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Introduction tationally easier to process than video monitoring systems. Be-
Traffic congestion is becoming one of the most serious prof2YSe video images are dependent on the lighting conditions, the
9 9 P easurements taken from video, even on the same vehicle, may

lems in the transportation system. The solution to this pmblemﬁ%t produce consistent results at different times of day and with

to run the tra‘l‘nspo_rtatlon system more |nteII|g"entIy, which gifferent weather conditions. Furthermore, real time video image
known as the “Intelligent Transportation System” or ITS. An In

tion [1-3]. Travel time is a key quantitative parameter for ITSne gystem operates on a simple “on/off” basis, requiring much
surveillance systemgt]. In addition, travel time is a major indi- |ogg computation for vehicle detection.

cator of other direct constraints on ITS efficiency: environmental The | DBS is a combination of several different kinds of sub-
emissions, fuel costs, accident risk, and driver stress. Since tra¥edtems; including laser, optical, mechanical and electronic sub-
time is the parameter that the travelers most want to know, t§gstems. In order to obtain high precision and consistent results,
detection of this parameter will always be of very high value. this paper analyzes the error sources from components of the
Speed is commonly used as an indicator of the travel tim&ps with a goal of finding ways to minimize errors. Using these

across a link. Currently, the dominant technologies for detectipgsults, the new system’s precision has been improved
this parameter are magnetic loop detec{&$] and video moni- significantly.

toring system$7,8]. The loop detector method estimates speed by

inductive loops of wire that are buried beneath the road surface to

count vehicles passing over them. In the video monitoring systeqll, Principle of the Laser Based Detection system

video cameras are mounted on poles or other tall structures look- ) ] )

ing down at the traffic scene. Video is captured, digitized, and Figure 1 is a conceptual drawing of the LBDS. It is composed

processed by onsite computers. of laser diode units and optical, mechanical and electronic com-
An alternative methodology for traffic detection, which is théonents. The.basm detector.llmlt consists of a laser diode system

focus of this paper, involves using laser-based measurement£i§l @ photodiode array positioned above the roadway. The laser

identify important vehicle characteristics. The initial features ofYStém is & pulsed infrared diode with line-generating optics that
this system, termed here the Laser-Based Detection Syst fRiect a laser beam onto a road surface. The imaging lens focuses

(LBDS), have been reported if9]. Development of the systemt e reflected laser light onto the active area of a sensor array. The

have been described 0] and a patent for this detection syste

has been approved recently by the U.S. patent offidd. The nown distance apart. Two pairs of laser/return optics are used for

sser-based system ofers a rumber of advantages. Firs, JIECING VenCle Presence at o pos el shout 4 ¢
LDBS is mounted above the road and is less costly and less i : pling g y

8 . L - -acceptable. Anythreshold change in the amplitude of the pave-
ruptive to install and maintain than loop detectors, which require .+ reflectance indicates a vehicle. As shown in Fig, 1s the

diggi_ng up th_e road s_u_rface. Second,_the system is insensitiveﬂme when the first laser line is blocket}, is when the second
ambient lighting conditions and the primary raw data are COMPHser line is blocked; is when the first laser is unblocked, atid

is when the second laser line is unblocked. We can calculate the

Contributed by the Mechanisms and Robotics Committee for publication in t . L .
JOURNAL OF MECHANICAL DESIGN. Manuscript received October 2002; revisedl’isngth and the speed of a vehicle Wm}’ef’ which is the distance

March 2003. Associate Editor: M. Raghavan. between the two laser lines, angd t,, t;, andt;.
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Fig. 2 (a) Schematic diagram of the LBDS system; (b) LBDS prototype above the
highway
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1.1 Prototype of the LBDS. The LBDS system is com- Dies Dot
posed of 3 subsystems: the mechanical system, the optical system Vf:t - Vr=t, Yy 1)
and the electronic system. The mechanical system is used to adjust 2 21
laser beam signals. The image of the laser is collected by the r_ r_ Tt )2(t.—1)2
optical system and the electronic system is used to process thevaerrvf rlthh = Dred (2~ 1) ,(tz, t)]
electronic signals. Figure(&) is the schematic diagram of the 2 2 4t~ t)(t—1y)
LBDS system. Figure (») shows a prototype of the LBDS on )
hlghWay The meChanical design iS ﬂeXible and a”OWS the Opticﬁl'om the above formu|as’ we can see that erro@ |in21 t:’L’ té’

components to be adjusted to optimize alignment and focus of thgy D,.; Will affect the accuracy of the measurement system
reflected laser beam. results.

The laser is projected down to the road and reflected back to the
system'’s sensor. The optical path is very long. Any small change
in the relative position of the laser, sensor optics, or differel Error Sources of Time Records(t,,t,,t7,t5)

components in the sensor optics will cause a significant shift of . . . .
p P 9 The errors associated with measurements of time are mainly

the im_age. Therefore the optical system must be adjustable aféghsed by the electronics, i.e., the frequency of the pulsed laser
mounting. Lo

The cylindrical lenses, imaging lenses and APD sensors diode and the sampling rate of the computer. We discuss these

I . . .
mounted on optical rails, which are mounted to the base pIaaFeF.ror sources in the following sections.
Each optical component and sensor is clamped in a mount, and ig.1  The Effect of the Laser Pulse Frequency,. The fre-
adjustable in two dimensions. The imaging lenses can be swuggency of the laser diode is 10 kHz in the LBDS system. The time
around an axis with the optical cell. The sensor is clamped byearor E; will be caused when the vehicle arrives at the position
ring, which is mounted to a rotating lens holder. As a result, thenter” shown as Fig. 4. Assume the vehicle arrives in the detec-
sensor can be adjusted via both translation and rotation. tion zone at the timd . If the pulsed laser beam is dark at that
This mechanism ensures that the linear sensor array is perpgine, the vehicle presence will not be detected until the firpe
dicular to the laser line image. The lenses can swing about the Xs a result, the maximum error f&, is:
and Y-axes shown as Fig(&#). The whole unit is mounted on a
slide clamped to the rail. The lenses can also be adjusted in the X Ei=+(T1—To)=+1/f,. ©)
direction to match the axis of the telescope. After having be&ince the pulse-to-period ratio is 15/100 000, the time difference
mounted on a bridge over highway, the optical system is easy 19— T, can be considered to be the period of the pulse. This error
fit to different heights by adjusting the angle of the laser, thig considered positive, because the actual time is larger than the
position of the sensor and the focus length of the imaging lensgetected time. The same error will be generated when the vehicle
The electronic system includes 5 layers, as shown in Fig. 3:leaves the detection zone at the position “leave.” But this error is
Rggative since the actual time is smaller than detected time. So the
@aximum of total error caused by the frequency of the pulse is:

1. Signal Processing: captures the laser signals, amplifies a
log signals, and converts analog signals to digital signal
The laser pulse rate is about 10 kHz. Ep:Etmllfp_ (4)

2. Device Driver: transmits signals from the circuit board to th%j

0

computer. Defines how the interface operates. The samplifiSume the speed of a vehicle on the highway nd the length

rate is about 10 kHz. the vehicle isL. The time 7 that it takes a vehicle to pass

3. Data Reading: reads signals from the interface and stoff50udh the detection zone s=L/V. We will define the error-
data in RAM or onto the hard disk. time ratio&; =E,/t=V/(Lf)). If we use the characteristic values

4. Computing: calculates speeds, lengths, and accelerations/t 70-0(MPH) 1609 (meters/milg (60" 60 (seconds/hour)) m/s
vehicles from acquired data. and Le 3[3, 25(m), then it is found_ t_hat &
5. GUI: displays calculation results in a user friendly way. €[1.04107% 1.28°10%]. These results also indicate that

) ) higher frequencies lead to smaller errors.
1.2 Calculation of Vehicle Lengths. The length of a ve-

hicle can be calculated based on the speed of the vehicle and thé-2 The Effect of the Sampling Ratefs. The input signal
time it takes for the vehicle to pass through the detection zone. |¥tthe digital input-output boar@DI096) is shown in Fig. 5. The
V; be the front speed of the vehicle an the rear speed of the computer will sample the signal at the frequeriigy Similarly, the
vehicle. The formula for calculating the speed @ndV,) and time error for sampling=s is:
length of a vehicld_, can be written as shown belof@ssuming
the vehicle acceleratiom,, , is constant

| L
To T, v

________ enter — leave
10°ns
GUt Sns

Fig. 4 The position of the vehicle

Computer .
Computing

A vehicle in detection zone
Data Reading
L
S Device
Digital Input/Output DIO%6 Tnterface Driver
Peripheral Sanal T T Tyt
Taser-smnal Equipmert Processing
Fig. 3 System architecture Fig. 5 The signal wave versus sampling wave
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Eq=(T,—T{)=1/fg 3.1 The Effect of the Deviation Anglea of Laser Beam.
. i . Ideally, the reflected laser light path should be perpendicular to the
The frequency of vehicle signals can be estimated based on fggdway as shown in the dashed line in Fig. 6. In reality, however,
following assumptions: the shortest length of a vehicle is 3 metefigachining error or assembly error will cause a deviation angle

and the following distance is sufficient that times between Verhe distanced,; indicated in Figure. 1 will be changed
hicles are at least 3 seconf?]. As a result, the highest signal + 2 sp where sD = Stane.

frequency €,) for vehicle signal detection on the highway is as The error-distance ratig; is:

ref

follows.
1 1 \Y% 26D 2Stana
f,= = = - (5) L= = . (6)
+3 L 2.2374 +3V D;ei+26D D,ef*=2Stana
2'2374V+3

In the LBDS, the anglex is related to the tolerance of machining

where (1 MPH)= (1 miles per houry (1609/60 60) (m/s) and assembling

=(2.2374) 1 (m/s).

The maximum value foff, is 0.333. According to Shannon’s
Sampling Theorem, the sampling frequenicy(about 10 kH2 32 The Effect of Unmatched Sensor Detection Points.
used in the LBDS system is fast enough>2f,). Becausefs The detection points of one pair of sensors should be ideally at the
=1y, the error is the same as the error caused by the pulse. Tiition shown as the horizontal dashed line in Fig) Tthis line
error-time ratio caused by the sampling rat&js- ;. is perpendicular to laser lingBut in reality, it is possible that the

detection points of one sensor pair are located at the position
illustrated by the dotted-dashed line in Figa) In this case, if
3 Error Sources Related to the Distance Between Two the front or rear of the vehicle is straight, the distanBg pe-
Laser Lines tween two laser beams is still,.;. If the front or rear border of

) ) ) the vehicle is curvedD will be changed tdD,;=AD. We can
The reference distand®,; between two laser lines is anothergevelop a relationship foAD as shown below.

important parameter for calculating speed and length of vehicle.
The value ofD,¢; is used in the software. However, this value

may be changed by adjustment of the opto-mechanical subsystem AD=AL tané. )
and the distance between the LBDS system and the detected ob-
jects. Relevant error sources are discussed below. Here, 6 is the angle between the tangent line and the laser line
shown in Fig. Tb). For illustration, Figure {€) shows the front of
a vehicle.
The purpose of the receiving lens system is to image the large
s laser line onto the smaller active area of the photodiode array.

SupposeAL is the detection point deviation of one pair of sen-
sors. The corresponding imagd will be very small. Consider
also that the focal length of the telescopd iand the distance to
the object isS, as shown in Fig. 8. According to imaging prin-
ciples, we can obtaifil3]:

Sensor

lager

Al f 8
AL Sf ®
AD S—f
Due ™ [ AD=——Al tané. 9)
i) f
PR Generally,Sis about 7—9 m, andl is only 16 mm. As a result,
/ very small Al values will cause largeAL values, i.e.,
Lasex] Laser2 . (Al)/(AL)<1
Trmgeat For f<S, AD can be approximated as:
A B
Fig. 7 Sensor positions AD= w, (10)
: 5 e ; As a result, the error-distance ratidp is:
i £
i P AD SAl tan6 1
b J'rﬁ\ . gZ_DreftAD_fDrefiSAltan0' (1)
I T -, : :
: —~— [l ~J
- & i .
F | [‘-i“ﬂk I 4 Total Error Analysis
), ~ Considering all of the above factors, the outputs of the system
lll. ) (speed and lengihare illustrated below.

4.1 The Speed Error. The actual speed\,) of the ve-
Fig. 8 Imaging of laser hicle is
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D e=2Stana=

SAl tané
f

Vieal=
T

D,es=2Stana= Al tand/f

+
ef—
fP

1 1
+—
fs

D

v Veer(MPH)  (fp=1s).

.
1T 2.2374,

(12)

WhereV,¢i=D,ct/T;ef (hereT s means the detected time differ-

ence: (,—1t,)).

The effects of varied factors onthe speed are shown in Fig. 9 as

below, where the speed relative error is defined &%
_Vref)/vrea| 3 and Dref as 05 m.

4.2 The Length Error.

system isT. According to the results foD,.; and T,.;, we can
obtain the following equationgwhere V ¢, is the frontV, ¢,
V etz IS the reaV, s andV,g1=D et /(1o —t1)):

Trea=Tret® 2/fp: Lret/(Viennt Vier2)12) = 2/fp )

|-R=vreal><?reala (13)

(14)

E Vret= TOMPH, 5*APtandif=0, fp=10k ke

u—é\hﬂ?u?a&uﬁpu&\n#puﬁw@uﬁ

f
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Fig. 9 Speed relative errors
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Fig. 10 Length relative errors
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Assume that the detected length of

a vehicle isL ¢, the real length of the vehicle Isz, the average

of speed of the vehicle ¥,¢4=(Vieain T Viear)/2, and the aver-

age time that a vehicle passed through underneath the detecting
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Fig. 11 Test result

(Dret*e1* €2)Veer1 (Drerte1* £2)Voer2 operating system of computer is fast enough to sample the signal,
the fastest sampling rate should be used to achieve the highest

Dyor® 2Vyer1 /22374, Dyoi 2V o1 /2.2374, precision of the Zys?em. 9
Lot 1 From Figs. 9 and 100,.s= 0.5 m), we can find that the length
Wif_ , (15) relative errors are very similar to the speed relative error. Since

refi ™ Yrefz  Tp the ranges ofr and Al are very small, they have less impact on
where: system precision. The frequency of the pulse laser diode and the
sampling rate will mainly cause the system errors. An uncon-
trolled factor of the LBDS is the curvature of the vehicle. But if
e,=SAl tano/f we can ensure that the detection points of sensors on two sides are

on the same level, the curvature will not generate any effect on
The length errors caused lay SAl tand/f, f,, speed andl, ¢ are  qoyr results.

shown in Fig. 10, where the length relative error is defined as

LR:

X

g,=2Stana

(Lr=Lren)/Lr. 6 Test Results
Test results obtained at a UC Davis test site are shown in Fig.
5 Improvement of the System 11. A digital video camera was used to record the vehicle passing

rough the detection system. The front speed)( rear speed

The analyses in this paper have served as a guide for impro ), acceleration(a), and length(l) of the vehicle are displayed

ment of the LBDS system. Based on these analyses we sho . . .
make every effort to minimize the*S* tana and S* Al* tan@ on the upper part of the window. Each line corresponds to one pair

terms and increase the frequency of the pulsed laser diodes 8{18‘3”5” gll_tre]ments.l Cl_Jrr'e:ntIylvi/e ﬁnly drispler\]y fo_ur p?ir? of ﬁensor

. e elements. The results in Fig. 11 show that the signals for the new
the computer sampling rate. SinBas constant and depends on field prototype system are clear and that the transition is fast
vehicles, the adjustable variables are onlyAl, and f,. The ough for measurement. The system is consistent in measurin
parameter can be adjusted as follows: we adjust the laser dioda'! ? | h d d . hy h ds of the f h |g
and optics so as to have almost the same distance between Y\%me er?gt S%? fS peeds in dt at tbe Spfi 45 o[gg e four ¢ dannes
laser beams at the condition of differeédtto minimize «. A ro- ?erzrvsrgecd?:r.e aEOL?T ;‘g?&gli ; o};JtTHe af\?era r:ﬁ)gn atr;] of
tatable stage is designed for the laser source. The vandhbédso ¢ vghicle is about 44 meteré Inptr;is case agcordir? to the
can be adjusted to minimum values by adjusting the positions gfe lati f Eq(1 .b h ' lative | ,h ing b
sensors and optics. Two degrees of freedom are added into culation of Eq.(15) above, the relative length error is about

- o ; - 1% ata=0.001,SAl tang=0.001. If «=0 SAl tan#=0, then
stage holding the sensors. One is in the direction parallel to tphe . ! . . ! .
Iasgr beam Iigne. The other is in the direction perpenpdicular to thee relative length error will be 0.05%. The vehicle lengths, which

laser beam line. The telescope is mounted in a stage with t U rytﬁgcsusoiIOf;buomuf%rﬁf;mflyhr:ég'Ifeesruflzgrgrtehirggﬁl t\rlg;llctlt?e
rotary degrees of freedom. It was adjusted to keep the senso 9 y only SN

arrays parallel o the laser beam line. From Fig. 9, if we adjustmaX"fnum calcula_lted errors. Infagdltll_%nbéhese errors are smaller
and Al to be as small as possible, for instance 0.001 deg anuﬂ?n or our previous version of the apparatus.

mm, they will have very small effects on speed measurements. .
The main factors affecting the measurement uncertainty are the Conclusions

frequency of the pulsed laser diode and the sampling rate of theThis paper has provided analyses of potential error sources in
computer. The frequency of the pulsed laser is limited by ANShe LBDS apparatus. The analyses presented here have served as a
for the safe use of lasef44], in which the Maximum Permissible guide for improvement of the LBDS apparatus to is current status.
Exposure for small-source ocular exposure to a laser beam is dest results at UC Davis show that the length errors in the present
fined. In our calculation, a laser frequency of less than 10 KHzrsion of the system are about 0.14% or less. These errors are
with 60 W peak power and 10 ns duration pulsed laser is eye séd@ver than the maximum errors estimated in this paper. In addi-
[15]. At higher pulse ratesand with the same peak power andion, these errors are lower than for our previous versions of the
pulse duratioi the laser may not be eye safe. If the real tim&BDS apparatus.
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