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This report describes the procedures and results of a study to evaluate the impacts of Phase I of the 
I- 1011- 17 freeway management system (FMS) on Freeway traffic operations in the Phoenix, Arizona 
metropolitan area. A "before and after" study design was used to evaluate several measures of 
effectiveness (MOEs) for 57 kilometers of freeway that was outfitted with ramp meters, variable message 
signs, traffic loop detectors, and closed circuit television cameras (CCTVs). The primary MOEs consisted 
of mainline travel time, on-ramp travel time; driver response to the variable message signs (measured by 
the distribution of traffic volume), freeway accidents. incident response time, incident duration. and 
estimated noise and vehic!e emission !eveis. The before period consisted of 10 months during 199311994 
an3 the after period consisted of the same 10 months durins 1995jl996. Aithough severa! exhaneous 
factors limited the extent of the analysis, the results were generally pcsitive. Travel time improved 
berween 2 and 6 percent on the 7 kilometer section of the freeway where the ramp meters were in 
operation. significant positive response by drivers u3s measured a s  a result of  the variable message signs, 
and vehicle emissions on the freeway were estimated to have gone down in the after period. No significant 
change was measured overall in incident response time or incident duration even though these values did 
decline in the after period. Freeway accident rates increased in the after period. but this is not nete-,sarily a 

1 reflection of the FMS due to other factors that may have affected this result. 
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I. INTRODUCTION 

PROJECT BACKGROUND AND PURPOSE 

The Arizona Department of Transportation (ADOT) through Phase I of the 
Interstate 1 OAnterstate 17 (1-1 OD-1 7) Freeway Management System (FMS) has deployed 
significant new traffic management technologies within the Phoenix, h z o n a  freeway 
network, as well as procedural improvements, to achieve enhancements in traffic flow, 
safety, and environmental quality. The first major construction phase (Phase I) of the 
FMS, valued in excess of $20 million, began in March 1993 and a fully operational 
system was turned over to ADOT in October of 1995. The FMS provides ADOT with 
monitoring, surveillance, and traffic contro! capabilities on approxin~ately 57 kilometers 
(total for both directions of travel) of the I-1OA-17 freeway system that were included in 
the project study area as shown in Figure 1 .  

The major elements of Phase I of the FMS involved the installation of closed- 
circuit television cameras (CCTV), variable message signs (VMS), traffic signal 
control!ers at crossroad intersections, in-pavement vehicle detectors (loop-detectors), and 
ramp metering equipment at each of the on-ramps within the Phase I area. Phase I also 
involved the construction and implementation of a new Traffic Operations Center (TOC) 
which acts a the control, operations, and maintenance center for the FMS. Through the 
TOC, the FMS carries out its major functions, which include: 

100 percent video surveillance of the FMS area through 29 color CCTVs 
spaced approximately 1.6 kilometers apart, mid-way between interchanges. 
Each camera is equipped with a remote control iris, zoom lens, and tilt/pan 
capabilities, and is encased in a weatherproof enclosure. 

Monitoring of freeway traffic operations through the vehicle detection and 
travel speed information provided by the loop detectors. The loop detectors 
are buried beneath the pavement surface and are spaced approximately every 
536 meters. 

Detection of freeway incidents through the loop detector information and 
facilitation of a more rapid response to incidents. 

Verification of the nature of freeway incidents via the CCTV surveillance 
system, and facilitation of the management of incidents via the ranlp meters, 
and variable message signs. 

Dissemination of traffic and freeway operating condition information to 
motorists through the VMS system. Twenty-four light-emitting, fiber optic, 
overhead variable message signs have been strategically located on the 
freeway system throughout the Phase I area to provide motorists advance 
\~.arning of traffic conditions. 





Control of freeway traffic operations through the use of ramp metering. 
Thirty-eight ramp meters have been incorporated into the ramps on the Phase I 
portion of the freeway system. These ramp meters control access to the 
freeways allowing traffic controllers to spread out, or totally reshct, vehicles 
from entering the highway, allowing safer merging into "mainline7' lanes and 
reducing the potential for rear-end collisions on the ramps. 

Collection and storage of freeway traffic volume data. The TOC computers 
a-atomatically store traffic data coilected through each of the loop detectors 
proiriding the capability to evaluate freeway traffic operations over time. 

Controi of the freeway pump stations. Pump stations which keep highways 
clear of storm water run-off can be monitored and controlled as part of the 
FMS system. 

Other controls. Lighting, ventilation, fire suppression and other 1-1 0 Deck 
Tunnel operations can also be controlled via the FMS. 

The major traffic management elements of Phase I of the FMS are summarized in 
the following sections. 

Ramp Metering 

This element of the FMS involved the construction of ramp meters at on-ramps 
throughout the study area. The trafiic interchanges and specific on-ramps with ramp 
meter control are shown in Figure 2. Three ramp meters were installed prior to Phase I 
construction of the FMS and these meters were subsequently integrated into the Phase I 
system operation. The ramp-metering system consists of a traffic signal on each of the 
on-ramps. The uafic  signai can be programmed to release a vehicle to enter the freeway 
at either a fixed time interval (e.g., every 15 seconds) or at a time interval that is 
established by the traffic conditions on the freeway and on the on-ramp. Under low or 
uncongested traffic conditions on the free~vay the signals can be turned off (no metering), 
and under extreme congestion or for incident management, the signals can be set to rest 
on red and not ailow any vehicles to enter the freeway. 

Variable Message Signs 

Variable message signs are currently operating at 15 locations within the study 
area and at nine other locations that can affect traffic management within the study area. 
The locations of these signs are provided in Figure 3.  These signs are controlled by fiber 
optic links from the TOC. Phase I of the FMS construction installed new VMSs and 
retrofit existing VMS installations into the total system. 







The signs are primarily used to provide advisory information to motonsts on the 
traffic conditions downstream on the freeway. Motorists can be alerted to congested 
conditions and delays caused by traffic accidents, maintenance activities, construction; or 
other problems, and be adviscd on the use of alternate routes or the need to change lanes 
due to lane closures. Different messages can be posted on individual signs either from a 
pre-programmed library of messages covering a variety of situations or manually by an 
operator in the TOC. Each sign has limited display capability, so that messages must be 
concise and to the point. 

Traffic Detection 

Traffic detection is accomplished through loop-detectors that are placed in the 
pavement at a spacing of approximately 536 meters in each of the freeway lanes. 
Detectors have also been installed on the ramps within the study area, except that 
detectors have not been placed on the system interchange ramps between the freeways. 

The loop-detectors collect data on traffic volume, vehicle classification (two types 
of trucks), travel time and vehicle speed, and lane occupancy. These data are transmitted 
to the TOG for the mainline freeway where they are stored and used in the TOCs traffic 
and incident management functions. The traffic volume, occupancy, and travel time data 
are used to estimate the average traffic operating conditions along segments of the 
freeway, and can be used in establishing the ramp metering rates at downstream ramps. 

Incident Detection 

The FMS analyzes traffic data provided through the traffic detection system using 
multiple algorithms to detect potential traffic incidents (e.g., increasing trafiic congestion 
due to an accident). Traffic volume, occupancy, and travel time data are used to identify 
and report the location of suspected incidents to the TOC. Incident confirmation is 
achieved by technicians in the TOC through the use of the CCTV system. If an incident 
is confirmed, the FMS incident management system is implemented. 

Incident Management 

Incident management is achieved through several elements of the FMS. The 
existence of an incident requiring traffic management response is first confirmed by the 
TOC using the CCTV system (see Figure 4). The general nature of the incident, for 
example, the number and type of vehicles involved, number of lanes blocked, and type of 
traffic control needed can be determined through the use of the CCTV system. The type 
of emergency response required can also be determined through CCTV surveillance. 
Traffic management can be achieved through the use of the ramp metering system and the 
variable message signs. Traffic entering the freeway can be controlled by the ramp 
meters, and drivers on the freeway can be provided information on the use of alternate 
routes or lane closures through the VMS displays. Incident response time and the time 
required to restore frezway operations can be reduced as a result of the FMS. 





Project Purpose 

Phase I of the FMS is the first installment of a system that will eventually 
encompass over 320 kilometers of the metropolitan Phoenix area freeways. The purpose 
of the FMS is to maximize the effectiveness and efficiency of the freeway system. This 
purpose is to be accomplished through the use of the FMS technologies to provide 
effective traffic management to reduce congestion and improve freeway travel time. The 
FMS is intended to provide safety enhancements, allow for accommodation of increased 
travel demand, reduce vehicle travel time, reduce fuel consumption and air pollution. and 
provide improved mobility through the rapid and appropriate response to freeway 
incidents and accidents. 

STUDY GOAL AND OBJECTIVES 

The primary goal of this study is to evaluate the effectiveness of various elements 
of the Phase I FMS on a systemwide basis in terms of improving freeway MIC 
operations, safety, and environmental quality. The major objectives of the FMS 
evaluation study are: 

To evaluate the effect of the FMS ramp metering system on freeway traffic 
operations. 

To evaluate driver response to the FMS variable message sign system during 
traffic accidents. 

To evaluate the systemwide changes in freeway accident patterns as a result of 
the FMS. 

To evaluate the potential impacts of the FMS on freeway vehicle emissions, 
air quality, and noise levels. 

To evaluate the impacts of the ramp metering system on ramp traffic 
operations. 

To evaluate the impact of the FMS on the Arizona Local Emergency Response 
Team (ALERT) response to freeway incidents. 

To provide the Arizona Department of Transportation with guidance on 
potential methods for evaluating the impacts of the FMS on freeway traffic 
operations. 



LIMITATIOKS OF THE STUDY 

The intent of this study is to evaluate a rather broad spectrum of potential 
measures of effectiveness to assess the general impacts of the FMS on freeway traffic 
operations. Rather than focus an in-depth evaluation on one or two measures, this study 
attempted to quantify several measures in order to evaluate various aspects of the FMS. 
There were several limitations of the stud? that were a result of either the study design, 
data collection~retrieval limitations, or othzr factors beyond the control of the study team. 
Several of the more important of these limitations are briefly discussed below. 

Changes to the Freeway System Within the Study Area 

Ihere  were three significant changes to the freeway system within the study area 
that occurred after the "before" period data collection and before the implementation of 
the FMS. These changes are not elements of the FMS and represent a changed condition 
fiom the before to the after periods that may have affected the results of the study. These 
changes are the following: 

The restriping of I- 10 from I- 17 KO SR 5 1 to add a new basic lane and increase 
roadway capacity (occurred during June and July 1993). 

* I- 17 northbound was restriped from Van Buren to I- 10 to reduce the number 
of basic lanes from three to two (occurred on May 16, 1996). 

1-1 7 northbund was restriped from 1-1 0 to Thomas Road to add one basic 
lane and increase capacity (occurred on June 6, 1996). 

Other Changes in the Highway System 

Possibly the most important factor that couid have affected the results of this 
study was the continued construction and implementation of new portions of the highway 
system affecting travel patterns within the study area. The most imprtant changes 
include the opening of the Red Mountain freeway (SR 202) and the opening of the 
Squaw Peak freeway (SR 5 I ) ,  both of which were opened to traffic before Phase I of the 
FMS was completed but after the "before" period data collection was conducted. It is 
quite possible that these new facilities resulted in changes in travel time, congestion. and 
travel patterns within the study area that affected the study results. 

Changes in Background Travel Demand 

The population and employment of the Phoenix metropolitan area has continued 
to grow during the period of this study. This has resulted in an overall increase in mvel  
demand for the metropolitan area and changes in travel patterns within the study area. 



This, along with the opening of new elements of the freeway system, has resulted in a 
changes in traffic conditions from the period before the Fh4S was implemented to the 
time when the FlMS was completed. 

Limitations in the Traff~c Data Collection Procedures 

During the before period, traffic volume data collection on the freeway system 
was limited to the seven permanent count stations that existed within the study area. 
These were the only locations where traffic volume information could be readily provided 
for correlation with travel time and other aspects of the evaluation. Therefore, traffic 
volume reporting for the analysis was limited to these seven locations (see Chapter 2 for 
more details) even though there were many more potential locations for volume data 
available after the implementation of the FMS. In addition, at one of the seven locations 
the count station was never functioning during the before period in one direction of 
travel, and no data were available for that direction. 

A problem with loop detector technology in general is that periodically the 
reporting of traffic volume information is interrupted due to a system failure. This 
occwed  both before and after implementation of the FMS. Therefore, traffic volume 
data are incomplete in both the before and after periods of the study. This occurrence 
reduced the number of data points available for analysis in several of the statistical 
evaluations that were conducted. 

Limitations Due to the Scope of the Study 

Several of the evaiuations used to assess the impacts of the FMS were limitec by 
the scope of the study. As mentioned earlier, this was a broad spectrum analysis that by 
design limited the in-depth nature of the individual evaluations. Study resources were 
focused early in the study on those areas that were deemed to have the greatest potential 
to reveal significant impacts of the FMS. Travel time on the freeway was evaluated 
extensively as was the impact of the VMS system on driver response. Other areas, such 
as the accident analysis, vehicle emissions. noise levels, and on-ramp operations were, by 
design given a less intensive evaluation. 

Limitations Due to FMS Capabilities and Operations 

Even with the extensive data capture capabilities that are built into the FMS 
technology, there were some limitations of the FMS that affected the study design and 
evaluation procedures. For exanlple, there are no loop detectors on the ramps of the 
system interchanges behveen freeways, and therefore no direct measure of traffic volume 
on these ramps. This was a factor in the VMS evaluation process in determining sites for 
data analysis. In addition, even with the extensive video surveillance capability of the 
FMS, the system is not set up to simultaneously record video at multiple locations. 



Limitations of the Incident Response Analysis 

The analysis of the FMS to improve ADOT's capability to respond to freeway 
incidents focused on incident response time and incident duration as the measures of 
effectiveness. Perhaps the single incident management variable that has been most 
affected by the FMS has been incident detection time. However, this variable could not 
be measured in the before period, and therefore was not an element of the study. 

Incident duration is greatly affected by the specific characteristics of each 
individual incident. The number and types of vehicles and injuries involved, existence of 
cargo spills, or other factors can greatly affect the time required to clear an incident. 
Rarely do two incidents have identical characteristics. Accident characteristics were not 
controlled for in the analysis and no attempt was made to match characteristics in the 
before and after comparison. Therefore, it is doubtful that the before and after incident 
populations have the same characteristics, and the evaluation of incident duration could 
be based on incidents of different types in the before and after periods. 

ORGAFIZATION OF THE REPORT 

The remainder of this document is organized into seven chapters. Chapter 2 
describes the research study design, including the measures of effectiveness emp!oyed 
and the data collection procedures. Each of the remaining six chapters describes the 
analysis procedures and results of the evaluation of a specific measure or measures of 
effectiveness. Supporting materials, such as data and statistical test results, are contain~d 
in appendices. 

SUPPORTING DOCUMENTATION 

Two additional reports have been prepared for the Arizona Department of 
Transportation through this research effort, Ea,ch of these reports is bound under a 
separate cover. These reports provide detailed information cn the data collection 
procedures and methods, and data collected as part of this project. The first of the two 
reports describes the data collection and analysis activities for the period before the 
implementation of the FMS. The second report describes the data collection and analysis 
activities after the implementation of the FMS. Together these repr t s  provide the detail 
on the data collection activities for the project. These reports are: 

1. Before Evaluation Period Conditions -- Study to Evaluate 1-1 011 -1 7 Freeway 
Management System, Arizona Department of Transportation, prepared by 
JHK & Associates, June 1994. 

2. After Evaluation Period Conditions -- Study to Evaluate 1-1017-17 Freeway 
Management System, Arizona Department of Transportation, prepared by 
JHK & Associates. March 1997. 





11. STU1)Y DESIGN AND TIMING OF EVENTS 

BEFORE-AND-AFTER STUDY DESIGN 

The evaluation of the effects of the I- 1 Oh- 17 FMS was primarily conducted 
through a before-and-after study design. That is. measures of effectiveness were 
identified and an analysis methodology was developed to compare operating conditions 
on the freeway before the implementation of the FMS to the operating conditions after the 
implementation of the FMS. It is assumed that any difference in the meaures of 
effectiveness are due to the effects of the FMS, all other factors being either equal or 
properly accounted for in the before and after conditions. The assumption that all other 
factors are equal in the before and after conditions is generally not true. The analysis 
methodology attempted to account for changed conditions wherever possible and isolate 
the impact of the FMS from other factors that may have affected the results. 

The evaluation of VMS deviated from the before-and-after study design. The 
evaluation of the impacts of the variable message signs was based on driver response to 
messages posted by the system, which occurred only i r l  the after condition. The 
evduation of air and noise impacts was based on a comparison of modeled vehicle 
emissions and noise levels using before and after traffic volume and speed data. Actual 
vehicle emissions and noise levels were not taken in the field. 

Construction of the FMS began in 1993. The entire system was completed, tested 
and turned over to ADOT control in October of 1995. Before period data collection 
began in March 1993 and was completed in February 1994. After period data collection 
began in November of 1995 and was completed in October of 1996. The data collection 
program was developed such that there was correspondence between the timing (i.e., 
month, week, day of week, time of day) of the data collection in the before and after 
periods to account for the seasonal variation in traflic characteristics. A 10-month period 
was used for after period data collection to duplicate duration, seasonal characteristics, 
and sample sizes experienced in the before period. 

Details on the specific data that were collected, and data collection methods are 
presented later in this chapter. Details on the data analysis procedures used in the 
comparison nf the before and after data, and a summary of the conclusions drawn from 
the analysis are p;-sented in separate chapters for each measure of effectiveness. 

The use of the before-and-after experimental design for the FMS evaluation was 
assessed recognizing the harshness of the evaluation environment, the opportunity for 
factors other than the FMS to influence the measures of effectiveness, and maturation 
effects associated with a long evaluation period duration. The follov.ing steps were 
taken to minimize the threats to evaluation validity. 



Traffic volumes were tracked on the freeway mainline in order to statistically 
account for traffic volume changes. Comparisons attempted to account for L!e 
effect of changes in trafijc conditions to facilitate isolation of the effect of the 
FMS. 

Continued communications were maintained with ADOT and other local 
jurisdictions on construction, maintenance, and other transportation influences 
that may have affected traffic in the study area. Problem data (i.e., data 
collected during periods of freeway traffic disruptions or other atypical events) 
were removed from the analysis. 

Statistical analyses were performed using matched pairs experimental designs, 
and using parametric statistics tests when feasible to allow for statistical 
assessments of outside biases. 

MEASURES OF EFFECTIVENESS 

Identification of the study objectives and measures of effectiveness (MOEs) form 
the foundation of the evaluation design. The study objectives are described in Chapter 1 
of this document. These objectives state the subject of the evaiuation and the specific 
analysis questions to be answered. The MOEs represent a statement of the measures to 
be obtained from the data analysis efforts that were compared in order to answer the 
analysis questions and ultimately allow for effectiveness determination. 

The evaluation was designed in such a way as to provide for the analysis of 
individual subelements of the FMS, including ramp metering, variable message signs, 
and incident management. In addition, the evaluation design provided systemwide 
information on vehicle emissions, noise levels, and accidents. The primary MOEs used 
in the evaluation at the subelement and systemwide level of analysis are provided in 
Table I .  A description of the data collected for the evaluation of the MOEs is provided in 
the next section of this chapter. 



Table 1 

FMS EVALUATION OBJECTIVES AND MOEs 

Evaluation Objectives Measures of Effectiveness 

Subelement Analysis: 

1. Evaluate the effect of ramp metering on 1. Travel time for the entire FMS circuit 
freeway traffic operations. before and after. 

2. Travel time on an individual segment 
before and after. 

2. Evaluate the effect of ramp metering on 1. On-ramp travel time before and after. 
ramp traffic operations. 

3. Evaluate driver response to the variable 1. Distribution of traffic between alternate 
message signs. routes. 

2. Lane distribution of traffic. 

4. Evaluate the effect of the FMS on the 1. Response time to incidents1 accidents 
Arizona Local Emergency Response before and after. 
Team (ALERT) response to freeway 2. Incident duration time before and after. 
incidents. 

Sysremwide Analysis: 

1. Evaluate impacts on air quality. 1. Estimated vehicle emissions levels 
before and after. 

2. Evaluate freeway traffic noise levels. 1. Estimate fiee\vay traffic noise levels 
before and after. 

3. Evaluate freeway accident patterns. 1. Freeway accident rate and frequency 
before and after. 



OVERVIEW OF DATA COLLECTION PROCEDURES BEFORE AND AFTER 

The following sections describe the data collection procedures and the data 
collected in the before and after periods as part of this study. Complete detail on the data 
collection efforts is contained in the supporting documentation for this study identified in 
Chapter I of this report. 

The following information and data were either collected or estimated during both 
the before and after periods to accomplish the evaluation objectives and analysis of the 
MOEs. 

Freeway speed and travel time. 

T ~ f f i c  volumes. 

a Freeway accidents. 

Data for the air quality analysis. 

Data for the iloise analysis. 

Travel time data on selected on-ramps. 

Incident response times for freeway incidents. 

0 VMS messages and duration of display during freeway traffic accidents. 

The procedures used for collecting each type of data and information is described 
in the following sections for both the before and after periods. The statistical and other 
analysis procedures used to evaluate the data and provide for the before and after 
comparisons are described in separate chapters for each of the MOEs. 

Freeway Speed and Travel Time 

Data Collecrion Device 

Freeway speed and travel time data were collected in both the before and after 
conditions using the "floating car" technique, utilizing a vehicle equipped with a global 
positioning system (GPS) device and tape recorder. The GPS technology was utilized as 
a mapping tool to identify position, time and speed of the vehicle every two seconds 
during data collection runs. 



Data Collection Procedure 

A routing plan was established with two routes to provide for travel time d a k  
collection in both directions of travel on the portions of the freeway system within the 
study area that was referred to as the FMS circuit. The travel time routing plan was 
developed using the reference points shown in Figure 5. A route began at either 67th 
Avenue on 1-1 0 and followed the circuit defined by reference points ABCDEF in 
Figure 5, or it began at McDowell Road on I- 17 and followed the circuit defined by 
reference points FEDCBA. Shorter reference links within the circuit were defined as 
being the distance between the back of the gores between the on- and off-ramps. 

Travel time and speed data were collected during the before period during the 
months of May 1993 through February 1994, and for the after period duing the months 
of November 1995 through February 1996 and May 1996 through October 1996. Data 
were collected in two phases during the after period so that the months of data collection 
corresponded exactly to the before period. Data were collected over these months in an 
effort to account for the known heavy seasonal variation in traffic volume that was 
thought to potentially affect the results of the analysis. 

Travel time and speed data were collected on Tuesdays, Wednesdays, and 
Thursdays during one or two weeks of each month in the before period and one week of 
each month during the after period. Each week of the afier period was selected to 
correspond to the same week during the before period. Each week was selected to avoid 
the occurrence of holidays. Travel times and speeds were collected during the morning 
peak period (6:30 AM to 8 3 0  AM) and the afternoon peak period (4:OO PM to 6:00 PM) 
of traffic volume on each day of data collection. Four data collection travel time runs 
were conductsd during each peak period on each day (eight runs total per day), with two 
runs in each direction of the circuit during each peak period. Each travel time run wss 
conducted during one of the four half-hour periods of each peak period. A total of 336 
travel time runs were conducted in the before period with 240 conducted in the afier 
period. A data collection plan was established such that data were collected on each 
circuit during each of the four half-hour time periods during the peak ~ r i o d  for each 
week of data collection. 

Travel time runs were made by having the floating car maintain its position in the 
traffic stream by traveling at a speed consistent with the surrounding traffic except to pass 
slower moving vehicles. For the purposes of data collection, the left-most general 
purpose lane was designated lane 1, the lane to the right was lane 2. and the next general 
purpose lane to the right was lane 3. Travel time runs were conducted in lanes 2 and 3 
only. Lane 3 represents the right-most continuous general purpose lane over the circuit. 
Lanes 2 and 3 were selected for use to obtain data for evaluating the overall freeway 
traffic flow conditions and the effect of the ramp meters on freeway traffic. 





In general, the floating car traveled at the normal speed of traffic and maintained a 
"safe" headway of approximately one car length for each 16 kilometers per hour of speed. 
The floating car generally did not pass slow-moving vehicles ahead unless a majority of 
the vehicles sharing the lane a!so passed the vehicle. When traveling in lane 3 adjacent to 
ramp junctions or weaving areas, the floating car slowed with trafic ~ l t h o u t  changing 
lanes so that impacts of ramp junction turbulence could be compared in the before and 
after periods with the existence of ramp metering as part of the after condition. 

During periods of serious congestion, the floating vehicle stayed in the designated 
lane unless the lane was blocked due to a traffic incident. Cases where accidents or other 
incidents inhibited normal traffic flow were removed from the data prior to use in the 
evaluation of the impacts of the FMS on travel time. 

Traffic Volume Data Collection 

Traffic volume data were used in several aspects of the study. Peak period M i c  
volume information was used in the evaluation of travel time to adjust for different trafic 
volume conditions in the before and after periods. Traffic volume data by lane during 
freeway incidents/accidents were used in the evaluation of driver response to the VMS 
system, and daily trafic volumes were used in the evaluation of accident rates. These 
data were provided by ADOT through seven permanent count stations that were available 
for the before period and through the array of loop detectors constructed as part of the 
FMS for the after period. 

Traffic volume data for the evaluation of travel time were provided for the before 
period fiom seven permanent count stations located within the study area before the FMS 
was constructed. The location of these count stations is provided in Figure 5. At site 1 
only the counter in the westbound direction of travel was functioning during the before 
period, and no eastbound data at this locations were available for the study. During the 
after period, data were provided through loop detectors in close proximity to the count 
station locations used in the before study. Specific loop detectors were selected such that 
the data from these locations would represent the same data provided for the before 
condition. Daily traffic valumes for the accident analysis were provided from the same 
locations as used in the travel time evaluation. 

Volume data used in the VMS analysis was provided from the FMS loop 
detectors. Five-minute traffic counts by lane were provided at specilrlc sites selected for 
use in the case studies of VMS system effectiveness. Details on the locations these sites 
can be found in the case study descriptions of the VMS evaluation contained in 
Chapter 5. 





Accident Data 

Accident data for the before and after periods were obtained from Arizona 
Department of Public Safety (DPS). The data included the accident location by milepost, 
date and time of each accident, number of vehicles involved, commercial vehicle 
involvement, and accident severity. 

The accident data provided by DPS included all accidents associated with the 
freeway and the ramps. DPS could not facilitate sorting the data between mainline and 
ramp accidents. Data from the ADOT, ALISS system were not used because of the time 
lag behveen accident occurreoce in the after period and entry of the data into the ALISS 
system. 

Incident Data for the VMS Analysis 

The evaluation of the VMS system consisted of an analysis to the driver response 
to the VMS displays for three case studies. The case studies consisted of three accidents 
that were selected based on the following criteria: 

Incident duration of approximately 30 minutes or more. 

Message display for approximately 30 minutes or more. 

Incidents occurring between 6:00 AM and 8:00 PM on a weekday. 

Incidents causing the blockage of at least one mainline traffic lane or the 
closure of an off-ramp. 

Three accidents were seiected based on these criteria and the following 
information was obtained from ADOT for each of the accidents: 

Location of the accident. 

Date and time of the accident. 

Location and text of each VMS message display. 

The time each message display was turned on and off. 

Five-minute traffic volumes by lane at selected locations for at least the 30 
minutes before the message was displayed, the time during which the message 
was displayed, and for at least the 30 minutes after the message display was 
turned off. This same traffic volume information was also obtalned for non- 
accident days that were used as additional controls for the analysis. 



Incident Respouse Data 

An Arizona Local Emergency Response Team (ALERT) unit is called out for 
major incidents to provide traf'fic control and assistance in clearing the incident and 
returning traffic to normal operations as soon as possible. When an incident occurs, and 
the Department of Public Safety (DPS) andlor ADOT Operations estimates that the 
roadway andlor one lane will be closed for one hour or more an ALERT unit is 
dispatched. During the before period 17 ALERT responses were made for accidents 
uithin the study area. In the after period 28 accidents resulted in an ALERT unit 
response. Copies of the ADOT incident response log reports for each incident were 
provided by ADOT. These reports include a description of the incident, date and time of 
the incident, incident location, the incident response time (time from the first notification 
of the incident to arrival at the incident location), and duration of the incident (time from 
the first notification of the incident to the return to normal traffic operations). The time 
data were used in an assessment of the incident response time and incident duration 
before and after implementation of the FMS. 

On-Ramp Analysis Data 

Three consecutive 1-1 0 on-ramps within the study area were selected for data 
ccllection for the on-ramp evaluation. These ramps were the eastbound on-ramps at 5 1 st, 
43rd, and 35th Avenues. The ramp at 5 1st -4venue was not metered in the before 
condition but was metered in the after condition. The ramps at 43rd and 35th Avenues 
were both metered in the before and after condition. (Note that due to limitations in the 
availability of traffic volume data for lane 3 and for the on-ramps in the before period, the 
analysis of on-ramp travel time described in Chapter 4 was limited to only the 43rd 
Avenue on-ramp.) 

Travel Time and Delay 

On-ramp data collection was conducted for three consecutive days in January 
1994 and October 1996 from 6:30 AM to 9:00 AM for the before and after periods, 
respectively. In addition, data were collected on a single day under free flow ramp traffic 
operations during both the before and after periods as a baseline for determination of the 
ramp delay during the peak period. Data collection procedures were the same for the 
before and after periods. A GPS equipped vehicle with a tape recorder was driven on the 
freeway, the vehicle would exit the freeway at each interchange and immediately re-enter 
the freeway using the subject on-ramp. The GPS equipment was used to record the 
vehicle position every two seconds. The GPS data were used to identify travel time on 
the ramp. and on-ramp delay. These variables were defined as follows: 

On-ramp travel time: The time required to travel the length of the on-ramp 
measured from the first crosswalk bar at the top of the ramp to the back of the 
gore at the bottom of the ramp. 



On-ramp delay: The difference in time between the peak period travel time on 
the ramp and the non-metered free flow travel time on the ramp. 

Mainline and On-Ramp TrafJic Volumes 

Freeway mainline lane 3 and on-ramp traffic volumes were collected during the 
before period at only the 43rd Avenue on-ramp. A video camera was used to record 
traffic activity in lane 3 and on the ramp during the time periods of the travel time data 
collection. Traffic volume counts were recorded manually from a review of the video 
tape and summarized into 15-minute volume counts. 

Freeway lane 3 and on-ramp traffic volumes were provided through the FMS loop 
detectors for the after period. Lane 3 volumes were provided through loop detectors 
immediately upstream of the on-ramps, and on-ramp volumes were calculated fiom 
mainline lane 3 detector data provided by detectors immediately upstream and 
immediately downstream of the ramp. 

Data for Air Quality and Noise Level Estimation 

The before and after assessment of the impacts of the FMS on vehicle emissions 
and noise levels was based on estimations generated using air quality and noise level 
models. The traffic volume and speed data used in the models were provided from the 
data collected as part of data collection activities demibed above. The volume data were 
taken form the data provided via the permanent traffic count stations in the before period 
and from the loop detector sites selected for the after period at the locations shown in 
Figure 7. The speed data were taken from the travel time runs and represents the speed 
recorded in the vicinity of the traffic volume collection location. Other data needed for 
the air quality ar,alysis model were provided by the Maricopa Association of 
Governments (MAG) and represent the data used by MAG in performing Federally 
required air quality conformity assessments as pan of the transportation planning process 
for the Phoenix metropolitan area. 





111. ANAL,YSIS OF FREEWAY TRAVEL TIME 

STATISTICAL ANALYSIS OF TRAVEL TIMES 

Freeway travel time data were collected for the complete circuit using a vehicle 
equipped with a global positioning system (GPS) device trave!ing in accordance with a 
specified procedure described in Chapter 2 of this report. Date, day of week, time of day, 
run number, lane, and direction of travel (clockwise or counterclockwise) of the route 
were laid out in a balanced data collection design. 

Collected data were entered into a statistical linear regression model in which 
seconds of travel time was the dependent variable. Independent factors were day-of- 
week, A W M ,  peak period run number (1 through 4), direction of travel (clockwise or 
counterclockwise), lane occupied by the test vehicle (lane 3 was the right most 
continuous through lane, and lane 2 was the lane immediately to the left of lane 3), 
'before' or 'after' 10-month period, and bimonthly classes of the study periods (May- 
June, July-August, etc.). Independent covariates were 30-minute traffic counts at seven 
counting stations located as described in Chapter 2 of this report. These counts were 
specific to the date, direction of travel, time of the travel time run (30-minute period in 
which the travel time run occurred) and the lane. The plan was to collect traffic count 
data at all seven stations for each run, but this objective was not fully accomplished due 
to the complete failure of count station 1 in the eastbound direction during the before 
study, and intermittent failure of other count stations to record data in both the before and 
after periods. 

The theory underlying the linear regression model envisioned incorporating 
important factors and covariates known to influence freeway travel times in the hope they 
would account for a major portion of the variance in those travel times. A before-after 
term (B/A) was also included as a binary factor (0 or 1) in the regression. It was 
anticipated that, if the other terms in the model accounted for enough travel time 
variance, the B/A term would have a significant coefficient. This would indicate that 
something other tha the factors and covariates included was accounting for a meaningful 
number of seconds in travel times as estimated by !he model. If the coefficient were 
negative and statistically and operationally significant, then it would suggest that 
beneficial changes in the freeway management system (FMS) made between the before 
and after periods could be an important component of the beneficial change in travel 
times. 

Two principal types of analysis were camed out. The first type examined travel 
times within the statistical model described above for complete circuits of the research 
routes. Recall tnat one of these routes begins near the northwest interchange of 1-17 md 
I- 10, runs south and east on 1-1 7 to again intersect with 1-10. then runs north and west on 
1-10 to 67th Avenue. This is the counterclock~vise circuit. The second route runs in the 
opposite direction. starting where the first route ends. This is the clockwise circuit. The 
results of this type of analysis are reported in the section entitled FULL CIRCUIT ANALYSIS. 



The second type of malysis examined travel times over only a portion of the 
counterclockwise route -- the segment of 1-10 running west from near the northwest 
interchange with 1-1 7 just east of 27th Avenue to 67th Avenue. The results of this type of 
analysis are reported in the section entitled SEGMENT ANALYSIS. 

RAMP METER OPERATIONS 

It was hypothesized that the existence and operation of the ramp meters during the 
after period would improve trafic flow in lanes 2 and 3 in comparison to the before 
condition. The location of the ramp meters for the before and after conditions was 
provided earlier in Figure 2 contained in Chapter 1 of this report. Ramp meters existed in 
the before condition only on the eastbound on-ramp at 43rd Avenue, and the east and 
westbound on-ramps at 35th Avenue. Ramp meters were installed at an additional 24 
on-ramps within the study area for the after condition. 

At the outset of this study, throughout the before data collection period, and 
through the implementation of the FMS, it was anticipated that all of the ramp meters 
within the study area would be functioning during the after period. The entire evaluation 
plan and travel time data collection effort were developed based on the expectation that 
all of the ramp meters would be ~perating during the after period. Travel time runs were 
made over the entire circuit of the freeway system within the study area during the before 
and after periods based on this expectation. This proved not to be the case as the majority 
of the ramp meters within the study area, although functional, were not operating during 
the after period. Figures 8 and 9 provide information on the typical operating condition 
of the ramp meters during the after period. As can be seen, only the ramp meters on 1-10 
west of the 1-1 7 interchange were operating during the after period. This represents a 7.4 
kilometer section of the 57 kilometer study area circuit. 

The ramp metering system is designed to operate in either of two modes. The 
system can operate in a fully traffrc demand responsive mode where the ramp metering 
rates are established and vary based on lane 3 and on-ramp traffic volumes. system 
can also operate in a fixed time mode where the metering rate is set at any one of several 
established metering rates. The fixed time rate can be set to vary by time of day. The 
ramp metering system was run in the fixed time mode during the entire after period. The 
typical metering rates used during the AM and PM peak periods are provided in Figures 8 
and 9. 

In addition, on each of the on-ramps a loop detector was installed at the top of the 
ramp to detect the presence of a queue. Under typical system operating conditions, if a 
queue was detected on the on-ramp. the ramp meter would release traffic to the fieeway 
untii the queue was cleared. When this occurs it is in effect a no-metering condition as 
in the before period. Information was not available to evaluate how often this condition 
might have occurred during the after period. 







The evaluation of the travel time data and the investigation of the impacts of the 
FMS on travel time were altered during the after period because the operation of the ramp 
meters did not meet the expectation that was the basis for establishing the evaluation 
plan. The evaluarion of the travel time on the entire circuit was still conducted, but an 
additional evaluation of the travel time on only the segment of the freeway where the 
ramp meters were operating during the after period was added to the evaluation and is 
also reported on in this chapter. 

FULL CIRCUIT ANALYSIS 

Gaps in traffic count data caused curtailment of full-model analysis in which all 
seven stations could be included. If counts were not available for a given station in 
either the before or after period for a sequence of several observations, then that covariate 
had to be deleted from the statistical model to be applied to observations over that time 
period. Often more than one station had to be excluded for this reason. 

Alternatively, some stations reported counts in only one direction for considenble 
periods. Station 1 (see Figure 6) ,  for example, reprted counts for only counterclockwise 
circuits during the entire before period. This meant that, when station. 1 was included in 
the model, all observations for clockwise circuits had to be deleted. Similar directional 
gaps were encountered for all other stations. 

Because of gaps, a number of partial analyses were run covering as much as 
possible of the 10-month observation periods. None of these produced BIA coefficients 
which were negative and significant. 

November through February provided the longest period with nearly complete 
traffic counts, except for station 1 and station 2. Station 1 eastbound (clockwise) 
observations were missing, as noted above. Because of this limitation, only 
counterclockwise route data were used. Over half of station 2 traffic counts were missing 
so it was omitted from the November-February analyses to be described. 

Although station 2 was largeiy missing from November-February, that station was 
available in several blocks of data for May through October. Hence these two time 
periods were analyzed separately. The following sections describe the full circuit 
evaluations that were performed a d  the results. 

May-October, Lane 2, AM 

Twenty eight observations (14 from the before period and 14 from the after 
period) were available for this analysis. Only counterclockwise observations were used 
in order to include station 1 .  The observations are shown in Table 2. In Table 2, OBS is 
the observation number from the master list of all observations, S1 through S7 refer to 
traffic counting stations, B and A denote before and after periods, and SEC is seconds of 
travel time to traverse the entire circuit in one direction. Means and percentage changes 



OBS 
5 0 
52 
5 7 
5 9 
130 
132 
137 
139 
146 
148 
153 
155 
210 
2 12 

Table 2 
MAY - OCTOBER 

LANE 2, AM, COUNTERCLOCKWISE 
TRAFFIC COUNTS AND TRAVEL TIMES 

Travel Time 
30-Minute Traffic Counts 

SIB S1A S2B S2A S5B S5A 
368 432 513 551 661 729 
369 433 451 525 601 647 
402 435 526 563 674 797 
375 392 529 525 699 772 
395 22e 505 282 694 562 
342 266 473 641 W 
356 431 501 594 689 W 
362 413 461 571 694 756 
382 420 526 539 675 733 
425 407 464 524 602 592 
394 449 489 h51 631 758 
400 427 498 573 688 693 
430 484 498 567 680 738 
401 438 435 492 674 714 

(seconds) 
SECB SECA 

Mean 386 404 491 518 665 676 779 842 1110 1058 
Change% 4.7 5.5 1.8 8.1 -4.7 

Without outliers: 
Mean 386 430 491 548 665 708 779 842 1078 1058 

Change% 11.5 11.6 6.5 8.1 -1.9 

S 1 - S7 are count stations 
OBS = observation number 
B = Before 
A = After 
Underlined data = outliers deleted before regression 
Bold, italicized data = outliers identified during regression and also deleted 



appear at the bottom of the table both for complete data and with outliers omitted. 
Boxp!ots identified underlined observations as outliers. Boxplots are graphical devices 
which use probability theory to describe observations that belong to a given distribution 
as we!l as any that do not. Bonplot outliers (underlined in Table 2) were deleted before 
regression analysis. Observations in bold itaiic type were identified as outliers during 
regression runs and were also deleted. In general, outliers were eliminated from the 
regression analysis because they exert undue influence on the results in comparison to the 
remainder of the data. This influence can result in an unreasonable change in the 
generated regression coefficients. 

The regression equation for the data after outliers were omitted was: 

SEC = 1220 - 31.27TUE - 2.78WED - 28.9RN1 + 18.7RN2 + 7.45RN3 (1) 
t- 43.1 MJ + 0.3 15S1 - 0.40735 - 17.4BiA 

Where: SEC is the total travel time in seconds to traverse the entire circuit in one 
direction, 
TUE and U'ED represent Tuesday and Wednesday, respectively, 
RNl,  RN2, and RN3 represent run numbers 1,2,  and 3, respectively, 
IMJ represents the coefficient for the bimonthly period (May through June 
is +1, July through August is 0, and September through October is -I), 
S 1 and S5 represent the 30-minute traffic counts fiom stations 1 and 5, 
respectively and, 
B/A represents the beforelafter condirion (BIA = 1 in the after condition) 

Both weekdays and runs remained in the relationship. Tuesday deducts 3 1.3 
seconds from travel time, Wednesday deducts 2.78 seconds and Thursday adds 34 
seconds (by substituting -1 for TUE and WED). Corrections for runs 1 through 3 are as  
given, and run 4 adds 2.8 seconds (again by substituting -1 for the earlier runs). May- 
June adds 43.1 seconds, July-August adds nothing (by substituting 0) and September- 
October deducts 13.1 seconds (by substituting -1). Note however that only two 
obsenrations in the after period came from Septemkr-October, while both observations 
for the before period were eliminated as outliers. Stations 2 and 7 dropped out, leaving 
stations 1 and 5 as  the most effective. All factors and covariates contributed significantly 
to the relationship. The apparent aaomaly in the relationship between May-June and 
September-October cannot be esplained. 

The re ression relationship is statistically significmt (F = 5.64,9,11; p = 0.005), B and 82.2% (R ) of variance in travel times can be attributed to the relationship (As a 
technical note: K' adjusted = 67.6%). 

The final term, - 17.4BIA is coded "0" for before period observations and "1" for 
after period observations. This coefficient indicates that after allowing for the effects of 
all other factors and covariates in the equation there is a 17.4 second deduction from 



travel time in the after period. This is the type of favorable result the model was designed 
to detect. Chalges in the Freeway Management System could be a contributor to this 
result. 

The circuit length in the counterclockwise direction of travel was 29.1 kilometers. 
From the data in Table 2 which exciudes outliers, the average travel speed over the entire 
circuit in the before period was 97.2 kph (60.1 rnph) and in the after period it was 99.0 
kph (61.3 rnph). 

May-October and Other Anatyses 

Analyses were also conducted for ccrunterclockwise travel in lane 2, PM; lane 3, 
AM; and lane 3,  PM. None of these analyses produced negative coefficients for the BIA 
terms. Data were insufficient to analyze c!ockwise travel for any of these combinations 
of lme and peak period. 

November-February, Lanes 2 & 3, AM 

Forty six observations (24 from the before period and 22 from the after period) 
were available for this analysis. Recall that only counterclock~vlse observations are used 
so that station 1 can be included. These data are shown in Table 3. In Table 3, OBS is the 
number of the observation as given in the master list for the entire study, S1 through S7 
refer to traffic recording stations, B and A denote before and afier periods, and SEC is 
seconds of travel time for the entire circuit in one direction. Means and percentage 
changes from the before ro the after period appear at the bottom of Table 3. These results 
are for all the data and for the data after omission of outliers. Boxplots identified 
underlined observations as outliers. Boxplot outlier observa?ions were deleted before 
regression analysis. Observations in bold italic type were identified during regression 
runs as outliers and were deleted. 

The regression equation for the data after outliers were omitted was: 

SEC = 1108 + 7.19TUE - 18.5 1 WED + 33.8LN3 +- 0.018S1 - 0.086S3 (2)  
+ 0.078S7 - 14.1 BIA 

Where: The variables in this equation are defined in the same manner as in 
Equation 1 above. 

Days of the week did a better job of prediction with tiis set of data than did travel 
time run numbers. This is not typical of most regression runs. Tuesday through 
Thursday were chosen because it was believed that they would not prove to be 
stat~stically different, but such was not the case here. Seven and 19 hundredths seconds 
must be added for Tuesday. 18.5 1 seconds subtracted for Wednesday and 1 1.32 seconds 
added for Thursday (found by substituting - 1 for Tuesday and Wednesday and summing). 
Lane 3 added 33.8 seconds to travel time and lane 2 subtracted 33.8 seconds (found by 



OBS LANE 
242 2 
244 2 
249 2 
251 2 
258 3 
260 3 
265 2 
267 2 
274 3 
276 3 
281 3 
283 3 
290 3 
292 3 
297 3 
299 3 
306 2 
308 2 
313 3 
315 3 
322 2 
324 2 
329 2 
331 2 

Table 3 
CIRCUIT ANALYSIS, 

NOVEMBER - FEBRUARY 
LANE 2 OR 3, AM, COUNTERCLOCKWISE 
T M F F I C  COUNTS k ! D  TRAVEL TIMES 

Travel time 

SIB S lA  
418 465 
348 397 
86 468 
46.281 

446 500 
382 445 
424 483 
410 420 
460 492 
407 417 
489 457 
413 458 
424 499 
375 458 
409 
368 
477 492 
363 506 
404 494 
407 506 
476 538 
399 425 
499 520 
437 428 

30-Minute Traffic Counts (seconds) 
S35 S3A S4B S4A S5B S5A S7B S7ASECB SECA 
489 555 858 870 755 731 859 767 1103 1100 
479 523 793 805 601 666 772 752 1059 1106 
425 388 759 772 771 825 846 858 1058 1074 
507 297 919 661 749 558 849 1062 1072 
574 710 1092 983 649 582 874 758 1204 1151 
509 743 1062 884 5'10 580 734 709 1167 1123 
815 374 982 720 608 849 899 950 1117 1139 
755 993 915 944 596 747 808 891 1088 1037 
653 889 798 942 703 543 855 842 1158 11 15 
625 725 835 828 816 656 756 826 1122 1134 
583 747 759 850 815 682 861 786 1192 1146 
665 995 882 1058 768 611 905 841 1084 1152 
780 872 1067 851 573 716 898 903 1174 12h2 
912 848 1127 947 562 537 781 746 1115 1121 
747 97 1 597 874 1117 
990 1232 635 900 11 12 
633 542 811 856 789 805 811 1031 1110 1106 
704 614 863 827 649 647 821 683 1100 1070 
748 780 932 876 647 693 901 802 1144 1242. 
990 870 1112 1145 571 590 943 843 1139 1182 
638 229 779 940 785 838 882 942 1174 1085 
662 375 832 845 728 649 769 840 1090 1089 
604 492 696 768 838 892 901 924 1085 1066 
660 413 867 926 761 801 906 822 1113 1099 

Mean 390 461 673 635 914 877 689 691 850 822 1120 1122 
Change% 18.3 -5.6 -4.1 0.3 -3.4 0.1 

Without outliers: 
Mean 420 470 673 635 914 864 689 691 850 834 1122 1111 
Change YO 11.9 -5.6 -5.5 0.3 -1.9 -1.1 
S 1 - S7 are count stations 
OBS = observation number 
B = Before 
A = After 
Underlined data = outliers deleted before regression 
Bold. italicized data = outliers identified during regression and also deleted 



substituting -1  for lane 3). Station 2 was not included in any of the November through 
February analyses. In this analysis, stations 4 and 5 dropped out. The three terms for 
stations 1, 3, and 7 represent the most effective combination of traffic counts. Each of the 
included factors and covariates contributed significantly to the regression relationship. 

The regression relationship as a whole is statistically significant (F - 15.94,7,28; 
p = 0.000), and 79.9% ( R ~ )  of variance in travel times can be attributed to the 
relationship. ( As a technical note: R~ adjusted = 74.9%). 

The final term, - : 4.1 B!A, is coded "0" for before period observations and "1" for 
after period observations, This coefficient indicates that after allowing for the effects of 
all other factors and covariates in Equation 2. there is a 14.1 second deduction from travel 
time in the after period. This is an example of the result sought in the design of the 
statistical model. A possible factor contributing to this saving consists of changes made 
in the Freeway Management System behveen the before and after periods. 

From the data in Table 3 excluding outliers, the average travel speed over the 
entire 29.1 kilometer circuit was 93.4 kph (57.8 mph) in the before period and 94.3 kph 
(58.4 mph) in the after period. 

November-February, Lanes 2 & 3, PM 

There were 46 observations (24 from the before period and 22 from the after 
period) available for this analysis. Only counterclockwise observations are used so that 
station 1 can be included. The data are shown in Table 4 where column headings are as 
defined previously for Table 3. Means and percentage changes both with and without 
outliers are shown at the bottom Table 4. Underlining identifies outliers resulting from 
boxplotting. Bold italics identifies outliers resulting from regression analysis. 

The regression equation for the data after outliers were omitted was: 

SEC = 1294 + 16.9WT1 + 28.5RN2 + 14.3RN3 + 30.8LN3 -0.202S4 (3) 
- 0.93 1 S5 + 0.61 8S7 + 144B!A 

Where: The variables in this equation are defined ir? the same manner as in 
Equation 1 above. 

Runs 1 through 3 add from 16.9 to 14.1 seconds to travel time. Run 4 deducts 
59.7 seconds (found by substituting -1 for runs 1 through 3 and summing). Lane 3 adds 
30.8 seconds while Lane 2 dzducts 30.8 seconds. Stations 1 and 3 drop out, while stations 
4, 5, and 7 combine as shown. All included factors and covariates contributed 
significantly to the relationship. 



OBS LAVE 
246 2 
248 2 
253 2 
255 2 
262 3 
264 3 
269 2 
271 2 
278 3 
280 3 
285 3 
287 3 
294 3 
296 3 
301 3 
303 3 
310 2 
312 2 
317 3 
319 3 
326 2 
328 2 
333 2 
335 2 

Table 4 
CIRCUIT ANALYSIS 

NOVEMBER - FEBRUARY 
LANE 2 OR 3, PM, COUNTERCLOCKWISE 
TRAFFIC COUNTS AND TRAVEL TIMES 

Travel Time 
30-Minute Traffic Counts (seconds) 

SIB SlA S3B S3A S4B S4A S5B S5A S7B S7A SECB SECA 
ZU 783 500 407 679 795 632 668 970 803 1159 1154 
430 778 447 340 640 616 602 501 823 714 1140 1265 
29 634 539 371 685 637 602 651 912 680 1076 1101 
3 817 492 403 690 768 591 896 1288 1424 

903 981 269 1016 1065 934 530 598 1029 813 1239 lha4 
890 1111 236 926 922 898 475 542 892 950 1144 1346 
876 584 990 375 967 482 532 504 925 833 1099 1365 

1063 796 1076 286 1082 618 551 641 943 889 1164 1239 
830 999 499 1085 707 1067 612 665 936 879 L426 1166 
885 922 49b 900 640 859 533 528 731 756 1171 
721 930 576 1051 697 983 641 572 943 899 1140 1338 
808 1096 573 1057 758 1007 616 581 995 861 1250 1325 
980 1042 1020 570 1012 1103 
884 1053 937 501 863 1178 
942 972 1016 1057 1003 1003 565 594 1036 909 1252 1353 

1083 1039 1097 1058 1107 1009 551 602 984 920 1178 1504 
765 721 604 406 733 731 649 629 998 866 1145 1269 
718 715 521 209 643 683 498 539 830 764 1124 2l& 
915 918 1033 1045 1027 994 574 614 945 889 1268 1227 

1030 1020 1081 994 1 1  18 997 574 589 971 933 1399 1268 
776 796 632 393 744 796 674 666 980 901 1200 1187 
695 661 487 449 639 652 502 561 871 844 1078 1227 
767 797 635 298 740 812 650 705 1011 900 1195 1102 
768 961 525 542 735 742 646 658 902 926 1238 1203 

Mean 755 865 684 667 832 822 578 613 933 844 1208 1323 
Change% 14.6 -2.5 -1.3 6.0 -9.6 9.5 

Without outliers: 
Mean 865 865 684 667 832 822 578 600 933 854 1175 1249 
Change% 0.0 -2.5 -1.3 3.9 -8.5 6.3 
S 1 - S7 are count stations 
OBS - observation number 
B = Before 
A = Afier 
Underlined data = outliers deleted before regression 
Bold, italicized data = outliers identified during regression and also deleted 



The regression relationship is statistically significant (F = 6.93,8,24; p = 0.000), 
and 69.8% (R?) of variance in travel times can be attributed to the relationship. (As a 
technical note: R~ adjusted = 74.9%). 

The final term, +144B/A, is coded "0" for before period observations and "1 " for 
after period observations. After allowances for all other terms in the relationship, 144 
seconds must be added to after-period observations. For the PM peak period on counter- 
clockwise travel in November through February, travel times in the after period were 
much longer than the other terms in the equation indicated. 

From the data in Table 4 excluding outliers, the average travel speed over the 
entire 29.1 kilometer circuit was 89.2 kph (55.4 mph) in the before and 83.9 kph (52.1 
mph) in the after period. 

SEGMENT ANALYSIS 

A portion of the entire circuit used to measure travel times was defined for 
segment analysis. This segment consisted of approximately 7.4 kilometers of 1-10 
westbound from just east of 27th Avenue to 67th Avenue. Traffic counts were made at 
two stations: 1-1 0 East of 63rd Avenue (station 1) and I- 10 West of 3 1 st Avenue (station 
2) as shown in Figure 6. The segment was selected because ramp metering was not in 
operation during the before period except at 35th Avenue, but was in operation during the 
after period, and traffic counts were available at ths two stations in the westbound 
direction. Hence, by using the before period as a criterion, this data base held promise of 
providing measures of ramp metering effectiveness. 

Sixty four matched cases were available for analyses of travel times for the 
segment analysis. These 64 matched cases, when separated into before and after subsets, 
potentially provided 128 cases for regression analyses. 

Recall that the regression model for this study contains factors for day of the week 
(Tuesday through Thursday), AM or PM, research vehicle run number (1 through 4), lane 
(2 or 3), bimonthly period, and whether the observation was for the before or after period. 
Covariates include run-and-lane-specific traffic counts at traffic stations. The dependent 
variable is research vehicle travei rime in seconds. 

Analyses on the entire data set for the segment study failed to produce any useful 
results. This set was then sorted into 4 subsets: lane 2 for PM runs, lane 3 for PM runs. 
lane 2 for AM runs and lane 3 for AM runs. Results of these four analyses are described 
in the following sections of this report. 



Lane 2, PM 

Thirty six observations (1 8 from the before period and 18 from the after period) 
were available for this analysis. These data appear in Table 5. In Table 5, OBS is the 
number of the observation as determined from the master list for the entire study. S1 
refers to traffic recording station 1 and S2 refers to station 2 as described above. "B" and 
"A" denote observations in the befcre and after periods of the study. SEC is seconds of 
travel time for the research vehicle to traverse only the segment being evaluated. Means 
and before-to-after percentage changes in trar'fic and travel times appear at the bottom of 
the table. Boxplots ideniified the underlined observations as outliers, and the entire 
before or after observation was deleted before making the regression runs. Obsenrations 
in bold italic type were identified as  outliers during regression runs and were deleted from 
subsequent runs. 

The regression equation for the data edited as described above was: 

SEC = 497 - 14.9RN1 - 4.0 RN2 + 42.0W13 - 23.9MJ -29.9JA + 52.1SO (4) 
- 0.136S1 - 0.06682 + 23.3BIA 

Where: RNl , RN2, and RX3 refer to the research vehicle run number 1,2, and 3, 
respectively, 
MJ, JA, and SO refer to the bimonthly period May-June, July-August, 
and September-October, respectively, 
S1 and S2 represent the traffic volume at station 1 and 2, respec!ively, 
and, 
B/A represents the before!after binary variable 0 for the before period and 
1 for the after period. 

Day-of-week dropped out because this factor did not contribute significantly to 
the relationship. Run 3 (5:30-6:00 PM) added 42 seconds to travel time while run 1 
deducted 14.9 seconds and run 2 deducted 4 seconds. The effect for run 4 can be found 
by substituting -1 for runs 1 rhrough 3 and summing (14.9 + 4.0 - 42.0 = - 23.1 seconds). 
Travel times during May-June (MJ above) require deducting 23.9 seconds. The 
November-December (ND) observations were eliminated as outliers. To find the JF 
(January-February) effect, substitute -1 for h4J, JA, and SO and sum (23.9 -+ 29.9 - 52.1 = 

1.7 seconds). The S 1 and S2 terms are a weighted combination of the lane 2 traffic 
counts at the two stations. There appears to be a slight negative relationship between 
travel times and traffic. The heavier the traffic the less the travel time. These coefficients 
are, however, not statistically significant from 0 while all other terms in the equation have 
coefficients that are significant. 

The regression relationship as a whole is significant (F = 10.67,9,18; p = 0.000), 
and 84.2% (R' ) of variance in travel times is attributable to the relationship. (As a 
technical note: R' adjusted = 76.3%.) 



OBS 
5 4 
5 6 
61 
63 
134 
136 
141 
143 
150 
152 
157 
159 
214 
216 
246 
248 
3 10 
312 

Table 5 
SEGMENT ANALYSIS, 

LANE 2, PM 
TKAFFIC COUNTS AND TRAVEL TIMES 

Travel Time 
30-Minute Traffic Counts 

SIB S1A S2B S2A 
764 808 879 737 
7 19 717 907 680 
62 5 792 785 954 
765 872 874 
725 772 834 945 
700 769 797 882 
665 736 837 984 
763 827 841 920 
699 775 799 1017 
668 714 813 830 
743 776 798 1001 
7 16 826 852 820 
74 8 857 246 860 
767 851 2;19 690 
222 783 82? 931 

778 700 81 1 
765 721 889 854 
718 715 731 841 

(seconds) 
SECB SECA 

308 320 
301 3 40 
305 318 
361 3 83 
324 3 04 
294 3 04 
299 327 
345 33 1 
329 304 
3 04 31 1 
295 310 
1SS 393 
307 3 90 
295 394 
338 337 
335 419 
335 379 
3 17 342 

Mean 68 1 783 758 846 32 1 345 
Change% 14.9 11.6 7.4 

Without outliers: 
Mean 722 783 823 868 317 34 1 

Charge% 8.4 5.5 7.4 

S1 - S2 are count stations 
OBS = ohservatior? number 
B = Before 
A = After 
Underlined data = outliers deleted before regression 
Bold, italicized data = outliers identified during regression and also deleted 



The final term, + 23.3B/A, is coded "0" for before period observations and "1"  for 
after period observations. The coefficient indicates that, after correcting for the effects of 
all factors and covariates in the equation, there is a 23.3 second addition to travel time in 
the after period for travel in lane 2 westbound during the PM peak period. It appears that 
the heavy westbound traffic movement in the PM with heavier off-ramp movements on 
this segment overpowers any beneficial effect of the ramp metering. 

This is a 7.4 kilometer segment of the freeway system. Based on the data in Table 
5 excluding outliers, the average travel speed was 83.7 kph (52.0 mph) in the before 
condition and 77.8 kph (48.3 mph) in the after condition. 

Lane 3, PM 

Twenty eight observations (1 4 from the before and 14 from the after period) were 
available for this analysis. These data are presented in Table 6. The column identifiers 
for Table 6 are the same as those for Table 5 described earlier. Boxplots identified the 
underlined observations as outliers, and, in each case, the obsenlation was deleted prior to 
regression analysis. 

The regression equation for the data edited as  described was: 

SEC = 339 - 39.2TUE + 38.5WED -51.9RN1 + 34.8RN2 + 1.ORN3 ( 5 )  
- 8.5.7MJ + 86.2JA - 0.078s 1 + 0.107S2 + 44.6BIA 

Where: The variables in this equation are defined in the same manner as in 
Equation 4 above. 

Day of the week remained in the equation this time. This factor shows a heavy 
negative correction (-39.2 seconds) for Tuesday and a heavy positive correction (t38.5 
seconds) for Wednesday. Coding both of these factors with - 1 for Thursday makes the 
correction +0.7 seconds. Factors for September-October (SO) and for November- 
December (ND) dropped out because of high intercorrelations. January-February 
observations. however, are included by using -1 codes for MJ (May-June) and JA (July- 
August). Again. coefficients for traff~c counts at stations 1 and 2 are not significantly 
different from 0. 

The re ression relationship as a whole is significant (F = 5.53.13,20; p = 0.003). B and 8 1 .O% (R ) of variance in travel times is attributable to the re!ationship. (As a 
technical note: R~ adjusted = 66.3%.) 

The final term in Equation 5 ,  + 44.6B/A. is again coded 0 for before period 
observations and ! for after period observations. After correcting for all other terms in 
the equation, travel time in the after period requires an additional 44.6 seconds. 
Comparison of station 1 traffic counts in Table 5 with those for lane 3 Table 6 shows that 



OBS 
70 
72 
125 
127 
198 
200 
205 
207 
262 
264 
294 
296 
301 
3 03 

Table 6 
SEGMENT ANALYSIS, 

LANE 3, PM 
TRAFFIC COUNTS AND TRAVEL TIMES 

Travel Time 
30-Minute Traffrc Counts (seconds) 

SIB SlA S2B S2A SECB SECA 

Mean 904 920 608 735 346 385 
Change% 1.8 20.9 11.1 

Without outliers: 
Mean 904 920 674 780 346 385 

Change% 1.8 15.7 11.1 

S 1 - S2 are count stations 
OBS = Observation number 
B = Before 
A = After 
Underlined data = outliers deleted before regression 
Bold, italicized data = outliers identified during regression and aiso deleted 



lane 3 traffic counts were much greater than those in lane 2. This segment exhibits 
conditions that could be considered typical for the outbound trafftc movement during the 
afternoon peak period. The higher volume of traffic in lane 3 on this freeway segment 
may be overwhelming any effects from ramp metering. 

Based on the data in Table 6 excluding outliers. the average speed over this 
segment was 76.7 kph (47.7 mph) in the before conaition and 68.9 kph (42.8 mph) in the 
after condition. 

Lane 2, AM 

Thirty six observations (1 8 from before, 18 from after) were available and are 
shown in Table 7. Boxplots identified the underlined observations as outliers. Four 
observations in bold italic type were identified as outliers in regression runs and deleted, 
as were the boxplot outliers. 

The regression equation for the edited set of data was: 

SEC = 215 - 6.05RNI - 3.91kV2 - 1.33FKV3 + 9.58MJ - 4.46JA + 12.6SO (6) 
- 0.123Sl + 0.251S2 - 17.4BIA 

Where: The variables in this equation are defined in the same manner as those in 
Equation 4 above. 

The re ression relationship as a whole is significant (F =5.15,9,16; p = 0.002), B and 74.3% (R ) of the variance in travel times is attributable to the relationship. (As a 
technical note: R~ adjusted = 59.9%) 

Day-of-week dropped out because this factor did not contribute significantly to 
the relationship. Each of the earlier three run times involves from 6.05 to 1.33 seconds 
decrease in travel time. But the fourth run adds 11.3 seconds (6.05 + 3.91 + 1.33) to 
travel time. All four January-February o b s e ~ a t i o n ~  were deleted as outliers. Hence, the 
November-December effect can be had by substituting -1 for MJ, JA and SO. The result 
is -1 7.7 seconds (-9.58 + 4.46 - 12.6). The Sl and S2 terms comprise a weighted average 
of lane 2 traffic counts at the two stations. All factors and covariates in the equation 
contribute significantly to the overall relationship. 

The final term, - 17.4B/A, is coded 0 for the before period and 1 for the after 
period. ?'he coefficient indicates that. after allowing for rhe effects of all other factors 
and covariates in the equation, travel times in the after period are 17.4 seconds less than 
in the before period. It appears that ramp metering has been effective in reducing travel 
time in lane 2 in the morning peak period. There was an average traffic count of 501.6 
per half hour for stations 1 and 2, or a total of 2006.4 for the two hours during which 
travel time data collection runs were made. A saving of 17.4 seconds per vehicle 



OBS 
5 0 
5 2 
57 
59 
130 
132 
137 
139 
146 
148 
153 
155 
2 10 
2 12 
242 
244 
3 06 
308 

Table 7 
SEGMENT ANALYSIS, 

LANE 2, AM 
TRAFFIC COUNTS AND TRAVEL TIMES 

Travel Time 
30-Minute Traffic Counts 

S 1 B S1A S2B S2A 
368 432 513 55 1 
3 69 433 45 1 525 
402 43 5 526 563 
375 392 529 525 
395 2 9  505 282 
342 473 283 
356 43 1 50 1 594 
3 62 413 46 1 57 1 
382 420 520 539 
425 407 464 524 
3 94 449 389 65 1 
400 427 498 573 
430 484 498 567 
40 1 43 8 43 5 492 
418 465 533 61 6 
348 397 43 5 520 
Xu 492 534 653 
363 5 06 445 ZQfi 

(seconds) 
SECB SECA 

309 290 
307 294 
308 287 
303 283 
283 295 
272 286 
285 283 
280 292 
289 224 
282 286 
298 29 1 
290 224 
293 288 
305 288 
289 296 
288 294 
288 291 
313 2 84 

Mean 3 89 41 8 490 54 1 293 288 
Change% 7.3 10.5 -2.0 

Without outliers: 
Mean 384 43 9 490 5 64 293 289 

Change% 14.2 15.2 -2.0 

S 1 - S2 are count stations 
OBS = observation numbers 
B = Before 
A = After 
Underlined data = outliers deleted before regression 
Bold, italicized data = outliers identified during regression and also deleted 



amounts to a saving of 34126.2 seconds, or 9.48 hours for the morning peak perid.  This 
represents a travel time reduction of approximately 6 percent over this segment in lane 2 
during the AM peak period. 

Based on the data in Table 7 excluding outliers, the average travel spced over this 
segment was 90.6 kph (56.3 mph) in the before condition and 91.8 kph (57.0 mph) in the 
after condition. 

Lane 3, AM 

Twenty eight observations (1 3 from before, 14 from after) were available and are 
shown in Table 8. Boxplots identified the underlined observations as outliers. 
Observations in bold italic type were identified as outliers in regression runs. Both types 
of outliers were deleted before final regression runs. 

The regression equation for the edited set of data was: 

SEC = 255 + 4.67RN1 + 2.89RW2 - 4.88RN3 + 2.65MJ - 20.6JA + 16.OSO (7) 
+ 0.093382 - 6.44BIA 

Where: The variables in this equation are defined in the same manner as in 
Equation 4 above. 

The regression relationship as a whole is only marginally significant (F = 
2.15,8,11; p = 0.1 19), and 61 .O% (R') of the variance in travel times is attributable to ihe 
relationship. (As a technical note: R' adjusted = 32.7%) 

Day-of-week dropped out because this factor did not contribute significantly to 
the relationship. The first two run times add to travel time, the third subtracts 4.88 
seconds, and the fourth subtracts 2.68 seconds. November-December drops out of the 
equation, but the January-Februay correction results from substituting -1 for the 
bimonthly terms in the equation (- 2.65 + 20.6 -16.0 = +1.95 seconds). Dropping station 
1 from the analysis improved the relationship noticeably. All factors and the one 
covariate had coefficients which were not statistically significant. This result probably 
came about because of the small number of observations remaining after all deletions 
(20). 

The final term, - 6.44B/A, is coded 0 for the before period and 1 for the after 
period. The coefficient indicates that, after allowing for the effects of all other factors 
and covariates in the equation. travel times in the after period are 6.44 seconds less than 
iil the before period. It appears that ramp metering may have been effective in reducing 
travel time in lane 3 in the morning rush hour. There was an average traffic count of 
479.0 per half hour for stations 1 and 2. or a total of 191 6 for the two hours during which 
runs were made. A saving of 6.44 seconds per vehicie amounts to a saving of 12,339 



seconds, or 3.43 hours for the morning peak period. This represents a travel time 
reduction of approximately 2 percent over this segment in lane 3 during the AM peak 
period. 

Based on the data in Table 8 excluding outliers, the average travel speed over this 
segment was 87.7 kph (54.4 mph) in t!!e before period and 88.4 kph (54.9 mph) in the 
after period. 

T W F I C  VOLUME, FREEWAY CONGESTION, AND TRAVEL TIME 

The analysis procedures contained in the 1994 Highway Capacity Manual (HCM) 
indicate that the capacity of a six-lane freeway at an on-ramp junction is approximately 
5,200 to 5,600 vehicies per hour in one direction of travel, with the combined capacity of 
the two right hand through lanes (referred to as lanes 3 and 2 in this study) being in the 
range of 3,600 to 3,900 vehicles per hour. Ramp meters are most effective at 
maintaining or improving travel speeds when the freeway traffic volume is at or near 
capacity and there is the danger of the additional on-ramp volume creating an unstable 
flow condition. 

Review of the traffic volumes presented in Tables 7 and 8 indicates that the 
average of the total combined traffic volume in lanes 2 and 3 for the AM segment 
analysis was 1,960 vehicles per hour in the after period (without outliers). This is 
approximately two-thirds of the combined total volume for the two lanes where the ramp 
meters would be considered most effective. Therefore, it should not be expected &at the 
ramp meters would be more effective than the 2 to 6 percent reduction in travel time 
found under the traffic conditions of this study. 

Review of the 30-minute traff~c volume data provided in Tables 2 and 3 reveals a 
similar situation for the entire circuit during the AM peak period. In general, the hourly 
traffic flow rates based on the 30-minute volumes appear well below the levels where 
ramp metering would be expected to be most effective. The hourly flow rates for lanes 2 
and 3 can be estimated by assuming the lane 2 and 3 volumes to be approximately equal 
and then multiplying the 30-minute volumes in the table by a factor of four. There are 
individual cases at some traffic count stations where the volumes are high enough where 
ramp metering would be effective. However, as noted earlier, the ramp meters were in 
operation on only an 7.4 kilometer portion of the 57 kilometer study area. 

As traffic volume on the freeway system increases, the effectiveness of the ramp 
meters in improving freeway travel time should become more apparent. This will be 
particularly true when the metering system is in operation over the entire circuit. 

Review of the average travel speeds before and after installation of the FMS also 
indicates that the freeway was operating at a generally good level of senlice. Average 
speeds for the entire circuit exceeded 88 kph (55 mph), and average speeds on the 
segment where the ramp meters were turned on was also approximately 88 kph (55 mph) 



Table 8 
SEGMENT ANALYSIS, 

LANE 3, AM 
TRAFFIC COUNTS AND TRAVEL TIMES 

Travel Time 
30-Minute Traffic Counts (seconds) 

OBS SIB S1A S2B S2A SECB SECA 

Mean 3 62 421 433 466 310 303 
Change% 16.3 7.6 -2.1 

Without outliers: 
Mean 381.5 458.2 433.2 499.8 302.8 300.2 

Change% 20.1 15.4 -0.9 

S 1 - S2 are count stations 
OBS = observation numbers 
B = Before 
A = After 
[Jnderlined data = outliers deleted before regression 
Bo!d, italicized data = outliers identified during regression and also deleted 



during the AM peak period where a travel time reduction was identified. It is conceivable 
that when traffic congestion worsens or. the freeway system that the ramp metering 
system will have more of an impact on improving freeway travel times than was recorded 
in this study. 

SUMMARY 

The evaluation of travel time before and after the implementation of the FMS 
attempted to account for a number of factors that could influence the result. Time of day, 
day of week, month of year, travel lane, and traffic volume were among the variables 
considered in the analysis, as well as the presence of the FMS before and after. Travel 
time data were collected using a floating car equipped with a GPS device to record 
vehicle position every two seconds. These data were used to determine vehicle travel 
time over the entire fieeway circuit and over individual segments of the study circuit. 
The vehicle traversed a 57 kilometer section of the freeway system in both directions of 
travei over a ten month period both before and afier the FMS was installed. It was 
hypothesized that the presence of the ramp meters in the after condition would reduce 
vehicle travel time on the fieeway, al! other factors being accounted for in the analysis. 

The analysis of travel time was condldcted for the entire 57 kilometer fieeway 
circuit within the study area, and for a 7.4 kilometer segment of the freeway on 
westbound 1-1 0 from the interchange with I- 17 to 67th Avenue. The 7.4 kilometer 
segment of the fieeway was the only section of the entire circuit where the ramp meters 
were in operation during the after time period. There was a slight improvement in travel 
time over the entire circuit in lane 2 during the AM peak period, amounting to 
approximately 1.6 percent. This appears related to the presence of operating ramp meters 
on the 7.4 kilometer section of freeway on the west end of the study area. 

The analysis of the isolated segment of the freeway where the ramp meters were 
functioning in the after period did identify a hvo to six percent reduction in travel time in 
the after period during the AM peak period after accounting for the effects of all other 
variables. Given the traffic volume and ramp metering conditions during the after period, 
this resu!t is considered to be the minimum improvement in travel time that could be 
expected from the FMS. T i e  analysis of the PM peak period did not reveal any 
improvement in travel time in the after condition for the segment analysis. 

Traffic volumes and travel speeds on the freeway, and the operating conditions of 
the ramp metering system did not provide an after condition environment that would 
demonstrate a travel time savings over the entire circuit. In general, fieeway traffic 
volumes are considered too low and travel speeds too high on several portions of the 
circuit to demonstrate the maximum effectiveness of the ramp metering system. In 
addition, the majority of the ramp meters were not operating during the after period. This 
condition reduced the effectiveness of the system overall, and resulted in a measurable 
travel time savings on only the segment of the freeway where the meters were in 
operation. 



SUGGESTIONS T O  IMPROVE STUDY PROCEDURES 

The major suggestion to improve the analysis of the effectiveness of the ramp 
metering system on travel time would be to activate all of the ramp meters over the entire 
circuit for the after period. Given that the majority of the ramp meters were not operating 
during the after period of this study, the data collected during the after period of this 
study could function as the before period for a condition where all of the meters are 
tumed on. This would eliminate the need for further before data colIection and provide a 
sound database for comparison to the condition where all of the meters are operating. In 
addition, it appears beneficial to conduct travel time data collection with the meters 
operating in a fixed time mode and a demand responsive mode as separate evaiuation 
tests. This additional information could be used to determine if there is any difference in 
the effects of the operating mode on travel time. Ille use of the after period database 
from this study as the before condition for a continued analysis would also provide an 
expanded trat'fic volume database for the study. Several problems existed with the before 
period traffic volume database that could not be overcome. 

An alternative evaluation plan, which would provide a far more compreherlsive 
traffic volume database for the analysis, would be to conduct a new before period data 
collection effort with all of the ramp meters turned off, and then repeat the travel time 
data collection effort with all of the meters turned on as discussed above. Traffic volume 
information would be available between every interchange from the FMS traffic detection 
and data retrieval system, which would strengthen the relationship between volume and 
travel time in the analysis. 





IV. ON-RAMP TRAVEL TIME ANALYSIS 

STATISTICAL ANALYSIS OF ON-RAMP TRAVEL TIlME 

The travel time analysis evaluated the on-ramp travel time at the 43rd Avenue 
eastbound on-ramp to 1-10. This ramp was metered in both the before and after 
conditions. Travel time on the ramps was collected using a vehicle equipped with a 
global positioning device to record vehicle position every two seconds while traversing 
the ramp. These data were used to determine on-ramp travel time. Travel time on the 
ramp was defined as the time required to travel the length of the on-ramp measured from 
the first crosswalk bar at the top of the ramp to the back of the gore at the bottom of the 
-P. 

Two hypothesis were tested in the evaluation of the before and after data. The 
first was that on-ramp travel times are proportional to the lane 3 traffic volumes upstream 
of the on-ramp. The second was that the on-ramp travel times are proportional to the on- 
ramp traffic volume. These hypotheses were used to evaluate on-ramp travel times 
because the travel time can be affected by both the lane 3 traffic volume approaching the 
on-ramp junction and the on-ramp volume. Therefore, it was important to account for 
these factors in the analysis. 

These hypotheses were tested using a chi square analysis in the comparison of the 
before and after data. The chi square analysis requires the use of matched pairs of data 
fiom the before and after period. Overall 30 on-ramp travel time runs were conducted in 
the before period and 16 were conducted during the after period. All of the runs were 
conducted between 6:30 AM and 9:00 AM. Due to limitations in the availability of 
traffic volume data for lane 3 and for the on-ramps, or the availability of travel time data 
for some runs, the analysis was confined to testing the hypotheses for only seven matched 
pairs fiom the before and after periods. Data for only a single day (Wednesday) were 
available in the after period, and the analysis was confined to only the analysis of 
Wednesday in the before and after periods to provide the required matched pairs. 

Ramp Travel Time and Lane 3 Volume 

The comparison of the on-ramp travel time data and the lane 3 volume data is 
contained in Table 9. The travel time in seconds is shown during the half hour time 
period in which the data were recorded. Two travel time runs were conducted during 
each half-hour time period except for the 8:30-9:00 half-hour. The associated half-hour 
traffic volume in lane 3 during the same half hour period as the travel time run is also 
provided. The expected travel time based on the lane 3 trafiic volume was computed for 
each cell of the matrix by dividing the cell value of the volume by the row total volume 
and multiplying the result by the row total travel time. 



Table 9 

ON-RAMP TRAVEL TIME ANALYSIS* 

NIJLL HYPOTHESIS: BY HALF HOUR, BEFORE AND AFTER TRAVEL TIMFS ARE 
PROPORTlONAL TO TRAFFIC VOLUMES. 

TRAVEL TIMES (SECONDS) 

TIME PERIOD BEFORE AFTER TOTAL 

0630-0700 51 24 75 

0630-0700 12 1 42 163 

0700-0730 53 24 77 

0730-0800 100 44 144 

0800-0830 101 26 127 

0800-0830 78 3 1 109 

0830-0900 62 16 78 

TOTAL 566 207 773 

EXPECTED TIMES FROM LN3 VOLUME 
(SECONDS) 

TIME PERIOD BEFORE AFTER TOTAL 

0630-0700 37.0 38.0 75 

0630-0700 85.0 78.0 163 

0700-0730 41.6 35.4 77 

0730-0800 82.3 61.7 1 44 

0800-0830 64.6 62.4 127 

0800-0833 59.5 49.5 109 

0830-0900 38.1 39.9 78 

TOTAL 408.6 365.0 773 

MAINLINE LANE 3 30-MINUTE VOLUME 

TIME PERlOD BEFORE AFTER TOTAL 

0630-0700 337 347 6 84 

0630-0700 302 277 579 

0700-0730 372 317 689 

0730-0800 371 278 649 

0800-0830 300 290 590 

0800-0830 317 264 581 

0830-0900 262 275 537 

TOTAL 2261 2048 4309 

CHI SQUARE TABLE 

TIME PERlOD BEFORE AFTER 

0630-0700 5.3 5.2 

0630-0700 15.2 16.6 

0700-0730 3.1 3.7 

0730-0800 3.8 5.1 

0800-0830 20.5 21.3 

0800-0830 5.8 6.9 

0830-0900 15.1 14.4 

TOTAL 68.9 73.1 

PROBABILITY 

CONCLUSION: 

THE OVERALL CHI SQUARE (142.0) IS HIGHLY SIGNIFICANT. TRAVEL 

TIMES ARE NOT CONSISTENT WlTH LANE 3 TRAFFIC VOLUME. LARGE 

DlSCREPANClES ARE SCATTERED THROUGHOUT THE TABLES. 

43RD AVENUE TRAVELING EAST DAY OF WEEK: WEDNESDAY 

DATES: BEFORE-0 1 i'26194; AFTER- 1011 6/96 MEITRED BEFORE AND AFTER 

*NOTE: ABSENCE OF DATA MAKE 43RD AVE., WED. THE ONLY CASE 

AVAILABLE FOR THIS TYPE OF ANALYSIS 

TOTAL 

10.5 

31.8 

6.8 

8.9 

41.8 

12.7 

29.4 

142.0 

0.00 



The overall chi square value ( 1  42.0) is highly significant. The null hypothesis 
that the before and afier travel times are proportional to lane 3 traffic volumes must be 
rejected. That is travel times are not consistent with lane 3 traffic volume. Large 
discrepancies are scattered throughout the analysis. 

Ramp Travel Time and Ramp Volume 

The comparison of the on-ramp travel time data and the on-ramp volume data is 
contained in Table 10. The travel time in seconds is shown during the half hour time 
period in which the data were recorded. The associated half-hour on-ramp traffic volume 
during the same half hour period as the travel time run is also provided. The expected 
travel time based on the on-ramp \~olurne was computed for each cell of the matrix. 

The information in Table 10 indicates that the overall chi square value (253.5) is 
significantly large. Discrepancies between observed and expected travel times occur in 
all cells. All travel times in the before period are greater than expected, and all travel 
times in the afier period are less than expected. Therefore, there has been an 
improvement in the on-ramp travel time in the after period after accounting for the effects 
of on-ramp volume. Based on the data in Table 10 there has been approximately a 63 
percent reduction in on-ramp travel time in the after period, even though on-ramp trac 
volume increased by 20 percent in the after period. 

On-Ramp Travel Delay 

For this study on-ramp travel time delay is defined as the difference in time 
between the peak period travel time on the ramp and t'le non-metered Free flow travel 
time on the ramp. Table 11 provides the data for the ramp delay for the seven before and 
after cases evaluated above. The delay data correspond to the travel time data in that the 
average delay in the before period was substantially higher (66.9 seconds) than in the 
after period (1 5.6 seconds) even though the on-ramp volumes were lower in the before 
than the after period. 

Ramp Metering Rates 

Information provided by ADOT indicated that the metering rate at 43rd Avenue 
may have been either 15 vehicles per minute or 12 vehicles per minute during the after 
period when the travel time data were collected. A review of the video tape recording of 
traffic operations during the before period revealed a metering rate of 10 vehicles per 
minute during the before period when travel time data were collected. If the metering 
rate during the after period were 15 vehicles per minute, this would account for nearly all 
of the measured change in ramp travel time. If the metering rate were 12 vehicles per 
minute in the after period, this would account for approximately one-third of the change 
in the on-ramp travel time. It appears as though the measured change in ramp travel time 
is primarily related to a change in the ramp metering rate from before to after. 



Table 10 

ON-RAMP TRAVEL TIME AND RAMP VOLUME ANALYSISt 

NULL HYPOTI4ESIS: BY HALF HOUR, BEFORE AND AFTER TRAVEL TIMES ARE 
PROPORTIONAL TO RAMP VOLUMES. 

TRAVEL TlME 

TlME PERIOD BEFORE AFTER 

0630-0700 51 24 

0630-0700 121 42 

0700-0730 53 24 

0730-0800 100 44 

0800-0830 101 26 

0800-0830 78 3 1 

0830-0900 62 16 

TOTAL 566 207 

TOTAL 

7 5 

163 

77 

144 

127 

109 

7 8 

773 

EXPECTED VALUES FROM RAMP 
VOLUMES (SECONDS) 

TIME PERIOD BEFORE AFTER TOTAL 

0630-0700 32.8 42.2 75 

0630-0700 66.8 96.2 163 

0700-0730 36.2 40.8 77 

0730-0800 65.4 78.6 144 

0800-0830 63.9 63.1 127 

0800-0830 47.4 61.6 109 

0830-09GO 36.1 4 1.9 78 

TOTAL 348.6 424.4 773 

RAMP 30-MINUTE VOLUME 

TlME PERIOD BEFORE AFTER TOTAL 

0630-0700 148 190 338 

0630-0700 123 177 300 

0700-0730 154 174 328 

0730-0800 163 196 359 

0800-0830 157 155 312 

0800-0830 110 143 253 

0830-0900 132 153 285 

TOTAL 987 1188 2175 

CHI SQUARE TABLE 

TIME PERlOD BEFORE AlTER 

0630-0700 10.0 7.8 

0630-0700 43.9 30.5 

0700-0730 7.9 6.9 

0730-0800 18.3 15.2 

0800-0830 21.5 21.8 

0800-0830 19.8 15.2 

0830-0900 18.5 16.0 

TOTAL 140.0 113.5 

PROBABILITY 

CONCLUS1ON: 

THE OVERALL CHI SQUARE (253.5) IS SIGXIFICANTLY LARGE. 

DISCREPANCIES BETWEEN OBSERVED AND EXPECTED TRAVEL TIMES 

OCCUR IN ALL CELLS. ALL TRAVEL TIMES M THE EARLIER PERIOD 

ARE GREATER THAN EXPECTED, AND ALL TRAVEL TlMES IN THE LATER 

PERIOD ARE LESS THAN EXPECTED. 

43RD AVENUE TRAVELING EAST DAY OF WEEK: WEDNESDAY 

DATES: BEFORE-0 1 i26194; AFTER- 1011 6196 METERED BEFORE AND AFTER 

*NOTE: ABSENCE OF DATA MAKE 43RD AVE., WED. THE ONLY CASE 

AVAILABLE FOR THIS TYPE OF ANALYSIS 

TOTAL 

17.9 

74.4 

14.8 

33.6 

43.3 

35.0 

34.5 

253.5 

0.00 



Table 11 

ON-RAMP TRAVEL TIME DELAY 

Time 
Delay (sec) 

Before After 

Mean 66.9 15.6 



SUMMARY 

The analysis indicates that under the freeway volume conditions encountered in 
this study, there was no relationship between the lane 3 volume and on-ramp travel time. 
In the before period lane 3 volumes averaged 646 vehicles per hour, while ir. the after 
condition the average was 585 vehicles per hour during the AM peak period when ramp 
travel time data were collected. These volumes are well below the capacity of a single 
fieeway lane at an on-ramp junction, which is in the range of 1600 to 1950 vehicles per 
hour. Under the low lane 3 volume conditions it is unlikely that the lane 3 volume would 
affect on-ramp travel time and this is consistent with the results of this investigation. 

On-ramp travel time in the after period was significantly better than the before 
period. This occurred even though the on-ramp volumes in the afier period were 20 
percent higher than in the before period. In the before period the on-ramp volume flow 
rate averaged 282 vehicles per hour, and in the aAer period the average was 339 vehicles 
per hour. The reason for the decrease in on-ramp travel time in the afier period appears 
related to an increase in the ramp metering rate from 10 vehicles per minute in the before 
period to either 12 or 15 vehicles per minute in the after period. 

SUGGESTIONS TO IMPROVE STUDY PROCEDURES 

An alternative approach to determining the impacts of the ramp metering system 
on on-ramp travel time would be to perform a delay study on ramp traffic operations. 
This might best be accomplished by video taping on-ramp traffic and measuring ramp 
travel time for individual vehicles during the peak-periods. This could be done with the 
ramp metering system on and off to provide a comparison between the metered and non- 
metered condition. On-ramp traffic volume could be captured from the video and lane 3 
traffic volumes could be provided through the FMS traffrc counting system. On-ramp 
travel time and delay should be measured under both fixed metering rate condition and 
with the meters operating in the demand responsive mode. Sires for measuring on-ramp 
travel time and delay should he selected where the mainline volumes are such that the 
impacts of high mainline volumes on ramp operations can Se determined. 



V. VARIABLE MESSAGE SIGN EVALUATION 

INTRODUCTION 

The evaluation of the effects of the variable message sign (VMS) system was 
conducted solely during the after period with the system in place. The analysis was 
structured based on three case studies of the impacts of the VMS system on driver 
response during three separate accidents that occurred on the Freeway system within the 
FMS study area during the after period data collection time frame. This analysis is not a 
"before and after" study design as are other elements of the study. 

Freeway accidents were screened based on the following criteria to identify 
candidates for three case studies for the evaluation of the VMS effectiveness. 

Incident duration of approximately 30 minutes or more. 

Message displayed for approximately 30 minutes or more. 

Incidents occurring between 6 0 0  AM and 8:00 PM on a weekday. 

incidents causing the blockage of at least one mainline traffic lane or the 
closure of an off-ramp. 

From the accidents meeting these criteria, the following three were selected for 
use as the case studies: 

1. On Monday, April 29, 1996, an accident on westbound 1-1 0 at 16th Skeet 
resulting in the closure of the right lane (lane 3), with VMS message displays 
from approximately 8:35 AM to 9:20 AM (see Figure 10). A message was 
posted on westbound 1-1 0 west of University Drive advising drivers to use 
1-17 north, and a message was posted on westbound 1-10 at Jefferson Street 
advising drivers that the right lane was blocked at 16th Street. Motorist 
response to these two signs was investigated by evaluating the traffic 
diversion from 1- 10 to I- 1 7 in response to the sign posted at University Drive, 
and by evaluating the lane distribution of trafflc downstream of the sign 
posted at Jefferson Street. Traff~c volunle data were provided through the 
FMS loop detectors at the count sites identified by count site number in 
Figure 10. The affects of the other three VMS messages that were posted for 
this accident were not evaluated. The sign on westbound 1-10 east of 16th 
Street was deemed to be to close to the accident site to distinguish its effect 
from that of the traffic congestion resulting from the accident. The messages 
posted on State Route 202 and State Route 5 1 could not be evaluated because 
there are no traffic count sites on these routes as part of the FMS. 





2. On Monday, July 22, 1996 an accident on westbound 1-10 east of 1% Avenue 
with VMS message displays posted between 2:08 PM and 2:58  PM (see 
Figure 11). Six messages were posted on the VMS system as shown in 
Figure 1 1. Only one of these messages was deemed suitable for evaluation as 
part of this case study. That is the message that was posted on westbound 1-10 
west of University Drive advising drivers to use 1-1 7 north as an alternate 
route. Driver response to this message was investigated by evaluating the 
traffic diversion from I- 10 to I- 17 through an analysis of the M i c  volume 
data at the traffic count sites identified in Figure 11. The other messages 
posted for this accident were deemed to be unsuitable for analysis for various 
reasons. The message posted on westbound I- i 0 west of 7th Avenue was 
thought to be too close to the accident location to distinguish its affect from 
the affects of traffic congestion and queuing due to the accident. State Routes 
5 1 and 202 do not have traffic count sites to provide traffic volume data to 
support an analysis. The sign psted on westbound 1-10 south of Jefferson 
Street advised motorists to use other routes. There are several possibilities for 
other routes given the location of this sign, and as a result, there was no clear 
approach to isoiating the affect of the message. 

3. On Monday, September 30, 1996 an accident on southbound 1-17 just west of 
7th Avenue with VMS message displays posted between 11 :50 AM and 12:29 
PM (see Figure 12). Two of the three messages that were posted were deemed 
suitable for evaluation. The message posted on eastbound 1-1 0 at 35th 
Avenue was investigated to determine if there was a possible diversion of 
traffic from 1-1 7 southbound to 1-1 0 eastbound, even though the message did 
not specifically advise drivers to take this action. The message posted on 1-1 7 
so~thbound at Van Buren Street, which advised drivers that the right lane was 
blocked at 7th Avenue, was investigated through the lane distribution of 
traffic downstream of the sign to determine driver response. The affects of the 
sign posted on 1-1 7 southbound at Grand Avenue (north of 1-1 0) could not be 
evaluated because there are not sufficient traffic count sites south of the sign 
prior to the system interchange to evaluate the diversion of traffic from 
southbound I- 17 to eastbound I- 1 0. 

ANALYSIS METHODOLOGY 

The analysis attempted to assess whether drivers responded to the message by 
either diverting to an alternate route or by changing lanes. This response was measured 
by the distribution of traffic volume downstream from a message display. To measure 
driver response to a message advising the use of a specific alternate route the distribution 
of total traffic volume between the two routes was investigated. To measure driver 
response to a message advising of a lane closure downstream the distribution of traffic 
between lanes do\\nstream of the message was investigated. 







Two control measures were used in the evaluation process to assist in determining 
whether motorists had responded to the message displayed. One of the control measures 
was the distribution of traffic either by lane or by route during the half hour time period 
immediately before and after the message display on the same day as the accident. 
Another control measure was the distribution of traffic either by lane or by alternate route 
during the time period of the accident but on a typical day without the presence of an 
accident. These assessments were made at a specified point or points downstream of the 
message display where traffic volume data were available through one or more FMS 
trafic count sites. These control measures were used in a comparative analysis to the 
traffic distribution either by lane or by route during the time of the message display. 
Additional information on the analysis of each of the case studies is provided below. 

Data were plotted in various ways to provide for visual interpretation of the 
results. In addition, statistical tests were conducted to assess the statistical significance of 
differences in the data. Detailed tabulations and results from the statistical tests are 
provided in the appendix to this chapter. Summary statements regarding conclusions 
based on the statistical tests can be found within the chapter text. 

CASE STUDY EVALUATION 

Case Study No. 1 

Driver response to the VMS message posted on westbound 1-1 0 at University 
Drive (Accident at 16th St. Use 1-1 7 North) was evaluated based on the distribution of 
traffic between westbound 1-1 0 and northbound 1-1 7 downstream of the message. This 
evaluation was based on traffic volume information obtained for traffic count sites 39 and 
144 located as shown in Figure 10. The sum of the traffic passing sites 39 and 144 
represents the total traffic passing the VMS message at University Drive that remains on 
the freeway downstream of the sign. All vehicles passing sites 39 and 144 have had the 
opportunity to see the VMS message and respond. Driver response to this message was 
measured through the distribution of traffic passing traffic count sites 39 and 144. 

The distribution of traffic passing count sites 39 and 144 for the half hour before, 
during, and for the half hour after the message display is provided in Figure 13. The data 
presented in Figure 13 indicates what appears to be a significant diversion of traffic from 
1-1 0 tc I- 17 as a result of the message display. Before the message display traffic is 
distributed approximately 58 percent to 1-10 and 42 percent to 1-17. During the message 
display the distribution is approximately 5 1/49. However, after the message display was 
terminated the percent distribution did not return to its pre-message condition, but rather 
remained at approximately 50 percent on each facility. 

Tne distribution of traffic between sites 39 and 144 was also evaluated during the 
accident time period for two Mondays (April 22 and May 6, 1996) when there were no 
accidents or message displays. The five-minute traffic volume for these two days is 
plotted in Figures 14 w.d 15. These plots reveal that the distribution of traffic between 









sites 39 and 144 without the message display is very similar to the distribution on the day 
of the accident before the message display. Without the message display the distribution 
of traffic between I- 10 and 1-1 7 through sites 144 and 39 is fairly uniform throughout the 
8:05 AM to 10:OO AM time period, with 1-10 getting the higher percentage of the total 
volume. 

A chi square analysis was conducted to compare the distribution of vehicles 
between sites 39 and 144 on the day of the accident with the distributions on the two non- 
accident days selected for the analysis (see Appendix A for detailed statistical analysis 
results). The results of the statistical tests indicate that before the message display 
the traffic distribution on the day of the accident is statistically consistent with the 
distributions on both of the non-accident days. During and after the message display 
there was a shift of traffic from site 144 to site 39 that is significantly different than the 
distributions on both of the non-accident days where the majority of traffic passes 
through site 144 on 1-10. Therefore, it can be concluded that the message display has 
caused the diversion of traffic indicated in Figure 13. There also appears to have been 
some residual effect of the accident on the diversion of traffic from 1-10 to 1-17 even after 
the message was turned off. It is possible that this is a result of other information 
regarding the accident that was transmitted to motorists through other sources such as 
traffic advisory radio messages. 

The total volume passirig sites 39 and 144 during the message display was 
approximately 4000 vehicles (see Figure 16). If the number of vehicles passing site 144 
was reduced from 58 percent of the total volume to 5 1 percent, the nilmber of vehicles 
passing site 144 would be reduced by approximately 280 vehicles during the 43 minute 
message display, a 12 percent reduction in traffic on 1-10 passing site 144. This 
represents a diversion of approximately 390 vehicles per hour, or about one-fifth of the 
capacity of a single freeway lane. It is logical to assume that all of these vehicles would 
have otherwise remained on 1-1 0 and proceeded pased the accident site. The message 
appears to have contributed significantly to a reduction in congestion due to the accident 
by diverting traffic to an alternate route around the accident location. 

The driver response to the message posted at Jefferson Street (Accident at 16th 
Street Right Lane Blocked) was evaluated by investigating the lane distribution of traffic 
at two traffic count sites downstream of the message, sites 141 and 88 (see Figure 10). 
Site 141 is located just upstream of the off-ramp from westbound 1-10 to northbound 
SR5 1 and eastbound SR202. At the location of site 141 there are four mainline traffic 
lanes, one of which is an auxiliary lane (lane 4) which becomes one lane of the two-lane 
exit ramp, and an high-occupancy vehicle (HOV) lane. At the ramp junction, lane 3 IS a 
choice lane where nlotorists can exit to SR51 or SR202, or proceed on 1-10 if desired. 
Site 88 is downstream of the SR5 1/SR202 off-ramp and all traffic passing over this site 
must proceed on westbound 1-1 0. 

Figure 17 provides a look at the lane distribution of traf'fic passing site 141 the 
half hour before, during, and after the message display Tor the accident. The data in 







Figure 17 reveals what could be a shift in traffic volurne into lane 3 during the message 
display as the percent of the total volurne in lane 3 increases from 26.7 percent before the 
message to 37.1 during the message. This increase in lane 3 percent of total volume is 
accompanied by a decrease in the percent of total volume in all other lanes at this site. 
However, review of lane distribution data during the same time period on the following 
day (Tuesday, April 30) as shown in Figure 18 indicates that the lane distribution without 
the accident is very similar to the condition with the accident. In both cases lane 3 has 
the highest percent of traffic passing site 141 during the time period of the message 
display and after the message display. Lane 4 has the second highest percent of tmf5c 
during and after the time of the message display on both days. Therefore, the lane 
distribution of traffic at site 141 on the day of the accident does not appear particularly 
unusual, and if there is any additional diversion of traffic to the SR5 I lSR202 off-ramp it 
is very slight and not readily detectable from these data. 

Figures 19 and 20 present data on the percent of traffic passing site 141 that exits 
1-1 0 to either northbound SR5 1 or eastbound SR202 on Monday, April 29 and Tuesday, 
Aprii 30 during the analysis time period. The plots of this information are fairly 
consistent between the two days, particularly during and after the time of the message 
display. The slight increase in the percent of traffic passing site 141 that exits to 
SR511SR202 can be accounted for by the traffic that was divefied from 1-10 to 1-17 
upstream of this location. When this estimated diversion (290 vehicles) is added to the 
total volurne passing site 141 with the assumption that this trafic would have proceeded 
on 1-10 past site 141, the percent of traffic that exits to SR5 1lSR.202 is reduced to 38.5 
percent. This is very c~nsistent with the April 30th da+a, and firther indicates that there 
was no additional diversion of traffic to the SR5 1lSR202 exit. 

Looking downstream at site 88, Figures 21 and 22 provide data on the lane 
distribution of traffic on the day of the accident and the day after. The distributions are 
very similar between the two days with lane 3 consistently showing the smallest percent 
of the total volume passing site 88. The percent of the total volurne in lanes 1 and 2 is 
also very similar on both days, and it is very consistent across the before, during, and 
after-message time periods. On the day of the accident there is a decrease in the percent 
of traffic volurne occupying lane 3 from 22.8 percent before the message display to 17.7 
percent during the message display. This is accompanied by an increase in the percent of 
total volume occupying lane 2 from 33.5 percent before the message display to 38.0 
percent during the message display. On the day after the accident there is a similar 
decrease in the percent of traffic in lane 3 from 25.8 percent before the time of the 
message to 2 1.2 percent during the time of the message display. In both cases the percent 
of traffic in lane 3 after the time of the message display is approximately 20 percent. 

A chi square analysis was conducted to compare the distribution of vehicles 
between lanes at site 88 before and during the message display on the day of the accident 
and on the following day, which was a non-accident day (see Appendix A for detailed 
statistical analysis results). The results of the statistical tests indicate that when using the 
day of the accident as the basis for comparison. there is significantly more traffic in lane 3 













the day after the accident then would be expected. That is, on the day of the accident 
there was a significant shift in traffic out of lane 3 at site 88 during the period of the 
message display. Therefore, it can be concluded that on the day of the accident that the 
VMS message has achieved the desired result of moving traffic out of the blocked lane in 
advance of the accident site. 

Case Study No. 2 

Driver response to the VMS message posted on westbound 1-10 at University 
Drive (Accident at 7th Ave. Use 1-1 7 North) was evaluated based on the distribution of 
trafic between westbound I- 10 and nortllbound I- 1 7 downstream of the message. This 
evaluation was based on traffic volume information obtained for traffic count sites 39 and 
144 located as shown in Figure 1 1 .  The sum of the trafic passing sites 39 and 144 
represents the total traffic passing the VMS message at University Drive that remains on 
the freeway downstream of the sign. All vehicles passing sites 39 and 144 have had the 
opportunity to see the VMS message and respond. Driver response to this message was 
measured through the distribution of traffic passing traffic count sites 39 and 144. This is 
the same analysis that was pcrfonned for virtually the same message as part of Case 
Study No. 1 .  

The distribution of traffic passing count sites 39 and 144 for the half hour before, 
during, and for the half hour after the message display is provided in Figure 23. The data 
presented in Figure 23 indicates that there was an apparent diversion of traffic from 1-1 0 
to 1-1 7 as a result of the message display. Before the message display traffic is 
distributed approximately 45 percent to 1-10 and 55 percent to 1-17. During the message 
display the distribution is approximately 47/53, with the higher percent on 1-17. After the 
message display was terminated, the percent distribution returned to approximately the 
before-message condition with a higher percent of traffic on passing through site 144 on 
I- 10 and a 54/46 split between 1-10 and i-17. This is very similar to the results for Case 
Study No. 1 .  

The distribution of traffic between sites 39 and 144 was also eva!uated d w k g  the 
accident time period for Monday July 29, 1997 when there was no accident or message 
display. The five-minute traffic volume for this day is plotted in Figure 24. This plot 
reveals that the distribution of traffic between sites 39 and 144 without the message 
display is very similar to the distribution on the day of the accident before the message 
display. Without the message display on the non-accident day, the distribution of traffic 
between 1-10 and 1-1 7 through sites 144 and 39 is fairly uniform throughout the 1 :55  PM 
to 3 3 0  PM time period, with 1-10 getting the higher percentage of the total volume. This 
is very similar to the data evaluated for Case Study No. 1.  

A chi square analysis was conducted to compare the distribution of vehicles 
between sites 39 and 144 on the day of the accident and on the non-accident day (see 
Appendix A for detailed statistical analysis results). The results of the statistical tests 
indicate that before the time period of the message display the distribution of traffic 







behveen site 144 and site 39 is not significantly different between the accident and non- 
accident days. During the message display, there is a significant shift in traffic 
distribution from site 144 to site 39 with the traffic volume past site 144 being much 
lower than expected. There also appears to be some residual affect after the message was 
turned off in that on the accident day the traffic volume passing site 39 is higher than 
expected even though the distribution is similar to that before the message. It can be 
concluded that the message did cause a significant shift in traffic volume from 1-10 to 
1-17. 

The total volume passing sites 39 and 144 during the message display was 
approximately 3,250 vehicles (see Figure 25). If the number of vehicles passing site 144 
was reduced from 55 percent of the total volume to 47 percent, the number of vehicles 
passing site 134 would be reduced by approximately 260 vehicles during the 35 minute 
message display, 14.5 percent reduction in 1-10 traffic passing site 14l. This represents a 
diversion of approximately 445 vehicles per hour, or about one-fourth of the capacity of a 
single freeway lane. It is logical to assume that all of these vehicles would have 
otherwise remained on 1-1 0 and proceeded passed the accident site. The message appears 
to have contributed significantly to a reduction in congestion due to the accident by 
diverting traffic to an alternate route around the accident location. 

Case Study No. 3 

Driver response to the VMS message posted on eastbound 1-1 0 35th Avenue 
(Accident on 1-17 South at 7th Ave.) was evaluated based on the distribution of -c 
between eastbound 1-10 and southbound 1-17 at the system interchmge approximately 
one mile east and downstream of the message display. This evaluation was based on 
traffic volume information obtained for trafic count sites 133 and 136 located as shown 
in Figure 12. Traffic count site 133 is located just upstream of the off-ramp from 
eastbound 1- 10 to southbound 1- 17, and count site 136 is located just downstream of this 
off-ramp. Therefore, the difference in the traffic volume counts at these two sites is equal 
to the traffic volume proceeding southbound on 1- 17 from eastbound I- 10 through 
location 136a s h o ~ n  ir, Figure 12. Location l36a is not an FMS traffic count site, and the 
volume data for this location were computed as described above. The total volume 
passing site 133 has the opportmity to respond to the VMS display by either exiting ro 
southbound 1-17 or remaining on I- 10 eastbomd and avoiding the accident location. 
Driver response to this message was measured through the distribution of traffic passing 
sites 136 and 136a. 

The distribution of traffic passing sites 136 and 136a for the half hour before, 
during, and for the half hour after the message display is provided in Figure 26. The data 
presented in Figure 26 does not provide any evidence that the traffic volume through sites 
136 and 136a either were or were not affected by the VMS message. Data are provided 
for these same two sites for the non-accident days of October 1, 1997 and October 7, 
1997 in Figures 27 and 28 respectively. Note that there are negative values shown for 
volumes at site 136a in both Figures 27 and 28 that results from traffic counts that are 











larger at site 136 than at site 133. This indicates a problem with the data for the non- 
accident days which prohibited further analysis. Therefore, no conclusions can be drawn 
regarding traffic diversion at this location. 

The impact of the VMS message on southbound 1-1 7 at Van Buren Street 
(Accident at 7th Ave. Right Lane Blocked) was investigated through the evaluation of 
the lane distribution of traflic primarily at site 15 1 downstream of the sign. Data were 
evaiuated on the day of the accident and compared to data for five non-accident days. 

Figure 29 provides the lane distribution of traffic on the day of the accident for the 
half ho-x before, during, and for the half hour after the message display. The data in 
Figure 29 show a slight decrease in the lane 3 percent of total volume during the time of 
the message display in comparison to the percent either before or after the message 
display. Alone, this information does not provide conclusive evidence that the VMS 
message has caused traffic to move out of lane 3. The sane data are plotted for five 
consecutive Mondays following the accident when there was no message display (see 
Figures 30 through 34). The lane distributions of traffic at site 15 1 plotted in Figures 30 
through 34 are very similar to the that shown on the day of the accident. 

A chi square analysis was conducted to compare the lane distribution of vehicles 
at site 15 1 for the five non-accident days to determine if these days could be considered 
homogeneous (see Appendix A for detailed statistical analysis results). The results of the 
statistical test indicate that the lane distribution for the non-accident days at site 151 can 
be considered homogeneous and that there are no significant differences between the non- 
accident days either before, during or after the time period of the message display on the 
accident day. 

The expected values for the lane distributions on the non-accident days were used 
in a chi square analysis comparison with the data for the accident day (Appendix A for 
detailed statistical results). The results of this analysis indicate that there is no significant 
difference between the data for the accident day and the non-accident days. Therefore. 
there is no evidence of any lane displacement of traffic at site 151 on the day of the 
accident due to the message display. 

SUMMARY 

There is clear evidence that the VMS displays achieved the desired results in two 
of the three case studies. In both instances where the message to drivers advised the use 
on an alternative route there was a significant driver response exhibited through a traffic 
diversion to the alternative roilte. This diversion resulted in a significant reduction in the 
traffic volume passing the accident location, which resulted in a 12 and 14.5 percent 
diversion of 1-10 traffic to 1-17 for case studies No. 1 and 2. respectively. This is 
equivalent to approximately one-tifth to one-fourth the capacity of a single freeway 
traffic lane. The increase in the diversion of traffic from Case Study No. 1 to Case Study 
No. 2 may be indicative of an increased driver response as drivers become more familiar 















with the VMS system. Ir. one of the two case studies where drivers were advised of a 
lane blockage ahead, a significant lane shift away from the blocked lane was detected in 
advance of the accident location. 

The VMS messages evaluated by the case studies provided information to 
motorists that either advised a specific action be taken (use an alternate route) or provided 
specific information regarding downstream roadway conditions (right lane blocked). In 
either case an appropriate response to the informaiion provided could be determined by 
the motorists. In these cases the desired driver response is measurable and is significant, 
resulting in improved traffic control and reduced congestion at the accident location. 
Additional impacts could also include a reduction in secondary accidents resulting fiom 
congestion at the accident location. However, this latter hypothesis was not tested as part 
of this study. 

SUGGESTIONS TO IMPROVE STUDY PROCEDUWS 

In general, the analysis of driver response to the VMS was reasonably successful. 
It may be of interest to evaluate the effects of the VMS on secondary accidents, that is. 
accidents that occur during the VMS message display and within the influence area of the 
primary accident. It is quite possible that the advanced warning of lane closures and 
accident location could reduce rear end or other types of accidents due to congestion in 
the area of the primary accident. However, it should be cautioned that turning off the 
VMS system in order to collect data on the nahue of secondary traffic accidents without 
the advanced warning provided by the signs could create liability problems for ADOT if 
secondary accidents could have been avoided with the VMS in use. 

The evaluation of travel time saved by those drivers that are diverted to an 
alternate route by the VMS would provide significant additional information on the 
benefits of the VMS. This could be accomplished by estimating the delay due to the 
incident based on the spot speed data gathered by the FMS. 

It may be worthwhile to eiraluate driver perceptions of the VMS through some 
sort of a survey procedure. Such factors as driver stress or frustration may be affected by 
the advanced warning information provided by the VMS. Simply knou-ing the cause of 
the congestion and the location ~f the accident may provide information that makes the 
condition more tolerable. 

Messages that direct the driver to take a specific action were found to be effective 
in this study. It appears worthwhile to evaluate if there is a difference in driver response 
to specific message text, and which type of message provides the highest level of desired 
driver response. 



VI. ANALYSIS OF INCIDENT RESPONSE TIME AND DURATION 

STATISTICAL ANALYSIS OF RESPONSE TIME AND DURATION 

During the before period 17 Arizona Local Emergency Response Team (ALERT) 
responses were reported for accidents within the study area. In the after period 28 
ALERT unit responses were recorded by ADOT. Copies of the ADOT incident response 
log reports for each incident were provided by ADOT. These reports include a 
description of the incident, date and time of the incident, incident location, the incident 
response time (time from the first notification of the incident to arrival at the incident 
location), and duration of the incident (time from arrival at the incident location to the 
return to normal traffic operations). The time data were used in an assessment of the 
incident response time and incident duration before and after implementation of the FMS. 
Review of the after data revealed that five of the reports had either response time or 
duration listed as either zero or this information was missing. Ail investigation of why 
this occurred wzs not conducted, and these five cases were eliminated From the analysis 
data set, reducing the overall number of incidents in the after pcriod to 23. 

The analysis compared the incident response and duration times before and after 
using a rank sum test. A t-test of means was inappropriate because the range of the 
duration data was so great (minimum of 6 minutes to a maximum of 450 minutes in the 
before period) that no central tendency exists and the concept of a mean value is useless. 
In addition, the distributions of the response time and the duration time are relatively flat. 

Response Time 

Figure 35 provides frequency distributions of the response time before and after 
data. Table 12 provides the before and after data and the results of the rank sum test. The 
information in Table 12 indicates that there is no significant difference in the response 
time based on the data used in the analysis. The mean response time was 15.7 minutes in 
the before period and 15.1 minutes in the after period. The minimum response time was 
7 minutes in the before period and 5 minutes after, &<th the maximum response time of 
3 1 minutes before and 35 minutes after. 

Incident Duration 

Figure 36 provides frequency distributions of incident duration time before and 
after. Table 13 provides the before and after data and the results of the rank sum test. 
The information in Tzble 13 indicates that there is no significant difference in incident 
duration time based on the data used in the analysis. The mean duration time excluding 
outliers was 1 19 minutes before and 109 minutes after, an 8.4 percent difference. The 
minimum duration time was 6 minutes before and 10 minutes after, with the maximum 
duration time of 290 minutes before and 212 minutes after. Two points at the high end of 
the duration times were determined to be outliers and were eliminated from the analysis 
because of their unreasonable influence on the results. 





Table 12 
INCIDENT RESPONSE TIMES 

BEFORE AND AFTER COMPARISON OF MEANS 

RESPONSE TIME Sort 
(minutes) SORT Rank Combined 
BEFORE AFTER BEFORE AFTER BEFORE AFTER 

15 10 7 5 3.5 1.5 5 
7 22 10 5 9.5 1.5 5 

15 5 10 7 9.5 3.5 7 
20 20 10 10 9.5 9.5 7 
2 1 23 10 10 9.5 9.5 10 
3 1 I7 14 10 16.5 9.5 10 
20 14 15 10 20.5 9.5 10 
14 35 15 10 20.5 9.5 10 
15 15 15 10 20.5 9.5 10 
10 10 15 11 20.5 15 10 
15 15 20 14 30 16.5 10 
10 22 20 15 30 20.5 10 
10 5 2 1 15 33.5 20.5 10 
22 10 22 17 36 24.5 10 
10 11 3 1 17 39 24.5 11 

2 1 18 26 14 
20 19 2 7 14 
20 20 3 0 15 
18 20 30 15 
10 20 3 0 15 
7 2 1 33.5 15 

10 22 3 6 15 
19 22 36 15 
17 23 38 17 
10 3 5 40 17 

18 
COlTNT 1s 

- 
2 5  19 

MEAN 15.67 15.44 15 A 2 0 7 5 

SUM 308.5 511.5 20 
20 

W=308.5 20 
N1=15 20 
N2=25 2 1 
MU W=307.5 2 1 
SDW=35.79 22 
ZW=0.03 22 
NO SIG D!FF 2 2 

23 
RANK SUM TEST: NO SIG DIFF 3 1 

3 5 
Checked for Outliers: None in either series COUNT 
Samples too small for T test on means SUM 

Rank Rank 
Combined Adjusted 

1 1.5 
2 1.5 
3 3.5 
4 3.5 
5 9.5 
6 9.5 
7 9.5 
8 9.5 
9 9.5 

10 9.5 
11 9.5 
12 9.5 
13 9.5 
14 9.5 
15 15 
16 16.5 
17 16.5 
18 20.5 
19 20.5 
20 20.5 
2 1 20.5 
22 20.5 
23 20.5 
24 24.5 
2 5 24.5 
26 26 
27 27 
28 3 0 
29 3 0 
3 0 30 
3 1 3 0 
3 2 30 
33 33.5 
34 33.5 
35 3 6 
3 6 3 6 
37 3 6 
3 8 38 
3 9 3 9 
40 40 

4040 
820 820 





Table 13 
INCIDENT DURATION TIMES 

BEFOREIAFTER COMPARISON OF MEANS 

DURATION TIME 
(minutes) 

WITHOUT OUTLIERS 
SORT SORT SORT RANK RANK RANK RANK 

BEFORE AFTER BEFORE AFTER BEFORE AFTER COMBINED COMBINED ADJUSTED BEFORE AFTER 
95 170 95 170 6 10 6 1 1 I 2 

138 73 138 73 40 19 10 2 2 5.5 3 
262 117 262 117 40 30 19 3 3 5.5 4 
161 104 161 104 44 5 6 3 0 4 4 7 10 

60 40 60 5 4 60 40 5 5.5 8 1 1  
40 184 69 55 69 4G 6 5.5 9 12 

184 69 290 165 82 70 44 7 7 15 13 
290 165 171 165 95 73 54 8 8 16 14 
171 165 55 10 122 104 5 5 9 9 23 17 
5 5 10 44 5 6 138 105 5 6 10 10 25 18 
44 5 6 40 212 161 1 t o  60 1 1  11  2 8 19 
40 212 122 150 165 113 69 12 i 2 3 0 20 

122 150 6 105 171 i 17 70 13 13 3 3 2 1 
6 105 82 70 184 120 73 14 14 3 5 23 

82 70 54 113 262 129 82 15 15 38 24 
54 113 165 180 290 150 95 16 16 3 9 26 

165 180 120 158 104 17 17 27 
120 158 165 105 18 18 3 0 
158 19 165 110 19 19 3 0 

19 3 0 170 113 20 20 3 2 
3 0 129 180 117 2 1 2 1 34 

129 204 204 120 22 22 3 6 
204 110 212 122 23 23 3 7 
110 129 24 24 

17 24 16 23 COUNT 138 2 5 2 5 
138.80 122.30 119.30 112.60 MEAN 150 26 26 
12808 5319 6801 3312VARS 158 2 7 2 7 

161 2 8 2 8 
VARS ARE SIG DIFF 165 29 29 
N'S ARE TOO SMALL FOR 165 3 0 30 16 23 COUNT 
TEST ON MEANS 165 3 1 3 1 

170 3 2 3 2 318 462 SUM 
UNDERLINED VALUES ARE OUTLIERS 171 3 3 33 

180 3 4 34 W=3 18 
RANK SUM TEST: NO SiG DIFF IN LOCATION 184 3 5 3 5 N1=16 

204 36 36 N2-23 
Because ranges are so great for such 212 3 7 3 7 MUW=320 
small samples, the mean is not very 262 3 8 3 8 SDW=35.02 
appropriate. A test for location such as 290 3 9 3 9 ZW=0.06 
the rank-sum test is more meaningful. NO SIG DIFF 

COUNT 3 9 39 3 9 
SIJM 4498 780 780 



SUMMARY 

There are three primary variables that may be affected by incident management 
procedures; incident detection time, incident response time, and incident duration. There 
does not appear to be anything inherent in the FMS that would affect incident response 
time. The ALERT units were in place and ready to respond to incidents in the same 
manner in the before and after conditions. The FMS did not affect ALERT response 
policies or procedures. Incident duration could conceivably be affected by the FMS since 
more specific information regarding the nature of the incident and the type of response 
required can be obkned through the CCTV cameras that provide 100 percent 
surveillance of the study area. Through improvement in the t y p e  of the initial response, it 
is possible that incident duration could be reduced. The mean incident duration including 
outliers was reduced from before to after by 1 9.1 1 minutes (1 3 8.76 minutes to 1 19.65 
minutes). The mean incident duration excluding outliers was reduced from before to after 
by 10.24 minutes (1 19.3 1 minutes to 109.41 minutes). However, even though the mean 
duration time in the after period is less than in the before period, this was determined not 
to be statistically significant primarily because of the large range in the data. 

This analysis did not take into consideration the characteristics of the incidents 
that occurred in the before and after conditions. Factors such as the number and type of 
vehicles involved, the extent of injuries, and presence of rolled-over commercial vehicles, 
just to name a few, can seriously affect the time required to clear the incident. The 
sample sizes were not large enough to control for the many factors that could affect 
incident duration, and the recorded difference in the mean duration from before to after 
may be a result of differences in key incident characteristics rather than the presence of 
:he FMS. 

The remaining variable is incident detection time. it is quite possible that the 
incident detection elements of the FMS have reduced incident detection time (i.e., the 
time from the moment the incident occurs to the notification of ADOT that the incident 
has occurred). However, these data did not exist for the before condition, and it is 
difficult to precisely establish the time an incident occurred after it has  bee^. detected. 
Therefore, the change in detection time was not an element of this study. 

SUGGESTIONS TO IMPROVE STUDY PROCEDURES 

*klith the FMS now in place it may be possible to determine the difference in 
detection time with and without the FMS by establishing a mechanism to record the time 
an incident is detected by the FMS and the time the TOC is notified of the incident 
through some other means. This difference would be the change in the detection time 
resulting from the FMS even though the actual time the incident occurred is not known. 
Other means of notification could be made by DPS or through motorist call-in, for 
example. 



VII. NOISE AND AIR QUALITY ASSESSMENT 

INTRODUCTION 

The evaluation of the noise and air quality measures of effectiveness was 
conducted through the use of modeling procedures. The noise levels and vehic!e 
emissions before and after the implementation of the FMS were estimated based on the 
measured traffic volumes and travel speeds in the before and after periods. Noise levels 
and vehicle emissions were not measured directly due to the problems associated ~ l t h  
controlling for outside influences and background noise and pollutant levels. 

The noise and air quality analysis was conducted on a systemwide basis by 
estimating noise levels and vehicle emissions at five locations within the study area for 
both directions of travel. Both the noise and air evaluations were conducted for typical 
summer and winter clays to account for seasonal variations. This is particularly important 
for the air analysis where the pollutant of primary concern changes from winter to 
summer. The following sections provide the details of how the noise and air quality 
evaluations were conducted and summarizes the results of the analyses. 

NOISE ANALYSIS 

Methodology and Assumptions 

FHWA's traffic noise prediction model, STAMINA 2.0, was used to predict 
traffic noise levels adjacent to specified freeway links. Both the eastbound and 
westbound directions of travel were considered at each site. Roadway geometry at each 
site assumed an approximate median width separating the two directions of travel. Noise 
receivers were assumed at 100 feet from the edge of the nearest travel lane on both sides 
of the freeway. 

Traffic data used in the noise analysis were provided through the before and after 
data collecrion for the FMS evaluation. Traffic data for each model run included peak 
hour traffic volumes and speed for each direction of travel. The location for traffic data 
collection and noise analysis are provided in Figure 37. Noise modeling was conducted 
for both morning and evening peak traffic hours, and for both summer and winter 
seasons. For each modei run, 5 percent heavy trucks and 3 percent medium trucks were 
assumed for both directions of travel. Table 14 provides a summary of the volumes and 
speeds used in both the noise and air analyses. 

Noise Modeling Results 

Results of the STAMINA modeling analysis are shown in Tables 15 and 16. 
Modeled noise levels represent one hour average, or equivalent, noise levels in 
A-weighted decibels (abbreviated Leq dBA). Comparisons of modeled noise levels for a 





Table 14 
TRAFFIC VOLUME (VPH) AND SPEED (MPH) SUMlMARY 

AM Peak Hour Summer Day 

Eastbound Westbound 
Before After Before After 

Site v ~ h  mph vph mph V h  mph vph mph 
2 8257 54 5515 3 3 3688 62 3327 65 
3 5309 5 8 6055 56 5977 53 5345 57 
4 4590 42 4190 5 1 6049 3 8 3958 46 
5 3334 56 3513 5 8 4123 59 4493 55 
7 7473 54 5208 5 5 6344 52 8365 54 

PM Peak Hour Summer Day 

Eastbound Wesrbound 
Before After Before After 

Site v ~ h  mph vph mph vph mph V P ~  mph 
3 
A 4864 59 3822 47 7249 63 6876 25 

AM Peak Hour Winter Day 

Eastbound Westbound 
Before After Before A Aer 

Site T J h  mph vph mph v ~ h  mph vph m ~ h  
2 5975 57 7285 48 4690 60 3696 65 
3 6197 53 6015 62 6352 6! 594 1 57 
4 5277 49 4314 54 594 1 40 5896 46 
5 373 1 5 1 4025 61 4643 59 4805 55 
7 7693 57 5609 54 6965 5 5 8113 52 

PM Peak Hour Winter Day 

Eastbound Westbound 
Before After Before After 

Site -- vph mph w h  mph YJh mph vph mph 
2 5403 65 5584 62 8850 63 7169 59 
3 5485 5 8 5999 66 6693 48 606 1 53 
4 5818 54 5497 49 5207 34 5379 49 
5 4498 58 5147 5 8 360 1 60 3953 63 
7 701 7 62 6399 54 8090 42 7819 55 

Note that speeds are presented here in miles-per-hour because these are the units required by the air and 
nolse models for input data. 



Table 15 
COMPARISON O F  BEFORE AND AFI'ER TRAFFIC NOISE LEVELS 

IN Leq dB(A) 
TYPICAL SUMMER DAY 

AM Peak Hour PM Peak Hour 
Site1 Receiver Before After Change Before After Change .- 



Table 16 
COMPARISON OF BEFORE AND AFTER TRAFFIC NOISE LEVELS 

IN Leq dB(A) 
TYPICAL WINTER DAY 

AM Peak Hour PM Peak Hour 
Site/ Xeceiver - Before After Change Before After Change 



typical summer day are provided in Table 15. Comparisons of modeled noise levels for 
a typical winter day are provided in Table 16. Comparisons for both morning and 
evening peak hours are provided in each table. 

Differences in noise shown in Tables 15 and 16 are the result of differences in 
traffic volumes and travel speeds assumed in the before and after conditions. As shown 
In Tables 15 and 16, differences between before and after noise levels are generally minor 
(less than 1 decibel). Human hearing can begin to distinguish noise level differences of 
approximately 2-3 decibels. Therefore, the FMS project did not likely produce a 
perceivable difference in noise for most of the periods that were evaluated. 

For certain locations/periods, noise level differences of greater than 2-3 decibels 
were predicted after implementation of the FMS (sites 2,3,4). In one case, a decrease of 
6.6 decibels was predicted in the after period (site 2, summer PM period). In another 
case, an increase of 2.6 decibels was predicted in the after period (site 3, AM winter 
period). These changes in noise would be perceivable. The more substantial differences 
modeled for these locations are directly related to the differences in travel speeds and 
traffic volumes assumed in the before and after periods. The noise level reduction of 6.6 
dB(A) at site 2 is attributed to a reduction in speed at that location from 63 miles per hour 
in the before period to 25 miles per hour in the after period. Conversely, the 2.6 dB(A) 
increase in noise predicted for site 3 is attributed to an increase in eastbound traffic 
volume from 3,170 vehicles in the before condition to 6,015 in the after condition. 

AIR QUALITY ANALYSIS 

Methodology and Assumptions 

Peak hour vehicle emissions were estimated for the before and after periods and 
the results were compared. For summer conditions, emissions were estimated for ozone 
precursors, hydrocarbons (HC) and oxides of Nitrogen (NOx). For winter conditions, 
emissions were estimated for carbon monoxide (CO). 

Vehicle emission rates specific to Maricopa County were generated using EPA's 
mobile source emissions model MOBILE 5a. The Maricopa Association of Governments 
(MAG) provided current MOBILE 5a input parameters for use in the analysis. MOBILE 
5a was then used to generate vehicle emission rates for the range of freeway speeds 
provided by the FMS trafic analysis. Both the summer and winter emission rates were 
then weighted based on MAG'S current recommendations for the inspection/maintenance 
(IM) program and non-1M composition of the vehicle fleet (89.6 percent IM and 10.4 
percent non-IM). Table 14 provides a summary of the volumes and speeds used in the air 
and noise analyses. 

Peak hour VMT was calculated for each freeway link by multiplying the peak 
hour volume by the link's length. Link emissions were then calculated by multiplying the 
appropriate MOBILE 5a emission rate for the link's travel speed by the link's peak hour 



VMT. Worksheets used to calculate the emiss~ons for each site, and for each period, are 
provided in Appendix B. Also provided in Appendix B is a table showing the emission 
factors for each pollutant used for the vari-ous travel speeds included in the analysis. 

Emissions Estimate Results 

Table 17 provides a comparison of before and after emissions for HC, NOx, and 
CO. The table provides the percent change in emissions for each site, and the total 
change for each pollutant for all of the sites combined. 

As with the noise analysis, emissions differences in the before and after periods 
are the resilt of differences in trafic volume and travel speeds assumed for each freeway 
link. Differences in trafic volume would affect emissions in a linear fashion (increasing 
volume would increase emissions proportionally). However, changes in travel speeds 
produce more variable effects on emissions, depending on the given travel speed and the 
pollutant being considered. The table showing the relationship between travel speed and 
emission rates shows t!!e effects of reiative travel speed on the emission rates for the three 
different pollutants that were considered. 

As showfi in Table 17, varying results were predicted for emissions in the before 
and after conditions. In some cases, emissions were lower in the after period. In other 
cases, emissions were higher in the after period. As noted earlier, the emissions estimates 
are the direct result of traf'fic volume and speed assumptions in the before and after 
periods for each specific link. As shown in Table 17, the difference in before and after 
traffic assumptions produced rather significant differences in emissions for certain links 
(up to 30-40 percent in some cases). However. as shown in the total values for the 
various sites combined, after emissions tended to be nearly equal to or slightly lower than 
the before period emissions. 

SUMMARY 

The air and ncise analysis was conducted using models (STAMINA 2.0 for the 
noise analysis, and Mobile 5a for the air analysis) specifically designed and approved by 
FHWA for use in the evaluation of traff~c noise levels and vehicle emissions. Traffic 
volume and speed data from the before and after periods were used as model input to 
estimate traffic noise and vehicle emissions for a typical summer day and typical winter 
day from the before and after periods. Model runs were made with data from five 
locatiol~s within the study area for both the AM and PM peak periods. Estimated changes 
in the trafic noise levels and vehicle emissions are primarily a result of the differences in 
the traffic volume and speed between the before and after periods. 



Table 17 
COMPARISON OF BEFORE AND AFTER ELMISSIONS 

HC Emissions (typical summer day) 

AM Peak Hour Emissions (grj PM Peak Hour Emissions (gr) 
Percent 

Site Before A Aer Change 
2 12,317 10,544 -14% 

NOx Emissions (typical summer day) 

AM Peak Hour Emissions (gr) 
Percent 

Site Before AAer Change 
2 23,862 16,012 -33% 
3 16.407 17,080 4% 
4 5,245 4,561 -13% 
5 12,355 i2,499 1% 
7 19,928 20,657 4% 

total 77,797 70,809 -9% 

CO Emissions (typical winter day) 

AM Peak Hour Emissions (gr) 
Percent 

Site Before After Chmge 
2 96,359 99,250 3% 
3 84.334 93,309 11Vo 
4 25,883 22,127 - 15% 
5 59.26 1 55,539 -6% 
7 87,803 72,123 -18% 

total 353,640 342,347 -3% 

Percent 
Before After Change 

13,192 13,640 3% 

PM Peak Hour Emissions (gr) 
Percent 

Before After Change 
26:890 15,4 17 -43% 
I8,86 1 16,300 -14% 
4,946 5,658 14% 

12,068 11,917 -1% 
19,20 1 17,695 -8% 
8 1 ;965 66,985 -18% 

PM Peak Hour Emissions (gr) 
Percent 

Before After Change 
192,134 136,03 1 -29?! 
69,7 17 102.525 47% 
27.605 23,786 -14% 
60,042 77,225 29% 

117.236 75,001 -36% 



The result of the noise analysis vary by analysis location within the study area, but 
in general there were no perceptible changes in estimated noise levels. The results of 
analysis of vehicle emissions also varied by analysis location, but overall there was a 
general decline in the estimate of vehicle emissions from the before and after periods. 
Table 18 provides a summary of the overall change in thz estimated vehicle emission 
levels from all five locations. 

SUGGESTIONS TO IMPROVE STUDY PROCEDURES 

There are two suggestions for improving this element of the study. The first 
suggestion is to include some type of comparative assessment to evaluate the proportion 
of vehicle emissions generated by freeway traffic within the study area in comparison to 
emission levels within the remainder of the metropolitan area. The idea is to attempt to 
determine whether or not there has been some broader impact from the development of 
the freeway system in the region that might account for the results estimated for the study 
area. In addition, a second suggestion is made to include regional air quality station data 
near the freeway to determine whether or not the modeled resuits are supported by 
measured air quality information before and after the implementation of the FMS. 



HC 
Summer Day 

Table 18 

ESTIMATED CHANGE IN TOTAL VEHICLE 
EMISSIONS (ALL 5 SITES) 

NO, 
Summer Day 

CO 
Winter Day 



VIII. ACCIDENT ANALYSIS 

STATISTICAL ANALYSIS OF ACCIDENTS 

Accident records were provided by the Arizona Department of Public Safety 
(DPS) for the 1 0-month before period (May 1993 through February 1994) and for the 
10-month after period (November 1995 through February 1996, and May 1996 through 
October 1996). The data were stratified by roadway segment based on the reference 
points shown in Figure 38, ~ l t h  the segments defined as A-C (1-10, from 67th Avenue to 
SR5 1/SR202), C-D (1-10, from SR5 1/SR202 to 1-1 7), D-E (1-1 7, from 1-1 0 to 19th 
Avenue), and E-F (1-17, from 19th Avenue to McDowell Road). This referencing scheme 
for the freeway segments was used to correspond to the segments established for traffic 
volurne and travel time data collection. 

The accident data provided by DPS included all accidents associated with the 
freeway and the ramps. DPS could not facilitate sorting the data between mainline and 
ramp accidents. Data from the ADOT ALISS system were not used because of the time 
lag between accident occurrence in the after period and entry of the data into the ALISS 
system. 

Traffic volume data for the analysis were provided through the ADOT permanent 
count stations that existed in the before condition and through the FMS loop detectors in 
the after condition. The loop detector sites for the after condition were selected to 
correspond to the locations of the permanent count stations from the before condition. 
The locations used for traffic volume data collection are shown in Figure 39. Total 
monthly traffic volume count data for each of the locations were used in the computation 
of accident rates before and after. As discussed earlier in this report, the permanent count 
station between 67th Avenue and 59th Avenue (site El)  in the before period did not 
function and no data were reported from this location. 

The analysis of the accident data consisted of the computation and comparison of 
the accident rates by segment before and after, and a chi square statistical analysis of the 
accident data to determine if there were sign:ficant differences before and after. In 
addition, historical accident rate information was obtained from ADOT for urban 
freeways as a comparative statistic. 

Accident Rate Analysis 

Accident rates were computed for each of the freeway segments based on the total 
accidents for the 10-month period before and after. The total volume for each of the 
segments was determined from the sum of the monthly volume data provided by ADOT. 
On freeway segments with two traffic count sites, the volume from both sites was 
averaged to estimate the volume for the entire segment. The 10-month accidents, traffic 
volumes, and segment length in kilometers were used to compute the segment accident 
rate in terms of accidents per million vehiclc kilometers. The results along with other 







pertinent data are provided in Table 19. Note that for segment E-F no accident rate 
computation is available because there was no traffic count station on this segment to 
provide traffic data in the before period. 

The number of accidents increased on three of the four segments from the before 
to the after period. Accidents increased most dramatically on segment A-C showing an 
increase of 56 percent. At the same time traffic volume was reported as lower on the 
three segments where accidents increased. Therefore, the accident rate increased on each 
of these three segments. Information obtained from ADOT indicates that on a statewide 
basis the accident rate on urban freeways has been approximately 0.8 1 to 0.86 accidents 
per million vehicle kilometers of travel for 1994 and 1995. The data available for this 
analysis indicate a rate in the before condition substantially less than the reported 
statewide rate. The afier period rate was higher than the statewide rate on one segment 
and lower on two of the segments. Overall the after period rate is more consistent with 
the statewide data. 

Statistical Analysis of the Accident Data 

The computation of the accident rates does not, in itself, provide a mechanism to 
determine whether the before and after conditions are significantly different in a 
statistical sense. The statistical significance of the difference in the accident E te  from 
before to after cannot be determined. A chi square analysis was conducted to determine 
if there were significant differences before and after in the number of accidents taking 
into consideration the traffic volumes. In this analysis the null hypothesis was that 
accidents are proportional to traffic volumes, and traffic volume was used as the basis for 
the computation of the expected number of accidents before and after by month. The 
results of the analysis are provided below by fieeway segment. 

I-IO, 67th Avenue to SR2026RjI  

The results of the chi square analysis for this segment are provided in Table 20. It 
is apparent that accidents uniformly increased over the study period while traffic volume 
did not. The chi square table, by displaying large values when small ones would be 
consisten1 with the null hypothesis. supports the conclusion that accident patterns and 
traflic patterns are significantly different. Accidents in the before period are significantly 
less than expected, and accidents in the after period are significantly more than expected 
based on the traffic volumes. 

The results of the chi square analysis for this segment are provided in Table 21. 
While the mean number of accidents increased slightly, the mean traffic volume declined. 
The large value of chi square for the entire table (32.85) meacs that the difference in 
overall patterns is highly significant. Accidents in the after period generally are 
significantly greater than expected. 



Table 19 
ACCIDENT RATE ANALYSIS BY SEGMENT 

SEGMENT FREEWAY LENGTH VEHICLES ACCIDENTS ACCIDENT RATE 
(kilometers (millions in both (total for both (Accidents per mvk) 

both directions) directions) 
directions) 

BEFORE AFTER BEFORE AFTER BEFORE AFTER 
A-C 1-10 29 55.56 50.14 879 1368 0.55 0.94 
C-D 1-10 7.6 43.99 31.07 156 182 0.47 0.77 
D-E 1-17 11.7 32.74 26.66 126 157 0.33 0.50 
E-F 1-17 8.5 NIA NIA 232 169 N/A NIA 

Traffic volumes for segment E-F were not available in the before period and not collected in the after 
period. 



Table 20 
I-10,67TH AVENUE TO SR202lSR51 

NUMBER OF ACCIDENTS AND TMFFIC VOLUME BOTH DIRECTIONS 
NULL HYPOTHESIS: BY MONTH, ACCIDENTS ARE PROPORTIONAL TO TRAFFIC VOLUMES. 

ACCIDENTS 
MONTH BEFORE AFTER 

MAY 99 136 
JUN 96 118 
JUL 78 125 

AUG 93 I37 
SEP 119 130 

OCT 90 ! 65 
NOV 75 151 
DEC 80 114 
JAN 71 150 
FEB 77 142 

MEAN 87.8 136.8 

TOTAL 
235 
214 
203 
230 
239 
255 
226 
194 
22 1 
219 

EXPECTED NUMBER OF ACCIDENTS 
BASED ON TRAFFIC VOLUME 

MONTH BEFORE AFTER TOTAL 
MAY 127.7 107.3 235 
JUN 104.0 110.0 2 14 
JUL 117.5 85.5 203 

AUG 110.0 120.0 230 
SEP 140.6 108.4 249 

OCT 131.1 123.9 255 
NOV 131.1 94.9 226 
DEC 100.2 93.8 194 
JAN 11 1.8 109.2 22 1 
FEB 108.4 110.6 219 

TRAFFIC VOLUME* 
MONTH BEFORE AFTER 

MAY 52.840 44.403 
JUN 49.372 52.174 
JUL 49.762 36.200 

AUG 53.200 58.000 
SEP 68.008 52.447 

OCT 61.070 57.687 
NOV 62.068 44.968 
DEC 55.185 51.644 
JAN 54.194 52.931 
FEB 49.921 50.909 

55.562 50.136 
DIVIDED BY 100,000 

CHI SQUARE TABLE 
MONTH BEFORE AFTER 

MAY 6.45 7.67 
J U N  0.62 0.59 
JUL 13.29 18.26 

AUG 2.64 2.42 
SEP 3.31 4.30 

OCT 12.90 13.66 
NOV 23.97 33.09 
DEC 4.08 4.36 
JAN 14.89 15.25 
FEB 9.1 1 8.93 

TOTAL 91.26 108.53 
PROB 0.00 0.00 

TOTAL 
97.243 
101.546 
85.962 
1 1 1.200 
120.455 
11 8.757 
107.636 
106.829 
107.125 
100.830 

TOTAL 
14.12 
1.21 

31.55 
5.06 
7.6 1 

26.56 
57.07 
8.44 

30.14 
18.04 
199.79 
0.00 

PROB 
0.00 
0.27 
0.00 
0.02 
0.0 1 
0.00 
0.00 
0.00 
0.00 
0.00 



Table 21 
1-10, SR 2021SR 51 to 1-17 

NUMBER OF ACCIDENTS AND TRAFFIC VOLUME BOTH DIRECTIONS 
NULL HYPOTHESIS: BY MONTH, ACCIDENTS ARE PROPORTIONAL TO TRAFFIC VOLUMES. 

ACCIDENTS 
MONTH BEFORE AFTER 

MAY 19 22 
Jb24 14 I3 
JUL 16 14 

AUG 15 19 
SEP i8  16 

OCT 9 18 
NOV 21 22 
DEC 12 18 
JAN 13 26 
FEB 19 !4 

MEAN 15.6 18.2 

TOTAL 
4 1 
27 
30 
34 
34 

EXPECTED NUMBER OF ACCIDENTS 
BASED ON TRAFFIC VOLUME 

MONTH BEFORE AFTER TOTAL. 
MAY 27.3 13.7 4 1 
JUN 15.8 11.2 2 7 
JUL 20.9 9.1 3 0 

AUG 20.4 13.6 34 
SEP 19.4 14.6 34 

OCT 14.7 12.3 27 
NOV 25.1 17.9 43 
DEC 16.7 13.3 30 
JAN 21.6 17.4 3 9 
FEB 17.6 15.4 3 3 

TRAFFIC VOLUME* 
MONTH BEFORE AFTER 

MAY 46.107 23.090 
J b i  43.151 30.743 
JUL 45.839 20.032 

AUG 15.214 30.317 
SEP 43.583 32.604 

OCT 42.045 35.392 
NOV 42.849 30.588 
DEC 44.634 35.785 
JAN 45.839 36.774 
FEE3 40.597 35.414 

43.986 3 1.074 
* DIVIDED BY 100,000 

CHI SQUARE TABLE 
MONTH BEFORE AFTER 

MAY 2.53 5.06 
JUN 0.20 0.28 
JUL 1.14 2.6 1 

AUG 1.41 2.10 
SEP 0.1 1 0.14 

OCT 2.19 2.60 
NOV 0.67 0.93 
DEC 1.30 1.62 
JAN 3.45 4.30 
FEB 0.1 1 0.12 

TOTAL 13.09 19.76 
PROB 0.16 0.02 

TOTAL 
69.197 
73.894 
65.871 
75.53 1 
76.187 
77.437 
73.437 
80.4 19 
82.613 
76.01 1 

TOTAL 
7.59 
0.48 
3.75 
3.51 
0.25 
4.78 
1.60 
2.92 
7.75 
0.23 
32.85 
0.00 

PROB 
0.0 1 
0.49 
0.05 
0.06 
0.62 
0.03 
0.2 1 
0.09 
0.01 
0.63 



1-1 7, 1- 10 to 19lh Avenue 

The results of the chi square analysis for this segment are provided in Table 22. 
While the mean number of accidents increased slightly, the mean traffic voiurne declined. 
The large value of chi square for the entire table (3 1.25) means that the difference in 
overall patterns is highly significant. Accidents in the before period generally are less 
than expected and accidents in the after period are significantly greater than expected. 

SUMMARY 

The results of the accident analysis indicate that nct only have the number of 
accidents increased significantly in the after period but the traffic volumes have 
decreased. This yields an increase in the accident rate from before to after. There is no 
way or relating this increase in the accident rate to the implementation of the FMS. There 
is no means of determining whether or not the accident rate would have increased more or 
less without the implementation of the FMS. This latter point could only be assessed 
through a study design that included an analysis of control sections of the freeway where 
the FMS had not been implemented. 

Several factors confounded the accident analysis that could not be addressed 
through the study design employed. First, the accident data provided by DPS could not 
be sorted by mainline and ramp accidents. The section of 1-10 from 67th Avenue to 
SR2021SR5 1 is where the number of accidents and the resulting accident rate increased 
most dramatically in the after period. This is the same section of the freeway where the 
ramp meters werc turned on in the after period. It may be that the presence of the ramp 
meters has contributed to an increase in ramp accidents in the after period which has 
subsequently caused an increase in both the number of accidents and the accident rate on 
this segment. 

Second, sections of the freeway within the study area were restriped during the 
study period to increase the number of basic lanes. 1-1 0 from 1-1 7 to SR5 1 was restriped 
from two to three basic lanes during June and July of 1993, which would have affected 
seven out of ten months of the before period and the entire after period. This restriping 
could have affected the accident characteristics more in the after period than in the before 
period. 

Third, the speed limits on the rural portions of the Arizona interstate system were 
increased from 55 mph to 75 mph during the time between the before and after periods. 
It is possible that the increase of the speed limits on the rural portions of the interstate 
system may have contributed to changes in travel speed within the study area and an 
increase in accidents. However, at this juncture this is speculation. 



Table 22 
I-17,I-10 TO 19TH AVENUE 

NUMBER OF ACCIDENTS AND TRAFFIC VOLUME BOTH DIRECTIONS 
NULL HYPOTHESIS: BY MONTH, ACCIDENTS 4RE PROPORTIONAL TO TRAFFIC VOLUMES. 

ACCIDENTS 
MONK4 BEFORE AFTER 

MAY 1 1  15 
JUN 15 24 
L 11  24 

AUG 16 17 
SEP 10 15 

OCT 16 7 
NOV 15 19 
DEC 10 8 
JAN 10 8 
FEB 12 20 

MEAN 12.6 15.7 

TOTAL 
26 
39 
3 5 
3 3 
25 
23 
3 4 
18 
18 
32 

TRAFFIC VOLUME* 
MONTH BEFORE AFTER 

MAY 34.316 26.548 
JUN 32.1 16 27.762 
JUL 34.1 16 19.980 

AUG 33.651 29.094 
SEP 32.437 28.044 

OCT 31.293 31.648 
NOV 31.891 24.917 
DEC 33.219 28.921 
JAN 34.1 16 20.324 
FEB 30.215 29.324 

32.737 26.656 
* DIVIDED BY 100.000 

TOTAL 
60.864 
59.878 
54.096 
62.745 
60.48 1 
62.94 1 
56.868 
62.140 
54.440 
59.539 

EXPECTED NUMBER OF ACCIDENTS 
BASED ON TRAFFIC VOLUME 

MONTH BEFORE AFTER TOTAL 
MAY 14.7 11.3 26 
JUN 20.9 18.1 39 
JUL 22.1 12.9 3 5 

AUG 17.7 15.3 3 3 
SEP 13.4 11.6 25 

OCT 11.4 11.6 23 
NOV 19.1 14.9 34 
DEC 9.6 8.4 18 
JAN 11.3 6.7 18 
FEB 16.2 15.8 32 

MEAN 15.6 12.7 

CHI SQUARE TABLE 
MONTH BEFORE AFTER TOTAL 

MAY 0.91 1.18 2.09 
JUN 1.67 1.94 3.61 
JUL 5.55 9.48 15.04 

AUG 0.16 0.19 0.35 
SEP 0.87 1.00 1.87 

OCT 1.82 1.80 3.62 
NOV 0.88 1.12 2.00 
DEC 0.01 0.02 0.03 
JAN 0.15 0.24 0.39 
FEB 1.11 1.14 2.25 

TOTAL 13.14 18.12 31.25 
PROB 0.i6 0.03 0.00 

PROB 
0.15 
0.06 
0.00 
0.55 
0.17 
0.06 
0.16 
0.86 
0.53 
0.13 



SUGGESTIONS TO IMPROVE STUDY PROCEDURES 

The analysis of whether or not the FMS has affected the accident rate on the 
freeway system could be improved somewhat by including the evaluation of control 
sections. This could be done by defining sections of the freeway system in the Phoenix 
metropolitan area as control sections, provided traffic volume data are available, and 
reviewing historical accident records for the same before and after time periods as used in 
this study. The major question is whether historical traffic volurne data are available. In 
the absence of historical traffic data for control sections, specifically during the period 
before the FMS was implemented there is no way of estimating what the background 
change in the accident rate would have been without the FMS. 

Other factors could also be addressed in the accident analysis. These factors 
include the analysis of the change in mainline versus ramp accidents in the area where the 
ramp meters were turned on, an analysis of the severity of the accidents in the before and 
after period (the implication being that on-ramp accidents would tend to be less severe 
than mainline accidents), and an analysis of mainline and ramp accidents by direction of 
travel and time of day and by freeway segment (metered versus non-metered). The 
analysis of these additional factors could lend additional insight into the impacts of the 
FMS on accidents on the freeway system. 



APPENDIX A 

W S  STATISTICAL EVALUATIONS 



AM 
8:05 
:I0 
:I5 
:20 
:25 
:30 
:35 

TOTAL 

8:40 
:45 
:50 
:55 

9:OO 
:05 
:I0 
:I5 

TOTAL 

9:20 
:25 
:30 
:35 
:40 
:45 
:50 
:55 

1o:oo 
TOTAL 

Table  A1 
V M S  E F F E C T S  O N  T R A F F I C  P A T T E R N S  

APRIL 29 ACCIDENT: APRIL 22 C O M P A R E D  TO APRIL 29 
NULL HYPOTHESIS: IIOMOGENEOUS IN ACCORDANCE WITH REFORE PATTERN 

TRAFFIC VOLUMES BEFORE MESSAGE 
4/22/96 4/22/96 4/29/96 4/29/96 
SITE 39 SITE 144 SITE 39 SITE 144 

297 448 310 452 
298 467 299 45 1 
309 454 319 450 
30 1 435 291 4 13 
234 381 258 406 
26 1 407 278 406 
225 3 75 230 248 
1925 2970 1985 2826 

TRAFFIC VOLUMES DURING MESSAGE 
259 369 74 89 
253 392 285 32 1 
222 362 266 268 
236 320 247 26 1 
208 290 24 3 200 
193 263 230 217 
216 279 205 229 
202 254 239 227 
1789 2529 1789 18I2 

TKAFFIC VOLUMES AFTER MESSAGE 
239 263 186 234 
184 253 206 274 
180 224 216 177 
229 28 1 249 21 1 
197 2 84 214 253 
189 257 244 208 
199 267 189 206 
167 24 1 195 207 
183 2 17 f 20 199 

1767 2287 1919 1969 

TOTAL 
1507 
1515 
1532 
1443 
1279 
1352 
1078 
9706 

EXPECTEL) VALUES 
4/22/96 4/22/96 4/29/96 4/29/96 

A M  SITE 39 SI'TE 144 SITE 39 SITE 144 TOTAL 
8:05 298.9 461.1 308.2 438.8 1507 
:I0 300.5 463.6 309.8 441.1 15 15 
:I5 303.8 468.8 3 13.3 446.1 1532 
:20 286.2 44 1.6 295.1 420.1 1443 
:25 253.7 391.4 261.6 372.4 1279 
:30 268.1 413.7 276.5 393.6 1352 
:35 213.8 329.9 220.5 313.9 1078 

TOTAL 1925 2970 1985 2826 9706 
EXPECTED VALUES BASED ON BEFORE ' n M E S  

8:40 156.9 242.0 161.8 230.3 79 1 
:45 248.1 382.8 255.8 364.2 1251 
150 221.7 342. I 228.6 325.5 1118 
:55 21 1.0 325.6 2 17.6 309.8 1064 

9:OO 186.6 287.9 192.4 274.0 94 1 
:05 179.1 276.3 184.7 262.9 903 
:I0 184.2 284.3 190.0 270.5 929 
:I5 182.9 282.1 188.6 268.4 922 

TOTAL 1570.6 2413.2 1619.5 2305.7 7919 
EXPECTED VALUES BASED ON BEFORE 'TIMES 

9:20 182.9 282.1 188.6 268.4 922 
:25 181.9 280.6 187.5 267.0 917 
:30 158.1 243.9 163.0 232.1 797 
:35 192.4 296.8 198.4 282.4 970 
:40 188.0 290.1 193.9 276.0 94 8 
:45 178.1 274.8 183.7 261.5 898 
:50 170.8 263.5 176.1 250.7 86 1 
:55 160.6 247.9 165.7 235.8 8 10 

10:OO 162.4 250.6 167.5 258.5 819 
TOTAL 1575.1 2430.2 1624.2 2312.4 7942 



AM 
8:05 
: 10 
: 15 
:20 
:25 
:30 
:35 

TOTAL 
PROB 

9:20 
:25 
:30 
:35 
:40 
:45 
:50 
:55 

1o:oo 
'TOTAL 
PROB 

Table A1 (cont.) 
VMS EFFECTS ON TRAFFIC PATTERNS 

APRIL 29 ACCIDENT: APRIL 22 COMPARED TO APRlL 29 
NULL HYPOTHESIS: HOMOGENEOUS IN ACCORDANCE WITH BEFORE PATTERN 

BEFORE MESSAGE CHI SQUARE TABLE 
4/22/96 4/22/96 4/29/96 4/29/96 
SITE 39 SITE 144 SITE 39 SITE 144 

0.0 0.4 0.0 0.4 
0.0 0.0 0.4 0.2 
0. I 0.5 0.1 0.0 
0.8 0.0 0. I 0. ; 
1.5 0.3 0.0 3 .o 
0.2 0. I 0.0 0.4 
0.6 6.2 0.4 13.8 
3.2 7.5 I .O 18.0 

AFTER MESSAGE CHI SQUARE TABLE 
17.2 1.3 0.0 4.4 
0.0 2.7 1.8 0.2 
3.0 1.6 17.2 13.1 
7.0 0.8 12.9 18.1 
0.4 0. I 2.1 1.9 
0.7 1.2 19.8 10.9 
4.7 0.0 0.9 8.0 
0.3 0.2 5.2 3.5 
2.6 4.5 16.5 6.5 
35.9 12.5 76.5 66.6 

TOTAL 
0.8 
0.6 
0.7 
1 .o 
4.9 
0.7 
21.0 
29.7 
0.04 

AM 
8:40 
:45 
:so 
:55 

9:OO 
:05 
110 
: 15 

TOTAL 
PROD 
L 7 RWS 
PROB 

DURING MESSAGE CHI SQUARE TABLE 
4/22/96 4/22/96 4/29/96 4/24/96 
SITE 39 SITE 144 SITE 39 SITE 144 

66.5 66.6 47.6 86.7 
0.1 0.2 3.3 5.1 
0.0 1.2 6.1 10.2 
3 .O 0.1 4.0 7.7 
2.4 0.9 13.3 20.0 
1.1 0.6 11.1 8.0 
5.5 0.1 1.2 6.4 
2.0 2.8 13.5 6.4 
80.5 71.6 100.1 150.4 

TOTAL 
267.4 

8.8 
17.4 
14.7 
35.7 
20.9 
13 I 
24.7 

402.7 
0.00 
135.3 
0.00 

CONCLUSIONS: 
THE 8:05 - 8:35 TABLE IS HOMOGENEOUS, EXCEPT FOR 8:35 AT SITE 144 ON BOTH DAYS. 
IN THE 8:40 - 9:15 TABLE, THE TOP ROW IS DISCARDED BECAUSE OF THE ANOMALOUS 74 AND 89 COUNTS. THE 4/22/96 
COLUMNS ARE REASONABLY CONSIS'TENT WITH BEFORE MESSAGE PATTERNS. ON 4/29/96 TRAFFlC SHIrTS FROM 
SITE 144 TO SITE 39. 
IN THE 9:20 - 10:OO TABLE, THE 8:40 - 9:15, DURING MESSAGE, PATTERN IS REPEATED. THE SHIFT TO SITE 39 FROM 144 
CONTINUES. 



Table A2 
VMS EFFECTS ON TRAFFIC PATTERNS 

APRlL 29 ACCIDENT: APRIL 22 COMPARED TO MAY 6 
NULL HYPOTHESIS: HOMOGENEOUS ACROSS BOTH DATES AND ALL TIMES 

TRAFFIC VOLUMES BEFORE MESSAGE TIMES 
4/22/96 4/22/96 5/6/96 5/6/96 

AM SITE 39 SITE 144 SITE 39 SITE 144 TOTAL 
8:05 297 448 3 04 458 1507 

:I0 298 467 317 469 1551 
:I5 309 4 54 307 480 1550 
:20 301 438 285 425 1449 
:25 234 381 322 348 I285 
:30 261 407 208 258 1 I34 
:35 225 375 26 1 442 1303 

8:40 259 369 277 434 1339 
:45 253 3 92 220 317 1182 
:50 222 362 227 3 96 1207 
:55 236 320 194 3123 1073 

9:OO 208 290 21 1 34 1 1050 
:05 193 263 165 243 864 
:10 216 279 192 263 950 
:I5 202 254 185 163 804 

9 2 0  239 263 179 236 91 7 
:25 184 253 172 269 878 
:30 180 224 222 258 884 
:35 229 28 1 20 1 287 998 
:40 197 284 177 246 904 
:45 189 257 179 27 1 896 
:50 199 267 181 257 904 
:55 167 24 1 205 21 1 824 

1O:OO 183 2 17 175 248 823 
TO'f AL 548 1 7786 5366 7643 26276 

EXPECTED VALUES FROM MARGINAL TOTALS 
4/22/96 4/22/96 5/6/96 5/6/96 

AM SITE39 SITE 144 SITE 39 SITE 144 TOTAL 
8:05 314.4 446.5 307.8 438.3 1507 
:I0 323.5 459.6 316.7 451.1 155 1 
:I5 323.3 459.3 316.5 450.9 1550 
:20 302.3 429.4 295.9 421.5 1449 
:25 268.0 380.8 262.4 373.8 1285 
:30 236.5 336.0 23 1.6 329.9 1134 
:35 271.8 386.1 266.1 379.0 1303 

8:40 279.3 396.8 273.4 389.5 1339 
:45 246.6 350.2 241.4 343.8 1182 
:50 251.8 357.7 246.5 351.1 1207 
:55 223.8 3 17.9 219.1 312.1 1073 

9:OO 219.0 311.1 214.4 305.4 1050 
:05 180.2 256.0 176.4 25 1.3 864 
:I0 198.2 281.5 194.0 276.3 950 
:15 167.7 238.2 164.2 233.9 804 

9:20 191.3 271.7 187.3 266.7 917 
:25 183.1 260.2 179.3 255.4 878 
:30 184.4 261.9 180.5 257.1 884 
:35 208.2 295.7 203.8 290.3 998 
:40 188.6 267.9 184.6 262.9 904 
:45 186.9 265.5 183.0 260.6 896 
:50 188.6 267.9 184.6 262.9 904 
:55 171.9 244.2 168.3 239.7 824 

10:OO 171.7 243.9 168.1 239.4 823 
TWAI, 548 1 7786 5366 7643 26276 



Table A2 (cant.) 
CHI SQUARE TABLE FOR VMS EFFECTS ON TRAFFIC PATTERNS 

APRIL 29 ACCIDENT: APRIL 22 COMPARED TO MAY 6 
NULL HYPOTHESIS: HOMOGENEOUS ACROSS BOTH DATES AND ALL TIMES 

AM 
8:05 
: 10 
: 15 
:20 
:25 
:30 
:35 

8:40 
:45 
: 50 
:55 

9:OO 
:05 
:I0 
:15 

9:20 
:25 
:30 
:35 
:40 
:45 
:50 
:55 

1o:oo 
TOTAL 
PROB 

4/22/96 
SlTE 39 

I .O 
2.0 
0.6 
0.0 
4.3 
2.5 
8.1 
1.5 
0.2 
3.5 
0.7 
0.6 
0.9 
1.6 
7.0 
11.9 
0.0 
0.1 
2.1 
0.4 
0.0 
0.6 
0.1 
0.7 
50.4 

4/22/96 5/6/96 5/6/96 
SlTE 144 SITE 39 SITE I44 

0.0 0.0 0.9 
0.1 0.0 0.7 
0.1 0.3 1.9 
0.2 0.4 0.0 
0.0 13.5 1.8 
15.0 2.4 15.7 
0.3 0. I 10.5 
1.9 0.0 5.1 
5.0 1.9 2.1 
0. I 1.5 5.7 
0.0 2.9 0.4 
1.4 0.1 4.1 
0.2 0.7 0.3 
0.0 0.0 0.6 
1 .O 2.6 21.5 
0.3 0.4 3.5 
0.2 0.3 0.7 
5.5 9.5 0.0 
0.7 0.0 0.0 
1 .O 0.3 I .  I 
0.3 0.1 0.4 
0.0 0.1 0.1 
0.0 8.0 3.4 
3.0 0.3 0.3 
36.3 45.6 80.9 

TOTAL 
1.9 
2.8 
2.9 
0.6 
19.6 
35.6 
18.9 
8.6 
9.1 
10.9 
3.9 
6.2 
2.1 
2.3 
32.2 
16.1 
1.2 
15.1 
2.9 
2.8 
0.8 
0.8 
11.6 
4.3 

213.2 
0.000 

CONCLUSION: 
CHI SQUARE FOR THE ENTIRE TABLE (213.2) IS SIGNIFICANT. CELLS ARE NOT HOMOGENEO1JS. 
LAP-GE VALUES OF CHI SQUARE APPEAR THROUGHOUT THE TABLE WITH NO APPARENT PATTERN 



Table A3 
VMS EFFECTS ON TRAFFIC PATTERNS 

APRIL 29 ACCIDENT: APRIL 29 COMPARED TO MAY 6 
NULL 13YPO'THESIS: HOMOGENEOUS IN ACCORDANCE WITH BEFORE PATTERN 

TRAFFIC VOLUMES BEFORE MESSAGE 
4/29/96 4/29/96 5/6/96 5/6/96 

AM SITE 39 SITE 144 SITE 39 SITE 144 TOTAL 
8:05 310 452 304 458 1524 
:I0 299 45 1 317 469 1536 
: I5 3 19 450 307 480 1556 
:20 29 1 4 13 285 425 1414 
:25 258 406 322 348 1334 
:30 278 406 208 258 1150 
:35 230 248 26 1 442 1181 

TOTAL 1985 2826 2004 2880 9695 
TRAFFIC VOLUMES DURING MESSAGE TIMES 

8:40 74 89 277 434 874 
:45 285 32 1 220 317 1143 
: 50 266 268 227 396 1157 
:55 247 26 1 194 323 1025 

9:OO 243 200 21 1 34 1 995 
:05 230 217 165 243 855 
:10 205 229 192 263 889 
: 15 239 227 185 163 814 

TOTAL 1789 1812 1671 2480 7752 
TRAFFIC VOLllMES AFTER MESSAGE 

9:20 186 234 179 236 835 
:25 206 2 74 172 269 92 1 
:30 2 16 177 222 258 873 
:35 24 9 21 1 201 287 948 
:40 214 253 177 246 890 
:45 244 208 179 27 1 902 
:50 189 206 181 257 833 
:55 195 207 205 21 1 818 

1Q:OO 220 199 175 248 842 
TOTAL 1919 1969 1691 2283 7862 

EXPECTED VALUES 
4/29/96 4/29/96 5/6/96 5/6/96 

AM SITE 39 SITE I44 SITE 39 SITE 144 TOTAL 
8:05 312.0 444.2 315.0 452.7 1524 
:10 314.5 447.7 3 17.5 456.3 1536 
:I5 318.6 453.6 32 1.6 462.2 1556 
:20 289.5 4 12.2 292.3 420.0 1414 
:25 273.1 388.8 275.7 396.3 1334 
:30 235.5 335.2 237.7 341.6 1150 
:35 241 8 344.3 244.1 350.8 1181 

TOTAL 1985 2826 2004 2880 9695 
EXPECTED VALUES BASED ON BEFORE TIMES 

8:40 178.9 254.8 180.7 259.6 874 
:45 234.0 333.2 236.3 339.5 1143 
:50 236.9 337.3 239.2 343.7 1157 
:55 209.9 298.8 21 1.9 304.5 1025 

9:OO 203.7 290.0 205.7 295.6 995 
:05 175.1 249.2 176.7 254.0 855 
: 10 1 82.0 259.1 183.8 264.1 889 
: 15 166.7 237.3 168.3 24 1.8 8 14 

TOTAL 1587.2 2259.6 1602.4 2302.8 7752 
EXPECTED VALUES BASED ON BEFORE TIMES 

9:20 171.0 243.4 172.6 248.0 835 
:25 188.6 268.5 190.4 273.6 92 1 
:30 178.7 254.5 180.5 259.3 873 
:35 194.1 276.3 196.0 281.6 948 
:40 182.2 259.4 184.0 264.4 890 
:45 184.7 262.9 186.4 267.9 902 
:50 170.6 242.8 172.2 247.5 833 
:55 167.5 238.4 169.1 243 .O 8 18 

1O:OO 172.4 245.4 174.0 250.1 842 
TOTAL 1609.7 2291.7 1625.1 2335.5 7862 



AM 
8:05 
:I0 
: 15 
:20 
:2S 
:30 
:35 

TOTAL 
PROB 

AM 
9:20 
:25 
::30 
:35 
:40 
:45 
:50 
:55 

1 O:oo 
TOTAL 
?ROB 

'Table A3 (cont.) 
VMS EFFECTS ON TRAFFIC PATTERNS 

APRIL 29 ACCIDENT: APRIL 29 COMPARED T O  MAY 6 
NULL HYPOTHESIS: HOMOGENEOUS IN ACCORDANCE WITH BEFORE PATTERN 

BEFORE MESSAGE CHI SQUARE TABLE 
4/29/96 4/29/96 5/6/96 5/6/96 
SITE 39 SITE 144 SlTE 39 SlTE 144 

0.0 0.1 0.4 0.1 
0.8 0.0 0.0 0.4 
0.0 0.0 0.7 0.7 
0.0 0.0 0.2 0.1 
0.8 0.8 7.8 5.9 
7.7 14.9 3.7 20.5 
0.6 26.9 1.2 23.7 
9.9 42.8 13.9 51.2 

AFTEK MESSAGE CHI SQUARE 'TABLE 
SITE 39 SITE 144 SII'E 39 SITE 144 

1.3 0.4 0.2 0.6 
1 6  0.1 1.8 0.1 
7.8 23.6 9.6 0.0 
15.5 15.4 0. I 0.1 
5 5 0.2 0.3 1.3 
19.1 11.5 0.3 0.0 
2.0 5.6 0.5 0.4 
4.5 4.1 7.6 4.2 
13.1 8.8 0.0 0.0 
70.5 69.7 20.4 6.7 

TOTAL 
0.6 
1.1 
1.4 
0.2 
15.2 
46.8 
52.3 
1 17.8 
0.000 

TOTAL 
2.5 
3.6 

40.9 
31.2 
7.2 

30.9 
8.4 

20.5 
22.0 
167.2 
0.000 

A M  
8:40 
:45 
:50 
:55 

9:OO 
:05 
: I0 
: 15 

TOTAL 
PROB 
L. 7 ROW 

PROB 

DURING MESSAGE CHI SQUARE TABLE 
4/29/96 4/29/96 5/6/96 5/6/96 
SlTE 39 SITE 144 SlTE 39 SlTE 144 

61.5 107.9 51.4 117.1 
11.1 0.4 1.1 1.5 
3.6 14.2 0.6 8 .O 
6.6 4.8 1.5 1 . 1  
7.6 27.9 0.1 7.0 
17.2 4.2 0.8 0.5 
2.9 3.5 0.4 0.0 

31.4 0.4 1.7 25.7 
141.9 163.4 57.6 160.8 

TOTAL 
337.9 
14.2 
26.4 
14.0 
47.6 
22.7 
6.8 
59.2 

523.7 
0.000 
185.8 
0.000 

CONCLUSIONS: 
THE 'BEFORE MESSAGE' CRlTERlON TABLE IS NOT A S  GOOD AS THE ONE WITH 4/22/96 REPLACING 5/6/96. 
NEVERTHEl,ESS, THE SHIFT FROM SlTE 144 T O  SlTE 39 ON 4/49/96 APPEARS AGAIN 1N BOTH THE 'DURING' AND 'AFTEK' 
MESSAGE TABLES. 



Table A4 
VMS ANALYSIS 

LANE DISTRIBUTION O F  TRAFFIC AT SITE 88 
APRIL 29,1996 

NULL HYPOTHESIS: HOMOGENEOUS IN ACCORDANCE WlTH BEFORE PATTEW 
LANES ORDERED FROM HOV TO OUTSIDE (3) 

BEFORE MESSAGE 
AM HOV LANE I LANE 2 LANE 3 TOTAL 
8:05 21 93 97 55 266 

:I0 24 111 89 73 297 

:I5 26 99 94 80 299 
:20 22 95 85 61 263 
:25 16 56 7 8 53 203 
:30 14 96 92 49 251 
:35 9 60 5 8 32 159 

SUM 132 610 593 403 1738 

MESSAGE DISPLAY PERIOD 
AM HOV LANE I LANE 2 LANE 3 TOTAL 
8:40 3 24 20 15 62 

:45 15 69 62 25 171 

:50 13 01 69 25 168 
:55 14 58 68 23 163 

9:OO 14 51 5 8 27 150 
:05 10 52 50 2 1 133 
:10 12 55 67 35 169 
:I5 17 70 69 26 182 

SUM 98 440 463 197 1198 

CHI SQUARE TABLE FOR 8:05 - 8:35 
AM HOV LANE 1 LANE 2 LANE 3 TOTAL 
8:05 0.03 0.00 0.43 0.72 1.19 

:I0 0.09 0.44 1.50 0.25 2.28 
:I5 0.48 0.34 0.63 1.64 3.09 

:20 0.21 0.08 0.25 0.00 0.53 
:25 0.02 3.26 1.10 0.75 5.13 
:30 1.34 0.71 0.47 1.45 3.98 
:35 0.78 0.32 0.26 0.64 2.00 

SUM 2.96 5.14 4 .  5.46 18.20 
PROB 0.44 

EXPECTED VALUES 
AM HOV LANE 1 LANE 2 LANE 3 
8:05 20.2 93.4 90.8 61.7 

:I0 22.6 104.2 101.3 68.9 
:I5 22.7 104.9 102.0 69.3 
:20 20.0 92.3 89.7 61.0 
:25 15.4 71.2 69.3 47.1 
:30 19.1 88.1 85.6 58.2 
:35 12.1 55.8 54.3 36.9 

SUM 132 610 593 403 

SUM 
2 66 
297 
299 

263 
203 
25 1 
159 
1738 

EXPECTED VALUES FROM BEFORE PERlOD 
AM HOV LANE 1 LANE 2 LANE 3 SUM 
8:40 4.7 21.8 21.2 14.4 62 

:45 13.0 60.0 58.3 39.7 171 
:50 12.8 59.0 57.3 39.0 168 
:55 12.4 57.2 55.6 37.8 163 

9:OO 11.4 52.6 51.2 34.8 150 

:05 10.1 46.7 45.4 30.8 133 
:10 12.8 59.3 57.7 39.2 169 
:I5 13.8 63.9 62.1 42.2 182 

SUM 91.0 420.5 408.8 277.8 1198 

CHI SQUARE TABLE FOR 8:40 - 9: 15 
AM HOV LANE I LANE 2 LANE 3 SUM 
8:40 0.62 0.23 0.06 0.03 0.94 

:45 0.31 1.34 0.23 5.41 7.30 
:50 0.00 0.07 2.38 5.00 7.45 
:55 0.21 0.01 2.76 5.79 8.77 

9:OO 0.60 0.05 0.91 1.74 3.30 
:05 0.00 0.61 0.47 3.14 4.22 
:I0 0.05 0.31 1.51 0.45 2.33 
:I5 0.73 0.59 0.77 6.22 8.30 

SUM 2.53 3.21 9.09 27.78 42.61 
PROB 0.00 

CONCLUSIONS: 
THE 8:05 - 8:35 TABLE IS HOMOGENEOUS WITH RESPECT TO MARGINAL TOTALS. 
IN THE 8:40 - 9: I5 TABLE. THERE IS A SIGNIFICANT SHIFT OF TRAFFIC AWAY FROM 
LANE 3. 



Table A5 
VMS ANALYSES 

LANE DISTRIBUTION OF TRAFFIC AT SITE 88 
APRIL 29 AND APRIL 30,1996 

NULL HYPOTHESIS: HOMOGENEOUS IN ACCORDANCE WITH 4/29/96 PATTERN 
LANES ORDERED FROM HOV TO OUTSIDE (3) 

APRIL 29 BEFORE MESSAGE 
AM HOV LANE 1 LANE 2 LANE 3 

8: 21 93 97 5 5 
:I 24 111 89 73 
:1 26 99 94 80 
:2 22 95 85 6 1 
:2 16 56 78 5 3 
:3 14 96 92 49 
:3 9 60 5 8 32 

SUM 132 610 593 403 

AM 
8: 

:I 
: 1 
:2 
:2 
:3 
:3 

SUM 

APRlL 30 BEFORE MESSAGE 
HOV LANE 1 LANE 2 LANE 3 

20 104 60 75 
22 101 92 78 
34 103 99 85 
19 100 77 5 8 
20 97 93 67 
24 52 77 63 
8 84 76 64 

147 641 574 490 

SUM 
266 
297 
299 
263 
203 
25 1 
159 
1738 

SUM 
259 
293 
32 1 
254 
277 
2 16 
232 
1852 

CHI SQUARE TABLE FOR APRIL 29 
A M  HOV LANE I LAKE 2 LANE 3 SUM 

8: 0.0 0.0 0.4 0.7 1.2 
:I 0.1 0.4 1.5 0.2 2.3 
:I 0.5 0.3 0.6 1.6 3.1 

:2 0.2 0.1 0.2 0.0 0.5 
:2 0.0 3.3 1.1 0.7 5.1 
:3 1.3 0.7 0.5 1.5 4.0 
:3 0.8 0.3 0.3 0.6 2.0 

SUM 3.0 5.1 4.6 5.5 18.2 
PROB 0.44 

AM 
8:O 
:I0 
: 15 

:20 
:25 
:30 

:?5 
SUM 

EXPECTED VALUES 
HOV LANE 1 LANE 2 LANE 3 SUM 
20.2 93.4 90.8 61.7 266 
22.6 104.2 101.3 68.9 297 
22.7 104.9 102.0 69.3 299 

20.0 92.3 89.7 61.0 263 
15.4 71.2 69.3 47.1 203 
19.1 88.1 85.6 58.2 251 
12.1 55.8 54.3 36.9 i s 9  

132 610 593 403 1738 

EXPECTED VALUES BASED ON APRlL 29 
AM HOV LANE 1 LANE 2 LANE 3 SUM 
8:O 19.7 90.9 88.4 60.1 259 
:I0 22.3 102.8 100.0 67.9 293 
:I5 24.4 112.7 109.5 74.4 321 
:20 19.3 89.1 86.7 58.9 254 

:25 21.0 97.2 94.5 64.2 277 
:30 16.4 75.8 73.7 50.1 216 
:35 17.6 81.4 79.2 53.8 232 

SUM 140.7 650.0 631.9 429.4 1852 

CHI SQUARE TABLE FOR APRlL 30 
AM HOV LANE 1 LANE 2 LANE 3 SUM 
8:O 0.0 1.9 9.1 3.7 14.7 
: lo 0.0 0.0 0.6 1.5 2.2 
:I5 3.8 0.8 1 .O 1.5 7.1 
:20 0.0 1.3 1.1 0.0 2.4 
:25 0.1 0.0 0.0 0.1 0.2 
:30 3.5 7.5 0.1 3.3 14.5 
:35 5.3 0.1 0.1 1.9 7.4 

SUM 12.6 11.6 12.1 12.1 48.5 
PROB 0.00 

CONCLUSIOES: 
THE APRlL 29 CHI SQUARE (I 8.2) IS NOT SIGNIFICANT. THE TABLE IS HOMOGENEOUS. 
7 HE APRlL 30 CHI SQUARE (48.5) IS SIGNIFICANT. THE TABLE IS NOT HOMOGENEOUS. 
ONE TO 3 LARGE VALUES OF CHI SQUARE OCCUR IN EVERY LANE, BUT THERE IS NO 

PATTERN. 



Table A6 
VMS ANALYSIS 

LANE DISTRIBUTION OF TRAFFIC .4T SITE 88 
APRIL 29 AND APRIL 30,1996 

NULL HYPOTHESIS: HOMOGENEOUS IN ACCORDANCE WITH APRIL 29 PAITERN 
LANES ORDERED FROM HOV TO OUTSIDE (3) 

APRIL 29 MESSAGE DISPLAY PERlOD 
AM HOV LANE 1 LANE 2 LANE 3 SUM 

8:40 3 24 20 15 62 
:45 15 69 62 25 17'1 
:50 13 61 69 25 168 
:55 14 58 68 23 163 

9:OO 14 51 5 8 27 150 
:05 10 52 50 21 133 
:I0 12 55 67 35 169 
:I5 17 70 69 26 182 

SUM 98 440 463 197 1198 

APRIL 30 MESSAGE DISPLAY PERIOD 
AM HOV LANE I LANE 2 LANE 3 SUM 

8:40 3 80 9 1 51 225 
:45 15 77 9 1 55 238 
:50 13 91 8 1 49 234 
:55 14 81 76 30 201 

9:OO 14 61 70 44 189 
:05 10 63 7 1 45 189 
:I0 12 49 70 47 178 
:I5 17 67 83 39 206 

SUM 98 569 633 360 1660 

APRlL 79 CHI SQUARE TABLE 
AM HOV LANE 1 LANE 2 LANE 3 SUM 

8:40 0.8 0.1 0.7 2.3 3.8 
:45 0.1 0.6 0.3 0.3 1.3 
:50 0.0 0.0 0.3 0.2 0.6 
:55 0.0 0.1 0.4 0.5 1.0 

9:OO 0.2 0.3 0.0 0.2 0.8 
:05 0.1 0.2 0.0 0.0 0.3 
:I0 0.2 0.8 0.0 1.9 3.0 
:I5 0.3 0.1 0.0 0.5 1.0 

SUM 1.8 2.2 1.7 6.0 11.8 
PROB 0.95 

APRIL 29 EXPECTED VALUES 
AM HOV LANE 1 LANE 2 LANE 3 SUM 

8:40 5.1 22.8 24.0 10.2 62 
:45 14.0 62.8 66.1 28.1 171 
:50 13.7 61.7 64.9 27.6 168 
:55 13.3 59.9 63.0 26.8 163 

9:OO 12.3 55.1 58.0 24.7 150 
:05 10.9 48.8 51.4 21.9 133 
:I0 13.8 62.1 65.3 27.8 169 
:15 14.9 66.8 70.3 29.9 182 

SUM 98 440 463 197 1198 

EXPECTED VALUES BASED ON APRIL 29 
AM HOV LANE 1 LANE 2 LANE 3 SUM 

8:40 18.4 82.6 87.0 37.0 225 
:45 19.5 87.4 92.0 39.1 238 
:50 19.1 85.9 90.4 38.5 234 
:55 16.4 73.8 77.7 33.1 201 

9:OO 15.5 69.4 73.0 31.1 189 
:05 15.5 69.4 73.0 31.1 189 
:I0 14.6 65.4 68.8 29.3 178 
:I5 16.9 75.7 79.6 33.9 206 

SUM 136 610 642 273 1660 

APRIL 30 CHI SQUARE TABLE 
AM HOV LANE 1 LANE 2 LANE 3 SUM 

8:40 12.9 6.1 0.2 5.3 18.5 
:45 1 .O 1.2 0.0 6.4 8.7 
5 0  2.0 0.3 1 .O 2.9 6.1 
:55 0.4 0.7 0.0 0.3 1.4 

9:OO 0.1 1.0 0.1 5.4 6.7 

:05 1.9 9.6 0.1 6.2 8.8 
:I0 0.5 4.1 0.0 lo.? 15.3 
:I5 0.0 1.0 0.1 0.8 1.9 

SUM 18.8 9.0 1.6 38.0 67.4 
PROB 0.00 

CONCLUSIONS: 
THE APRIL 29 CHI SQUARE (I 1.8) IS NOT SIGNIFICANT. THE TABLE IS HOMOGENEOUS. 
THE APRIL 30 CHI SQUARE (67.4) IS SIGNIFICANT. THE TABLE IS NOT HOMOGENEOUS. 
THERE IS SIGNIFICANTLY MORE TRAFFIC IN LANE 3 THAN EXPECTED. 
THE HOV VALUE AT 8:40 (3) IS SIGNIFICANTLY SMALLER THAN EXPECTED. 



Table A7 
VMS EFFECTS ON TRAFFIC PATTERNS 

JULY 22 ACCIDENT: JULY 22 COMPARED TO JULY 29 
NULL IWPOTHESIS: HOMOGENEO[JS IN ACCORDANCE WITH BEFORE PATTERN 

TRAFFIC VOLUMES BEFORE MESSAGE TIMES 
7/22/96 7/22/96 7/29/96 7/29/96 

PM SITE 39 SITE 144 SITE 39 SITE 144 TOTAL 
1.55 231 240 209 277 957 
2:OO 215 284 2 13 268 980 

.05 21 1 272 244 263 990 
:I0 212 309 250 323 1094 

:I5 215 30 1 225 28 I 1022 
TOTAL 1084 1406 1141 1412 5043 

TRAFFIC VOLUMES DURING MESSAGE: TIMES 
PM SITE j9 SITE 144 SITE 39 SITE 144 

2:20 263 23 1 189 292 975 
:25 222 230 225 287 964 
:30 243 243 243 284 1013 
:35 315 240 259 310 1124 
:40 330 242 254 316 1142 
:45 310 299 274 340 1223 
:50 327 264 215 295 1101 

TOTAL 2010 1749 1659 2124 7542 
TRAFFIC VOLUMES AFTER MESSAGE TIMES 

PM SITE39 SITE 144 SITE39 SITE 144 
2 5 5  262 288 263 274 1087 
3:OO 241 258 202 268 969 

:05 270 301 228 305 1104 
:I0 276 299 270 337 1182 
:15 249 288 205 290 1032 
:20 201 273 2 16 307 997 
:25 237 283 219 254 993 
:30 235 282 24 1 240 998 

TOTAL 1971 2272 1844 2275 8362 

EXPECTED VALlJES 
7/22/96 7/22/96 7/29/96 7/29/96 

PM SITE 39 SITE 144 SITE 39 SITE 144 TOTAL 
155  205.7 266.8 216.5 268.0 957 
2:OO 210.7 273.2 22 1.7 274.4 980 

:05 212.8 276.0 224.0 277.2 990 
:I0 235.2 305.0 247.5 306.3 1094 
:15 219.7 284.9 23 1.2 286.2 1022 

TOTAL 1084 1406 1141 1412 5043 
EXPECTED VALUES BASED ON BEFORE TIMES 

PM SITE 39 SITE 144 SITE 39 SITE 144 
2 2 0  209.6 27 1.8 220.6 273.0 975 

:25 207.2 268.8 218.1 269.9 964 
:30 217.7 282.4 229.2 283.6 1013 
:35 241.6 313.4 254.3 3 14.7 1124 
:40 245.5 3 18.4 258.4 319.8 1142 
:45 262.9 341.0 276.7 342.4 1223 
:SO 236.7 307.0 249.1 308.3 1101 

TOTAL 1621.2 2102.7 1706.4 21 11.7 7542 
EXPECTED VALUES BASED ON BEFORE TIMES 

PM SITE39 SITE 144 SITE 39 SITE 144 
2:55 233.7 303.1 245.9 304.4 1087 
3:OO 208.3 270.2 219.2 271.3 969 
:05 237.3 307.8 249.8 309.1 L 104 
:I0 254.1 329.5 267.4 33 1 .O 1182 
:I5 221.8 287.7 233.5 289.0 1032 
:20 214.3 278.0 225.6 279.2 997 
:25 213.4 276.9 224.7 278.0 993 
:30 214.5 278.2 225.8 279.4 998 

TOTAL 1797.4 2331.3 1891.9 2341.3 8362 



Table A7 (cont.) 
VMS EFFECTS ON TRAFFIC PATTERNS 

JULY 22 ACCIDENT: JULY 22 COMPARED TO JULY 29 
NULL HYPOTHESIS: HOMOGENEOUS IN ACCORDANCE WITH BEFORE PATTERN 

BEFORE MESSAGE TIMES CHI SQUARE TABLE 
7/22/96 7/22/96 7/29/96 7/29/96 

PM SITE 39 SITE 144 SITE 39 SITE 144 TOTAL 
1:55 3.1 2.7 0.3 0.3 6.4 
2:OO 0.1 0.4 0.3 0.1 1 .O 

:05 0.0 0.1 1.8 0.7 2.6 
:I0 2.3 0.1 0.0 0.9 3.3 
:I5 0.1 0.9 0.2 0.1 1.3 

TOTAL 5.6 4.1 2.6 2.2 14.5 
PROB 0.27 

AFTER MESSAGE TIMES CHI SQUARE TABLE 
PM SITE 39 SITE 144 SITE 39 SITE I44 TOTAL 

2:55 3.4 0.7 1.2 3 .O 8.4 
3:OO 5.1 0.5 1.4 0.0 7.1 
:05 4.5 0.2 1.9 0.1 6.6 
:I0 1.9 2.8 0.0 0.1 4.9 
:I5 3.3 0.0 3.5 0.0 6.8 
:20 0.8 0. I 0.4 2.8 4.1 
:25 2.6 0.1 0.1 2.1 5.0 
:30 2.0 0.1 I .O 5.6 8.6 

TOTAL 23.7 4.6 9.5 13.7 51.4 
PROB 0.00 

DURING MESSAGE TIMES CHI SQUARE TABLE 
7/22/96 7/22/96 7/29/96 7/29/96 

PM SITE 39 SITE 144 SITE 39 SITE 144 TOTAL 
2:20 13.6 6.1 4.5 1.3 25.6 

:25 1.1 5.6 0.2 1.1 7.9 
:30 2.9 5.5 0.8 0.0 9.3 
:35 22.3 17.2 0. I 0.1 39.6 
:40 29.1 18.3 0. I 0.0 47.6 
:45 8.4 5.2 0.0 0.0 13.7 
:50 34.5 6.0 4.7 0.6 45.7 

TOTAL 111.9 63.9 10.4 3.1 189.4 
PROB 0.00 

CONCLUSIONS: 
THE 1 :55 - 2: 15 TABLE IS HOMOGENEOUS OVERALL, ALTHOUGH THERE ARE TWO MISFITS IN THE UPPER LEFT CORNER. 
CHI SQUARE FOR THE 2:20 - -2:50 TABLE (1 89.4) IS SIGNIFICANT. ON 7/22/96 SlTE 39 VALUES ARE GREATER AND SlTE 144 

VALLJES ARE LESS THAN EXPECTED. 
CHI SQUARE IN THE 2:55 - 330  TABLE (5 1.4) IS SIGNIFICANT. ON 7/22/96 SlTE 39 VALUES .4RE GREATER THAN EXPECTED. 

LARGE CELL VALUES IN THE REST OF THE TABLE FORM NO PATTERN. 



Table A8 
LANE DlSTRIBUTlON OF TRAFFlC AT SITE151 

ACCIDENT 3 ON SEPTEMBER 30,1996 
NULL HYPOTHESIS: POST-ACCIDENT DATA ARE HOMOGENEOUS 

DATA TABLE 
OCTOBER 7, 1996 OCTOBER 14. 1996 OCTOBER 2 1,1996 OCTOBER 28, 1996 NOVEMBER 4, 1996 

AM/PM LANE 1 LANE 2 LANE 3 LANE 1 LANE 2 LANE 3 LANE 1 LANE 2 LANE 3 LANE 1 LANE 2 LANE 3 LANE 1 LANE 2 LANE 3 TOTAL 
1 1:25 60 65 60 67 75 48 78 79 50 62 85 57 65 76 60 987 

:30 57 65 49 66 80 5 1 52 54 46 79 90 62 73 7 1 47 942 
:35 60 73 44 69 98 46 4 7 68 49 70 79 54 67 85 50 959 
:40 59 84 49 76 79 39 73 72 48 45 68 5 1 7 1 75 58 947 
:45 53 '7 5 46 73 78 5 5 75 75 5 1 68 80 47 62 75 45 958 
:50 68 72 50 58 76 46 68 79 54 56 60 49 67 7 8 45 926 
:55 61 86 40 59 60 39 58 79 42 49 74 42 68 7 1 47 875 

12:OO 66 7 1 5 7 63 74 48 53 69 49 57 66 54 56 8 1 48 912 
.05 65 74 49 5 5 75 43 56 68 50 63 86 5 1 5 5 76 56 922 
:I0 62 76 49 52 72 46 79 80 5 8 69 9 1 50 7 1 8 1 48 984 
:I5 58 65 46 65 6 1 54 69 8 1 5 7 66 79 5 1 56 76 48 932 
:20 55 69 48 66 68 49 49 78 49 69 80 52 4 7 63 53 895 
:25 64 78 60 65 70 48 70 8 1 42 70 78 42 60 74 46 948 
:30 72 79 56 62 8'2 48 60 68 45 $6 97 56 5 1 75 46 993 
.35 70 76 3 7 66 75 49 60 85 49 65 82 5 1 56 66 46 933 
:40 67 70 43 67 76 46 66 79 40 50 83 49 72 82 47 937 
:45 63 73 55 80 83 5 1 68 80 5 1 72 77 59 62 72 42 988 
:50 72 72 62 72 75 57 69 82 64 70 74 42 7 1 6 5 56 1003 
:55 60 77 56 63 86 4 1 59 72 42 67 78 42 60 68 43 914 

1:OO 62 73 43 63 72 5 1 75 68 45 63 69 53 5 5 69 46 907 
'TOTAL 1254 1473 999 1307 1515 955 1284 1497 981 1306 I576 1014 1245 1479 977 18862 



Table AS (cont.) 
LANE DlSTRlBUTION OF TRAFFIC AT SITE151 

ACCIDENT 3 ON SEPTEMBER 30,1996 
NULL HYPOTHESIS: POS'T-ACCIDENT DATA ARE HOMOGENEOUS 

EXPECTED VALUES FROM MARGINAL TOTALS 
OCTOBER 7, 1996 OCTOBER 14, I996 OCTOBER 2 1, I996 OCTOBER 28,1996 NOVEMBER 4, 1996 

AM/PM LANE 1 LANE 2 LANE 3 LANE I LANE 2 LANE 3 LANE 1 LANE 2 LANE 3 LANE 1 LANE 2 LANE 3 LANE 1 LANE 2 LANE 3 TOTAL 
11:25 65.6 77.1 52.3 68.4 79.3 50.0 67.2 78.3 51.3 68.3 82.5 53.1 65.1 77.4 51.1 987 

: 3 0 6 2 . 6  73.6 49.9 65.3 75.7 47.7 64.1 74.8 49.0 65.2 78.7 50.6 62.2 73.9 48.8 942 
:35 63.8 74.9 50.8 66.5 77.0 45.6 65.3 76.1 49.9 66.4 80.1 51.6 63.3 75.2 49.7 959 
:40 63.0 74.0 50.2 65.6 76.1 47.9 64.5 75.2 49.3 65.6 79.1 50.9 62.5 74.3 49.1 947 
:45 63.7 74.8 50.7 66.4 76.9 48.5 65.2 76.0 49.8 66.3 80.0 51.5 63.2 75.1 49.6 958 
:50 61.6 72.3 49.0 64.2 74.4 46.9 63.0 73.5 48.2 64.1 77.4 49.8 61.1 72.6 48.0 926 
:55 58.2 68.3 46.3 60.6 70.3 44.3 59.6 69.4 45.5 60.6 73.1 47.0 57.8 68.6 45.3 875 

12:00 6 0 6  71.2 48.3 63.2 73.3 46.2 62.1 72.4 47.4 63.1 76.2 49.0 60.2 71.5 47.2 913 
:05 61.3 72.0 48.8 63.9 74.1 46.7 62.8 73.2 48.0 63.8 77.0 49.6 60.9 72.3 47.8 922 
:I0 65.4 76.8 52.1 68.2 79.0 49.8 67.0 78.1 51.2 68.1 82.2 52.9 64.9 77.2 51.0 984 
:15 62.0 72.8 49.4 64.6 74.9 47.2 63.4 74.0 48.5 64.5 77.9 50.1 61.5 73.1 48.3 932 
:20 59.5 69.9 47.4 62.0 71.9 45.3 60.9 71.0 46.5 62.0 74.8 48.1 59.1 70.2 46.4 895 
:25 63.0 74.0 50.2 65.7 76.1 48.0 64.5 75.2 49.3 65.6 79.2 51.0 6 2 6  74.3 49.1 948 
:30 66.0 77.5 52.6 68.8 79.8 50.3 67.6 78.8 51.6 68.8 83.0 53.4 65.5 77.9 51.4 993 
:35 62.0 72.9 49.4 64.7 74.9 47.2 63.5 74.0 48.5 64.6 78.0 50.2 61.6 73.2 48.3 933 
:40 62.3 73.2 49.6 64.9 75.3 47.4 63.8 74.4 48.7 64.9 78.3 50.4 61.8 73.5 48.5 937 
: 4 5 6 5 . 7  77.2 52.3 68.5 79.4 50.0 67.3 78.4 51.4 68.4 82.6 53.1 65.2 77.5 51.2 988 
:SO 66.7 78.3 53.1 69.5 80.6 50.8 68.3 79.6 52.2 69.4 83.8 53.9 66.2 78.6 52.0 1003 
:55 60.8 71.4 48.4 63.3 73.4 46.3 62.2 72.5 47.5 63.3 76.4 49.1 60.3 71.7 47.3 914 

1:OO 60.3 70.8 48.0 62.8 72.9 45.9 61.7 72.0 47.2 62.8 75.8 48.8 59.9 711 47.0 907 
TOTAL 1254 1473 995 1307 1515 955 1284 1497 981 1306 1576 1014 I245 1479 977 18862 



Table AS (cont.) 
LANE DISTRIBUTION OF TRAFFIC AT SITE151 

ACCIDENT 3 ON SEPTEMBER 30,1996 

CHI SQUARE TABLE 
OCTOBER 7, 1996 OCTOBER 14, 1996 OCTOBER 2 1, 1996 OCTOBER 28, 1996 NOVEMBER 4, 1996 

AMIPM LANE 1 LANE 2 LANE 3 LANE I LANE 2 LANE 3 LANE I LANE 2 LANE 3 LANE 1 LANE 2 LANE 3 LANE I LANE 2 LANE 3 TOTAL 
1 1:25 0.5 1.9 I. I 0.0 0.23 0.1 1.7 0.0 0.0 0.6 0.1 0.3 0.0 0.0 1.5 8.2 

:30 0.5 1.0 0.0 0.0 0.2 0.2 2.3 5.8 0.2 2.9 1.6 2.5 1.9 0.1 0.1 19.4 
:35 0.2 0.0 0.9 0.1 5.7 0.1 5.1 0.9 0.0 0.2 0.0 0.1 0.2 1.3 0.0 14.9 
:40 0.2 1.4 0.0 1.6 0.1 1.7 1.1 0.1 0.0 6.5 1.6 0.0 1.2 0.0 1.6 17.2 
:45 1.8 0.0 0.4 0.7 0.0 0.9 1.5 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 6.2 
:50 0.7 0.0 0.0 0.6 0.0 0.0 0.4 0.4 0.7 1.0 3.9 0.0 0.6 0.4 0.2 8.9 
:55 0.1 4.6 0.9 0.0 1.5 0.6 0.0 1.3 0.3 2.2 0.0 0.5 1.8 0.1 0.1 14.1 

12:OO 0.5 0.0 1.6 0.0 0.0 0.1 1.3 0.2 0.1 0.6 1.4 0.5 0.3 1.3 0.0 7.7 
:05 0.2 0.1 0.0 1.2 0.0 0.3 0.7 0.4 0.1 0.0 1.0 0.0 0.6 0.2 1.4 6.3 
:I0 0.2 0.0 0.2 3.8 0.6 0.3 2.2 0.0 0.9 0.0 0.9 0.2 0.6 0.2 0.2 10.3 
I 0.3 0.8 0.2 0.0 2.6 1.0 0.5 0.7 1.5 0.0 0.0 0.0 0.5 0.1 0.0 8.2 
:20 0.3 0.0 0.0 0.3 0.2 0.3 2.3 0.7 0.1 0.8 0.4 0.3 2.5 0.7 1.0 9.9 
:25 0.0 0.2 1.9 0.0 0.5 0.0 0.5 0.4 1.1 0.3 0.0 1.6 0.1 0.0 0.2 6.8 
:30 0.5 0.0 0.2 0.7 0.1 0.1 0.9 1.5 0.9 10.8 2.4 0.1 3.2 0.1 0.6 22.0 
:35 1.0 0.1 3.1 0.0 0.0 0.1 0.2 1.6 0.0 0.0 0.2 0.0 0.5 0.7 0.1 7.7 
:40 0.4 0.1 0.9 0.1 0.0 0.0 0.1 0.3 1.6 3.4 0.3 0.0 1.7 1.0 0.0 9.9 
:45 0.1 0.2 0.1 1.9 0.2 0.0 0.0 0.0 0.0 0.2 0.4 0.7 0.2 0.4 1.6 6.0 
:50 0.4 0.5 1.5 0.1 0.4 0.8 0.0 0.1 2.7 0.0 1 . 1  2.6 0.3 2.4 0.3 13.2 
:55 0.0 0.4 1.2 0.0 2.2 0.6 0.2 0.0 0.6 0.2 0.0 1.0 0.0 0.2 0.4 7.1 

1:OO 0.0 0.1 0.5 0.0 0.0 0.6 2.8 0.2 0.1 0.0 0.6 0.4 0.4 0.1 0.0 5.8 
TOTAL 8.1 11.5 14.9 11.2 14.6 7.7 23.8 14.6 10.9 29.8 16.0 11.4 16.5 9.2 9.8 209.9 

PROB 0.999 
CONCLUSION: 
BASED UPON ROW AND COLUMN TOTALS THE TABLE OF TRAFFIC VOLUMES FOR NON-ACCIDENT DAYS DISPLAYS 

VALUES HOMOGENEITY. 
TWENTY TWO CELLS IN A TOTAL OF 300, DISPLAYING NO CONSISTENT PATTERN, HAVE CHI SQUARE GREATER THAN 2.00. 
LANE 1 ON 10/28/96, HOWEVER, HAD 5 OF THESE VALUES, THE LARGEST OF WHICH WAS 10.80. 



Table A9 
LANE DlSTRlBUTION OF TRAFFlC AT SITE151 

ACCIDENT 3 ON SEPTEMBER 30,1996 
NULL HYPOTHESIS: ACCIDENT-DAY AND NON-ACCIDENT DAY DATA ARE 14OMOGENEOUS 

LANES ORDERED FROM INSIDE (I)  TO OUTSIDE (3) 

ACClDENT DATE EXPECTED VALUES: NON-ACCIDENT DAYS CHI SQUARE TABLE 
SEPTEMBER 30, 1996 SEPTEMBER 30, 1996 SEPTEMBER 30, 1996 

AM/PM LANE l LANE 2 LANE 3 TOTAL SUM# AMIPM LANE l LANE 2 LANE 3 TOTAL AM/PM LANE I LANE 7 LANE 3 TOTAI- 
11:25 58 67 5 7 182 987 11:25 61.7 72.8 47.5 182.0 11:25 0.2 0.5 I .9 2.6 

:30 61 8 1 43 185 942 :30 62.7 74.0 48.3 185.0 :30 0.0 0.7 0.6 4.7 
:35 72 87 43 202 959 :35 68.5 80.7 52.8 702.0 :?5 0.2 0.5 1.8 2.5 
:40 60 83 5 3 196 947 :30 66.5 78.4 51.2 196.0 :40 0.6 0.3 0.1 1 .O 
:45 65 74 40 179 958 :45 60.7 71.6 46.7 179.0 :45 0.3 0.1 1 .O 1.4 
:50 71 77 44 192 926 :50 65.1 76.8 50.1 192.0 :50 0.5 0.0 0.8 1.3 

BEGIN MESSAGE DISPLAY BEGIN MESSAGE DISPLAY BEGIN MESSAGE DISPLAY 
:55 63 66 3 9 168 875 :55 57.0 67.2 43.9 168.0 :55 0.6 0.0 0.5 1.2 

12:OO 68 69 3 9 176 912 1290 59.7 70.4 46.0 176.0 12:OO 1.2 0.0 1.1 2.2 
:05 5 1  52 29 132 922 :05 44.8 52.8 34.5 132.0 :05 0.9 0.0 0.9 1.7 
:I0 54 52 33 139 984 :10 47.1 55.6 36.3 139.0 :I0 1.0 0.2 0.3 1.5 
:I5 49 5 8 34 141 932 :I5 47.8 56.4 36.8 141.0 :I5 0.0 0.0 0.2 0.3 
:20 54 62 32 148 895 :20 50.2 59.2 38.7 148.0 :20 0.3 0.1 1.1 1.6 
:25 53 65 20 138 948 :25 46.8 55.2 36.0 138.0 :25 0.8 1.8 7.1 9.7 
:30 SO 80 42 172 993 :30 58.3 68.8 44.9 172.0 :30 1.2 1.8 0.2 3.2 
END MESSAGE DISPLAY END MESSAGE DISPLAY END MESSAGE DISPLAY 
:35 63 76 5 1 190 933 :35 64.4 76.0 49.6 190.0 :35 0.0 0.0 0.0 0.1 
:40 58 7 8 53 189 937 :40 64.1 75.6 49.4 189.0 :40 0.6 0.1 0.3 0.9 
:45 63 74 45 182 988 :45 61.7 72.8 47.5 182.0 :45 0.0 0.0 0.1 0.2 
:50 60 79 50 189 1003 :50 64.1 75.6 49.4 189.0 :50 0.3 0.2 0.0 0.4 
:55 59 82 42 183 914 :55 62.1 73.2 47.8 183.0 :55 0.2 1 . 1  0.7 1.9 

I:OO 55 55 46 156 907 1:OO 52.9 62.4 40.7 156.0 1:OO 0.1 0.9 0.7 1.6 
TOTAL 1187 1417 835 3439 18862 TOTAL 1166 1375 898 3439 TOTAL 9.0 8.2 19.4 36.6 

SUM# 6396 7540 4926 18862 PROB 0.53 
# 'TOTALS FOR ALL NON-ACCIDENT DAYS 

CONCLUSION: 
THERE IS NO EVIDENCE O F  ANY LANE DISPLACEMENT ON 'THE ACCIDENT DAY. 
LANE 3 AT 12:25 HAS A CHI SQUARE VALUE OF 7.1, THE ONLY UNUSUAL, ONE. 



APPENDIX B 

EMISSIONS ESTIMATE CALCULATION 

WORKSHEETS 

AND MOBILE 5a EMISSION FACTORS 



Table B1 
EMISSIONS ESTIMATE WORKSHEET FOR BEFORE PERIOD 

AM PEAK HOUR 

HC Enlissions (typical summcr day) 
Eastbound 

1.1nk Data t m r s s ~ o n  L ~ n k  
Volume Length VMT Spced Factor Emissions 

Site (vch) (mi) (veh-mi) (mph) (grlvch-mi) (gr) 
7 851 1 0.6 1 5714 54 . - 8 , m  

3 5309 0.53 2813 58 1.546 4,349 
4 4590 0.27 1240 42 1.581 1,960 
5 3334 0.34 1133 56 1.481 1,679 
7 7473 0.55 41 10 54 1.453 5,972 

Total HC Emissionu: 22.262 

NOx Emissions (typical summcr day) 
Eatbound 

- 1.1nk Uata t n ~ ~ s s ~ o n  L ~ n k  
c+r Volume Length VMT Speed Factor Emissions 
Iu Silc (veh) (mi) (veh-mi) (mph) (grlveh-mi) (gr) 

7 - 8 5 2 7  0.67 3 / 1 4  54 2 . 1 5 6  1 5 . 6 6 6  
3 5309 053  2813 58 3.061 8,612 
4 4590 0.27 1240 42 2.216 2,747 
5 3334 0.34 1133 56 2.894 3.280 
7 7473 0.55 4110 54 2.738 1 1.254 

Totol NOx Emissions: 41.537 

C'O Emissions (typical winter day) 
Eastbound 

L ~ n k  Data tmlsslon L ~ n k  
Volume Length VMT Spced Factor Emissions 

Site (veh) (mi) (vch-mi) (mph) (grlvch-mi) (PO 
7 59 15 0.07 '10 4 5 7 7 4 s , m  

3 6,197 0.53 3284 53 9.56 3 1.394 
4 5277 0.27 1425 49 9.49 13.525 
5 373 1 0.34 1268 5 1 9.52 12,075 
7 7693 0.55 4231 57 12.06 51,028 

fatal CO Emi~.~iom: 156.307 

Wcstbound 
L ~ n k  llata t m ~ s s ~ o n  1.1rik 

Volume Length VMT Spccd Factor Emissions 
(vch) (mi) (vch-mi) (rnph) (grlvch-mi) 
3688 U.65 2397 61 I . 6 r  4 . 0 E  
5977 0.49 2929 53 1.457 4.267 
6049 0.19 I t49 38 1.669 1.918 
4123 0.70 2884 59 1.577 4.548 
6344 0.55 3489 52 1.46 5.094 

lbtal IIC Emissrons. I Y. 812 

Wcstbound 
L ~ n k  Uata tn l~ss ron  1.1nk 

Volume Length VMT Specd Factor E~nissions 
(veh) (mi) (veh-mi) (mph) (grlveh-mi) ( ~ r !  
$688 U.65 2jY7 62 3.428 8.2 18 
5977 0.49 2929 53 2.662 7.716 
6049 0. t9 1 I49 38 2.1 74 2.49s 
4123 0.70 2884 59 3.147 9.075 
6344 0.55 3489 52 2.486 8.6?4 

Torat NOx )lmrssions: 36.261 

- Westbound 
L ~ n k  U a h  I:mtss~on 1.1nk 

Volume Lengr11 VMT Speed Factor Emiss io~~s  
(vch) (mi) (vch-mi) (mph) (grlveh-mi) (gr) 
46YU 0.65 3049 60 1 5 . 7 7  4 8 . m  
6352 0.49 31 12 61 17.01 52,939 
5941 0.19 1129 40 10.95 12.358 
4643 0.70 3247 59 14.5.3 47,186 
6965 0.55 3831 55 9.6 36.775 

Total ('0 Emrssionr: 197.333 

Site Tow1 
Emissions 

(gr) 
12, j l '  
8616 
3,878 
6,726 

11.066 
42,104 

Sitc I'otal 
1-missions 

(sr) 
Z j ,  801 
16,407 
5.245 

12.355 
19,928 
7 - ,  79:  

Sitc lbral  
In i~ss ions  

(P') 
96, 
84,334 
25.883 
59.261 
8 7.803 

353,640 



Table B2 
EMISSIONS ESTIMATE WORKSHEET FOR BEFORE PERIOD 

PM PEAK HOUR 

HC Emissions (typical summer day) 
Eastbound 

Lrnk [lala tm~sslon L~nk 
Volume Length VMT Spced Factor Emissions 

Site (veh) (mi) (vch-mi) (mphl (grlveh-mi) (gr) 
7 4864 0.67 3 2 3  5Y ---IT7 5,I-W 

3 4914 0.53 2604 62 1.675 4,362 
4 4590 0.27 1240 42 1.581 1,960 
5 4027 0.34 1369 58 1 546 2,117 
7 5950 0.55 3273 52 1.46 4.778 

Tofal HC  emission.^: 18.356 

KOx Emissions (typical summer day) 
IIastbound 

L~nk Uata tmrsslo~~ L~nk 
Volunic I,ength VMT Speed Factor Emissiot~s 

Sire (veh) (mi) (vch-mi) (rnph) (grtvch-mi) (u) 
7 41164 U.hl 5259 59 T 10.257 

3 4914 0.53 2604 62 3.421 8,927 
4 4590 0.27 1240 42 2.216 2,747 
5 4027 0.34 I 369 58 3.061 4,191 
7 5950 0.55 3273 52 2.486 8.135 

7bml NOx Emissions 34,257 

CO Emissions (typical winter day) 
Eastbound 

L~nk Uatn kni~ssron L~nk 
Volumc Length VMT Speed Factor Emissions 

Site (veh) (mi) (vrh-mi) (mph) (gdveh-mi) (gr) 
2 5404 0.61 76zr 65 2 2 m '  

3 5485 0.53 2907 58 13.29 38,629 
4 5818 0.27 1571 54 9.511 15,053 
5 4498 0.34 1529 58 13.29 20,322 
7 7017 0.55 3854 62 l8.26 70,4 72 

To~al CO Emlssionr. 22./.32/ 

Westbound 
Llnk Uala tnl~sston l.mk 

Volume 1,cngth VMT Speed Factor Emissions 
(vch) (mi) (vch-mi) (mph) (grlvcll-mi) (gr) 

0.65 4712 63 1.7U9 
6085 0.49 2981 61 1.643 4,898 
4861 0.19 923 49 1.473 1.360 
3380 0.70 2364 6 1 1.643 3,884 
7150 0.55 3933 55 1.45 5.702 

Total HC Emissions: 23,898 

Wcstbound 
L.lnk Ilala tmlsslon 1.1nk 

Volumc 1-cngth VMl' Speed Factor Emissions 
(veh) (mi) (veh-mi) (mph) (grtvch-mi) (gr) 
7249 0.65 4712 63 5.53 1 6 . 6 n  
6085 0.49 2981 61 3.332 9.934 
4861 0.19 923 49 2.381 2.199 
3380 0.70 2364 61 3.332 7,877 
7150 0.55 3933 55 2.814 1 1.066 

Torol N O x  Emissions. 17.709 

Site 'Total 
Emissions 

(gr) 
I j .  IY1 

9.260 
3,320 
6,001 

l a ,  480 
42,253 

Site 'Total 
Emissions 

(el) 

18.861 
4,916 

12,068 
19.201 
81.965 

Westhound 
1.1nk Uala tm~sston Lrnk Sile Total 

Volume Lengtli VMT Speed Factor Emissions Emissions 
(veh) (mi) (wh-mi) (mph) (grtvch-mi) (8') (go  
885U U.65 5753 63 I 9 . g  11Z.ZfF 1YZ. l f l  
6693 0.49 3279 48 9.48 31,088 69. -1 7 

5207 0.19 989 34 12.69 12,552 27,605 
3601 0.70 2519 60 15.77 39.719 60.042 
8090 0.55 4450 42 10.51 46,764 117.234 

Told CO Emissions. 242,412 166.734 



Table B3 
EMISSIONS ESTIMATE WORKSHEET FOR AFTER PERIOD 

AM PEAK HOUR 

HC Emissions (typical s~~mmcr  day) 
Eastbound 

1.1nk Uata tmtss~on 1.lnk 
Volume Length VMT Speed Factor Emissions 

Site (veh) (mi) (veh-mi) (mph) , - (grlveh-mi) (gr) 
7 ' 5515 0.67 3695 3 3 1.814 6.1U.1 

3 6055 0.53 3209 56 1.481 4,752 
4 4190 0.27 1132 5 1 1.464 1.657 
5 3513 0.34 1194 58 1.546 1.846 
7 5208 0.55 2864 5 5 1.45 4.153 

lbral HC Emissions: 19,112 

Westbound 
L~nk  Data kmlsslon L~nk Silc Total 

Volume Length VM'f Speed Fnctor Emissions I'missions 
(veh) (mi) (vch-mi) (mph) (grlvch-mi) (er) (gr) 

I 3 JL'I . . 218- 1.7% 3-84 I . (1,544 
5345 0.49 2619 57 1.514 3.965 9. 71 ? 

3958 0.19 752 46 1.509 1,135 2. 791 
4493 0.70 3143 55 1.45 4.557 6.403 
8365 0.55 4601 54 1.453 6.685 10.Y3H 

Tor01 /fC Emrssions: 10,182 39.293 

NOx Emissions (typ~col summer Jay) 
tastbound Westhound 

I.mk Data trnlsslon Lltlk Llnk Data trn~sslon tlnk Site Total - 
w Volume Length VMT Speed Factor Emissions Volume Lcngth VMT Spccd Factor Emissions Iiniissions 
a Sitc (veh) (mi) (vch-mi) (mph) (grlvch-mi) (gr) (veh) (mi) (veh-mi) (mph) (grlvch-mi) (P') (gr) 
7 5515 0 67 3695 33 2.142 1 . 9 1 6  3327 U.65 2163 65 3.746 8.0YT J6.011 

3 6055 0.53 3209 56 2.894 9,286 5345 0.49 2619 57 2.976 7.794 17,080 
4 4190 0.27 1132 5 1 2.5 18 2,849 3958 0.19 752 46 2.276 1.711 1,561 
5 3513 034 1194 58 3.061 3,656 4493 0.70 3143 55 2.814 8.843 12.499 
7 5203 0.55 2864 55 2.814 8.060 8365 0.55 4601 54 2 738 12.597 20.65' 

Tor01 NOx Emissiom: 31.76 7 Total NOx Emissronr: 39,012 70.809 

CO Emissions (typical wilircr day) 
Eastbound 

Llnk Uata tmlsslon L~nk 
Volume Length VMT Speed Factor Emissions 

Site (vch) (mi) (veh-mi) (rnph) (grlvch-mi) (00 
-7285 O b7 4882 48 9 .49  4 6 , 2 f l  

3 6015 0.53 3187 62 18.26 58,204 
4 4314 0.27 1165 54 9.58 11,162 
5 4025 0.34 1368 61 17.01 23,276 
7 5609 0 55 3085 54 9.58 29,554 

Total CO Emissions: 168,4 71 

Westbound 
1.1nk Uata Emlss~on Llnk Site 'Total 

Volume Lmgth VMT Speed Factor Emissions Emissions 
(vch) (mi) (veh-mi) (mph) (grlveh-nri) (gr) (gr) 
3696 0.65 2402 65 2 2 . f l  52.9 /f 9 V . m T  
5941 0.49 291 l 57 12.06 35.105 93,309 
5896 0.19 I120 46 9 79 10.965 22.127 
4805 0.70 3361 55 9.6 32.263 55.539 
8113 0.55 4462 52 9.54 42,569 72.123 

Total CO E~nissiom: 173.875 342.347 



Tabla B4 
EMISSIONS ESTIMATE WORKSHEET FOR A n E R  APERJOD 

PM PEAK HOUR 

HC Emissions (typ~cal summer day) 
Eastbound 

LlnC Llata tmlss~on 1.1nk 
Volume Length VMT Spcrd Factor Emissions 

Sire (veh) (mi) (veh-mi) (mph) (grlveh-mi) (gr) 
7 JBZZ U.6'1 156 1 47 1.493 3,824 

3 5513 0 53 2953 58 1.546 4.566 
4 523 1 0.27 1413 97 1.514 2.139 
5 4531 0 34 1540 61 1.643 2.53 1 
7 5942 0 55 3268 52 1.46 4.77 1 

Total i/C.* Emrssions: 17.831 

NOx Emissions (typical summer day) 
Emtbound 

1.1nk Ilata tnr~sslon Link - 
w Vol~~me  1,cnrth VMT S ~ c c d  Factor Emissions - ~ 

WB Site (veh) (m'i) (veh-mi) (hph)  (grlvch-mi) tar) 
7 - 7 2 2  U b l  2561 47 5.875- 

CO Emissions (typical winter day) 
Eastbound 

I.mk Data tmlsslon L~nk  
Vol\imc Length VMT Speed Factor i.:rnissions 

Site (veh) (mi) (veh-mi) (mph) (grlveh-mi) ( ~ r )  
7 5584 U.61 3742 62 18.n; 6 8 . m  

3 5999 0.53 3179 66 23.32 74.135 
4 5497 0.27 1485 49 9.49 14,089 
5 5147 0.34 1750 58 13.29 23,255 
7 6399 0.55 3519 54 9.58 33,716 

Tola/ CO Ent~ssiom: 213, 5 18 

Wcslbound 
L ~ n k  Uata tmlsslon 1.1nL 

Volume LengU~ VM'r Speed Faclor E~nissions 
(veh) (mi) (vch-mi) (mph) (grlvch-mi) (80  

u b c  b8 / b  , . 4469 It 2 . 1 6  ,. . 
5960 0.49 2920 52 1.46 4.263 
3361 0.19 638 46 1.509 963 
3852 0.70 2694 5 1 1.464 3.944 
7108 0.55 3909 50 1.469 5.743 

Toral IiC Em~.s.~;ons 24.330 

Wcslbound 
1.1nk LJata k~nlsslon l.1111; 

Volume Length VMI' Speed Fiicror Ifmissions 
(vch) (mi) (vch-mi) (mph) (grtvch-mi) (8r) 
6876 0.65 . . '4.531 
5960 0.49 2920 52 2.486 7.260 
3361 0.19 638 46 2.276 1.453 
3852 0.70 2644 5 1 2.218 6.784 
7108 0.55 3909 50 2.448 9.570 

Toral NOx E~n~ssrons. 34.609 

Westhound 
L~nk  1Jatn tmlsslon Llnk 

Volumc Length VMT Spccd Faclor lmissions 
(veh) (mi) (veh-mi) (mph) (grlveh-mi) (gr) 
/ I  b 9  0 65 4660 59 14.53 
606 1 0.49 2970 53 9.56 28.390 
5379 0.19 1022 49 9.49 9.697 
3953 0.70 2765 63 19.52 53.970 
7819 0.55 4300 55 9.6 4 1.284 

Tor01 CO Emissions: 201.019 

Sitc 'I otat 
I 'n~iss~ons 

(er) 
I J : ~  
8.629 
3.102 
6 4-5 

10,514 
42 381 

Site lotal 
IJrniss~ons 

Igr) 
9 4 1  ' . , 

16,300 
5.658 

11,917 
17,69.5 
66.985 

Sitc Total 
lmissions 

(gr) 
l J 6 , U f l  
102.525 
23.786 
7 7.225 
75,001 

414,567 



Speed 
(mphj 

25 
3 3 
34 
3 8 
40 
4 1 
42 
43 
44 
45 
46 
47 
48 
49 
50 
5 1 
52 
53 
54 
5 5 
56 
57 
58 
59 
60 
6 1 
62 
63 
64 
65 

Table B5 
EMISSION FACTORS BY TRAVEL SPEED FOR CO, HC AND NOx 

co 
With IM Wlout lM 

16.2 1 24.35 
12.38 18.87 
12.03 18.38 
10.85 16.68 
10.36 15.99 
10.14 15.68 
9.94 15.39 
9.75 15.12 
9.57 14.86 
9.4 14.63 

9.25 14.41 
9.1 14.2 

8.96 14 
8.97 14.01 
8.98 14.02 
8.99 14.04 
9.0 1 14.06 
9.03 14.08 
9.05 14.1 
9.07 14.13 

10.2 1 16.13 
1 1.35 18.13 
12.49 20.14 
13.64 22.15 
14.79 24.17 
15.94 26.19 
17.1 28.22 

18.27 30.25 
19.44 32.29 
20.62 34.34 

Weighted 
Average 

17.06 
13.05 
12.69 
I 1.46 
10.95 
10.72 
10.51 
10.31 
10.12 
9.94 
9.79 
9.63 
9.48 
9.49 
9.50 
9.52 
9.54 
9.56 
9.58 
9.60 

10.83 
12.06 
13.29 
14.53 
15.77 
17.01 
18.26 
19.52 
20.78 
22.05 

Speed 
(mph) 

25 
33 
34 
38 
40 
4 1 
42 
43 
44 
4 5 
46 
47 
48 
49 
50 
5 1 
52 
5 3 
54 
5 5 
56 
57 
5 8 
59 
60 
6 1 
62 
63 
64 
65 

HC (as TOG) 
With 1M Wlout IM 

2.056 3.0'2 
1.733 2.512 
1.702 2.465 
1.596 2.301 
1.552 2.232 
1.53 1 2.201 
1.512 2.171 
1.493 2.143 
1.476 2. t 16 
1.459 2.09 1 
1.444 2.067 
1.429 2.045 
1.414 2.023 
1.41 2.015 

1.406 2.007 
1.402 2 
1.398 1.493 
1.395 1.987 
1.392 1.98 1 
1.389 1.975 
1.418 2.027 
1.448 2.079 
1.478 2.131 
1.507 2.184 
1.538 2.236 
1.568 2.29 
1.598 2.343 
1.629 2.397 
1.66 2.45 1 

1.69 1 2.505 

Weighted 
Average 

2.156 
1.814 
1.781 
1.669 
1.623 
1.60 1 
1.581 
1.561 
1.543 
1.525 
1.509 
1.493 
1.477 
1.473 
1.469 
1.463 
1.460 
1.457 
1.453 
1.450 
I .48 1 
1.514 
1.546 
1.577 
1.61 1 
1.643 
1.675 
1.709 
1.742 
1.776 

Speed 
(mph) 

2 5 
3 3 
34 
3 8 
40 
4 1 
42 
4 3 
44 
4 5 
46 
47 
4 8 
49 
5 0 
5 1 
5 2 
53 
54 
5 5 
56 
57 
58 
59 
60 
6 1 
62 
63 
64 
65 

NOx Weighled 
With IM Wlout 1M Average 

2.098 2.452 2.135 
2.104 2.47 2.142 
2.109 2.476 2.147 
2.135 2.506 2.174 
2.154 2.526 2.193 
2.165 2.538 2.204 
2.177 2.55 2.216 
2.19 2.564 2.229 

2.204 2.579 2.233 
2.22 2.595 2.259 

2.237 2.613 2.276 
2.255 2.632 2.294 
2.275 2.652 2.314 
2.34 2.732 2.381 

2.406 2.813 2.348 
2.474 2.896 2.518 
2.543 1.993 2.486 
2.615 3.068 2.662 
2.689 3.156 2.738 
2.764 3.247 2.814 
2.842 3.34 2.894 
2.923 3.435 2.976 
3.006 3.533 3.061 
3.091 3.634 3.147 
3.18 3.738 3.238 

3.272 3.845 3.332 
3.367 3.956 3.428 
3.467 4.07 3.530 
3.57 4.188 3.634 

3.678 4.31 1 3.744 


