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ABSTRACT

This study involved an evaluation of the effectiveness of the California Highway Patrol (CHP)
combination Radar Detection/Changeable Message Sign (CMS) (CHP-CMS) trailers to manage
traffic speeds in highway work zones. The CHP-CMS trailer is a radar-equipped CMS trailer
unit outfitted with revolving or flashing lights similar to those used on CHP vehicles. The main
objective o fthis study was to te st th e following h ypothesis: d oes the C HP-CMS tr ailer u nit
provide an effective deterrent to speeding, thereby slowing traffic in the work zones? The results
of this study validated this hypothesis with the understanding that the validation was based on
limited (a total of three) field tests due to the limited scope and time duration of this study as
well as availability of a ctual work z ones for te sting. Further testing is recommended in the
future. T he r esearch d eveloped a r epeatable t est m ethodology ba sed on t he us e of easily
deployable speed sensors distributed throughout the work zone. A dditional sensors were also
used f or v alidation a nd ¢ ollection of ot her pe rtinent da ta. D ata w as also c ollected on t he
combined utilization of the CHP-CMS trailer and a CHP vehicle as in MAZEEP (Maintenance
Zone Enhanced Enforcement Program) and its effect on t raffic speed reduction at work zones.
The o verall conclusion of this study is that the use of the CHP-CMS system does result in a
deterrent to s peeding ve hicles ne ar work zones and its use can therefore improve work zone
safety.
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DISCLAIMER/DISCLOSURE

The research reported herein was performed as part of the Advanced Highway Maintenance and
Construction Technology (AHMCT) Research Center, within the Department of Mechanical and
Aerospace Engineering at the University of California — Davis, and the Division of Research and
Innovation at the California Department of Transportation. It is evolutionary and voluntary. It is
a cooperative venture of local, State and Federal governments and universities.

This document is di sseminated in the interest of i nformation e xchange. The c ontents do not

necessarily reflect the official views or policies of the AHMCT Research Center, the University
of California, the State of California, or the Federal Highway A dministration. This document
does not constitute a standard, specification, regulation, or imply endorsement of the conclusions
or recommendations. The contents o f'this report only reflect the conclusions arrived by the
authors from the data collected at the time of the writing of this report subject to its limitations
and the time requirements for the completion of the work.
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EXECUTIVE SUMMARY

Background

Cars an d t rucks h ave b een o bserved t o ex ceed t he p osted s peed 1 imits i n construction a nd
maintenance work zones, increasing risk of injury and death to workers and the traveling public
as well as property damage to vehicles, equipment and the highway infrastructure. In order to
influence driver behavior in reducing traffic speeds and therefore improving safety in highway
work zones, the California Department of Transportation (Caltrans) uses COZEEP (Construction
Zone E nhanced E nforcement P rogram)a nd M AZEEP ( MAintenance Zone E nhanced
Enforcement Program) which involve employing the California Highway Patrol (CHP) at some
work zones to influence the traveling public to observe the speed limits. This study was aimed at
developing a test methodology and field testing of a special Changeable Message Sign (CMS)
and its effect in speed reduction in highway work zones. The CMS evaluated is a trailer based
system that is acquired by CHP and is e quipped with radar for s peed measurement. Ithasa
changeable message sign for display of messages to the drivers and revolving or flashing lights
similar to those that are used in CHP vehicles for prompting or emulating police presence. The
units a Iso ha ve a siren system onboa rd, but at the di rection of C HP, the siren was n either
activated nor tested during this research.

Two types of radar traffic sensing systems were evaluated and tested as part of this study and
were 1 ncorporated i nto t he t est m ethodology. O ne w as t he i Cone s ystem de veloped a nd
marketed by i Cone P roducts LLC an d t he o ther w as t he R emote T raffic M icrowave S ensor
(RTMS), developed and marketed by Image Sensing System of Canada. Data from field testing
performed in this study indicated that the iC one s ystem was more accurate in e stimating the
average speed of traffic while the R TMS system provided data on pe r-lane vehicle count and
vehicle headway information. The iCone system is installed by its equipment manufacturer into
a traffic barrel and can therefore be directly used in a work zone. The RTMS system, however,
required d esign o f an a dditional s tructure for its field u tilization that a llowed e levating the
system at least 17 feet above the roadway surface on the side of the roadway.

Field testing was performed to determine the actual performance of the two sensing systems and
gain experience in this field utilization prior to c onducting field te sts withthe CMS. A test
methodology based on these two sensing systems was then developed with the expectation that it
could be modified based on logistics and the directions of the Maintenance Supervisor in charge
of the maintenance function or the Residence Engineer in charge of the construction work zone.
The basic layout consists of a set of iCones for speed measurements and two RTMS systems for
measurement of traffic counts. Two cameras were used to collect redundant information.

A total o fthree field t ests w ere performed, all at hi ghway w ork z ones w here m aintenance
functions w ere be ing pe rformed. All three te sts were p erformed at the same location in the
Stockton area - one in March 2011 and two on the same day in April 2011 (One in the morning
hours and one in the afternoon hours).

X
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Conclusions, Limitations and Recommendations

Conclusions

The significant findings from analyzing the data from these three tests are summarized below:
(It should be noted that speeds are rounded to 0.5 MPH)

1. The lane closure alone without the C MS trailer resulted in a reduction of average
traffic speed by approximately 5 to 5.5 MPH.

2. Theuse ofthe C HP-CMS trailer by its elf r esulted in a pproximately 3 to 7 MPH
further reduction of the a verage traffic s peed i n the w ork z one be yond w hat w as
observed with the closure alone.

3. Use of a CHP officer in a police vehicle in addition to the CHP-CMS trailer resulted
in approximately 5t o 9 MPH further reduction of the av erage traffic speed in the
work zone beyond what was observed with the closure alone.

4. Use of the CHP-CMS trailer by itself reduced car density (number of cars) in the lane
being closed at the beginning of taper (location of the Arrow Board) by 0.7t o0 2.4
percentage points.

5. Use of a CHP officer in a police vehicle in combination with the CHP-CMS trailer
resulted in a further reduction between 0 to 6.3 percentage points in car density in the
lane being closed at the arrow board location.

6. Datai ndicates at rade-off b etween s peed reduction an d h eadway ( time b etween
vehicles) in the lane adjacent to the lane being closed. Data from other lanes did not
provide for a consistent conclusion.

The main result is that the use of the CHP-CMS as configured in this study in combination with a
CHP officer unit provides for traffic speed reductions in work zones. Inthe absence of a CHP
officer unit, the C HP-CMS trailer alone still improves the s afety in terms of reducing tr affic
speeds, at least for short duration work zones. This indicates that both methods are effective in
improving work zone safety. It should be pointed out however that the testing performed in this
study was only done in short duration work zones. Since repeated exposure to the CHP-CMS
can allow drivers to become aware of the fact that the system is not used for speed enforcement
and 1s only advisory may reduce its e ffectiveness d ue to this memory e ffect. S uch me mory
effects were not evaluated in this study.
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Limitations and Recommendations

1. Ther esults obt ained a re ba sed on v ery | imited da ta and does not r epresent a
statistically representative sample. They should, therefore, be used cautiously.

2. The testing was only performed in Maintenance Work Zones which are typically of
short dur ation. More d atat hatcan extrapolate ther esultst ol ong dur ation
construction work zones would be desirable.

3. Testing w as o nly p erformed i n r elatively | ow traffic d ensity m etropolitan ar eas.
Additional testing in high traffic density metropolitan areas as well as in rural areas is
recommended to supplement the test data provided here.

4. Long term driver response to the non-enforcement nature of the CHP-CMS was not
tested. The results presented are more applicable to short time duration work zones.

X1
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1. INTRODUCTION

Safety of highway construction and maintenance workers has been a long established concern
duet ot he ha zardous w orking e nvironment inc lose proximityt o f ast mo ving tr affic.
Traditionally, it is assumed that reduction in s peed of traffic through the work zone improves
traffic safety by providing drivers more time to react to hazardous situations and avoid collisions.
Speed limits and warning signs are simple examples of traffic control devices used to control
traffic speeds. In fact, the Manual on Uniform Traffic Control Devices (MUTCD) [1] defines a
standard for using such traffic control devices. In an effort to further impact speed reduction in
highway work z ones as well as imp rove driver a wareness of the w ork z one, the California
Department of T ransportation ( Caltrans) in ¢ ooperation w ith the California H ighway P atrol
(CHP) has established the Construction Zone Enhanced E nforcement Program(COZEEP) and
the Maintenance Zone Enhanced Enforcement Program (MAZEEP). The effectiveness of such
law enforcement pr ograms i n w ork zones h ave be en di scussed i n an N CHRP ( National
Cooperative Highway Research Program) report [2].

Although highly desired as an effective method of speed control, COZEEP/MAZEEP operation
requires at least one uniformed CHP officer and vehicle to stay at the construction/maintenance
work zone during the entire length of the operation, thus consuming a significant number of CHP
officers. Therefore, only selected work zones are supplemented with the operation in order to
maintain ad equate C HP f orces elsewhereinthearea. The costo fC OZEEP/MAZEEP t o
Caltrans is currently estimated at approximately $25 to $30 million for COZEEP and $8 million
for MAZEEP on an annual basis. In times of budget restrictions, these costs can also possibly
contribute to reduced deployment of such operations.

The CHP has currently acquired combination Radar — CMS (Changeable Message Sign) trailer
units. T hese units are e quipped with light emitting diode (LED) type display panels that can
display advisory and warning messages and onboard Doppler Effect radar units that can measure
the speed of on-coming traffic. Blue and amber flashing lights are also mounted on the bottom
of the display panels. Since blue and amber are signature flashing lights of CHP; these lights, at
a distance, can imply presence o f CHP o fficers and can provide a deterrent to speeders. The
entire s ystem is m ounted on a s elf-contained, s olar pow ered t railer which a Iso hous es t he
computer that manages the displayed messages. The units also have a siren system onboard, but
at the direction of CHP, the siren was neither activated nor tested during this research.

The main objective of this study was to evaluate the effectiveness of these radar-equipped CMS-
trailer units in a stand-alone mode or in combination with one CHP vehicle for speed reduction
in w ork z ones i n C alifornia. If pr oven effective, such C MS uni ts ¢ an be a can didate t o
supplement C OZEEP/MAZEEP ope rationsi nw ork z ones w ithout e mploying a dditional
dedicated uniformed o fficers and patrol vehicles on site. This can allow CHP to better use its
work force in helping with speed reduction in work zones as well as addressing other highway
related law enforcement duties or impacting a larger number of work zones.

Alternative methods of using police units on highways for speed reductions have been examined

in the past. Many of the previous studies are discussed and summarized in a NCHRP report [2].
A plot of this summary in the form of a bar chart is depicted in Figure 1.
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Figure 1: Summary of alternatives to the use of police enforcement (from data in [3], page 8)

It is clear from the data in this figure that use of CMS units with radar results in the largest speed
reduction a mong the alternative en forcement m ethods considered. This s uggests t hat the
introduction of the CMSt yped evice asa can didatet o s upplement C OZEEP/MAZEEP
operations in work zones can result in speed reduction without employing additional dedicated
uniformed of ficer(s) and pa trol ve hicle(s) ons ite. Evaluating thisa nd developing f ield
experience in using a specific type of CMS unit that is presently used by CHP form the main part
of this research.

In terms of safety benefits of traffic control devices such as CMS units, prior studies have used a
variety o fd ifferent m etrics fo r such evaluations. T hese m etrics i nclude means peed
[31[4]1151161[7]1[8]1[9][10], s peed va riance [6][9][10], 85 th percentile s peed [6], pe rcentage of
vehicles a bove/below t he s peed 1 imit [3][5], speed of hi gh-speed v ehicles [5][6] and 1 ane
distribution of traffic [4][7][10]. Jones and Lacey [11] also reported findings on the community
wide effect of radar based enforcement as compared to LIDAR (Light Detection And Ranging)
enforcement, both with police presence. The radar signal from the CHP-CMS units considered

here can potentially have a similar effect of deterring vehicles from moving too fast as discussed
in [11].
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2. THE CHP-CMS UNIT

The particular CMS unit used in this study consisted of a display panel approximately eight feet
wide an d four feet hi gh with an active LED matrix c¢ apable o f d isplaying s everal lines o f
message. The entire un it was mounted on a trailer that wouldallowitto be towed to any
location on t he hi ghway (Figure 2). The entire system is mounted on a s elf-contained, s olar
powered trailer which also houses the computer that manages the message displayed. The CMS
with radar is an OEM (Original E quipment M anufactured) and all modifications are performed
by CHP. The CHP-CMS trailer can be programmed to display messages such as lane closure
advisories and reduced work zone speed limits. An onboard Doppler Effect radar unit is used to
determine the speed of oncoming traffic and triggers a warning message display if the measured
speed ex ceeds a cer tain preset threshold value. The programmed messages can be displayed
intermittently with the measured speed to remind the oncoming vehicle of its speed.

Figure 2: The CHP-CMS Trailer

This CMS unitis owned and operated by the CHP and it is equipped with a blue and am ber
flashing light (standard color light used on CHP vehicles) mounted on the bottom of the display
panel. At distance, the flashing light mimics the presence of a CHP patrol vehicle (hence the
name C HP-CMS) thus s trengthens t he C MS’s figure of a uthority. Incase o fdriverb eing
distracted from road condition, the flashing light is intended to captures driver’s attention due
with its strong visual cue and improves alertness (Figure 3).
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Figure 3: CHP-CMS Trailer Showing Blue and Amber Lights

For the purpose of this study, the display for this CMS was configured to have the message board
display the speed of the on-coming vehicle which was updated c ontinuously at approximately
one second intervals. The radar unit would sense the speeds of vehicles about 200 feet ahead of
the trailer. If no vehicle is being tracked, the speed value would go blank. During the tests, the
traffic flow was fairly continuous and a speed value was always displayed. Since vehicles were
usually passing as a pack moving at the same speed, the value did not typically change more than
1-2 mph every few seconds. W hen a faster vehicle passed, the value would jump to the higher
speed value and maintain that value for the 2-3 seconds while the vehicle was in the radar’s field
of view. T he system was also configured to trigger its flashing lights any time a vehicle was
traveling more than the threshold value over the speed limit. The message “SLOW DOWN” was
displayed briefly following the usual speed display. The units also have a siren system onboard,
but at the direction of CHP, the siren was neither activated nor tested during this research.
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3. TEST PLAN DEVELOPMENT

An important aspect of this research was to develop a test methodology for measuring average
traffic s peed and v ehicle de nsity in a hi ghway work zone. T he obj ective was to de velop a
methodology t hat can b e eas ily deployed in s hort dur ation hi ghway m aintenance ope rations
without a dversely i nfluencing dr iver be havior duet ot he s peed m easuring e quipment a nd
personnel. Use of s peed m onitoring de vices t hat w ould c learly pr ompt dr ivers t o pot ential
enforcement w as t herefore not ¢ onsidered. F urthermore, it w as de sired t o m onitor s peeds at
several places alongthe work z one closure t o develop a be tter unde rstanding o f't he d river
behavior and response to the closure and the CMS displays. All sensors considered also had to
satisfy Caltrans requirements as devices that can be placed in a work zone.

Two types of traffic sensors were evaluated and used in this research. Both types of'sensors
were s elected due t ot heir non -intrusive d ata ¢ ollection nature, ease of de ployment, and
automated operation. Both types of sensors use radar based technology; however, each uses a
different p rincipal o f operation. Theset wo s ensors ar e t he i Cone s ystem d eveloped an d
marketed by i Cone P roducts LLC [12] and t he R emote T raffic M icrowave S ensor (RTMS),
developed and marketed by Image Sensing System of Canada [13]. Before actual use in work
zones f or e valuation of the CHP-CMS ef fectiveness in s peed r eduction, t he | imitations a nd
performance of these two sensors were investigated through experimentation on a local roadway.
On the road experiments were conducted to make sure that all important parameters influencing
field ut ilization of t hese s ensors are w ell und erstood s o t hat the de sired qua ntitiesc anb e
accurately m easured. The o verall d escriptions o ft hese t wo s ensing systems ar e givenin
Appendix A for the iCone and Appendix B for the RTMS system. The experimental evaluations
of these two sensing systems are provided in this section before presenting the overall test plan
for speed and traffic density measurements at work zones.

A side benefit of developing this test methodology in this project was that it could be and was
easily adapted for several other work zone safety research projects being conducted at AHMCT.

3.1. iCone Evaluation

Three as pects o f the i Cone s ystem w ere tested in a s eries o f ex periments: accuracy o f s peed
measurement, accuracy of traffic volume measurement and sensitivity to placement. Accuracy
of speed measurement was tested against speed measurement obtained from a handheld LIDAR
device, while accuracy of traffic volume measurement was compared to a manual traffic count.
The te st for s ensitivity to p lacement was split into tw o p arts: sensitivity t o orientation a nd
sensitivity to position. Both orientation and position of the iCone can affect the severity of the
Cosine Effect (see Appendix A for description), which influences the measured speed. The test
for orientation addresses concerns about the compromise in data integrity due to coarse aiming of
the iCone. The test for sensitivity to position addresses similar concerns in the e vent of non-
uniform off-set distances of iCones from live traffic lanes.
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3.1.1. Accuracy of Speed Measurement

A setoftests were conducted on a north-south s egment of La Rue R oad near UC Davis on
November 12, 2010. This road is a two-way, four-lane (two lanes in each direction) street with a
median approximately the width of one lane and a speed limit of 30 MPH. Three iCones and one
LIDAR unit (with an operator) were placed as shown in Figure 4.
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Figure 4: iCone placements in speed accuracy test (not drawn to scale)
(Map data ©2013 Google)

iCone 429 w as positioned downstream of the measurement location and aimed upstream at the
northbound traffic. The iCone’s specification indicates a d etection range of approximately 150
to 200 feet from the iCone’s location. Therefore, the LIDAR operator was positioned between
the iCone and measurement 1 ocation, approximately 130 feet upstream of iCone 429. At this
location there was a tree that was used to help the operator stay out of sight of the driver’s view
for as long as possible. In this set up, the LIDAR operator tracked vehicles and obtained a speed
reading for vehicles approximately between 20t o 70 f eet ups tream of his/her location, which
would be the segment o f roadway where the iCone is likely to obtain a speed reading. Only
northbound traffic was recorded with the LIDAR gun. In order to determine w hether i Cone
measurements are biased towards the lane adjacent to their placements, iCones 431 and 433 were
placed approximately across from each other, both aiming north, c overing a pproximately five
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lanes ( four 1 anes o ftrafficand a median). Since average t raffic s peeds are expectedtobe
different between the north and the southbound lanes, a comparative evaluation of the readings
of these two iCones can provide an indication of any measurement bias towards the lane adjacent
to their placements.

In aiming the iCones, each iCone arrow was initially placed parallel to the road and then the
iCone was rotated slightly towards the roadway. Figure 5 shows the iCone aiming process from
the operator’s point of view.

Figure 5: Aiming iCones.

A total of three speed measurement tests were conducted. The resulting average speeds from
iCones and the LIDAR in these tests are summarized in Table 1.

Sensor iCone 429 iCone 431 iCone 433 LIDAR
Trial 1 30.61 30.11 28.04 31.92
Trial 2 30.14 29.16 28.42 31.50
Trial 3 30.46 28.78 28.19 30.54

Table 1: Average Traffic Speed Measured by iCone vs Average Traffic Speeds Calculated from LIDAR
Measurements

This table clearly shows that the average speed measurements from iCone 429 are closest to the
data from LIDAR speed measurements. This is to be expected since i Cone 429 w as the one
closest to the location of the LIDAR. Furthermore, it is clear that all iCone speeds are slightly
below the speed data from the LIDAR measurements. The inevitable visibility of the LIDAR
operator to the traveling public likely contributes to these lower speed values for iCones, as cars
travel from LIDAR operator to iCones. The differences between the readings of iCone 431 and
iCone 4 33 suggest that t he i Cones can not accu rately m easure s peeds a cross five l anes. One
potential reason for the difference can be due to shadowing effects - namely the cars in the closer
lanes blocking the iCone view of the cars in the farther lanes. This means that one can expect a

Copyright 2012, AHMCT Research Center, UC Davis



Evaluation of Methods to Reduce Speeds in Work Zones

positive bias in the iCone’s speed measurement accuracy towards the lane most adjacent to the
iCone placement, especially when cars are traveling in groups across multiple lanes.

3.1.2. Accuracy of Traffic Volume Measurement

Data collected in the tests described earlier was also used to evaluate the accuracy of using
iCones to determine traffic volume. In each of the three tests described earlier, manual counting
of vehicles was also performed and compared. The manual counting was performed for duration
of 10 minutes for the first and second tests, and 20 minutes for the third test. The iCone traffic
volume measurement is based on the number of speed readings recorded. The manual and iCone
traffic counts are compared in Table 2.

iCONE Hand
Test | iCONE Counts Counts
No. ID (No. of cars) | (No. of cars)
429 71
1 431 75 113
433 79
429 50
2 431 63 98
433 43
429 81
3 431 113 297
433 83

Table 2: iCone Counting vs Manual Counting

Thet est results indicate thatt hei Cones usedi nt his manner do not pr ovide a ccurate
measurement o f traffic volume. One reason for this may be the fact that the radar inside an
iCone shuts down for approximately 2.25 seconds between measurements to prevent the iCone
from making duplicate measurements of the same car. The 2.25 second time interval is chosen
such that a vehicle traveling at 65 MPH would clear the iCone’s detection range within that time
frame. In addition, it was observed that vehicles often travel in groups, which further contributed
to the problem of missed counts during the radar down time.

3.1.3. Sensitivity to Orientation and Placement

As do all Doppler Effect based radar devices, the iCone system suffers from the Cosine E ffect
(see Appendix A). The Cosine E ffectis basically the artificial d ecrease i n m easured s peed
between the observer and the target vehicle when the angle between the observer’s line of sight
and the target vehicle direction of travel increases from 0 t o 90 de grees. In the case of iCone
deployment, t wo v ariables w ere i dentified as t he cau se o f't he co sine e ffect: o rientation an d
position of the iCone. Orientation is defined by the angular offset of the iCone’s aim from a line
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parallel to the roadway. Position is defined by the lateral offset distance between the iCone’s
location and the center of the lane where traffic speed is being measured.

Due to the aforementioned difficulty in aiming each iCone precisely, there are variations in the
orientation during deployment of multiple iCones. ,In work zone testing, iCones are typically
only allowed to be placed on the shoulder of the roadway. The off-set distance to the nearest live
traffic lane (position) may vary depending on the number of lanes between the shoulder and the
lane i n w hich s peed m easurements ar ¢ b eing made. Two t est s cenarios w ere de veloped t o
investigate h ow e ach of't heset wo variables (orientation a nd pos ition) affected t he speed
measurements from the iCones. These tests were performed on December 6, 2010 on Hutchison
Road (two—way, two-lane road with one lane in each direction) near UC Davis.

In the orientation test, three iCones were placed the same distance from the lane center, as shown
in.Figure 6. In this test, iCones 433 was placed with an orientation of 0°, parallel to the road.
iCone 431 was oriented at 20° towards the road and iCone 429 at 40° towards the road. All
iCones had the same offset of 16 feet from the center of the nearest lane. The offset of 16 feet
was selected to represent placement of the iCones outside a 10 foot shoulder. The target of speed
measurements was assumed to be at the center of the nearest lane (6 feet for half of the width of
the target lane and 10 feet for the width of the shoulder).

Figure 6: iCone placement for orientation test
(Map data ©2013 Google)

In the position test, the configuration of the iCones is shown in Figure 7. The iCones 433, 431
and 429 were placed, respectively, with offsets of 16 feet, 28 feet and 28 feet from the center of
the target lane. The 28 feet distance was selected to represent one additional lane of offset.

The orientations were set by first aiming all three iCones parallel to the roadway. In the attempt
to target vehicle speed measurements at approximately the same location on the roadway, the
outer two 1Cones were rotated by 5° towards the road. The orientations were as follows: iCone
433 at 0° (parallel to the road), iCone 431 at 5°, and iCone 429 also at 5°.

It was hypothesized that if the iCones didn’t suffer from a severe cosine effect, then the reported
speed readings from iCones 429 and 431 should agree with readings of iCone 433, since they are
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all measuring traffic in the same lane. The results from this test can also indicate whether iCones
could be used to report speeds not only in the lanes adjacent to their placement, but also in the
next lane over.

Figure 7: iCone placement for position test
(Map data ©2013 Google)

Speed data was collected using all three iCones positioned as described. The test data results are
summarized in Table 3. The data in this table does not show any significant differences in the
speeds m easured, w hich i ndicates t hat i Cone s peed m easurements a re n ot s ensitive t o t heir
placement in terms of their offset position and orientation. This would make iCones ideal for
field usage when rapid deployment of the speed sensing system is needed.

Sensor iCone 429 1iCone 431 1iCone 433
Orientation Test 43.39 42.70 43.01
Position Test 43.41 42.65 43.83

Table 3: Measured Mean Speed with iCones at Different Offset Angle

Experience with the iCones indicated that when deploying iCones in the field, it is best to first
point the 1Cone parallel to the road and then rotate the barrel slightly towards the center of the
road. In field te ststh e research t eam rotated t he i Cones be tween 10° a nd 20° towards t he
roadway. Precision aiming is not required, and a clear view of the sky helps the iCone’s onboard
GPS to obtain a location fix faster.

3.2. RTMS Evaluation

The RTMS (Remote Traffic Microwave Sensor) G4 was chosen as another traffic measurement
device based on its ability to measure individual vehicle speeds (as compared to average traffic
speed measured by iCones) and per-lane traffic volume. In addition, the RTMS output includes
a timestamp for each vehicle detected which is valuable in calculating vehicle headways. Field
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experience confirmedt hat calibration isr equired beforei t isu sed f orac curate speed
measurement. The required calibration time experienced in the field was approximately 30 to 45
minutes e ach time. This m akes t he s ystem unsuitable f or s peed m easurements w hen r apid
deployment and set up is needed at the work zone.

On the other hand, the R TMS o ffered accurate timestamps for each of the vehicle d etection
events w ithout the ne ed for in-the-field c alibration. The d ifference b etween t wo consecutive
timestamps is a good representation of the headway, which is defined in terms of the time lapse
between the front bumpers of two consecutive vehicles passing the measurement location. It was
therefore d ecided t hat t he R TMS unit can b e used for h eadway m easurements in t he rapid
deployment environment of work zone testing. In addition, the video footage from the on-board
camera o fthe RTMS can also be used to manually ex tract the traffic v olume/count per lane.
This video output is streamed to the laptop computer tethered to the RTMS unit in real time and
stored on the laptop’s local hard disk. This video is independent of any system calibration. The
RTMS accuracy in measuring traffic volume per lane was then tested against manual counting.

3.2.1. Traffic Volume Test for RTMS

In this test, the number of vehicles detected by the R TMS for each lane was used to cal culate
traffic volume/count and was tested against manual counting of traffic volume/count. T he test
was performed on November 12™ 2010 at the same location as the iCone test of that date. In
order to test the RTMS, an easily deployable mast was designed to mount the RTMS unit at a
height. The mastis shown in Figure 8. T he mounting height of the RTMS as shown in this
figure was 19 feet and during the test on November 12" 2010, it was placed with an offset of 12
feet to the edge of the road.

11
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Figure 8: RTMS Mast for Rapid Deployment (View Looking South, Nov 12, 2010)

The o ffset distance of 12 feet was chosen to emulate the s cenario where the RTMS issetup
beyond the shoulder of the freeway in a work zone evaluation. During the test, manual counting
of vehicles passing in the area measured by the RTMS was performed for all lanes of traffic. As
shown in Figure 8, there were two northbound lanes and two southbound lanes with a median
which was one lane wide. The RTMS unit was placed next to the northbound lanes. The test
data was collected for a period of 20 minutes and s howed 123 nor thbound ve hicles and 174
southbound vehicles in manual counting versus 120 northbound and 151 southbound vehicles in
RTMS counting. This data indicates that the RTMS unit missed the number of vehicles by 2.4%
in the near side lanes and by 13.2% in the far side lanes. This can be due to the shadowing
effects (See Appendix B). Observation of the RTMS display unit during the testing showed that
the system was, sometimes, registering “ghost” ve hicles outside the boundaries of the far side
lanes. This e ffect w as mitig ated b y m anually a djusting th e la ne r ange assignments o n the
RTMS. The final conclusion from this test is that RTMS units can provide relatively accurate
measurement o f't raffic volume/count for n ear side l anes. Itis therefore r eccommended t hat
RTMS units be used in the manner described here for obtaining traffic volume/count in work
zone testing for near side lanes. Near side lanes are defined as lanes adjacent to the location of
the RTMS mast.

Experience in deploying the RTMS indicated that for field use it is best to first make sure that the
unit is aimed perpendicular to the roadway for measurements in near side lanes. The web-cam
onboard the RTMS unit can aid in aiming by adjusting the aim such that the image of the road is
roughly pa rallel t ot he f rame. The c alibration pr ocess ¢ an de termine | ane ¢ onfiguration
automatically, b ut will t ake s ome time in low traffic volume c onditions. The au tomatically
configured lanes aren’t always perfect so some manual adjusting of lane width is recommended
if the unit appears to miss or over count vehicles. In testing more than two lanes, the video
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footage of the onboard camera on the RTMS is recommended to be used instead of the RTMS
sensor to obtain data on vehicle count. T hisis needed to avoid potential 1 oss in accuracy of
vehicle count data. A similar arrangement is also recommended when testing roadways where
there is potential for high truck traffic volume. However, obtaining the traffic count using the
onboard video camera of the RTMS can be a time consuming task and should only be considered
as a back-up method if shadowing is significant.

3.3. CMS Test Methodology and Set Up

The results from testing of the two types of sensor systems designated for this project provide the
necessary d ata for their best u tilization in CHP-CMS ev aluations at w ork zones. The field
testing of the two sensor systems — namely the iCone and the RTMS unit, indicated that:

e Accuracy o f average speed d ata from the iCone i s ac ceptable within r easonable
variations.

e iCone data is not very sensitive to position and orientation (Cosine Effect).

¢ iCones do not provide accurate data on traffic volume/count.

e RTMS units have good vehicle counting ability when there’s no s hadowing. The
footage f rom t he onbo ard camera of R TMS pr ovides accurate d ata fort raffic
volume/count under the condition when there’s shadowing.

e In-the-field RTMS calibration c an be t ime c onsuming a nd playsa k eyrolein
accuracy of speed measurements

e The RTMS does not provide true p er-vehicle s peed, but estimates speeds using a
proprietary algorithm.

e The RTMS provides accurate timestamps for each vehicle detected that can be used
for accurate estimation of headway.

Based on t he above c onclusions, it1is cl ear t hat t he i Cones p rovide ar epeatable m ethod o f
measuring average speed variations and reductions in a highway work zone and are suitable for
rapid field setup. Furthermore, t hese conclusions i ndicate that when the R TMS u nits ar e
considered for r apid field de ployment, they are best suited for he adway c alculations and t he
footage from their onboard cameras can be used for off-line calculation of traffic volume/count.
We t herefore used as eto f iCones a longt he w ork z one a rea for average t raffic speed
measurements. RTMS units provided headway determination for up to two lanes adjacent to the
sensor location, and the footage from the RTMS onboard camera provided traffic volume/count
determination.

In evaluating the effectiveness o fthe CHP-CMS, it w as i mportant to m easure average traffic
speeds at several areas of the work zone. This was important to properly assess driver behavior
and response to the presence of the CHP-CMS. There were a total of six iCones and two RTMS
units available for this project. A test layout was developed distributing these sensor units as
shown in Figure 9. In this figure, the zero reference point is at the beginning of taper. One set of
sensing units consisting of one iCone and one RTMS system was placed upstream of any signage
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to obt ain ba se-line v alues for av erage traffic s peed, v olume and h eadway. D iscussions w ith
Caltrans field p ersonnel in dicated th at an approximate distance o f two miles upstream ofthe
beginning of taper is the proper location for these first set of sensing units. The next two iCones
were distributed in -between t he first w ork z one s ign ( stating: “ Road W ork A head”) and t he
beginning of taper. Data from these two iCones can provide information on s peed changes due
to the advisory signage for the work zone. The next set of iCone/RTMS pair was positioned at
the beginning of taper to measure the number of vehicles remaining in the closing lane. This was
also near the location of the CMS sign as recommended by Caltrans field personnel for the first
test on M arch 22™, 2011 . T he fifth iCone was then positioned at the end of taper which was
upstream of where highway workers would be present. This was also the area that the reduction
in lane(s) was completed in the work zone. The sixth and last iCone was positioned somewhere
in the active work area of the work zone preferably approximately in the middle of this area to
provide data on the final average traffic speed in the area closest to the highway workers. In the
test performed, the work zone was along the fast lane ofthe highway (left side). The mirror
image of this layout as shown in Figure 10 is used.

iCone #1 iCone #2 iCone #3

-1 mi -0.5 mi -0.2mi
-2mi
-5140" -2500" -1000"

iCone #4

Beginning of

iCone #5

iCone #6

End of Taper

Active Work

Taper Area
I i T T
1 i

; |

_ _ L — _— — — — —
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Figure 9: Proposed Sensor Layout for Work Zone Testing.
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Figure 10: Proposed Sensor Layout for Work Zones on the Left Side of a Highway.

The sensor layout discussed served as a baseline configuration for field testing. The layout was
adjusted to its final configuration based on logistics at a specific work zone and the requirements
set forth by the Caltrans personnel in charge of a work zone.
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4. FIELD TESTING OF CHP-CMS

In this research a t otal o f three field tests w ere p erformed, all in maintenance w ork z ones at
approximately the same location on s outhbound highway 99 i n Stockton, California. O ne test
was performed on M arch 22 ™ 2011, and two tests (one in the m orning hours and one in the
afternoon hours) were performed on A pril 15™ 2011. In these tests, the messages as shown in
Figure 2 and Figure 3 were programmed to display on the CHP-CMS unit and their e ffect on
driver behavior in terms of speeds, headways, and traffic volume per lane was then evaluated.

As pr eviously di scussed, t he radar s peed r eadingi n MPH was updated ¢ ontinuously a t
approximately a one second interval. The radar unit would sense the speeds of vehicles about
200 feet ahead of the CHP-CMS trailer unit. If no ve hicle was being tracked the speed value
would go blank. During the tests, the traffic flow was fairly continuous and a speed value was
always displayed. Since vehicles were usually passing as a pack moving at the same speed, the
value did not typically change more than 1-2 MPH every few seconds. When a faster vehicle
passed, the value would jump to the higher speed value and hold that value for the 2-3 seconds
while the vehicle was in the radar’s field of view.

Three different combinations of using the CHP-CMS and a CHP unit were tested in each of the
three tests, as follows:

a. No CHP.

b. CHP-CMS trailer without CHP vehicle presence.

c. CHP-CMS trailer with CHP vehicle upstream of the CHP-CMS unit

d. CHP-CMS trailer with CHP vehicle downstream of the CHP-CMS Unit.

The work zone for the two April 15™ 2011 tests is shown in Figure 11. The test on March 22M,
2011 was performed on the same hi ghway upstream of the de picted location. A visual walk
through of the April 15™ work zone as seen from the view of the driver is depicted in Figure 12.
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PR ———
Figure 11: View Looking Down At the Test Work Zone of April 15, 2011.

During all three tests, the CHP-CMS display was observed to be functioning but there was no
data to verify how o ften the blue/amber flashing lights came on. On the March 22 t est, these
lights were set to come on w hen there w as a v ehicle traveling more than 10 M PH over the
highway speed limit of 65 MPH. On the April 15 test, the threshold was set to 5 MPH. Overall
the 1Cones functioned properly for all the three tests but one of the RTMS units (the one installed
upstream) did not function in all of the tests. T he data obtained from the iCones and the one
RTMS unit that was positioned dow nstream w as s ufficient to address all the issues that were
being investigated in this research. The results and their analysis are given in the next section.
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Figure 12: Pictorial Walk Through of the Test Work Zone on April 15, 2011
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5. TEST RESULTS AND CONCLUSIONS

In this section, the test data from the six iCones from the three tests is discussed followed by the
data obtained from the downstream RTMS. Figure 13 provides a summary plot of the six iCone
speed m easurements for t esting o f four d ifferent configurations on M arch 22 ™, 2011. T he
horizontal axis plots the iCone location from the zero reference point in miles. The vertical axis
is the average speed measured by the iCones in MPH. T he four configurations consist each of
speed m easurements w ith no C HP-CMS and no C HP vehicle (indicated in bl ack), C HP-CMS
unit in place (indicated in red), CHP-CMS unit and C HP ve hicle ups tream (indicated in blue
triangle), and CHP-CMS unit and CHP vehicle downstream (indicated in blue square).

AVERAGE SPEED Mar 22 2011 End of Taper

55 L

== Standard Closure

_ | === w/cms |
50

—f&— W/ CMS, CHP Upstream |

&=/ CMS, CHP Downstream |
;

b t t + + + t t 45 +
-2.5 -2.25 -2 -1.75 -1.5 -1.25 -1 -0.75 -0.5 -0.25 0.25
Distance from Arrow Board (mile)

Figure 13: iCone data from March 22, 2011 test.

o

In the April 15" series of tests the CHP-CMS unit was positioned at the end of the taper rather
than at the beginning due to lack of available shoulder space in the location of the taper. Plots in
Figure 14 and Figure 15 represent average traffic speeds for the same configurations described
for the March 22" test. The plots in these three figures in combination with aerial views of the
highway section where the iCones were placed are provided in Appendix C.

AVERAGE SPEED Test-1 Apr 15, 2011 End of Taper
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t t t

45
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Figure 14: iCone Data from Test 1 (Morning Hours) on April 15, 2011.
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) I

65 }

— T~

Average Speed (mph)
%
<

== w/CMS
==fe= v/ CMS, CHP Upstream
=== v/ CMS, CHP in Work Zong,

[l

I

I \
=&— Standard Closure e | \

—

I

t t —
-1.75 -1.25 -0.75 -0.25 0.25
Distance from Arrow Board (mile)

Figure 15: iCone Data from Test 2 (Afternoon Hours) on April 15, 2011.

The data in these plots clearly show that the C HP-CMS unit is e ffective (at least in the three
tests) in p ositively i nfluencing t he dr iver be havior r esulting in a r eduction in a verage t raffic
speed from the upstream highway speed of approximately 8.0 to 12.6 M PH at the end of taper
(fifth iCone or the second to last mark from the right in the plots). Furthermore, the same data
indicates that the cl osure alone may be responsible for approximately 5.1 to 5.7 MPH ofthis
reduction. The data also indicates that when there is a CHP vehicle upstream of CHP-CMS there
is a local r eduction of s peed ne ar the C HP ve hicles but the speed atthe end of taperis not
significantly affected. The same local effect of the CHP vehicle in speed reduction w as al so
observed in Test 2 of the April 15" test. This is illustrated in Figure 15. During this test, an
unusual level of traffic congestion was de veloped, therefore it was not clear how much of the
reduction in speed shown in Figure 15 is from the local effect of the CHP vehicle and how much
is from the intrinsic traffic congestion. The main conclusion is that the data clearly indicates that
the CHP-CMS trailer can be an effective d eterrent for reduction of average traffic speed in a
work zone.

It should be pointed out, however, that these tests only evaluated the short term effects of using
the CHP-CMS unit. The results may not be applicable when drivers become familiar with the
non-law-enforcement characteristics of the CHP-CMS unit when it is used in long duration work
zones. Until such long term effects can be scientifically evaluated, the recommendation is that
the CHP-CMS unit can be most effective in short duration work zones that are typical of some
highway maintenance functions.

The r esults f rom analysis of t he R TMS da ta are d iscussed n ext. Since one R TMS uni t
malfunctioned during the three tests, data from only the unit at the beginning of taper is used in
this analysis. The RTMS unit provides accurate timestamp data of each vehicle detected which
isused here to calculate headway. Furthermore, the video footage from the R TMS onboard
camera w as u sed t o ¢ alculate traffic ¢ ount/volume pe r1 ane. The p ercentages of v ehicles
traveling w ith he adway l ess than 1 and 2 s econds w ere ¢ alculated from t he h eadway d ata
obtained from the timestamps. The thresholds of 1 and 2 seconds were chosen to represent non
ideal and minimally ideal headways, respectively. The data from all three tests is summarized in
Figure 16. The percentage data is grouped by sessions of tests where each configuration tested
within a session is color coded. The configuration involving the standard lane closure is shown
in black. The standard lane closure with the addition of the CHP-CMS unit is shown in red. The
CHP-CMS unit with the CHP v ehicle upstream o fthe C HP-CMS 1 ocation is s hown in bl ue.
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Finally the CHP-CMS unit w ith the CHP ve hicle dow nstream of the CHP-CMS location is
shown in purple. There are a total of four plots, two plots for the number two lane and two plots
for the number three lane. Each of the two threshold values for headway is plotted per lane.

Cars with Headway <1 Sec in Lane 2 Cars with Headway <2 Sec in Lane 2
(% Total per lane measured at Arrowboard) (% Total per lane measured at Arrowboard)

30.0% 70.0% =
62.9* 53

26.0 596 59,3 60.2
7 60.0% - 55.8
52.2*51.7*

25.0% 231 555 228 O 558 548

0.0% 13.8

40.6

15.0% -

10.0% -

0.0

March 22, 2012 Apr 15, 2012 - Set 1 Apr 15, 2012 - Set 2 March 22, 2012 Apr 15, 2012 - Set 1 Apr 15, 2012 - Set 2
mStandard Closure WMCMSonly  @OMS w/ CHP Upstream 8 CMS wy CHP Downstream mstandard Closure @CMS only  ®CMS wyf CHP Upstream @8 OMS w) CHP Downstream
Cars with Headway <1 Sec in Lane 3 Cars with Headway <2 Sec in Lane 3
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20.0%
4.0% -
15.0%
3.0% 4
2.0 1 10.0%
1.0 5.8 -
0.0% 0.0%
March 22, 2012 Apr 15,2012 - Set 1 Apr 15, 2012 - Set 2 March 22, 2012 Apr 15,2012 - Set 1 Apr 15,2012 - Set 2
mStandard Closure  ®CMSonly  ®OMSw/ CHP Upstream & CMS w/ CHP Downstream mstandard Closure  ®CMSonly  ®CMS wyf CHP Upstream @ CMS wy' CHP Downstream

Figure 16: RTMS Data: Headway Data from All the Three Tests

A visual inspection of the data in the plots shows that the addition of the CHP-CMS unit to a
standard lane closure produced no consistent effect on the percentage of vehicles with less than
ideal and minimally ideal headways. A similar observation can be made for the addition of a
CHP vehicle, both upstream and downstream of the CHP-CMS unit.

A chi-square (y°) test using a 2 x 2 contingency table was conducted to determine the statistical
significance of the differences between the standard closure and other conditions. A difference
is considered significant if ¥*>3.841, indicting a p robability le vel ( p-value) of less than 0.05.
The significant differences are denoted with “*” in Figure 16. The CHP-CMS unit’s effect on
headway 1s inconclusive. The existence of significant increases in p ercentage points in s ome
plots of the CHP-CMS with the CHP vehicle suggests that there may be a risk of causing drivers
to follow each other too closely.

The other aspect of the RTMS data is the per-lane traffic volume/counts. This data is obtained
by manually counting all vehicles in the video footage produced by the onboard camera of the
RTMS. The percentage of vehicles remaining in the closing lane (No. 1 lane) is then used as an
indicator of late merging behavior. The percentage data is plotted in Figure 17.
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Percentge of Vehicles Remainingin The Closing
Lane
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W Standard Closure  ECMSonly  ECMS w/ CHP Upstream B CMS w/ CHP Downstream

Figure 17: RTMS Data: Percentage of Vehicles Remaining in Closing Lane at the Beginning of Taper from
All Three Tests

The data suggests there are reductions in the percentage of vehicles remaining in the closing lane
at the beginning of taper. The Chi-square analysis was also performed for this set of data. The
presence of the CHP-CMS unit only resulted in significant reduction for one of the three tests ()’
=5.1872 for Test 1 of April 15™). The presence of the CHP-CMS with the addition of the CHP
vehicle u pstream r esulted in significant r eduction in all three tests (x> = 16.4471, 34.7272,
28.9308, for March22™, Test 1 of April 15™ and Test2 o fA pril 15™, respectively). The
presence CHP-CMS unit with the CHP vehicle downstream resulted in no significant reduction
of late-merging vehicles. The reductions associated with the CHP vehicle located upstream are
consistently significant.

Combined with the headway result, it is worth noting that the early merging behavior promoted
by the presence of the C HP ve hicle ups tream c ould pot entially ¢ ontribute t o t he de crease in
headway in No.2 lane by increasing the spatial density of the traffic in that lane.

While the de ployment of the CHP-CMS unit and a CHP vehicle seems b eneficial in terms of
reduced av erage traffic speed and r educed | ate-merging, it is imp ortant to ke ep in mind the
potential effect of shortened headway caused by these measures. The relative risks associated
with the reduction in speed and the increases in percentage of vehicles with unsafe headway are
unknown.
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APPENDIX A — ICONE SYSTEM

The outer shell of the iCone (Figure A - 1) is a standard M anual on T raffic C ontrol D evice
(MUTCD) traffic control barrel field device. The electronics inside the barrel transmits near real
time average traffic speed information to a central web server on t he Internet. Users can then
view and download the information via a web browser. The product is comprised of a highway
lane closure barrel as well as several internal components. These include:

e Intel process controller board running Microsoft Windows CE operating system.

e K-band (24.125 GHz) radar detection transducer and controller board.

¢ GPRS modem and antenna.

e Iridium satellite modem and antenna.

e WAAS (Wide Area Augmentation System) GPS chip and antenna.

e AGM (Absorbed Glass Mat) dry 12 volt non venting battery.

The iCone contains a radar module, which includes a transducer and a controller to measure and
record the speed of an approaching/receding object. It d etects av erage s peed i nformation for
multiple lanes o f vehicular traffic within approximately 250 ft (76 m) of its position. It then
transmits th is in formation v ia e ither a cellular o r s atellite mo dem o ver th e Internetto the
manufacturer’s server. Available information includes [12]:

e Location of the iCones that are currently powered on.

e The current detected average speed, which can be viewed on a m ap using a web based

GUI interface.

e Historical average speed for selectable time intervals.

e Location temperature

e Battery voltage status. The battery typically lasts 2 to 3 weeks on a full charge

The radar makes u se o fthe D oppler E ffect to measure and r ecord t he s peed of onc oming
vehicles. Processed data (mean, standard deviation and 85th percentile speed) is then uploaded
at the end of each recording interval (typically two minutes) and is imme diately available for
download a nd m anipulationona P C. Its hi gh po rtability and non -intrusive, un-tethered
operation make the iCone system an ideal candidate for discreet traffic monitoring [12].
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‘\\\ _—idium Modem

——Iridium Antenna

i “Mounting Plate

~Sealing Plate

Figure A - 1: Inside/Outside of an iCone (Note the switch near the top and charging port on the base).

The electronics are located towards the top of the barrel, whereas the battery is fixed to the base
of the barrel. The overall ap pearance o f the i Cone closely resembles that ofar egular traffic
control barrel, but there are a few subtle differences: there is a switch near the top of the barrel, a
charging port on the base, and an arrow sticker on the top of the iCone to aid in aiming during
deployment. This non-threatening appearance minimizes its influence on the motorists, making
the iCone system an ideal candidate for recording traffic speed data inconspicuously. A device
that catches a driver’s attention may cause them to slow down, thus introducing bias in the data
collected.
User Interface (Software)

The iCone is ge nerally managed t hrough a web a pplication w hich can be a ccessed on m ost
standard web-browsers. The reader can access the web application at www.iConeTraffic.com.
The home page (Figure A - 2) of the web site is viewable by the public and provides qualitative
access to data that has been designated as ‘public’. The site is based upon the Google Maps API
and is navigated in a s imilar manner. Selecting an iCone icon brings up details of the iCone’s
settings and the conditions of the traffic that is being monitored. Within there are buttons that
allow the user to retrieve the historical speed record as either a plot (*.jpg) or a text file (*.csv)
For example, iCone 335 was chosen and its location is shown in Figure A - 3 below.
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Log out ‘wedavis’

ﬁone‘

THE INSTANT |15 SYSTEM

‘O0ABC
Timestamp Formats:
2009-2-13 13200

21809 13.20°
Feb 18, 2007 1:20 PA
Febmuary 18, 2007 1:20 PAT

Figure A - 2: US map with iCone locations
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dicone: B

THE INETANT | TH SYETEM

EA [ map | satente |

Syl iConed 1D Fanmats:
23

DxDABC"

Sample Tiestanp Formats:
"2009-2-18 13:20'
“ULE09 1320
‘Fen 15, 2007 1720 FM
‘Febmzey 1E, 2007 1:20 PAY

Lacatinn Timn: Sul (11, 2010 134300
Dats Thme:  Iul 01, 2000135400

Dy, dakaat Jul 01, 20900 135630 ( 7
Figure A - 3: iCone 335 was chosen

Upon c licking on “ Get H istorical R eport”, a pop-up window presents the user a selection of
items such as the desired time, the time interval (Figure A - 4), the smoothing interval (Figure A
- 5), etc., to view or download for post processing. The data can be exported to a text file (Figure
A - 6) or plotted on an image (Figure A - 7), as shown below.
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E)iCone® Reports - Mozilla Firefos
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Figure A - 4: Pop up window with time range selections
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Figure A - 5: Pop up window with smoothing interval selections
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Figure A - 6: Sample *.csv file output opened with Microsoft Excel
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The data includes the iCone ID, the time, the average speed and the respective number of reads
(vehicles), the standard deviation, the percent speed, and also provides data binning with 5 MPH
bin-widths.
85 Percentile Speed at Latitude 38.5395183 and Longitude -121.7880135
5 Minute Intervals
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Figure A - 7: Sample *.jpg plot output

The Doppler Effect

The physics principal behind the operation of iCone is a phenomenon named the Doppler Effect,
which is observed when the source and the observer of the same wave are in relative motion. If
the source and the observer are moving towards each other, then the wave crest starts “bunching
up” due to the relative motion, since less time is needed for each wave front to cover the distance
between the source and the observer. The decrease in time between arrivals of wave crests
causes an up-shift of the observed frequency. Conversely, if the source and the observer are
moving away from each other, the observed frequency of the wave will appear to decrease.

In the case of Doppler Effect radar, a beam consisting of a microwave band wave packet of
known frequency is emitted from built in antenna and is directed towards the oncoming traffic.
When the beam reaches a car, some of the incident energy is reflected back towards its source
and the receiver in the radar unit detects this reflected signal. Due to the velocity of the vehicle
(relative motion between radar and the vehicle, assuming the radar is stationary), the reflected
beam will have an up-shift in frequency (approaching) or down-shift in frequency (receding).
The beam goes through two Doppler Effect process, the first one being the signal traveling from
the radar unit to the approaching vehicle and the frequency of the reflected signal is given by the
vehicle is given by
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v,

fi=(1+2)h ¢y
where v, is the velocity of the vehicle, c is the speed of light in vacuum and f; is the frequency
of the emitted wave. Equation (1) used speed of light in vacuum as the wave velocity in the

traveling medium because the wave emitted by the radar is an electromagnetic wave and travels
in air approximately at the speed of light in vacuum.

The second process is when the reflected signal reaches the receiver in the radar (observer). In
this case the vehicle, which the signal is reflected back from, can be considered as the source
emitting a wave with frequency f;. The receiver in this case is stationary and the observed
frequency is given by:

1F)

1 1+-=
F=l—x|r=l—5 )% (2)

e =

Once the reflected signal is received, it is combined with the source signal and a “beat” pattern is
generated due to principle of superposition of waves. The frequency of the “beat” is the same as
the difference between received and source frequencies, and can be related to v, via the
following equation:

Af = A7 3
f=fo-f=sryh 3
For highway speeds, v, « c is generally and Equation (3) can be simplified and rearranged into
fi
et (_f) )
2 \ fo

which calculates the vehicle speed, v, as a function of known source frequency and measured
“beat” frequency.

Although it is difficult to gauge in precise measurements, the detection zone of the radarunit

inside of an iCone has a range of roughly 200ft + 50 ft, and an horizontal beam width between 70
to 80 degrees.

The Cosine Effect

The radar unit inside the iCone detects the relative speed between the observers and the observed
based on t he Doppler Effect. In the case of traffic monitoring, the “line of sight” of the radar
doesn’t always match the target vehicle’s direction of travel, as depicted in Figure A - 8. This
mismatch causes the measured relative speed between the observer and the target vehicle being
different from the actual traveling speed of the vehicle. This phenomenon is called the Cosine
Effect. The speed measured by the radar is merely a component of the vehicle’s velocity parallel
to radar’s line of sight and is therefore less than the actual traveling speed of the vehicle.
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D@D Traveling Direction
\
\/' 0 Actual Speed, Vit 7
/
n,

Figure A - 8: Radar device on the shoulder, not in line with the car's traveling direction. The relative velocity
between the vehicle and the radar was less than the vehicle's actual traveling speed.

The relationship between the actual traveling speed and the measured speed can be determined
from Figure A - 8 in the following equation:

Ve = cos(0)

where v, is the traveling speed, v, is the measured speed and 8 is the angle between the line of
sight and the direction of travel, referred to as the offset angle in the rest of the report.

In most cases the angle is small such that v, = v, with 8 — 0 is an adequate approximation of
the traveling speed of the target vehicle. The opposite extreme case is when the radar’s line of
sight direction is perpendicular to the traveling direction, i.e. 8 = 90°. In this case the measured
speed will be zero regardless of the traveling speed of the target vehicle. However, this situation
assumes the ideal condition where the angular beam width of the radar is infinitely narrow. For
practical purposes, it can be assumed that the beam width of the iCone’s radaris wide enough
such that the Cosine Effect is negligible. The sensitivity of to the Cosine Effect is evaluated by
placing multiple i Cones at d ifferent an gles an d co mparing t he m easured s peeds on the s ame
section of a road. The evaluation result can be found in the main body of this report.
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APPENDIX B - REMOTE TRAFFIC MICROWAVE SENSOR (RTMS)

Hardware Description

In addition of t he i Cone, t he r esearchers a Iso used t he Remote T raffic M icrowave S ensor
(RTMS) to aidin collecting tr affic d ata. The RTMS is d eveloped and m arketed by Image
Sensing S ystem, C anada. This d evice uses an onboard radar module which o perates int he
microwave spectrum as a traffic sensor. Unlike the iCone, the RTMS is designed to operate in
two c onfigurations: f orward-fire an d s ide-fire m odes. In fo rward-fire m ode, t he R TMS i s
mounted directly above the center o f the monitored l ane facing the ap proaching traffic. The
radar unit measures speed of the oncoming vehicles via Doppler Effect. In the side-fire mode,
the R TMS is mounted on the side of the pavement. It projects an elliptical “strip” o f radar
signature onto the road surface, and establishes a baseline map of the “painted” surface. The
radar map of the road surface can be partitioned into “lanes” mimicking the lane layout of the
physical roadway surface. This allows each individual measurement to be associated with their
respective | anes, p roviding a m ore m eaningful dataset. Whenav ehicle p asses t he region
painted by the radar, its reflection is received by the RTMS as a disturbance to the baseline map
and the time of the disturbance is recorded.

User Interface

The RTMS unit requires a power source for operation and a computer for field set-up and data
storage. Power was provided by a 12V deep cycle battery sized for sustained operation of 24
hours with the tethered computer. The projected durations of test sessions are typically less than
8 hours. The tethered computer runs the software supplied by the vendor for communication
with the RTMS. During set-up, the RTMS module is manually adjusted with the help of an on-
board web cam such that the road in the view runs parallel with the b oarder of the camera’s
frame. Then the software runs a calibration wizard which guides the user through an automatic
calibration routine. The intention of this calibration routine is to establish a baseline average
speed to help estimating the speed of each passing vehicle. The routine depends on fairly heavy
traffic flow to work well and takes a long time in light traffic conditions. During field set-up, the
researchers have decided to forgo the calibration routine due to logistic reasons. Traffic count
measurements ar € i nspected v isually by comparing t he num ber of pa ssing v ehicles w ith t he
number of vehicles detected by the sensor for a period of time. The aim of the RTMS is adjusted
until the ve hicle detection events of the R TMS unit agrees with the visual observation of the
passing traffic.

As a result of not being able to complete the speed calibration routine, the speed measurement
data from the R TMS isignored and all s peed data are obt ained e xclusively from t he 1 Cone
system. Another reason of not using the speed data is the fact that the RTMS does not directly
measure t he s peed o f e ach i ndividual ve hicle when ope rating i n s ide-fire m ode. Instead, a
proprietary computational algorithm estimates the vehicle’s speed and length using the recorded
time o f disturbance o f'the reflected radar signature. Due to its indirect method o f e stimating
speed and vehicle length, its speed measurements are greatly smoothed and transient behaviors in
data are lost. Without know ing the e xact speed e stimation algorithm used by the RTMS, the
research team has decided to only use the vehicle count and headway data ex tracted from the
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RTMS. Headway, in this study, is defined as the time elapsed between the front bumpers of two
consecutive ve hicles pa ssing t he s ame point on a r oadway, and i s c alculated b y t aking the
difference between the recorded time stamps of each vehicle detection event on the same lane.
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APPENDIX C — ICONE PLACEMENT SHOWN WITH AERIAL VIEW OF HIGHWAY SECTION

MAR 22,2011 - 99 Southbound — E 8 Miles Rd, Test 1

Description: Conditions: CMS CHP Contact:
Friday 9 AM to 2 PM. 11:50 - 12:15 STANDARD CLOSURE CHP made no stop during
CHP Upstream: Between iCone 432 and iCone 429 12:25-12:55 CMS MAZEEP
CHP Downstrea: 50 ft downstream of CMS 12:55-13:08 CMS AND CHP UPSTREAM
13:08 — 13:16 CMS AND CHP IN WORKZONE

LEGEND: @ -iCone @ -Arrowboard ® -“Lane Closed” & -CHP

AVERAGE SPEEDP Mar 22 2011 _ End of Taper

=== Standard Closure

| == w/cms

=f= W/ CMS, CHP Upstream

== \/CMS, CHP Downstream

r T T T T T T T T T =) T
-2.5 -2.25 -2 -1.75 -1.5 -1.25 -1 -0.75 -0.5 -0.25 0 0.25
Distance from Arrow Board (mile)

-

4 30{CMIST

S e—99:Front,

March 22, 2011
(Map data ©2013 Google)
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APR 15, 2011 - 99 Southbound — E 8 Miles Rd, Test 1

Description: Conditions: CMS CHP Contact:
Friday 9 AM to 2 PM. 10:16 — 10:47 STANDARD CLOSURE CHP made no stop during
CHP Upstream: Between “road work ahead” and iCone 430 10:53 - 11:30 CMS MAZEEP
CHP Downstrea: At iCone 428 11:30 - 12:00 CMS AND CHP UPSTREAM
12:02 — 12:33 CMS AND CHP IN WORKZONE
LEGEND: @ -iCone @ -Arrowboard ® -“Lane Closed” [ -CHP
AVERAGE SPEED Test-1 Apr 15, 2011 _ End of Taper
I
=
£
©
&
& L —a—
o
g
<
== Standard Closure
—8— w/CMS
e=gr= v/ CMS, CHP Upstream
—=— W/ CMS, CHP in Work Zong, | ‘ , , , : , , ‘ , : , asl .
1.75 -1.25 0.75 -0.25 0.25

Distance from Arrow Board (mile)

-
==

=1

c

e}

o

A

=%

April 15,2011 — Test 1
(Map data ©2013 Google)

36
Copyright 2012, AHMCT Research Center, UC Davis



Evaluation of Methods to Reduce Speeds in Work Zones

APR 15, 2011 - 99 Southbound — E 8 Miles Rd, Test 2

Description:
Friday 9 AM to 2 PM.
Speed decresases significantly during the CMS AND CHP IN

WORKZONE test due to increased traffic and formation of a que at the

taper.
CHP Upstream: Between iCone 430 and iCone 431
CHP Downstrea: At iCone 428

Conditions: CMS

10:16 — 10:47 STANDARD CLOSURE

12:33 - 12:46 CMS

12:46 — 13:01 CMS AND CHP UPSTREAM
13:03 — 13:15 CMS AND CHP IN WORKZONE

CHP Contact:
CHP made no stop during
MAZEEP

LEGEND: @ -iCone @ -Arrowboard @ -“Lane Closed” & -CHP
AVERAGE SPEED Test-2 Apr 15, 2011 } End of Taper
e — |
U‘_—} i
—e- —e
~——— . .
£ 55
s \ N
§. 50 |
gp 45 I
g | \
< A0
e=¢==Standard Closure e | \
—8— \/CMS e |
—a— W/ CMS, CHP Upstream e . L]
== \/CMS, CHP in Work Zonf, ) . . . . . , . 2n I , .
1.75 1.25 -0.75 -0.25 0.25
Distance from Arrow Board (mile)

—— e e —
— -CHp..E ) —

April 15, 2011 — Test 2
(Map data ©2013 Google)
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APPENDIX D - PICTORIAL WALK THROUGH OF THE TEST WORK
ZONE (APR 15, 2011)
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	EXECUTIVE SUMMARY 
	Background 
	Background 

	Cars an d t rucks h ave b een o bserved t o ex ceed t he p osted s peed l imits i n construction a nd maintenance work zones, increasing risk of injury and death to workers and the traveling public as well as property damage to vehicles, equipment and the highway infrastructure. In order to influence driver behavior in reducing traffic speeds and therefore improving safety in highway work zones, the California Department of Transportation (Caltrans) uses COZEEP (Construction Zone E nhanced E nforcement P ro
	Two types of radar traffic sensing systems were evaluated and tested as part of this study and were i ncorporated i nto t he t est m ethodology.  O ne w as t he i Cone s ystem de veloped a nd marketed by i Cone P roducts LLC an d t he o ther w as t he R emote T raffic M icrowave S ensor (RTMS), developed and marketed by Image Sensing System of Canada. Data from field testing performed in th is s tudy indicated th at th e iC one s ystem was mo re accurate in e stimating the average speed of traffic while the
	Field testing was performed to determine the actual performance of the two sensing systems and gain experience in th is f ield u tilization prior to c onducting f ield te sts with th e C MS.  A te st methodology based on these two sensing systems was then developed with the expectation that it could be modified based on logistics and the directions of the Maintenance Supervisor in charge of the maintenance function or the Residence Engineer in charge of the construction work zone.  The basic layout consists
	A t otal o f t hree f ield t ests w ere performed, all a t hi ghway w ork z ones w here m aintenance functions w ere be ing pe rformed.  All th ree te sts were p erformed at t he same l ocation i n the Stockton area -one in March 2011 and two on the same day in April 2011 (One in the morning hours and one in the afternoon hours). 
	Conclusions, Limitations and Recommendations 
	Conclusions, Limitations and Recommendations 

	Conclusions 
	The significant findings from analyzing the data from these three tests are summarized below:  (It should be noted that speeds are rounded to 0.5 MPH) 
	1. 
	1. 
	1. 
	The lane closure alone without th e C MS tr ailer r esulted in a r eduction of average traffic speed by approximately 5 to 5.5 MPH. 

	2. 
	2. 
	The u se of t he C HP-CMS tr ailer b y its elf r esulted in a pproximately 3 to 7 MPH further reduction of t he a verage t raffic s peed i n t he w ork z one be yond w hat w as observed with the closure alone. 

	3. 
	3. 
	Use of a CHP officer in a police vehicle in addition to the CHP-CMS trailer resulted in approximately 5 t o 9 MPH further reduction of the av erage t raffic s peed in t he work zone beyond what was observed with the closure alone. 

	4. 
	4. 
	Use of the CHP-CMS trailer by itself reduced car density (number of cars) in the lane being closed at the beginning of taper (location of the Arrow Board) by 0.7 to 2.4 percentage points. 

	5. 
	5. 
	Use of a CHP officer in a police vehicle in combination with the CHP-CMS trailer resulted in a further reduction between 0 to 6.3 percentage points in car density in the lane being closed at the arrow board location. 

	6. 
	6. 
	Data i ndicates a t rade-off b etween s peed reduction an d h eadway ( time b etween vehicles) in the lane adjacent to the lane being closed.  Data from other lanes did not provide for a consistent conclusion. 


	The main result is that the use of the CHP-CMS as configured in this study in combination with a CHP officer unit provides for traffic speed reductions in work zones. In the absence of a CHP officer uni t, t he C HP-CMS tr ailer alone still improves t he s afety i n t erms of r educing tr affic speeds, at least for short duration work zones. This indicates that both methods are effective in improving work zone safety. It should be pointed out however that the testing performed in this study was only done in
	Limitations and Recommendations 
	1. 
	1. 
	1. 
	The r esults obt ained a re ba sed on v ery l imited da ta and does not r epresent a statistically representative sample. They should, therefore, be used cautiously. 

	2. 
	2. 
	The testing was only performed in Maintenance Work Zones which are typically of short dur ation.  More d ata t hat can extrapolate the r esults t o l ong dur ation construction work zones would be desirable. 

	3. 
	3. 
	Testing w as o nly p erformed i n r elatively l ow traffic d ensity m etropolitan ar eas. Additional testing in high traffic density metropolitan areas as well as in rural areas is recommended to supplement the test data provided here. 

	4. 
	4. 
	Long term driver response to the non-enforcement nature of the CHP-CMS was not tested.  The results presented are more applicable to short time duration work zones. 


	1. INTRODUCTION 
	Safety of highway construction and maintenance workers has been a long established concern due t o t he ha zardous w orking e nvironment in c lose proximity t o f ast mo ving tr affic. Traditionally, i t i s a ssumed t hat r eduction i n s peed of t raffic t hrough t he w ork z one i mproves traffic safety by providing drivers more time to react to hazardous situations and avoid collisions. Speed l imits a nd w arning s igns are simple e xamples of t raffic c ontrol de vices us ed t o c ontrol traffic speed
	Although highly desired as an effective method of speed control, COZEEP/MAZEEP operation requires at least one uniformed CHP officer and vehicle to stay at the construction/maintenance work zone during the entire length of the operation, thus consuming a significant number of CHP officers. Therefore, only selected work zones are supplemented with the operation in order to maintain ad equate C HP f orces elsewhere i n t he a rea. The cost o f C OZEEP/MAZEEP t o Caltrans is currently estimated at approximatel
	The CHP has currently acquired combination Radar – CMS (Changeable Message Sign) trailer units.  These units are equipped with light emitting diode (LED) type display panels that can display advisory and warning messages and onboard Doppler Effect radar units that can measure the speed of on-coming traffic.  Blue and amber flashing lights are also mounted on the bottom of the display panels. Since blue and amber are signature flashing lights of CHP; these lights, at a d istance, can i mply p resence o f C H
	The main objective of this study was to evaluate the effectiveness of these radar-equipped CMS-trailer units in a stand-alone mode or in combination with one CHP vehicle for speed reduction in w ork z ones i n C alifornia. If pr oven effective, such C MS uni ts c an be a can didate t o supplement C OZEEP/MAZEEP ope rations i n w ork z ones w ithout e mploying a dditional dedicated uniformed officers and patrol vehicles on site.  This can allow CHP to better use its work force in helping with speed reduction
	Alternative methods of using police units on highways for speed reductions have been examined in the past.  Many of the previous studies are discussed and summarized in a NCHRP report [2].  A plot of this summary in the form of a bar chart is depicted in Figure 1. 
	Summary of Speed Reduction Range of Alternative Methods to Enforcement 
	0 2 4 6 8 10 Speed Reduction (mph) Urba n 
	Figure 1: Summary of alternatives to the use of police enforcement (from data in [3], page 8) 
	It is clear from the data in this figure that use of CMS units with radar results in the largest speed reduction a mong the alternative en forcement m ethods considered. This s uggests t hat the introduction of the CMS t ype d evice as a can didate t o s upplement C OZEEP/MAZEEP operations in work zones can result in speed reduction without employing additional dedicated uniformed of ficer(s) and pa trol ve hicle(s) on s ite. Evaluating this a nd developing f ield experience in using a specific type of CMS 
	In terms of safety benefits of traffic control devices such as CMS units, prior studies have used a variety o f d ifferent m etrics fo r such evaluations.  T hese m etrics i nclude mean s peed [3][4][5][6][7][8][9][10], s peed va riance [6][9][10], 85 percentile s peed [6], pe rcentage of vehicles a bove/below t he s peed l imit [3][5], speed of hi gh-speed v ehicles [5][6] and l ane distribution of traffic [4][7][10]. Jones and Lacey [11] also reported findings on the community wide effect of radar based e
	th 

	2. THE CHP-CMS UNIT 
	The particular CMS unit used in this study consisted of a display panel approximately eight feet wide an d f our feet hi gh w ith an active LED matrix c apable o f d isplaying s everal lin es o f message. The entire unit was mounted on a trailer that would allow it to be towed to any location on t he hi ghway ( Figure 2). The e ntire s ystem is mo unted o n a s elf-contained, s olar powered trailer which also houses the computer that manages the message displayed. The CMS with radar is an OEM (Original Equi
	Figure
	Figure 2: The CHP-CMS Trailer 
	This CMS unit is owned and operated by the CHP and it is equipped with a blue and amber flashing light (standard color light used on CHP vehicles) mounted on the bottom of the display panel. At distance, the flashing light mimics the presence of a CHP patrol vehicle (hence the name C HP-CMS) thus s trengthens t he C MS’s figure of a uthority. In cas e o f d river b eing distracted from road condition, the flashing light is intended to captures driver’s attention due with its strong visual cue and improves a
	Figure
	Figure 3: CHP-CMS Trailer Showing Blue and Amber Lights 
	For the purpose of this study, the display for this CMS was configured to have the message board display t he s peed of t he on -coming ve hicle w hich w as upda ted c ontinuously at a pproximately one second intervals.  The radar unit would sense the speeds of vehicles about 200 feet ahead of the trailer. If no vehicle is being tracked, the speed value would go blank.  During the tests, the traffic flow was fairly continuous and a speed value was always displayed.  Since vehicles were usually passing as a 
	3. TEST PLAN DEVELOPMENT 
	An important aspect of this research was to develop a test methodology for measuring average traffic s peed a nd v ehicle de nsity i n a hi ghway work z one.  T he obj ective w as t o de velop a methodology t hat can b e eas ily deployed in s hort dur ation hi ghway m aintenance ope rations without a dversely i nfluencing dr iver be havior due t o t he s peed m easuring e quipment a nd personnel. Use of s peed m onitoring de vices t hat w ould c learly pr ompt dr ivers t o pot ential enforcement w as t here
	Two t ypes o f t raffic s ensors w ere evaluated an d u sed i n t his research. Both t ypes o f s ensors were s elected due t o t heir non -intrusive d ata c ollection nature, ease of de ployment, and automated operation. Both types of sensors use radar based technology; however, each uses a different p rincipal o f operation. These t wo s ensors ar e t he i Cone s ystem d eveloped an d marketed b y i Cone P roducts LLC [12] and t he R emote T raffic M icrowave S ensor ( RTMS), developed and marketed by Ima
	A side benefit of developing this test methodology in this project was that it could be and was easily adapted for several other work zone safety research projects being conducted at AHMCT. 
	3.1. 
	iCone Evaluation 

	Three as pects o f t he i Cone s ystem w ere t ested in a s eries o f ex periments: accu racy o f s peed measurement, accuracy of traffic volume measurement and sensitivity to placement. Accuracy of speed measurement was tested against speed measurement obtained from a handheld LIDAR device, while accuracy of traffic volume measurement was compared to a manual traffic count.  The te st f or s ensitivity to p lacement was split into tw o p arts: sensitivity t o orientation a nd sensitivity to position.  Both
	-

	3.1.1. Accuracy of Speed Measurement 
	A set of tests were conducted on a north-south segment of La Rue Road near UC Davis on November 12, 2010. This road is a two-way, four-lane (two lanes in each direction) street with a median approximately the width of one lane and a speed limit of 30 MPH.  Three iCones and one LIDAR unit (with an operator) were placed as shown in Figure 4. 
	Figure
	Figure 4: iCone placements in speed accuracy test (not drawn to scale) (Map data ©2013 Google) 
	iCone 429 was positioned downstream of the measurement location and aimed upstream at the northbound traffic. The iCone’s specification indicates a detection range of approximately 150 to 200 feet from the iCone’s location. Therefore, the LIDAR operator was positioned between the iCone a nd m easurement l ocation, approximately 130 f eet ups tream of i Cone 429 . At th is location there was a tree that was used to help the operator stay out of sight of the driver’s view for as long as possible. In this set 
	iCone 429 was positioned downstream of the measurement location and aimed upstream at the northbound traffic. The iCone’s specification indicates a detection range of approximately 150 to 200 feet from the iCone’s location. Therefore, the LIDAR operator was positioned between the iCone a nd m easurement l ocation, approximately 130 f eet ups tream of i Cone 429 . At th is location there was a tree that was used to help the operator stay out of sight of the driver’s view for as long as possible. In this set 
	lanes ( four l anes o f t raffic an d a m edian). Since average t raffic s peeds ar e ex pected t o b e different between the north and the southbound lanes, a comparative evaluation of the readings of these two iCones can provide an indication of any measurement bias towards the lane adjacent to their placements. 

	In aiming the iCones, each iCone arrow was initially placed parallel to the road and then the iCone was rotated slightly towards the roadway. Figure 5 shows the iCone aiming process from the operator’s point of view.  
	Figure
	Figure 5: Aiming iCones. 
	A total of three speed measurement tests were conducted. The resulting average speeds from iCones and the LIDAR in these tests are summarized in Table 1.  
	Sensor 
	Sensor 
	Sensor 
	iCone 429 
	iCone 431 
	iCone 433 
	LIDAR 

	Trial 1 
	Trial 1 
	30.61 
	30.11 
	28.04 
	31.92 

	Trial 2 
	Trial 2 
	30.14 
	29.16 
	28.42 
	31.50 

	Trial 3 
	Trial 3 
	30.46 
	28.78 
	28.19 
	30.54 


	Table 1: Average Traffic Speed Measured by iCone vs Average Traffic Speeds Calculated from LIDAR Measurements 
	This table clearly shows that the average speed measurements from iCone 429 are closest to the data f rom LIDAR s peed m easurements. This i s t o be e xpected s ince i Cone 429 w as t he one closest to the location of the LIDAR. Furthermore, it is clear that all iCone speeds are slightly below the speed data from the LIDAR measurements. The inevitable visibility of the LIDAR operator to the traveling public likely contributes to these lower speed values for iCones, as cars travel from LIDAR operator to iCo
	This table clearly shows that the average speed measurements from iCone 429 are closest to the data f rom LIDAR s peed m easurements. This i s t o be e xpected s ince i Cone 429 w as t he one closest to the location of the LIDAR. Furthermore, it is clear that all iCone speeds are slightly below the speed data from the LIDAR measurements. The inevitable visibility of the LIDAR operator to the traveling public likely contributes to these lower speed values for iCones, as cars travel from LIDAR operator to iCo
	positive bias in the iCone’s speed measurement accuracy towards the lane most adjacent to the iCone placement, especially when cars are traveling in groups across multiple lanes. 

	3.1.2. Accuracy of Traffic Volume Measurement 
	Data collected in the tests described earlier was also used to evaluate the accuracy of using iCones to determine traffic volume. In each of the three tests described earlier, manual counting of vehicles was also performed and compared.  The manual counting was performed for duration of 10 minutes for the first and second tests, and 20 minutes for the third test.  The iCone traffic volume measurement is based on the number of speed readings recorded.The manual and iCone traffic counts are compared in Table 
	Test No. 
	Test No. 
	Test No. 
	iCONE ID 
	iCONE Counts (No. of cars) 
	Hand Counts (No. of cars) 

	TR
	429 
	71 
	113 

	1 
	1 
	431 
	75 

	TR
	433 
	79 

	TR
	429 
	50 
	98 

	2 
	2 
	431 
	63 

	TR
	433 
	43 

	TR
	429 
	81 
	297 

	3 
	3 
	431 
	113 

	433 
	433 
	83 


	Table 2: iCone Counting vs Manual Counting 
	The t est results indicate that t he i Cones used i n t his manner do not pr ovide a ccurate measurement o f t raffic volume. One r eason f or t his m ay b e t he f act t hat t he radar inside an iCone shuts down for approximately 2.25 seconds between measurements to prevent the iCone from making duplicate measurements of the same car. The 2.25 second time interval is chosen such that a vehicle traveling at 65 MPH would clear the iCone’s detection range within that time frame.  In addition, it was observed 
	3.1.3. Sensitivity to Orientation and Placement 
	As do all Doppler Effect based radar devices, the iCone system suffers from the Cosine Effect (see Appendix A ). The C osine E ffect i s basically the artificial d ecrease i n m easured s peed between the observer and the target vehicle when the angle between the observer’s line of sight and the target vehicle direction of travel increases from 0 t o 90 de grees. In the case of iCone deployment, t wo v ariables w ere i dentified as t he cau se o f t he co sine e ffect: o rientation an d position of the iCon
	As do all Doppler Effect based radar devices, the iCone system suffers from the Cosine Effect (see Appendix A ). The C osine E ffect i s basically the artificial d ecrease i n m easured s peed between the observer and the target vehicle when the angle between the observer’s line of sight and the target vehicle direction of travel increases from 0 t o 90 de grees. In the case of iCone deployment, t wo v ariables w ere i dentified as t he cau se o f t he co sine e ffect: o rientation an d position of the iCon
	parallel to the roadway. Position is defined by the lateral offset distance between the iCone’s location and the center of the lane where traffic speed is being measured. 

	Due to the aforementioned difficulty in aiming each iCone precisely, there are variations in the orientation during deployment of multiple iCones. ,In work zone testing, iCones are typically only allowed to be placed on the shoulder of the roadway.  The off-set distance to the nearest live traffic lane (position) may vary depending on the number of lanes between the shoulder and the lane i n w hich s peed m easurements ar e b eing made. Two t est s cenarios w ere de veloped t o investigate h ow e ach of t h
	In the orientation test, three iCones were placed the same distance from the lane center, as shown in.Figure 6.  In this test, iCones 433 was placed with an orientation of 0°, parallel to the road.  iCone 431 was oriented at 20° towards the road and iCone 429 at 40° towards the road.  All iCones had the same offset of 16 feet from the center of the nearest lane.  The offset of 16 feet was selected to represent placement of the iCones outside a 10 foot shoulder.  The target of speed measurements was assumed 
	0° 20° 40° iCone429 iCone431 iCone433 16 ftFromLane Center N 
	Figure 6: iCone placement for orientation test (Map data ©2013 Google) 
	In the position test, the configuration of the iCones is shown in Figure 7.  The iCones 433, 431 and 429 were placed, respectively, with offsets of 16 feet, 28 feet and 28 feet from the center of the target lane.  The 28 feet distance was selected to represent one additional lane of offset. 
	The orientations were set by first aiming all three iCones parallel to the roadway. In the attempt to target vehicle speed measurements at approximately the same location on the roadway, the outer two iCones were rotated by 5° towards the road.  The orientations were as follows: iCone 433 at 0° (parallel to the road), iCone 431 at 5°, and iCone 429 also at 5°.   
	It was hypothesized that if the iCones didn’t suffer from a severe cosine effect, then the reported speed readings from iCones 429 and 431 should agree with readings of iCone 433, since they are 
	It was hypothesized that if the iCones didn’t suffer from a severe cosine effect, then the reported speed readings from iCones 429 and 431 should agree with readings of iCone 433, since they are 
	all measuring traffic in the same lane.  The results from this test can also indicate whether iCones could be used to report speeds not only in the lanes adjacent to their placement, but also in the next lane over. 

	iCone429 iCone431 iCone433 16 ftFromLane Center 5° 0° 5° 12ft 
	Figure 7: iCone placement for position test (Map data ©2013 Google) 
	Speed data was collected using all three iCones positioned as described.  The test data results are summarized in Table 3. The data in this table does not show any significant differences in the speeds m easured, w hich i ndicates t hat i Cone s peed m easurements a re n ot s ensitive t o t heir placement in terms of their offset position and orientation. This would make iCones ideal for field usage when rapid deployment of the speed sensing system is needed. 
	Sensor 
	Sensor 
	Sensor 
	iCone 429 
	iCone 431 
	iCone 433 

	Orientation Test 
	Orientation Test 
	43.39 
	42.70 
	43.01 

	Position Test 
	Position Test 
	43.41 
	42.65 
	43.83 


	Table 3: Measured Mean Speed with iCones at Different Offset Angle 
	Experience with the iCones indicated that when deploying iCones in the field, it is best to first point the iCone parallel to the road and then rotate the barrel slightly towards the center of the road. In f ield te sts th e research t eam rotated t he i Cones be tween 10° a nd 20° towards t he roadway. Precision aiming is not required, and a clear view of the sky helps the iCone’s onboard GPS to obtain a location fix faster. 
	3.2. 
	RTMS Evaluation 

	The RTMS (Remote Traffic Microwave Sensor) G4 was chosen as another traffic measurement device based on its ability to measure individual vehicle speeds (as compared to average traffic speed measured by iCones) and per-lane traffic volume. In addition, the RTMS output includes a timestamp for each vehicle detected which is valuable in calculating vehicle headways. Field 
	The RTMS (Remote Traffic Microwave Sensor) G4 was chosen as another traffic measurement device based on its ability to measure individual vehicle speeds (as compared to average traffic speed measured by iCones) and per-lane traffic volume. In addition, the RTMS output includes a timestamp for each vehicle detected which is valuable in calculating vehicle headways. Field 
	experience confirmed t hat calibration is r equired before i t is u sed f or ac curate speed measurement. The required calibration time experienced in the field was approximately 30 to 45 minutes e ach time . This m akes t he s ystem unsuitable f or s peed m easurements w hen r apid deployment and set up is needed at the work zone. 

	On the ot her ha nd, t he R TMS o ffered accurate t imestamps for each of t he vehicle d etection events w ithout t he ne ed f or i n-the-field c alibration. The d ifference b etween t wo consecutive timestamps is a good representation of the headway, which is defined in terms of the time lapse between the front bumpers of two consecutive vehicles passing the measurement location.  It was therefore d ecided t hat t he R TMS u nit can b e used for h eadway m easurements in t he rapid deployment environment o
	3.2.1. Traffic Volume Test for RTMS 
	In this test, the number of vehicles detected by the RTMS for each lane was used to calculate traffic volume/count and was tested against manual counting of traffic volume/count.  The test was performed on November 12, 2010 at the same location asthe iCone test of that date. In order to test the RTMS, an easily deployable mast was designed to mount the RTMS unit at a height. The mast is shown in Figure 8.  T he mounting height of the RTMS as shown in this figure was 19 feet and during the test on November 1
	th
	th 

	Figure
	Figure 8: RTMS Mast for Rapid Deployment (View Looking South, Nov 12, 2010) 
	The offset distance of 12 feet was chosen to emulate the scenario where the RTMS is set up beyond the shoulder of the freeway in a work zone evaluation. During the test, manual counting of vehicles passing in the area measured by the RTMS was performed for all lanes of traffic. As shown in Figure 8, there were two northbound lanes and two southbound lanes with a median which was one lane wide. The RTMS unit was placed next to the northbound lanes. The test data w as collected f or a pe riod of 20 m inutes a
	Experience in deploying the RTMS indicated that for field use it is best to first make sure that the unit is aimed perpendicular to the roadway for measurements in near side lanes. The web-cam onboard the RTMS unit can aid in aiming by adjusting the aim such that the image of the road is roughly pa rallel t o t he f rame. The c alibration pr ocess c an de termine l ane c onfiguration automatically, b ut w ill t ake s ome time in low traffic volume c onditions. The au tomatically configured lanes aren’t alwa
	Experience in deploying the RTMS indicated that for field use it is best to first make sure that the unit is aimed perpendicular to the roadway for measurements in near side lanes. The web-cam onboard the RTMS unit can aid in aiming by adjusting the aim such that the image of the road is roughly pa rallel t o t he f rame. The c alibration pr ocess c an de termine l ane c onfiguration automatically, b ut w ill t ake s ome time in low traffic volume c onditions. The au tomatically configured lanes aren’t alwa
	footage of the onboard camera on the RTMS is recommended to be used instead of the RTMS sensor t o obt ain da ta on ve hicle c ount.  T his i s needed t o avoid pot ential l oss i n a ccuracy of vehicle count data.  A similar arrangement is also recommended when testing roadways where there is potential for high truck traffic volume.  However, obtaining the traffic count using the onboard video camera of the RTMS can be a time consuming task and should only be considered as a back-up method if shadowing is 

	3.3. 
	CMS Test Methodology and Set Up 

	The results from testing of the two types of sensor systems designated for this project provide the necessary d ata f or their best u tilization in CHP-CMS ev aluations at w ork z ones. The f ield testing of the two sensor systems – namely the iCone and the RTMS unit, indicated that: 
	• 
	• 
	• 
	Accuracy o f average speed d ata f rom the iCone i s ac ceptable within r easonable variations. 

	• 
	• 
	iCone data is not very sensitive to position and orientation (Cosine Effect). 

	• 
	• 
	iCones do not provide accurate data on traffic volume/count. 

	• 
	• 
	RTMS uni ts have good vehicle counting a bility when t here’s no s hadowing. The footage f rom t he onbo ard camera of R TMS pr ovides accurate d ata for t raffic volume/count under the condition when there’s shadowing. 

	• 
	• 
	In-the-field RTMS calibration c an be t ime c onsuming a nd plays a k ey r ole i n accuracy of speed measurements 

	• 
	• 
	The RTMS doe s not p rovide t rue p er-vehicle s peed, b ut estimates speeds using a proprietary algorithm. 

	• 
	• 
	The RTMS provides accurate timestamps for each vehicle detected that can be used for accurate estimation of headway. 


	Based on t he a bove c onclusions, it i s cl ear t hat t he i Cones p rovide a r epeatable m ethod o f measuring average speed variations and reductions in a highway work zone and are suitable for rapid f ield s et up. Furthermore, t hese conclusions i ndicate that when the R TMS u nits ar e considered f or r apid f ield de ployment, they are best s uited f or he adway c alculations a nd t he footage from their onboard cameras can be used for off-line calculation of traffic volume/count.  We t herefore used
	In evaluating t he effectiveness o f t he C HP-CMS, i t w as i mportant t o m easure average t raffic speeds at several areas of the work zone.  This was important to properly assess driver behavior and response to the presence of the CHP-CMS. There were a total of six iCones and two RTMS units available for this project.  A test layout was developed distributing these sensor units as shown in Figure 9. In this figure, the zero reference point is at the beginning of taper.  One set of sensing units consisti
	In evaluating t he effectiveness o f t he C HP-CMS, i t w as i mportant t o m easure average t raffic speeds at several areas of the work zone.  This was important to properly assess driver behavior and response to the presence of the CHP-CMS. There were a total of six iCones and two RTMS units available for this project.  A test layout was developed distributing these sensor units as shown in Figure 9. In this figure, the zero reference point is at the beginning of taper.  One set of sensing units consisti
	to obt ain ba se-line v alues f or av erage t raffic s peed, v olume an d h eadway.  D iscussions w ith Caltrans f ield p ersonnel in dicated th at a n approximate d istance o f tw o miles u pstream o f th e beginning of taper is the proper location for these first set of sensing units.  The next two iCones were distributed in -between t he f irst w ork z one s ign ( stating: “ Road W ork A head”) and t he beginning of taper.  Data from these two iCones can provide information on speed changes due to the ad
	nd


	iCone #1 iCone #2 iCone #3 
	0 mi -0.2 mi (-1000') -0.5 mi (-2500') -2 mi -1 mi (-5140') iCone #4 iCone #5 iCone #6 RT MS RTMS #1 -100 ft CMS CMS End of Taper RT MS Beginning of Taper RTMS #2 Active Work Area Active Work Area 
	Figure 9: Proposed Sensor Layout for Work Zone Testing. 
	CMS CMS -2 mi RT MS RTMS #1 Jersey Barrier/Wall 0 mi -100 ft RT MS 
	Figure 10: Proposed Sensor Layout for Work Zones on the Left Side of a Highway. 
	Figure 10: Proposed Sensor Layout for Work Zones on the Left Side of a Highway. 


	The sensor layout discussed served as a baseline configuration for field testing.  The layout was adjusted to its final configuration based on logistics at a specific work zone and the requirements set forth by the Caltrans personnel in charge of a work zone.  
	4. FIELD TESTING OF CHP-CMS 
	In t his r esearch a t otal o f t hree f ield t ests w ere p erformed, all i n m aintenance w ork z ones at approximately the same location on s outhbound highway 99 i n Stockton, California.  O ne test was performed on M arch 22 2011, and two tests (one in the morning hours and one in the afternoon hours) were performed on April 15, 2011.  In these tests, the messages as shown in Figure 2 and Figure 3 were programmed to display on the CHP-CMS unit and their effect on driver behavior in terms of speeds, hea
	nd 
	th

	As pr eviously di scussed, t he radar s peed r eading i n MPH was updated c ontinuously a t approximately a one second interval. The radar unit would sense the speeds of vehicles about 200 feet ahead of the CHP-CMS trailer unit. If no ve hicle was being tracked the speed value would go blank. During the tests, the traffic flow was fairly continuous and a speed value was always displayed.  Since vehicles were usually passing as a pack moving at the same speed, the value did not typically change more than 1-2
	Three different combinations of usingthe CHP-CMS and a CHP unit were tested in each of the three tests, as follows: 
	a. 
	a. 
	a. 
	No CHP. 

	b. 
	b. 
	CHP-CMS trailer without CHP vehicle presence. 

	c. 
	c. 
	CHP-CMS trailer with CHP vehicle upstream of the CHP-CMS unit 


	d. CHP-CMS trailer with CHP vehicle downstream of the CHP-CMS Unit. The work zone for the two April 15, 2011 tests is shown in Figure 11.  The test on March 22, 
	th
	nd 

	2011 was performed on t he s ame hi ghway upstream of t he de picted l ocation. A v isual w alk through of the April 15 work zone as seen from the view of the driver is depicted in Figure 12. 
	th

	Figure
	Figure 11: View Looking Down At the Test Work Zone of April 15, 2011. 
	Figure 11: View Looking Down At the Test Work Zone of April 15, 2011. 


	During all three tests, the CHP-CMS display was observed to be functioning but there was no data to verify how often the blue/amber flashing lights came on. On the March 22 t est, these lights were set to come on when there was a v ehicle traveling more than 10 M PH over the highway speed limit of 65 MPH.  On the April 15 test, the threshold was set to 5 MPH.  Overall the iCones functioned properly for all the three tests but one of the RTMS units (the one installed upstream) did not function in all of the 
	Evaluation of Methods to Reduce Speeds in Work Zones 1 2 3 4 5 6 7 8 
	Figure 12: Pictorial Walk Through of the Test Work Zone on April 15, 2011 
	Figure 12: Pictorial Walk Through of the Test Work Zone on April 15, 2011 


	5. TEST RESULTS AND CONCLUSIONS 
	In this section, the test data from the six iCones from the three tests is discussed followed by the data obtained from the downstream RTMS.  Figure 13 provides a summary plot of the six iCone speed m easurements f or t esting o f four d ifferent configurations on M arch 22 , 2011.  T he horizontal axis plots the iCone location from the zero reference point in miles.  The vertical axis is the average speed measured by the iCones in MPH.  The four configurations consist each of speed m easurements w ith no C
	nd

	45 50 55 60 65 70 -2.5 -2.25 -2 -1.75 -1.5 -1.25 -1 -0.75 -0.5 -0.25 0 0.25 Distance from Arrow Board (mile) AVERAGE SPEED  -Mar 22 2011 Standard Closure w/ CMS w/ CMS, CHP Upstream w/ CMS, CHP Downstream End of Taper 
	Figure 13: iCone data from March 22, 2011 test. 
	Figure 13: iCone data from March 22, 2011 test. 


	In the April 15series of tests the CHP-CMS unit was positioned at the end of the taper rather than at the beginning due to lack of available shoulder space in the location of the taper. Plots in Figure 14 and Figure 15 represent average traffic speeds for the same configurations described for the March 22test.  The plots in these three figures in combination with aerial views of the highway section where the iCones were placed are provided in Appendix C. 
	th 
	nd 

	45 50 55 60 65 70 -1.75 -1.25 -0.75 -0.25 0.25 Distance from Arrow Board (mile) AVERAGE SPEED Test 1 -Apr 15, 2011 Standard Closure w/ CMS w/ CMS, CHP Upstream w/ CMS, CHP in Work Zone Average Speed (mph) End of Taper 
	Figure 14: iCone Data from Test 1 (Morning Hours) on April 15, 2011. 
	Figure 14: iCone Data from Test 1 (Morning Hours) on April 15, 2011. 


	30 35 40 45 50 55 60 65 70 -1.75 -1.25 -0.75 -0.25 0.25 Average Speed (mph) Distance from Arrow Board (mile) AVERAGE SPEED Test 2 -Apr 15, 2011 Standard Closure w/ CMS w/ CMS, CHP Upstream w/ CMS, CHP in Work Zone End of Taper 
	Figure 15: iCone Data from Test 2 (Afternoon Hours) on April 15, 2011. 
	Figure 15: iCone Data from Test 2 (Afternoon Hours) on April 15, 2011. 


	The data in these plots clearly show that the CHP-CMS unit is effective (at least in the three tests) in p ositively i nfluencing t he dr iver be havior r esulting i n a r eduction i n a verage t raffic speed from the upstream highway speed of approximately8.0 to 12.6 MPH at the end of taper (fifth iCone or the second to last mark from the right in the plots). Furthermore, the same data indicates t hat t he cl osure alone m ay be r esponsible f or a pproximately 5.1 t o 5.7 MPH o f th is reduction. The data
	th

	It should be pointed out, however, that these tests only evaluated the short term effects of using the CHP-CMS unit. The results may not be applicable when drivers become familiar with the non-law-enforcement characteristics of the CHP-CMS unit when it is used in long duration work zones. Until such long term effects can be scientifically evaluated, the recommendation is that the CHP-CMS unit can be most effective in short duration work zones that are typical of some highway maintenance functions.  
	The r esults f rom analysis of t he R TMS da ta are d iscussed n ext. Since one R TMS uni t malfunctioned during the three tests, data from only the unit at the beginning of taper is used in this analysis. The RTMS unit provides accurate timestamp data of each vehicle detected which is u sed h ere t o calculate h eadway.  Furthermore, t he vi deo footage f rom t he R TMS onboa rd camera w as u sed t o c alculate traffic c ount/volume pe r l ane. The p ercentages of v ehicles traveling w ith he adway l ess t
	Finally the CHP-CMS uni t w ith the CHP ve hicle dow nstream of the CHP-CMS location is shown in purple. There are a total of four plots, two plots for the number two lane and two plots for the number three lane.  Each of the two threshold values for headway is plotted per lane.  
	Figure 16: RTMS Data: Headway Data from All the Three Tests 
	A visual inspection of the data in the plots shows that the addition of the CHP-CMS unit to a standard lane closure produced no consistent effect on the percentage of vehicles with less than ideal and minimally ideal headways. A similar observation can be made for the addition of a CHP vehicle, both upstream and downstream of the CHP-CMS unit.  
	A chi-square (χ) test using a 2 x 2 contingency table was conducted to determine the statistical significance of the differences between the standard closure and other conditions.  A difference is considered significant if χ≥3.841, indicting a p robability le vel ( p-value) of l ess t han 0.05. The significant differences are denoted with “*” in Figure 16.  The CHP-CMS unit’s effect on headway i s i nconclusive. The ex istence o f s ignificant increases in p ercentage points in s ome plots of the CHP-CMS wi
	2
	2

	The other aspect of the RTMS data is the per-lane traffic volume/counts. This data is obtained by manually counting all vehicles in the video footage produced by the onboard camera of the RTMS. The percentage of vehicles remaining in the closing lane (No. 1 lane) is then used as an indicator of late merging behavior.  The percentage data is plotted in Figure 17. 
	10.0 
	9.2% 9.2% 9.0 
	8.5% 7.9% 
	7.6% 6.8%* 
	3.2%* 
	2.3%* 
	Apr 15 (Test 1) Apr 15 (Test 2) 
	Figure 17: RTMS Data: Percentage of Vehicles Remaining in Closing Lane at the Beginning of Taper from All Three Tests 
	The data suggests there are reductions in the percentage of vehicles remaining in the closing lane at the beginning of taper. The Chi-square analysis was also performed for this set of data. The presence of the CHP-CMS unit only resulted in significant reduction for one of the three tests (χ= 5.1872 for Test 1 of April 15). The presence of the CHP-CMS with the addition of the CHP vehicle u pstream r esulted in significant r eduction in a ll th ree tests (χ= 16.4471, 34.7272, 28.9308, f or M arch 22 , T est 
	2 
	th
	2 
	nd
	th 
	th

	Combined with the headway result, it is worth noting that the early merging behavior promoted by t he pr esence of t he C HP ve hicle ups tream c ould pot entially c ontribute t o t he de crease i n headway in No.2 lane by increasing the spatial density of the traffic in that lane. 
	While t he de ployment of the CHP-CMS uni t a nd a C HP ve hicle seems b eneficial i n t erms o f reduced av erage t raffic speed an d r educed l ate-merging, it is imp ortant to ke ep i n m ind t he potential effect of shortened headway caused by these measures. The relative risks associated with the reduction in speed and the increases in percentage of vehicles with unsafe headway are unknown. 
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	APPENDIX A – ICONE SYSTEM 
	The outer s hell of t he iCone (Figure A -1) is a s tandard M anual on T raffic C ontrol D evice (MUTCD) traffic control barrel field device.  The electronics inside the barrel transmits near real time average traffic speed information to a central web server on t he Internet.  Users can then view and download the information via a web browser.  The product is comprised of a highway lane closure barrel as well as several internal components.  These include: 
	• 
	• 
	• 
	Intel process controller board running Microsoft Windows CE operating system. 

	• 
	• 
	K-band (24.125 GHz) radar detection transducer and controller board. 

	• 
	• 
	GPRS modem and antenna. 

	• 
	• 
	Iridium satellite modem and antenna. 

	• 
	• 
	WAAS (Wide Area Augmentation System) GPS chip and antenna. 

	• 
	• 
	AGM (Absorbed Glass Mat) dry 12 volt non venting battery. 


	The iCone contains a radar module, which includes a transducer and a controller to measure and record t he s peed of a n a pproaching/receding ob ject.  It d etects av erage s peed i nformation f or multiple lanes of vehicular traffic within approximately250 ft (76 m) of its position. It then transmits th is in formation v ia e ither a cellular o r s atellite mo dem o ver th e Internet to th e manufacturer’s server.  Available information includes [12]: 
	• 
	• 
	• 
	Location of the iCones that are currently powered on. 

	• 
	• 
	The current detected average speed, which can be viewed on a m ap using a web based GUI interface. 

	• 
	• 
	Historical average speed for selectable time intervals. 

	• 
	• 
	Location temperature 

	• 
	• 
	Battery voltage status.  The battery typically lasts 2 to 3 weeks on a full charge 


	The radar makes u se o f t he D oppler E ffect to measure and r ecord t he s peed of onc oming vehicles.  Processed data (mean, standard deviation and 85th percentile speed) is then uploaded at the end of each recording interval (typically two minutes) and is immediately available for download a nd m anipulation on a P C.  Its hi gh po rtability and non -intrusive, un-tethered operation make the iCone system an ideal candidate for discreet traffic monitoring [12]. 
	Figure
	Figure A -1: Inside/Outside of an iCone (Note the switch near the top and charging port on the base). 
	The electronics are located towards the top of the barrel, whereas the battery is fixed to the base of t he b arrel.  The o verall ap pearance o f t he i Cone cl osely resembles t hat o f a r egular t raffic control barrel, but there are a few subtle differences: there is a switch near the top of the barrel, a charging port on the base, and an arrow sticker on the top of the iCone to aid in aiming during deployment.  This non-threatening appearance minimizes its influence on the motorists, making the iCone 
	User Interface (Software) 
	User Interface (Software) 

	The iCone is ge nerally managed t hrough a w eb a pplication w hich can be a ccessed on m ost standard web-browsers.  The reader can access the web application at . The home page (Figure A -2) of the web site is viewable by the public and provides qualitative access to data that has been designated as ‘public’.  The site is based upon the Google Maps API and is navigated in a s imilar manner.  Selecting an iCone icon brings up details of the iCone’s settings and the conditions of the traffic that is being m
	www.iConeTraffic.com
	www.iConeTraffic.com


	Figure
	Figure A -2: US map with iCone locations 
	Figure A -2: US map with iCone locations 
	Figure A -3: iCone 335 was chosen 

	Figure
	Upon c licking on “ Get H istorical R eport”, a pop-up w indow pr esents t he us er a s election of items such as the desired time, the time interval (Figure A -4), the smoothing interval (Figure A 
	- 5), etc., to view or download for post processing.  The data can be exported to a text file (Figure A - 6) or plotted on an image (Figure A - 7), as shown below. 
	Figure
	Figure A -4: Pop up window with time range selections 
	Figure A -4: Pop up window with time range selections 
	Figure A -5: Pop up window with smoothing interval selections 

	Figure
	Figure
	Figure A -6: Sample *.csv file output opened with Microsoft Excel 
	The data includes the iCone ID, the time, the average speed and the respective number of reads (vehicles), the standard deviation, the percent speed, and also provides data binning with 5 MPH bin-widths. 
	Figure
	Figure A -7: Sample *.jpg plot output 
	The Doppler Effect 
	The Doppler Effect 

	The physics principal behind the operation of iCone is a phenomenon named the Doppler Effect, which is observed when the source and the observer of the same wave are in relative motion.  If the source and the observer are moving towards each other, then the wave crest starts “bunching up” due to the relative motion, since less time is needed for each wave front to cover the distance between the source and the observer.  The decrease in time between arrivals of wave crests causes an up-shift of the observed 
	In the case of Doppler Effect radar, a beam consisting of a microwave band wave packet of known frequency is emitted from built in antenna and is directed towards the oncoming traffic.  When the beam reaches a car, some of the incident energy is reflected back towards its source and the receiver in the radar unit detects this reflected signal.  Due to the velocity of the vehicle (relative motion between radar and the vehicle, assuming the radar is stationary), the reflected beam will have an up-shift in fre
	𝑣𝑐 
	𝑓= �1+ � 𝑓     (1) 
	1 
	0

	𝑐 where 𝑣is the velocity of the vehicle, c is the speed of light in vacuum and 𝑓is the frequency of the emitted wave.  Equation (1) used speed of light in vacuum as the wave velocity in the traveling medium because the wave emitted by the radar is an electromagnetic wave and travels in air approximately at the speed of light in vacuum.  
	𝑐 
	0 

	The second process is when the reflected signal reaches the receiver in the radar (observer).  In this case the vehicle, which the signal is reflected back from, can be considered as the source emitting a wave with frequency 𝑓.  The receiver in this case is stationary and the observed frequency is given by: 
	1
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	Once the reflected signal is received, it is combined with the source signal and a “beat” pattern is generated due to principle of superposition of waves.  The frequency of the “beat” is the same as the difference between received and source frequencies, and can be related to 𝑣via the following equation: 
	𝑐 

	2𝑣𝑐 
	∆𝑓 = 𝑓−𝑓 = 𝑓     (3) 
	0 
	0

	For highway speeds, 𝑣≪ 𝑐 is generally and Equation (3) can be simplified and rearranged into 
	𝑐 + 𝑣𝑐 
	𝑐 
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	which calculates the vehicle speed, 𝑣, as a function of known source frequency and measured “beat” frequency. 
	𝑐

	Although it is difficult to gauge in precise measurements, the detection zone of the radarunit inside of an iCone has a range of roughly 200ft ± 50 ft, and an horizontal beam width between 70 to 80 degrees. 
	The Cosine Effect 
	The Cosine Effect 

	The radar unit inside the iCone detects the relative speed between the observers and the observed based on t he Doppler Effect.  In the case of traffic monitoring, the “line of sight” of the radar doesn’t always match the target vehicle’s direction of travel, as depicted in Figure A -8.  This mismatch causes the measured relative speed between the observer and the target vehicle being different from the actual traveling speed of the vehicle.  This phenomenon is called the Cosine Effect.  The speed measured 
	θ Traveling Direction Actual Speed, Vt Line of Sight DirectionMeasured Speed, Vc RADAR 
	Figure A -8: Radar device on the shoulder, not in line with the car's traveling direction.  The relative velocity between the vehicle and the radar was less than the vehicle's actual traveling speed. 
	The relationship between the actual traveling speed and the measured speed can be determined from Figure A - 8 in the following equation: 
	𝑣𝑐 
	𝑣= 
	𝑡 

	cos(𝜃) 
	cos(𝜃) 

	where 𝑣is the traveling speed, 𝑣is the measured speed and 𝜃 is the angle between the line of sight and the direction of travel, referred to as the offset angle in the rest of the report. 
	𝑡 
	𝑐 

	In most cases the angle is small such that 𝑣≈ 𝑣with 𝜃 → 0 is an adequate approximation of the traveling speed of the target vehicle.  The opposite extreme case is when the radar’s line of sight direction is perpendicular to the traveling direction, i.e. 𝜃 = 90°.  In this case the measured speed will be zero regardless of the traveling speed of the target vehicle.  However, this situation assumes the ideal condition where the angular beam width of the radar is infinitely narrow.  For practical purposes, 
	𝑡 
	𝑐 

	APPENDIX B – REMOTE TRAFFIC MICROWAVE SENSOR (RTMS) 
	Hardware Description 
	Hardware Description 

	In addition of t he i Cone, t he r esearchers a lso used t he Remote T raffic M icrowave S ensor (RTMS) to a id in collecting tr affic d ata.  The RTMS i s d eveloped and m arketed b y Image Sensing S ystem, C anada.  This d evice uses a n onboa rd radar module which o perates in t he microwave spectrum as a traffic sensor.  Unlike the iCone, the RTMS is designed to operate in two c onfigurations: f orward-fire an d s ide-fire m odes.  In fo rward-fire m ode, t he R TMS i s mounted d irectly above the cen t
	User Interface 
	User Interface 

	The RTMS unit requires a power source for operation and a computer for field set-up and data storage.  Power was provided by a 12V deep cycle battery sized for sustained operation of24 hours with the tethered computer.  The projected durations of test sessions are typically less than 8 hour s.  The tethered computer r uns t he software s upplied b y t he ve ndor f or c ommunication with the RTMS.  During set-up, the RTMS module is manually adjusted with the help of an on-board web cam such that the road in 
	As a result of not being able to complete the speed calibration routine, the speed measurement data from the RTMS is ignored and all speed data are obtained exclusively from the iCone system.  Another reason of not using the speed data is the fact that the RTMS does not directly measure t he s peed o f e ach i ndividual ve hicle when ope rating i n s ide-fire m ode.  Instead, a proprietary computational algorithm estimates the vehicle’s speed and length using the recorded time o f d isturbance o f t he r ef
	As a result of not being able to complete the speed calibration routine, the speed measurement data from the RTMS is ignored and all speed data are obtained exclusively from the iCone system.  Another reason of not using the speed data is the fact that the RTMS does not directly measure t he s peed o f e ach i ndividual ve hicle when ope rating i n s ide-fire m ode.  Instead, a proprietary computational algorithm estimates the vehicle’s speed and length using the recorded time o f d isturbance o f t he r ef
	RTMS.  Headway, in this study, is defined as the time elapsed between the front bumpers of two consecutive ve hicles pa ssing t he s ame poi nt o n a r oadway, a nd i s c alculated b y t aking the difference between the recorded time stamps of each vehicle detection event on the same lane.  

	APPENDIX C – ICONE PLACEMENT SHOWN WITH AERIAL VIEW OF HIGHWAY SECTION 
	MAR 22, 2011 -99 Southbound – E 8 Miles Rd, Test 1 
	MAR 22, 2011 -99 Southbound – E 8 Miles Rd, Test 1 
	MAR 22, 2011 -99 Southbound – E 8 Miles Rd, Test 1 

	Description: Friday 9 AM to 2 PM.  CHP Upstream: Between iCone 432 and iCone 429 CHP Downstrea: 50 ft downstream of CMS 
	Description: Friday 9 AM to 2 PM.  CHP Upstream: Between iCone 432 and iCone 429 CHP Downstrea: 50 ft downstream of CMS 
	Conditions: CMS 11:50 – 12:15 STANDARD CLOSURE 12:25 – 12:55 CMS 12:55 – 13:08  CMS AND CHP UPSTREAM 13:08 – 13:16  CMS AND CHP IN WORKZONE 
	CHP Contact: CHP made no stop during MAZEEP 

	LEGEND: -iCone  -Arrow board  -“Lane Closed” -CHP 
	LEGEND: -iCone  -Arrow board  -“Lane Closed” -CHP 

	AVERAGE SPEED  -Mar 22 2011 Standard Closure w/ CMS w/ CMS, CHP Upstream w/ CMS, CHP Downstream -2.5 -2.25 -2 -1.75 -1.5 -1.25 -1 -0.75 -0.5 -0.25 Distance from Arrow Board (mile) March 22, 2011 (Map data ©2013 Google) 
	AVERAGE SPEED  -Mar 22 2011 Standard Closure w/ CMS w/ CMS, CHP Upstream w/ CMS, CHP Downstream -2.5 -2.25 -2 -1.75 -1.5 -1.25 -1 -0.75 -0.5 -0.25 Distance from Arrow Board (mile) March 22, 2011 (Map data ©2013 Google) 
	End of Taper 70 65 60 55 50 45 0 0.25 
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	APR 15, 2011 -99 Southbound – E 8 Miles Rd, Test 1 
	APR 15, 2011 -99 Southbound – E 8 Miles Rd, Test 1 
	APR 15, 2011 -99 Southbound – E 8 Miles Rd, Test 1 

	Description: 
	Description: 
	Conditions: CMS 
	CHP Contact: 

	Friday 9 AM to 2 PM.  
	Friday 9 AM to 2 PM.  
	10:16 – 10:47 STANDARD CLOSURE 
	CHP made no stop during 

	CHP Upstream: Between “road work ahead” and iCone 430 
	CHP Upstream: Between “road work ahead” and iCone 430 
	10:53 – 11:30 CMS 
	MAZEEP 

	CHP Downstrea: At iCone 428 
	CHP Downstrea: At iCone 428 
	11:30 – 12:00  CMS AND CHP UPSTREAM 12:02 – 12:33  CMS AND CHP IN WORKZONE 

	LEGEND: -iCone  -Arrow board  -“Lane Closed” -CHP 
	LEGEND: -iCone  -Arrow board  -“Lane Closed” -CHP 

	Average Speed (mph) AVERAGE SPEED Test 1 -Apr 15, 2011 70 65 60 55 Standard Closure 50 w/ CMS w/ CMS, CHP Upstream w/ CMS, CHP in Work Zone 45 -1.75 -1.25 -0.75 -0.25 Distance from Arrow Board (mile) April 15, 2011 – Test 1 (Map data ©2013 Google) 
	Average Speed (mph) AVERAGE SPEED Test 1 -Apr 15, 2011 70 65 60 55 Standard Closure 50 w/ CMS w/ CMS, CHP Upstream w/ CMS, CHP in Work Zone 45 -1.75 -1.25 -0.75 -0.25 Distance from Arrow Board (mile) April 15, 2011 – Test 1 (Map data ©2013 Google) 
	End of Taper 0.25 
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	APR 15, 2011 -99 Southbound – E 8 Miles Rd, Test 2 
	APR 15, 2011 -99 Southbound – E 8 Miles Rd, Test 2 
	APR 15, 2011 -99 Southbound – E 8 Miles Rd, Test 2 

	Description: Friday 9 AM to 2 PM.  Speed decresases significantly during the CMS AND CHP IN WORKZONE test due to increased traffic and formation of a que at the taper. CHP Upstream: Between iCone 430 and iCone 431 CHP Downstrea: At iCone 428 
	Description: Friday 9 AM to 2 PM.  Speed decresases significantly during the CMS AND CHP IN WORKZONE test due to increased traffic and formation of a que at the taper. CHP Upstream: Between iCone 430 and iCone 431 CHP Downstrea: At iCone 428 
	Conditions: CMS 10:16 – 10:47 STANDARD CLOSURE 12:33 – 12:46 CMS 12:46 – 13:01  CMS AND CHP UPSTREAM 13:03 – 13:15  CMS AND CHP IN WORKZONE 
	CHP Contact: CHP made no stop during MAZEEP 

	LEGEND: -iCone  -Arrow board  -“Lane Closed” -CHP 
	LEGEND: -iCone  -Arrow board  -“Lane Closed” -CHP 

	Average Speed (mph) AVERAGE SPEED Test 2 -Apr 15, 2011 70 65 60 55 50 45 40 Standard Closure w/ CMS 35 w/ CMS, CHP Upstream w/ CMS, CHP in Work Zone 30 -1.75 -1.25 -0.75 -0.25 Distance from Arrow Board (mile) April 15, 2011 – Test 2 (Map data ©2013 Google) 
	Average Speed (mph) AVERAGE SPEED Test 2 -Apr 15, 2011 70 65 60 55 50 45 40 Standard Closure w/ CMS 35 w/ CMS, CHP Upstream w/ CMS, CHP in Work Zone 30 -1.75 -1.25 -0.75 -0.25 Distance from Arrow Board (mile) April 15, 2011 – Test 2 (Map data ©2013 Google) 
	End of Taper 0.25 
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	APPENDIX D – PICTORIAL WALK THROUGH OF THE TEST WORK 
	ZONE (APR 15, 2011) 
	Figure
	Figure
	Figure
	Figure




