures a weight of vehicle 102 
which may be a total vehicle weight, a weight per axle, and/or 
a tire weight. The weight data is sent from scale 104 and 
received by computing system 108 through first communica 
tion link 112 and communication interface 306. 

In an operation 402, imaging system 106 captures an image 
of vehicle 102. In an example embodiment, imaging system 
106 captures the image as vehicle 102 crosses scale 104 so 
that the image can be appropriately associated with the mea 
sured weight. For example, with reference to FIG. 5, the 
image of vehicle 102 is captured in a FOV 500 of imaging 
system 106 as vehicle 102 crosses scale 104. Imaging system 
106 may be triggered by the weight of a vehicle crossing scale 
104. In an example embodiment, other imaging systems such 
as laser or radar may be used to identify the vehicle shape and 
size. The image of vehicle 102 is sent from imaging system 
106 and received by computing system 108 through one or 
more communication links 114 and communication interface 
306. 

With continuing reference to FIG. 4, in an operation 404, 
vehicle characteristics are determined from the image of 
vehicle 102. For example, with reference to FIG. 6, vehicle 
characteristics such as the vehicle shape and dimensions are 
determined. Additional vehicle characteristics determined 
may include a vehicle color, body type, number of passen 
gers, vehicle area, and vehicle Volume. As an example, the 
vehicle Volume may be estimated from multiple images taken 
from different directions, and the number of passengers may 
be determined using an ultraviolet sensor. 

With reference to FIG. 6, example operations associated 
with determining vehicle characteristics are described. Addi 
tional, fewer, or different operations may be performed 
depending on the embodiment. The order of presentation of 
the operations of FIG. 6 is not intended to be limiting. In 
addition, although some of the operational flows are pre 
sented in sequence, the various operations may be performed 
in various repetitions, concurrently, and/or in other orders 
than those that are illustrated. In the process described with 
reference to FIG. 6, a first recognition algorithm is used to 
query a database to find a shortlist of candidate vehicles, and 
a second algorithm is used to find the best vehicle match. The 
use of two algorithms greatly reduces the amount of compu 
tation while maintaining the fidelity of vehicle recognition. In 
alternative embodiments, only a single algorithm may be 
used. 

In an operation 700, the target image of the vehicle is 
Subtracted from the background image. In an example 
embodiment, the Subtraction is performed using pixel inten 
sity differences between the vehicle image and the back 
ground image. FIG. 7 illustrates a reference background 
image 800 in accordance with an example embodiment. Ref 
erence background image 800 includes background 202, 
camera field of view 500, and scale 104. In alternative 
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8 
embodiments, camera field of view 500 may be larger, 
smaller, or of a different shape. Also, scale 104 is illustrated as 
an axle scale. In other alternative embodiments, additional 
scales and/or different types of scales may be used. FIG. 8 
illustrates a vehicle image 850 in accordance with an example 
embodiment. Vehicle image 850, which includes vehicle 102, 
also includes camera field of view 500 and scale 104. 

Referring again to FIG. 6, a vehicle silhouette image is 
generated in an operation 705. In one embodiment, the 
vehicle silhouette image is generated based on a pixel inten 
sity difference between reference background image 800 and 
vehicle image 850. To account for changes in lighting, a most 
recent reference background image taken prior to arrival of 
the vehicle is used to conduct the image comparison. Also, to 
reduce the effect of different lighting conditions (due to the 
weather, position of the Sun, etc), various image preprocess 
ing techniques known to those of skill in the art may be used 
to increase the contrast and/or highlight vehicle edges. The 
pixel intensity difference between the two images can be used 
to generate the vehicle silhouette image according to any 
methods known to those of skill in the art. In an example 
embodiment, the vehicle silhouette corresponds to areas in 
which the difference (delta) in pixel intensity between the two 
images is greater than a predetermined pixel intensity differ 
ence threshold. FIG. 9 illustrates a vehicle silhouette image 
870 generated in accordance with an example embodiment. 
As indicated in FIG.9, vehicle silhouette image 870 includes 
a vehicle silhouette 875 within camera filed of view 500. A 
low delta region 880 within camera field of view 500 corre 
sponds to a low pixel intensity difference (or low delta) 
between the reference background image and the vehicle 
image. Vehicle silhouette 875 corresponds to a high pixel 
intensity difference (or high delta) between the reference 
background image and the vehicle image. 

With further reference to FIG. 6, vehicle silhouette image 
870 is cropped based on vehicle silhouette 875 in an operation 
710. In an example embodiment, vehicle silhouette image 
870 is cropped by moving the left, right, top, and bottom 
boundaries of vehicle silhouette image 870 inward until each 
of the bounds reach a region of pixels having a high pixel 
intensity difference (i.e., the outer edge of vehicle silhouette 
875). FIG. 10 illustrates a cropped vehicle silhouette image 
900 in accordance with an example embodiment. As illus 
trated in FIG. 10, a top boundary 905 is adjacent to a top of 
vehicle silhouette 875, a bottom boundary 910 is adjacent to 
a bottom of vehicle silhouette 875, a left boundary 915 is 
adjacent to a left edge of vehicle silhouette 875, and a right 
boundary 920 is adjacent to a right edge of vehicle silhouette 
875. 

With further reference to FIG. 6, an edge shape image is 
generated based on the cropped vehicle silhouette image 900 
in an operation 715. The edge shape image can be generated 
by processing cropped vehicle silhouette image 900 using 
one or more edge detection algorithms. In an example 
embodiment, the Canny edge detection algorithm can be 
used. Alternatively, other algorithms known to those of skill 
in the art may also be used. Processing cropped vehicle sil 
houette image 900 can include applying a filter to the cropped 
image to reduce noise. A discrete differential operator can 
also be applied to the cropped image to obtain contrast gra 
dients for the cropped image pixels. Pixels having a high 
contrast gradient (i.e., above a pixel contrast gradient thresh 
old) with discrete angular edge directions 0, 45, 90, 135 
degrees are classified according to the contrast gradients of 
Surrounding pixels. Non-maximum Suppression and hyster 
esis can also be applied to the pixel edge directions to produce 
continuous edge contours, which can be used for vehicle 
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analysis and identification. FIG. 11 illustrates an edge shape 
image 940 generated in accordance with an example embodi 
ment. Edge shape image 940 is based on cropped vehicle 
silhouette image 900, which is delineated by top boundary 
905, bottom boundary 910, left boundary 915, and right 
boundary 920 as described above with reference to FIG. 10. 

With further reference to FIG. 6, edge histograms are gen 
erated and used to determine vehicle dimensions in an opera 
tion 720. In an example embodiment, the edge shape image of 
the vehicle can be used to construct histograms from each of 
a plurality of discrete angular edge directions. The histograms 
can then be analyzed to determine dimensional measure 
ments of the vehicle. For example, the analysis of a histogram 
for the 90 degree edges (vertical edges) can be used to identify 
the back and front of the vehicle by the peaks of the edge 
contour which contain a higher concentration of pixels with 
the 90 degree edge directions. The horizontal distance 
between these peaks may then be used to produce a scaled 
measure of the vehicle's length based on the camera's field of 
view and distance to the vehicle, as known to those of skill in 
the art. 

FIG. 12 illustrates a histogram 950 corresponding to edge 
shape image 940 in accordance with an example embodi 
ment. A rear peak 955 of histogram 950 corresponds to a 
position of the back of the vehicle and a front peak 960 
corresponds to a position of the front of the vehicle. The 
distance between rear peak 955 and front peak 960 can be 
used in combination with known dimensions of the field of 
view and a known distance from the camera to the vehicle to 
determine the length of the vehicle. Additional histograms 
can be similarly generated for determining a wheelbase of the 
vehicle, a height of the vehicle, a ground clearance of the 
vehicle, a width of the vehicle, etc. 

Referring again to FIG. 6, in an operation 725, a database 
(such as database 318) is queried to identify a short list of 
candidate vehicles based on the determined vehicle dimen 
sion(s). The shortlist can include 3, 5, 10, 12, 15, etc. vehicles 
that are determined to be the closet potential matches based 
on the determined vehicle dimension(s). In one embodiment, 
a dimension threshold may be used to determine whether a 
given vehicle should be included on the short list. As such, if 
a determined vehicle dimension is within the dimension 
threshold (i.e., 2 inches, 4 inches, 6 inches, etc.) of an actual 
vehicle dimension, the vehicle may be included on the short 
list. The vehicle may also be included on the shortlist only if 
each of a plurality of determined vehicle dimensions are 
within one or more dimension threshold(s) of the actual 
vehicle dimensions included in the database. 

FIG. 13 illustrates sample database entries in accordance 
with an example embodiment. In alternative embodiments, a 
vehicle's database entry may include less, additional, or dif 
ferent information. As an example, the database may also 
include entries for curb weight for each axle of the vehicle, 
passenger seating center of gravity (relative to the axles), 
threshold weight values for each axle, etc. As described 
above, the database entries can be used to help identify a 
target vehicle based upon the image data regarding the target 
vehicle. In some situations, it may be difficult to make an 
exact identification of the make/year/model/style/etc. of the 
target vehicle due to the many Small variations in vehicles that 
are sold throughout the world. However, a close match to the 
target vehicle size and shape will in most cases produce a very 
close estimate of the specified curb weight and appropriate 
weight threshold for the target vehicle. 

Again referring to FIG. 6, in an operation 730, a vehicle 
match is determined based on a comparison of the generated 
vehicle silhouette (or edge shape image of the vehicle) to 
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templates corresponding to vehicles in the short list. In an 
alternative embodiment, the short list may not be generated 
and the vehicle match may be determined based on a direct 
comparison of the generated image data for the vehicle to all 
vehicle templates stored in the database. In an example 
embodiment, the comparison can be performed using block 
matching to find the best correlation between the generated 
data and the candidate templates from the shortlist. The block 
matching can be implemented using a least squares correla 
tion function as known to those of skill in the art. An example 
least squares correlation function can be: 

(t(i, j) - S(x + i, y + i), 

where tij) represents the template pixel image and S(i,j) 
represents the generated vehicle silhouette. To account for 
translation, Xandy are varied independently across the image 
range to produce the correlation function, c(x,y). The mini 
mum of this function is then compared to the other candidate 
templates. The best match is the one that produces the overall 
least squares minimum correlation value. In alternative 
embodiments, different functions/algorithms may be used to 
perform the comparison. 

In accordance with an example embodiment, the vehicle 
templates stored in the database are generated using the same 
perspective as the imaging system such that an accurate com 
parison can be made. As an example, the perspective upon 
which the vehicle templates are based can include the dis 
tance from the imaging system to the vehicle, the magnifica 
tion used by the imaging system, the vertical position (or 
height) of the imaging system, the horizontal position of the 
imaging system relative to the vehicle, etc. As a result, the 
two-dimensional vehicle templates will represent the three 
dimensional vehicle shapes in the same manner that the two 
dimensional vehicle images represent the three-dimensional 
shape of the target vehicle. 

In one embodiment, a shape recognition method employ 
ing geometric shape descriptors may also be used to identify 
the target vehicle. For example, vehicle edges and geometric 
shape descriptors can be determined. In an example embodi 
ment, the geometric shape descriptors are determined as a 
plurality of equally spaced height measurements made after 
edge detection has been completed. In an example embodi 
ment, the plurality of equally spaced height measurements is 
a dozen height measurements though this is not intended to be 
limiting and other values may be used. Because the vehicle is 
at a known distance (scale) and rotation, these measurement 
sets can be compared with descriptor sets from the database to 
search for the best match. 
As known to those of skill in the art, one of the main 

challenges in any image analysis is the variability of illumi 
nation. To help make the vehicle identification process more 
robust, the system may sample vehicle images in several 
different spectral bands. Particularly at night, infrared images 
sampled in the 8-12 Lmwavelength can be used to reduce the 
sensitivity to illumination. Further enhancement may be 
achieved by positioning the surveillance camera(s) (and WIM 
sensor) in front of a massive homogeneous background. In an 
example embodiment, the homogeneous background can be a 
large concrete structure that is dimensioned to provide a back 
drop for a vehicle of any size. Alternatively, the homogenous 
background may be constructed from any combination of 
concrete, wood, metal, cloth material, etc. In this way, the 
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background temperature will have a thermal time constant 
much greater than that of the vehicle body and, hence, exhibit 
a temperature difference over the diurnal cycle. 

With continuing reference to FIG. 4, in an operation 406, 
the determined vehicle characteristics are used to identify a 
vehicle make and/or model and/or year of manufacture by 
matching the determined vehicle characteristics to vehicle 
characteristics stored in database 318. In an example embodi 
ment, the vehicle make/model/year/etc. can be identified as 
described with reference to FIGS. 7-13. 

In an operation 408, a payload weight threshold is identi 
fied from database 318 based on the matching vehicle char 
acteristics. Thus, the payload weight threshold is contained in 
database 318 and selected based on vehicle make and/or 
model and/or year of manufacture. In an example embodi 
ment, the vehicle's payload weight threshold is stored in 
database 318 for each axle. In this way, the payload may be 
estimated for each axle. Further, alarms may be more sensi 
tive based on where an explosive payload is expected to be 
placed in vehicle 102 based on vehicle make and/or model 
and/or year of manufacture. 

In an operation 410, a non-passenger payload weight is 
estimated by Subtracting an unloaded vehicle weight identi 
fied from database 318 based on the matching vehicle char 
acteristics from the measured vehicle weight. In an example 
embodiment, the vehicle's unloaded vehicle weight is stored 
in database 318 for each axle. In an example embodiment, an 
expected weight of the passengers also may be subtracted 
from the measured vehicle weight to improve the estimate of 
the non-passenger payload weight. For example, an average 
weight per passenger may be multiplied by the determined 
number of passengers to define the expected weight of the 
passengers which is subtracted from the measured vehicle 
weight. Determination of the number of passengers is 
described in more detail with reference to FIGS. 14-15. 

FIG. 14 illustrates a system that includes a camera 980, a 
camera 985, and a camera 990 in accordance with an example 
embodiment. In an example embodiment, camera 980 can be 
used to capture one or more vehicle images for determining 
the size/shape of a vehicle 995, and cameras 985 and 990 can 
be used to capture one or more vehicle images for determin 
ing the number and/or size of passengers in vehicle 995. 
Alternatively, any of cameras 980,985, and 990 may be used 
for any purpose. In another alternative embodiment, addi 
tional cameras may be included at different angles. For 
example, a camera may positioned above vehicle 995 so that 
a top view of vehicle 995 can be obtained. 

Identifying the number of passengers is important because 
many vehicles, including Smaller cars, are designed to carry 
most of their payload as passengers. One difficulty to over 
come in identifying passengers is due to the fact that the 
illumination Source is external (Sun or artificial lighting) and 
that glass is reflective. To help reduce reflection, one or more 
cameras 980, 985, and 990 may be ultraviolet (UV) cameras 
that are positioned to view the front windshield, side win 
dows, rear window, sunroof, etc. of the vehicle 995. In an 
example embodiment, the one or more UV cameras can be 
filtered to a narrow wavelength band in order to minimize 
glass reflection. 

FIG. 15 is a plot illustrating reflectivity versus wavelength 
for three different types of glass. The lower plots in FIG. 15 
correspond to un-weathered transparent glass and un-weath 
ered Smoked gray glass. The upper plot corresponds to dark 
ened privacy glass and illustrates the challenge of “seeing 
through Such glass. In an example embodiment, reflection off 
of the glass can be minimized by imaging in a narrow, short 
wave band that includes approximately 0.4 to 0.6 micron 
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wavelengths (i.e., UV). One Such imaging device is the 
Resonon Pika II line scan spectrometer, which is sensitive in 
the 0.4–0.9 micron band. In alternative embodiments, differ 
ent wavelengths and/or different imaging devices may be 
used. The reflection may further be reduced by using a polar 
izing filter oriented to preferentially filter reflection. In one 
embodiment, in order to enhance the detection of passengers 
(particularly at night), the vehicle windshield may be illumi 
nated using light in the near infrared band (approximately 
0.8-0.9 micron wavelength). In this way, the illumination will 
be unseen by the driver and yet illuminate the passenger 
compartment with moderate amounts of glass reflectivity. In 
one embodiment, passenger detection may be further 
enhanced through the use of laser radar (LADAR). The 
LADAR can be tuned to the near infrared band to provide 
three-dimensional mapping of portions of the passenger com 
partment. 
As described above, the image data is analyzed in order to 

identify the number of passenger shapes. In an example 
embodiment, the vehicle shape data may be processed to first 
determine the vehicle type and size as described above. The 
vehicle data can then be used to crop the area of interest to just 
the front windshield, the side windows, the rear window, etc. 
The cropped image(s) corresponding to the windows can then 
be analyzed to identify the number of head and shoulder 
shapes using techniques similar to those used for the vehicle 
identification. In an example embodiment, the detection 
fidelity can be improved by using two camera angles and 
correlating the shape locations. 

Referring again to FIG. 4, in an operation 412, a determi 
nation is made to determine if the non-passenger payload 
weight exceeds the identified payload weight threshold. If the 
non-passenger payload weight does not exceed the identified 
payload weight threshold, processing continues at operation 
400 for the next vehicle 102. If the non-passenger payload 
weight does exceed the identified payload weight threshold, 
processing continues at an operation 414. In operation 414, an 
alert is sent from computing system 108 to security, Surveil 
lance and intelligence system 110 identifying vehicle 102 as 
a potential threat. For example, an alert message may be sent 
to security, Surveillance and intelligence system 110 identi 
fying vehicle 102 using second communication link 116 and 
communication interface 306, which indicates that vehicle 
102 may be carrying an explosive device. Vehicle data may be 
recorded in database 318 so that security personnel may later 
search the records to determine if a specific target of interest 
passed by vehicle alert system 100. Processing continues at 
operation 400 for the next vehicle 102. 
The system components of vehicle alert system 100 may be 

constructed and arranged to allow covert monitoring of traf 
fic. For example, scale 104 may be integrated into a speed 
bump or buried in the roadbed; imaging system 106 may be 
located a distance, such as 200 feet, from the traffic lane and 
concealed in an existing structure. The system components of 
vehicle alert system 100 further may be constructed to allow 
mobile, temporary setups for special events and/or spot moni 
toring of traffic. 
Many traditional WIMscale installations involve carefully 

inlaying a weigh pad of the scale into the road Such that a 
smooth, flat surface is maintained between the road and WIM 
scale. As an example of a specification involved with Such an 
installation, ASTM Designation E 1318-92 requires that the 
surface of a paved roadway is to be maintained 150 feet in 
advance of and beyond a WIM scale such that a 6 inch diam 
eter circular plate that is /8 inch thick cannot be passed under 
a 20 foot long straight edge that is placed upon the road. The 
Smooth, flat road Surface is intended to minimize vertical 
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motion of the vehicle during the weight measurement. This 
type of installation, however, can be expensive and the instal 
lation process can be time consuming. 

In applications where a scale is to be quickly installed, an 
above the road WIM scale system can be used, such as scale 
104 illustrated in FIG. 5. However, traditional above the road 
WIM scale systems suffer from poor accuracy when the 
vehicle speed is above approximately 6 miles per hour (mph). 
One problem with traditional above the road installations is 
that the vehicle is raised up as the wheels roll over the scale. 
Typically, this rise is one to two inches. So in addition to the 
vehicle's weight, the scale sees the forces associated with the 
vertical displacement of the vehicle. At 5 mph this distur 
bance can account for as much as 20% error in the measured 
vehicle weight. The errors go up dramatically as speeds 
increase. The accuracy of an above ground vehicle weigh-in 
motion (WIM) scale may be improved by taking into consid 
eration the vehicle's motion as the vehicle goes over the scale. 
Described in detail below is a WIM scale system that can be 
quickly installed on top of a roadway and that can maintain 
accuracy at higher vehicle speeds. 

FIG. 16 is a diagram illustrating an above the road WIM 
scale 1000 in accordance with an illustrative embodiment. 
The above the road WIM scale 1000 is placed on a roadbed 
1005 that includes a road Surface 1010. The above the road 
WIMscale 1000 includes an on ramp 1015, an off ramp 1020, 
and a weighpad 1025 positioned in between the on ramp 1015 
and the off ramp 1020. A vehicle approaches the above the 
road WIM scale 1000 using the on ramp 1015 and exits the 
above the road WIM scale via the off ramp 1020. The weigh 
pad 1025 is used to measure a weight of a vehicle as the 
vehicle passes over the weigh pad 1025. FIG. 17 is a diagram 
illustrating a speed bump WIMscale 1030 in accordance with 
an illustrative embodiment. The above the road WIM scale 
1000 is placed on a roadbed 1035 that includes a road surface 
1040. The above the road WIM scale 1000 includes a speed 
bump weigh pad 1045 that is used to measure a weight of a 
vehicle as the vehicle passes over the speed bump weigh pad 
1045. 

In an illustrative embodiment, the motion of a vehicle as 
the vehicle goes over an above the road WIM scale can be 
simulated using a spring-mass-damper model. FIG. 18 is a 
diagram illustrating a vehicular spring-mass-damper model 
1050 in accordance with an illustrative embodiment. The 
vehicular model 1050 includes a chassis 1055 that has a 
center of gravity 1060, front wheels 1065, rear wheels 1070, 
front suspension 1075, and rear suspension 1080. In an illus 
trative embodiment, the front wheels 1065 and/or wheels 
1070 can also have associated spring and damper elements. 
The vehicular model 1050 can be used to account for vehicle 
motion as the vehicle goes over an above the road WIMscale. 

FIG. 19 is a chart illustrating the vertical displacement of a 
vehicle traveling over an above the road WIM scale in accor 
dance with an illustrative embodiment. The vertical axis of 
the chart illustrates the vertical displacement in meters and 
the horizontal axis of the chart illustrates time. A scale line 
1085 in FIG. 19 illustrates a static outline or profile of an 
above the ground WIM scale. The scale line 1085 is included 
only as a reference against which the vertical displacement of 
the vehicle can be compared as the vehicle traverses the above 
the road WIM scale. A chassis line 1090 illustrates vertical 
displacement of a chassis of a vehicle relative to the WIM 
scale, and a wheel line 1095 illustrates vertical displacement 
of one or more wheels of the vehicle relative to the WIM 
scale. The information conveyed in FIG. 19 is with respect to 
the front axle of a sport utility vehicle (SUV) that crosses a 
WIMscale at 20 mph, where the top of the weighpad is 1.125 
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inches above the road Surface. Displacement charts can also 
be made based on the rear axle(s) of the vehicle and/or for 
different types of vehicles Such as cars, trucks, semis, etc. 
Displacement charts can also be used to illustrate vertical 
displacement at different speeds and/or with different weigh 
pad heights above the road. As illustrated in FIG. 19, at 20 
mph, the vehicle Suspension absorbs the bump causing the 
chassis of the vehicle to rise only about 70% of the weigh pad 
height. FIG. 20 is a chart illustrating the weight measured by 
the WIMscale of FIG. 19 as a function of time, in accordance 
with an illustrative embodiment. As illustrated in FIG. 20, the 
measured weight in Newtons (N) spikes as the vehicle's ver 
tical movement forces the vehicle upward, resulting in an 
increased downward force on the weigh pad. After the initial 
spike, the measured weight goes down as the vehicle contin 
ues traversing the weigh pad. 

FIG. 21 a chart illustrating the vertical displacement of a 
vehicle traveling over an above the road WIMscale at 5 mph 
in accordance with an illustrative embodiment. Similar to 
FIG. 19, the vertical axis of the chart illustrates the vertical 
displacement in meters and the horizontal axis of the chart 
illustrates time. A scale line 1100 in FIG. 21 illustrates a static 
outline or profile of an above the ground WIMscale. The scale 
line 1100 is included only as a reference against which the 
vertical displacement of the vehicle can be compared as the 
vehicle traverses the above the road WIMscale. A chassis line 
1105 illustrates vertical displacement of a chassis of a vehicle 
relative to the WIM scale, and a wheel line 1110 illustrates 
vertical displacement of one or more wheels of the vehicle 
relative to the WIM scale. The information conveyed in FIG. 
21 is with respect to the front axle of a sport utility vehicle 
(SUV) that crosses a WIMscale at 5 mph, where the top of the 
weigh pad is 1.125 inches above the road surface. As illus 
trated in FIG.21, at 5 mph, the vehicle suspension responds to 
the bump such that the chassis of the vehicle rises more than 
the height of weigh pad (e.g., overshoot). FIG. 22 is a chart 
illustrating the weight measured by the WIMscale of FIG.21 
as a function of time, in accordance with an illustrative 
embodiment. As illustrated in FIG. 22, the measured weight 
spikes as the vehicle's vertical movement forces the vehicle 
upward, resulting in an increased downward force on the 
weigh pad. After the initial spike, the measured weight goes 
down and then starts to go back up as the vehicle continues 
traversing the weigh pad. 

Referring again to the 20 mph weight readings from FIG. 
20, the average axle weight measured by the scale is 5163.8 
N, which corresponds to a mass of 527 kilograms (kg). Refer 
ring again to the 5 mph weight readings from FIG. 22, the 
average axle weight measured by the scale is 4342.9N, which 
corresponds to a mass of 443.1 kg. The actual front axle mass 
of the vehicle represented in FIGS. 19-22 is 481.8 kg (e.g., 
this is the mass that the WIMscale would measure if the front 
wheels were stopped on top of the weigh pad of the WIM 
scale). Thus, it is clear that vehicle motion results in inaccu 
rate and fluctuating vehicle weight measurements. Described 
below are algorithms and processes that can be used to help 
correct Such fluctuations and improve the accuracy of weight 
measurements of vehicles in motion. 
As known to those of skill in the art, Newton's Law states 

that F=ma, where F represents force, m represents mass, and 
a represents acceleration. Force can be measured in Newtons 
(N), mass can be measured in kilograms (kg), and accelera 
tion can be measured in meters per second squared (m/s). In 
the static situation where a wheel is at rest upon a scale weigh 
pad, Newton's Law can be rewritten as W-mg, where W is the 
measured weight, m is the mass resting upon the weigh pad, 
and g is the acceleration of gravity (e.g., approximately 9.81 
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m/s). Because the value of g is constant and well known, a 
very accurate measure of the mass can be obtained in the 
static case. 

If the vehicle is moving, vertical acceleration of the vehicle 
as the vehicle crosses the weigh pad can be accounted for 
using equation 2 below: 

where W is the measured weight, m is the mass of the vehicle, 
g is gravity, and vertical acceleration of the vehicle is y". 
Because every action has an equal and opposite reaction, the 
force on the scale reacts to both gravity and the vertical 
acceleration of the mass. As such, ify" can be measured as the 
vehicle crosses the weigh pad, the measurement of y" can be 
used to improve WIM scale accuracy. 

Equation 3 below can be used to estimate a mass based on 
equation 2: 

where m is the estimated static mass and W is the measured 
weight. Equation 3 can be written in terms of the estimated 
static weight, W., as indicated in equation 4 below: 

In an illustrative embodiment, the vertical acceleration can 
be determined by analyzing video and/or images of a vehicle 
as the vehicle traverses an above the ground WIMscale. FIG. 
23 is a block diagram illustrating a motion capture system in 
accordance with an illustrative embodiment. The motion cap 
ture system includes a camera 1120 that is configured to 
capture images and/or video of a vehicle 1125 as the vehicle 
1125 goes over a WIMscale 1130. Any type of video camera 
or still picture camera known to those of skill in the art may be 
used. In an illustrative embodiment, the camera 1120 can be 
a video camera with a frame rate between 50 Hertz (Hz) and 
500 Hz to achieve accuracy at low and high vehicle speeds. 
Alternatively, other frame rates may be used. In one embodi 
ment, the camera 1120 can be capable of infrared imaging to 
improve the ability to capture images at night or during other 
low light conditions. As an example, a FLIR SC660 long 
wave infrared imager can be used as known to those of skill in 
the art. In one embodiment, a plurality of cameras can be used 
to capture different types of images and/or images from dif 
ferent perspectives. In an alternative embodiment, any other 
type of motion detection system known to those of skill in the 
art may be used instead of or in conjunction with the camera 
1120. For example, pulsed laser range imaging technology 
may be used as known to those of skill in the art. The camera 
1120 is in communication with a computing system 1135. In 
an illustrative embodiment, computing system 1135 can 
include any of the functionality and/or components discussed 
above with reference to computing system 108 in FIG. 3. 

In an illustrative embodiment, the camera1120 can be used 
to capture images and/or video of the vehicle 1125 crossing 
the WIM scale 1130. Each image and/or video frame can be 
associated with a timestamp as known to those of skill in the 
art. The computing system 1135 can be used to analyze 
frames of the video (or time stamped images) to determine a 
vertical displacement Ay of the vehicle between consecu 
tively captured images/frames. FIG. 24 is a diagram illustrat 
ing vertical displacement Ay of the vehicle 1125 in accor 
dance with an illustrative embodiment. In FIG. 24, a first 
position of the vehicle 1125 is illustrated by a solid line and a 
second position of the vehicle 1125 is illustrated by a dashed 
line. In an illustrative embodiment, the first position can be 
captured in a first video frame/image of the vehicle 1125 and 
the second position can be captured in a second video frame/ 
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image of the vehicle 1125. The vertical displacement is deter 
mined relative to a reference point 1140 on the vehicle 1125 
as the vehicle goes over the WIMscale 1130. As illustrated in 
FIG. 24, the reference point 1140 is on the chassis of the 
vehicle 1125. Alternatively, the reference point 1140 may be 
on a wheel of the vehicle 1125. The vertical displacement 
relative to the reference point 1140 can be determined using 
any image/video analysis techniques known to those of skill 
in the art. 

In an illustrative embodiment, the image/video processing 
can be implemented in three stages, including feature track 
ing, noise reduction, and curve fitting. In alternative embodi 
ments, fewer, additional, and/or different stages may be used. 
Any feature tracking algorithm known to those of skill in the 
art may be used. Examples of Such feature tracking algo 
rithms include the Kanade-Lucas-Tomasi (KLT) algorithm, 
the Features from the Accelerated Segment Test (FAST) algo 
rithm, PatchMatch algorithms, etc. Each of these algorithms 
is capable of detecting a set of features that exist in two 
separate images and identifying a transformation of each 
feature from the first image to the second image. In an illus 
trative embodiment, the feature tracking stage of the image 
processing takes two consecutively captured images or 
frames of a video sequence and creates a set of features with 
corresponding transformations. 
The noise reduction stage of image processing is used to 

eliminate outlier features which do not follow the same trend 
as the majority of features. There are several algorithms for 
eliminating outlier features such as the Kalman filter, RAN 
dom Sample Consensus (RANSAC) algorithms, etc. After 
elimination of the outlier features via a noise reduction algo 
rithm, each remaining feature in an image or set of images can 
be classified as: i) a stationary, background feature that 
moves/changes very little between 2 frames, ii) a translating, 
chassis feature that moves horizontally or vertically with little 
or no rotation, or iii) a rotating, translating, wheel feature that 
rotates about a translating point. Because they are not mov 
ing, the stationary, background features can be eliminated 
from consideration during the remainder of the image pro 
cessing. 
Once the classification process is completed, the transfor 

mations between the two frames for each translating, chassis 
feature is combined to produce an overall chassis transforma 
tion between the two images. Similarly, the rotating, translat 
ing transformations can be combined to produce an overall 
rotational transformation between the two images. The chas 
sis transformations and rotational transformations for each 
Subsequent pair of consecutively captured images/frames can 
also be determined. For example, a first chassis transforma 
tion and a first rotational transformation can be determined 
between frame 1 and frame 2, a second chassis transformation 
and a second rotational transformation can be determined 
between frame 2 and frame 3, a third chassis transformation 
and a third rotational transformation can be determined 
between frame 3 and frame 4, etc. The sequence of chassis 
and rotational transformations describe the paths, or curves, 
that the chassis and/or other vehicle portion takes as an axle of 
the vehicle traverses a WIM scale. 

In an illustrative embodiment, the sequences of transfor 
mations can be plotted and adjusted using any curve fitting 
algorithms known to those of skill in the art. One curve based 
on the sequence of chassis transformations can correspond to 
Vertical displacement of a reference point of the chassis 
between frames. The curve can be plotted as a function of 
time such that the curve can be used to determine velocity and 
acceleration of the chassis. Another curve can be used to 
represent horizontal displacement of a reference point of the 
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chassis, and the horizontal displacement curve can be used to 
determine horizontal acceleration (or deceleration) as 
described in more detail below. Another curve can be used to 
represent vertical displacement of a reference point of a wheel 
of the vehicle, and a vertical displacement curve of the wheel 
can be used to determine vertical acceleration of the wheel as 
described in more detail below. Similarly, a curve based on 
rotational transformations can be used to determine rotational 
acceleration. 

In an illustrative embodiment, the vertical velocity V, of the 
vehicle can be determined by dividing the vertical displace 
ment Ay by At, where At is the amount of time between the 
Vertical displacement measurements that result in the vertical 
displacement Ay. The vertical displacement can be obtained 
from a fitted vertical displacement curve as described above, 
or from actual vertical displacements that are determined 
based on the processing of consecutive images/frames. The 
vertical acceleration y" can be determined by dividing a 
change in the vertical velocity AV, of the vehicle by At, where 
At is the amount of time between the vertical velocity mea 
surements that result in the change invertical velocity Av. In 
an illustrative embodiment, the same At (e.g., the same time 
period) can be used as the basis for the determination of both 
vertical velocity and vertical acceleration. In an embodiment 
where the vertical displacement is plotted as a function of 
time using a curve fitting algorithm, the vertical Velocity can 
be obtained from the vertical displacement curve by plotting 
the slope of the vertical displacement curve as a function of 
time. Similarly, the vertical acceleration can be obtained from 
the vertical velocity curve by plotting the slope of the vertical 
Velocity curve as a function of time. 

In an alternative embodiment, the vertical velocity and 
Vertical acceleration may be determined based on the image 
analysis without plotting curves. As an example, a first pair of 
consecutively captured frames/images (e.g., image 1 and 
image 2) can be analyzed to determine a first vertical dis 
placement and a first Velocity of the vehicle, and a second pair 
of images (e.g., image 2 and image 3) can be analyzed to 
determine a second Vertical displacement and second Velocity 
of the vehicle. The difference between the first and second 
velocity can be AV, and AV, can be used along with the 
appropriate At to determine vertical acceleration y". Simi 
larly, the second pair of images (e.g., image 2 and image 3) 
can be analyzed along with a third pair of images (e.g., image 
3 and image 4) to determine a second AV, (which can be used 
to determine a secondy"), and so on. As such, a plurality of 
Vertical acceleration determinations can be made as the 
vehicle goes over the WIM scale. 
The determined vertical acceleration y" can be used along 

with the measured weight W and equation 4 above to deter 
mine the estimated static weight W. The estimated static 
weight W is an estimated weight of one axle of the vehicle 
during the time period At. FIG. 25 is a chart illustrating 
Vertical displacement and acceleration as a function of time in 
accordance with an illustrative embodiment. The top portion 
of FIG. 25 includes a scale line 1150 that illustrates a static 
outline of an above the ground WIM scale. The scale line 
1150 is included only as a reference to illustrate the vertical 
displacement of the vehicle (relative to the WIMscale) as the 
vehicle traverses the above the road WIM scale. The top 
portion of FIG. 25 also includes a chassis line 1155 that 
illustrates vertical displacement of a chassis of a vehicle 
relative to the WIM scale. The bottom portion of FIG. 25 
includes an acceleration line 1160 that illustrates the deter 
mined vertical acceleration of the vehicle as a function of 
time. The vertical dashed lines that are in both the upper and 
lower portions of FIG. 25 illustrate the duration of time that 
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the vehicle is on the weigh pad of the WIM scale. The calcu 
lations illustrated in FIG. 25 are for the front end of a vehicle 
that passes over the weigh pad of WIM scale at 10 mph. 
Similar calculations can also be performed for additional 
axles of the vehicle. 

FIG. 26 is a flow diagram illustrating operations performed 
to estimate static vehicular weight of a moving vehicle in 
accordance with an illustrative embodiment. In alternative 
embodiments, fewer, additional, and/or different operations 
may be performed. Also, the use of flow diagrams is not 
intended to be limiting with respect to the order of operations 
performed. In an operation 1200, an axle is detected on a 
weigh pad of a WIMscale. The axle can be detected based on 
an initial detection of weight on the WIM scale, based on 
captured video and/or images of a vehicle that is approaching 
the WIM scale, etc. In an operation 1205, n weight measure 
ments W, are captured by the WIM scale as the detected axle 
crosses the weigh pad of the WIM scale. In an illustrative 
embodiment, each of the n weight measurements is time 
stamped or otherwise associated with a time that the weight 
measurement was made. 

In an operation 1210, n frames (or images) are captured as 
the detected axle goes over the weigh pad of the WIM scale. 
In an illustrative embodiment, each of the n images is cap 
tured at the same time as the corresponding n weight mea 
surements are made in operation 1205. In an operation 1215, 
then images are processed to determine vertical displacement 
of at least a portion of the vehicle (e.g., a reference point) 
between consecutive images. In an operation 1220, the verti 
cal displacement is processed to determine vertical accelera 
tion. The Vertical displacement is processed along with an 
amount of elapsed time between the consecutive images upon 
which the vertical displacement is based to determine a ver 
tical velocity over the elapsed time. A difference between 
consecutively determined vertical velocities can be used 
along with the elapsed time between the determined vertical 
velocities to determine vertical acceleration. In an illustrative 
embodiment, the Vertical Velocities and accelerations can be 
determined based on a plotted curve of the vertical displace 
ment as described above. Alternatively, any other methods 
may be used to determine the vertical velocities and/or the 
Vertical accelerations. 

In an operation 1225, the n weight readings captured in 
operation 1205 are adjusted using the determined vertical 
acceleration estimates and equation 4. In an operation 1230, 
the adjusted weight readings are averaged using equation 5 
below to determine an estimated weight for the axle: 

1 
West = iX. W, 

where W is the estimated weight for the axle. The process of 
FIG. 26 is repeated for one or more additional axles of the 
vehicle in an operation 1235. 

Table 1 below illustrates, for both a front axle and a rear 
axle of a vehicle, averaged weight readings and averaged 
motion compensated weight readings for the vehicle travel 
ling at 0 mph, 5 mph, and 20 mph. As indicated in the table, 
the motion compensated readings are significantly more 
accurate than the actual weight measurements when the 
vehicle is in motion. 
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TABLE 1. 

Performance comparison using notion compensated WIM measurements 

Front Axle Rear Axle 

Weight Mass Error Weight Mass Error 
(N) (kg) (%) (N) (kg) (%) 

Omph (static) 

averaged weight 4722 481.8 O.0% S612 S72.7 O.0% 
readings 
ave. motion 4722 481.8 O.0% S612 S72.7 O.0% 
compensated 
readings 

5 mph 

averaged weight 4343 443.2 -8.0% 5334 544.3 -5.0% 
readings 
ave. motion 4769 486.6 1.0% 5635 575 O.4% 
compensated 
readings 

20 mph 

averaged weight S164 526.9 9.4%. 6167 629.3 9.9% 
readings 
ave. motion 4611 47 O.S -2.4% S687 S80.3 1.3% 
compensated 
readings 

In one embodiment, vertical displacement of a wheel of a 
vehicle can be used along with vertical displacement of a 
chassis of the vehicle to help improve the determination of 
axle weight. It has been determined that, as the axle passes 
over the weigh-pad, the vertical acceleration experienced by 
the wheel is significantly greater than the chassis vertical 
acceleration. This is due at least in part to the vehicle's sus 
pension absorbing the disturbance. As such, the weight esti 
mate may be improved by also measuring the vertical accel 
eration of the wheel independent of chassis vertical 
acceleration and factoring at least a portion of the Vertical 
wheel acceleration into the weight compensation equation. 
As such, the image processing can process vertical displace 
ment using two reference points, one on the chassis, and one 
on a wheel that is crossing the WIM scale. The image pro 
cessing and form fitting techniques described above can be 
used to produce separate measures of the wheel and chassis 
Vertical accelerations, y," and y.", respectively. Equation 4 
can be modified as indicated below in equation 6 to account 
for both wheel and chassis vertical acceleration in determin 
ing the estimated Static weight: 

W = - , , , , g + by, + (1 - £8)y. 

where W is an estimated weight, Wis a measured weight, g is 
gravity, y," is the vertical acceleration of the wheel, y," is the 
Vertical acceleration of the chassis, and B is an unsprung 
vehicle mass ratio. In an illustrative embodiment, B can be 
determined by dividing the unsprung mass (e.g., the mass of 
the wheel, brake assembly, and lower Suspension structure of 
the vehicle) of the vehicle by the sprung mass (e.g., the total 
vehicle mass less the unsprung mass) of the vehicle. In gen 
eral, the unsprung mass of a vehicle is typically between 5% 
and 10% of the total vehicle mass, resulting in B values of 
between approximately 0.05/0.95=0.05 and 0.10/0.90=0.11. 
In an illustrative embodiment, the system can use a constant 
value of 0.07 for B. Alternatively, other values of B may be 
used such as 0.04, 0.06, 0.075, 0.90, 0.12, etc. In another 
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alternative embodiment, B may be calculated on the fly based 
on known sprung and unsprung masses of a specific type of 
vehicle. In Such an embodiment, the system can be configured 
to identify the vehicle make, model, etc. before, during, or 
after the vehicle crosses the weigh pad. In another alternative 
embodiment, the B value for a specific vehicle can be 
accessed from a database or other storage repository of B 
values. 

In another embodiment, horizontal acceleration/decelera 
tion can also be taken into consideration to help improve the 
determination of axle weight in a moving vehicle. The hori 
Zontal acceleration can be determined similar to the vertical 
acceleration described above. Video frames or images of a 
vehicle crossing a weigh pad can be captured as described 
above, and image processing techniques can be used to deter 
mine a horizontal displacement AX relative to a reference 
point on a chassis or other portion of a vehicle. The image 
processing techniques can also be used to obtain a length of 
the wheel base of the vehicle and a height of the center of 
gravity of the vehicle. Alternatively, the system can be con 
figured to identify the make, model, etc. of the vehicle, and 
the wheelbase length and/or the height of the center of gravity 
can be accessed from a database or other storage repository. 

FIG. 27 is a diagram illustrating horizontal displacement 
AX of a vehicle 1250 in accordance with an illustrative 
embodiment. In FIG. 27, a first position of the vehicle 1250 is 
illustrated by a solid line and a second position of the vehicle 
1250 is illustrated by a dashed line. In an illustrative embodi 
ment, the first position can be captured in a first video frame 
or image of the vehicle 1250 and the second position can be 
captured in a second video frame or image of the vehicle 
1250. The horizontal displacement is determined relative to a 
reference point 1255 on the vehicle 1250 as the vehicle goes 
over a WIM scale 1260. As illustrated in FIG. 27, the refer 
ence point 1255 is on the chassis of the vehicle 1250. Alter 
natively, the reference point 1255 may be on a wheel of the 
vehicle 1250. The horizontal displacement relative to the 
reference point 1255 can be determined using any image/ 
Video processing techniques known to those of skill in the art. 
The image/video processing techniques can also be used to 
determine a length of a wheelbase of the vehicle L, and a 
height (h) of a center of gravity 1265 of the vehicle 1250. As 
indicated above, in an alternative embodiment, the system 
may use predetermined stored values for L, and h. 

In an illustrative embodiment, the horizontal velocity V of 
the vehicle 1250 can be determined by dividing the horizontal 
displacement Ax by At, where At is the amount of time 
between the horizontal displacement measurements that 
result in the horizontal displacement Ax. The horizontal dis 
placement can be obtained from a fitted horizontal displace 
ment curve as described above, or from actual horizontal 
displacements that are determined based on the processing of 
consecutive images/frames. In an alternative embodiment, 
the horizontal Velocity can be determined using any other 
type of Velocity detection system (e.g., radar, etc.) known to 
those of skill in the art. The horizontal acceleration X" can be 
determined by dividing a change in the horizontal Velocity 
AV of the vehicle by At, where At is the amount of time 
between the horizontal velocity measurements that result in 
the change in horizontal Velocity AV. In an illustrative 
embodiment, the same At (e.g., the same time period) can be 
used as the basis for the determination of both horizontal 
Velocity and horizontal acceleration. In an embodiment 
where the horizontal displacement is plotted as a function of 
time using a curve fitting algorithm, the horizontal Velocity 
can be obtained from the horizontal displacement curve by 
plotting the slope of the horizontal displacement curve as a 



US 8,736,458 B2 
21 

function of time. Similarly, the horizontal acceleration can be 
obtained from the horizontal velocity curve by plotting the 
slope of the horizontal velocity curve as a function of time. In 
an alternative embodiment, the horizontal velocity and hori 
Zontal acceleration may be determined based on the image 
analysis without plotting curves as described above with ref 
erence to vertical Velocity and acceleration. 

Based on the determined horizontal acceleration, equa 
tions 7 and 8 below can be used to determine the force mea 
sured on the weigh pad for both the front and rear axles of the 
vehicle, respectively: 

A Front = mcg-v"hog Eq. 7 
Lwb 

A Fear = mcg-v"hog Eq. 8 
re Lwb 

where AF, is the additional force (N) on the weigh paddue 
to horizontal acceleration of the front axle as the front axle 
crosses the weigh pad, AF, is the additional force (N) on the 
weighpad due to horizontal acceleration of the rear axle as the 
rear axle crosses the weighpad, m is the total sprung vehicle 
mass (kg), X" is the horizontal acceleration (m/s), he is the 
height of the center of gravity of the vehicle above the road 
(m), and L, is the length of the wheelbase of the vehicle (m). 

Based on the assumption that m is evenly distributed 
between the front and rear axles, equation 7 can be combined 
with equation 4 and rewritten as equation 9 below: 

Wr as W - S - 
2x" hog 

-- y' - g +y Lwb 

where W, is the estimated Static weight of the front axle, g is 
gravity, y' is vertical acceleration, X" is horizontal accelera 
tion, he is the height of the center of gravity of the vehicle, 
and L, is the length of the wheel base of the vehicle. Simi 
larly, equation 8 can be combined with equation 4 and rewrit 
ten as equation 10 below: 

Eq. 10 - - 
2x" he -- y' -- 

where W, is the estimated static weight of the rear axle, g is 
gravity, y' is vertical acceleration, X" is horizontal accelera 
tion, he is the height of the center of gravity of the vehicle, 
and L, is the length of the wheelbase of the vehicle. In an 
embodiment, where both vertical chassis acceleration and 
Vertical wheel acceleration are taken into consideration, the 
y" variable in equations 9 and 10 can be replaced by By"+ 
(1-3)y" as discussed above with respect to equation 6. The 
process for using the horizontal acceleration to improve accu 
racy of the weight determination can be similar to the process 
described with reference to FIG. 26 regarding vertical accel 
eration. Simulation of the horizontal acceleration indicates 
that, even with 50% more load on the rear axle (which per 
turbs the assumption of even mass distribution across axles), 
compensating for horizontal acceleration using equations 9 
and 10 can improve the weight estimate by a factor of 4. 

In one embodiment, pitch axis displacement of a vehicle 
can also be used to help determine the axle weight(s) of the 
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vehicle. In an illustrative embodiment, the pitch axis (or 
angular) acceleration 0" can be determined based on a differ 
ence between vertical accelerations at two different reference 
points of the vehicle. FIG. 28 is a diagram illustrating a 
vehicle 1275 with a first reference point 1280 and a second 
reference point 1285 in accordance with an illustrative 
embodiment. In one embodiment, the first reference point 
1280 and the second reference point 1285 are at substantially 
the same elevation above a road 1290 that the vehicle 1275 is 
on, and are separated by at least one half of a length of the 
vehicle 1275. In an alternative embodiment, the two reference 
points may be at different elevations and/or closer than one 
half of the length of the vehicle. The first reference point 1280 
can be used as the basis for determining a first vertical accel 
eration y" and the second reference point 1285 can be used 
as the basis for determining a second vertical acceleration 
y". The first and second vertical accelerations can be deter 
mined using any of the methods described herein or otherwise 
known to those of skill in the art. A horizontal distance d 
between the first and second reference points can also be 
determining using the above-described image processing 
techniques. Upon determination of y", y", and d, equation 
11 below can be used to determine the pitch axis (orangular) 
acceleration 0": 

8" a y - y2 Eq. 11 
of 

The angular acceleration can be used along with equation 
12 below to help improve the weight determination: 

Wg Eq. 12 
a 

where W is an estimated weight, Wis a measured weight, g is 
gravity, y," is vertical acceleration of the wheel,y" is vertical 
acceleration of the chassis, B is the unsprung mass ratio of the 
vehicle, L, is the length of the wheel base of the vehicle, 0" 
is the angular acceleration, and k is the chassis radius of 
gyration. The chassis radius of gyration, k, can be measured in 
meters (m) and can represent the locations of masses in the 
chassis (e.g. k is the root mean squared value of the distances 
of masses from the center of gravity of the chassis). Vehicles 
typically have a chassis radius of gyration that is approxi 
mately 30% of the length of the wheelbase of the vehicle. As 
Such, in one embodiment, k can be treated as a constant 
having a value of 0.3L. In such an embodiment, equation 12 
can be rewritten as follows: 

r Ed. 13 
W a C 

In an alternative embodiment, other constant values of k 
Such as 0.2L, 0.25L, 0.35L, 0.40L, etc. may be used. 
In another alternative embodiment, k may be determined 
independently for each vehicle based on the vehicle type, etc. 
In one embodiment, the value of (2x"h)/L, can be sub 
tracted from the denominator of equations 12 or 13 to also 
account for horizontal acceleration of the front axle. Simi 

larly, the value of (2x"h)/L, can be added to the denomi 
nator of equations 12 or 13 to also account for horizontal 
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acceleration of the rear axle. The process for using the angular 
acceleration to improve accuracy of the weight determination 
can be similar to the process described with reference to FIG. 
26 regarding vertical acceleration. 

Because the vertical acceleration, horizontal acceleration, 
and/orangular acceleration of the vehicle are determined and 
factored into the weight estimates, the need to use a low 
profile weigh pad design is greatly reduced. This allows other 
design such as the speed bump WIM scale 1030 illustrated 
with reference to FIG. 17 to be used at speeds of 12 mph or 
more. Without compensating for vehicle dynamics, the 
weight readings from this type of weigh pad would be unus 
able at speeds over approximately 2 mph. The speed bump 
WIM scale 1030 may be useful in situations where traffic 
speeds need to be limited (typical speed bump function) or 
when a covert weigh pad design is desired. 

In one embodiment, the vertical displacement data calcu 
lated by the system may also be used to measure a period of 
oscillation (t) of the suspension of the vehicle. The period of 
oscillation of the Suspension can refer to the amount of time 
between peaks on a plot of vertical displacement of a chassis 
of the vehicle. FIG. 29 is a chart illustrating the period of 
oscillation T of the rear Suspension of a vehicle in accordance 
with an illustrative embodiment. In FIG. 29, a profile of the 
weighpad is represented by a line 1300, vertical displacement 
of a wheel of the vehicle is represented by a line 1305, and 
vertical displacement of the chassis of the vehicle is repre 
sented by a dotted line 1310. The natural frequency of the 
Suspension (), can be determined by taking the inverse of the 
period of oscillation T. Passenger vehicles typically have a 
natural frequency of suspension (), that is between 1.0 and 1.5 
Hertz (Hz). Natural frequencies of suspension which fall 
outside of this range may indicate that the Suspension of the 
vehicle has been modified to carry large loads without a 
noticeable Suspension sag. As such, a natural frequency 
which falls outside of a predetermined range can be used to 
alert a system administrator, the authorities, etc. that a given 
vehicle may be trying to conceal a large load. 

Although many of the examples above describe vehicle 
motion compensation for use in conjunction with above the 
ground weigh pads, compensating for vehicle dynamics may 
also be used to increase the accuracy of permanent, flush 
mounted weigh-in-motion systems. Even with carefully 
installed weigh pads, there is often vertical acceleration that 
occurs while a vehicle travels over the weigh pad, particularly 
at high speed. More importantly, horizontal acceleration/de 
celeration caused by Vehicles that are accelerating/braking 
while on the weigh pad may greatly impact the readings. By 
determining the vertical acceleration, horizontal acceleration, 
and/orangular acceleration, the weight readings may becom 
pensated to improve the static weight estimate even though 
the weigh pad itself may cause little or no disturbance. 

The word “example' is used herein to mean serving as an 
example, instance, or illustration. Any aspect or design 
described herein as “example' is not necessarily to be con 
Strued as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and unless 
otherwise specified, “a” or “an' means “one or more'. Still 
further, the use of “and” or 'or' is intended to include “and/ 
or unless specifically indicated otherwise. The example 
embodiments may be implemented as a method, apparatus, or 
article of manufacture using standard programming and/or 
engineering techniques to produce Software, firmware, hard 
ware, or any combination thereof to control a computer to 
implement the disclosed embodiments. 
The foregoing description of example embodiments have 

been presented for purposes of illustration and of description. 
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It is not intended to be exhaustive or to limit the invention to 
the precise form disclosed, and modifications and variations 
are possible in light of the above teachings or may be acquired 
from practice of the invention. The functionality described 
may be implemented in a single executable or application or 
may be distributed among modules that differ in number and 
distribution of functionality from those described herein. 
Additionally, the order of execution of the functions may be 
changed depending on the embodiment. The embodiments 
were chosen and described in order to explain the principles 
of the invention and as practical applications of the invention 
to enable one skilled in the art to utilize the invention in 
various embodiments and with various modifications as 
Suited to the particular use contemplated. It is intended that 
the scope of the invention be defined by the claims appended 
hereto and their equivalents. 
What is claimed is: 
1. A system comprising: 
a camera configured to capture images of a vehicle as the 

vehicle goes over a weigh-in-motion scale; 
the weigh-in-motion scale configured to generate one or 

more weight measurements of the vehicle as the vehicle 
goes over the weigh-in-motion scale; and 

a processor operatively coupled to the camera and the 
weigh-in-motion scale, wherein the processor is config 
ured to: 
determine a plurality of accelerations of at least a portion 

of the vehicle based at least in part on the images of the 
vehicle captured by the camera, wherein each of the 
plurality of accelerations corresponds in time to a 
weight measurement of the one or more weight mea 
surements; and 

adjust each of the one or more weight measurements 
based on a corresponding acceleration. 

2. The system of claim 1, wherein at least one of the 
plurality of accelerations comprises a vertical acceleration of 
a chassis of the vehicle. 

3. The system of claim 1, wherein at least one of the 
plurality of accelerations comprises a vertical acceleration of 
a wheel of the vehicle. 

4. The system of claim 1, wherein at least one of the 
plurality of accelerations comprises a first vertical accelera 
tion of a chassis of the vehicle, wherein the processor is 
further configured to determine a second vertical acceleration 
of a wheel of the vehicle, and wherein the at least one of the 
one or more weight measurements is adjusted based on both 
the first vertical acceleration and the second vertical accel 
eration. 

5. The system of claim 1, wherein at least one of the 
plurality of accelerations comprises a horizontal acceleration 
of at least the portion of the vehicle. 

6. The system of claim 1, wherein at least one of the 
plurality of accelerations comprises an angular acceleration 
of the vehicle. 

7. The system of claim 6, wherein the processor is further 
configured to: 

determine a first vertical acceleration of a first portion of a 
chassis of the vehicle: 

determine a second vertical acceleration of a second por 
tion of the chassis of the vehicle; and 

determine the angular acceleration based on the first verti 
cal acceleration of the chassis and the second vertical 
acceleration of the chassis. 

8. The system of claim 7, wherein the first portion of the 
chassis and the second portion of the chassis are at a same 
distance above a road upon which the weigh-in-motion scale 
is installed. 
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9. The system of claim 1, wherein the processor is config 
ured to: 

determine an average weight of the vehicle based on the 
adjusted one or more weight measurements. 

10. The system of claim 1, wherein the camera comprises a 
Video camera, and wherein the images comprise one or more 
video frames. 

11. A method comprising: 
capturing, with a camera, images of a vehicle as the vehicle 

goes over a weigh-in-motion scale; 
generating one or more weight measurements of the 

Vehicle as the vehicle goes over the weigh-in-motion 
scale; 

determining a plurality of accelerations of at least a portion 
of the vehicle based at least in part on images of the 
vehicle captured by the camera, wherein each of the 
plurality of accelerations corresponds in time to a weight 
measurement of the one or more weight measurements; 
and 
adjusting each of the one or more weight measurements 

based on a corresponding acceleration. 
12. The method of claim 11, wherein at least one of the 

plurality of accelerations comprises at least one of a vertical 
acceleration of a chassis of the vehicle or a vertical accelera 
tion of a wheel of the vehicle. 

13. The method of claim 11, wherein at least one of the 
plurality of accelerations comprises a first vertical accelera 
tion of a chassis of the vehicle, and further comprising deter 
mining a second vertical acceleration of a wheel of the 
vehicle, wherein the at least one of the one or more weight 
measurements is adjusted based on both the first vertical 
acceleration and the second vertical acceleration. 

14. The method of claim 11, further comprising determin 
ing an average weight of the vehicle based on the adjusted one 
or more weight measurements. 

15. The method of claim 11, wherein at least one of the 
plurality of accelerations comprises an angular acceleration 
of the vehicle, and further comprising: 

determining a first vertical acceleration of a first portion of 
a chassis of the vehicle: 

determining a second vertical acceleration of a second 
portion of the chassis of the vehicle; and 
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determining the angular acceleration based on the first 

Vertical acceleration of the chassis and the second ver 
tical acceleration of the chassis. 

16. The method of claim 15, wherein the first portion of the 
chassis and the second portion of the chassis are separated 
from one another by at leastonehalf of a length of the vehicle. 

17. The method of claim 11, further comprising: 
determining a natural frequency of vehicle suspension of 

the vehicle; and 
triggering an alarm if the natural frequency of vehicle 

Suspension falls outside of a predetermined range. 
18. A non-transitory computer-readable medium having 

computer-readable instructions stored thereon, the computer 
readable instructions comprising: 

instructions to capture images of a vehicle as the vehicle 
goes over a weigh-in-motion scale; 

instructions to generate one or more weight measurements 
of the vehicle as the vehicle goes over the weigh-in 
motion scale; 

instructions to determine a plurality of accelerations of at 
least a portion of the vehicle based at least in part on the 
captured images of the vehicle, wherein each of the 
plurality of accelerations corresponds in time to a weight 
measurement of the one or more weight measurements; 
and 
instructions to adjust each of the one or more weight 

measurements based on a corresponding acceleration. 
19. The non-transitory computer-readable medium of 

claim 18, wherein at least one of the plurality of accelerations 
comprises a first vertical acceleration of a chassis of the 
Vehicle, and further comprising instructions to determine a 
second vertical acceleration of a wheel of the vehicle, wherein 
the at least one of the one or more weight measurements is 
adjusted based on both the first vertical acceleration and the 
second vertical acceleration. 

20. The non-transitory computer-readable medium of 
claim 18, further comprising: 

instructions to determine an average weight of the vehicle 
based on the adjusted one or more weight measure 
ments. 


