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1. INTRODUCTION

OVERVIEW AND OBJECTIVES OF THE STUDY

- This report describes the results of the Federal Highway Administration research
study entitled "Freeway Data Collection for Studying Vehicle Interactions.” The
purpose of this study was to develop a series of data sets on vehicular traffic flow for
selected types of freeway sections. The methodology used to develop these data sets
involved digitizing vehicle positions from time-lapse aerial photography for a series of
freeway sites under various geometric configurations. Six types of freeway geometry
were of interest:

Ramp merges.

Weaving sections.
Upgrade sections.
Reduced width sections.
Lane drops.

Horizontal curves.

There were several reasons for selecting these types of sections for study. These
types of geometric configurations are the most frequent causes of bottlenecks or
congestion points on freeways; therefore, a study of these types of sections is likely to
provide the greatest benefit to overall freeway operations. In addition, these types of
sections represent some of the more difficult situations to accurately model in the
simulation of freeway traffic flow. Data on microscopic vehicle movements through
such sections is expected to be useful in enhancing freeway simulation models, which
in turn can be used to study how traffic operation through these types of sections
might be improved.

The aerial photography involved the use of a full-frame 35 mm motion picture
camera operating in time-lapse mode, mounted in a fixed-wing, short-takeoff-and-
landing (STOL) aircraft. The sites were filmed at one frame per second, with the
aircraft flying clockwise at a slow speed around each site at altitudes ranging between
2,500 and 4,500 feet (760 and 1,370 meters). Data were reduced for 1 hour of film
(3,600 frames) at each site, with sites ranging between 1,200 and 3,200 feet (370 and
980 meters) in length.

The data reduction method involved a microcomputer-based digitizing system.
The most important components of the system were the mathematical techniques for
computing vehicle position and the method of vehicle matching, which yielded
complete vehicle trajectories for all vehicles passing through the sections studied.

The objective of the study was to develop data sets which could be used in the
study of these sections and not to perform the analysis of the traffic flow itself. The
data sets are being made available to other researchers who will use the data to study
particular aspects of traffic flow which are of interest to them. Information on how



to request a copy of a data set is presented later in this report. The remainder of this
introduction discusses the operational characteristics of freeway bottleneck sections
and the current need for data on vehicle interactions, as developed in this study.

Overview of Freeway Operations

The Interstate Highway System and other limited access highways carry a large
proportion of all travel on U.S. highways. In urban areas, it is estimated that 28
percent of the vehicle miles of travel occur on such highways, even though they
comprise only about 2 percent of urban highway miles (Ref. 1). Thus, the density of
travel on freeways (or the volume per lane-mile) tends to be considerably higher than
on non-limited access highways. Drivers are attracted to such facilities due to the
avoidance of delays at traffic signals and because of the generally higher speeds.

It has been increasingly difficult to construct new freeways or add width to
existing freeways in recent years. Highway agencies are therefore taking a closer look
at ways to increase the capacity of existing freeways and other facilities through
operational improvements within the existing right-of-way. The obvious place to look
for a payoff in making such improvements is at capacity-constrained sections, or
freeway "bottlenecks." Such sections are usually characterized by discontinuities in
the geometry of the highway which require drivers to change their speed or path,
disrupting regular traffic flow. Changes to the geometry or other operational
improvements can increase the capacity of the bottleneck and result in an increase in
the overall throughput of the facility. Investing financial resources on these short
sections of highway to improve the overall operation would seem to be a prudent way
to achieve the much-needed increases in system capacity, particularly if other options
are not feasible.

Operation of Freeway Traffic Bottlenecks

The six types of freeway bottleneck situations investigated have already been
listed above. For each of these situations, drivers are faced with conditions which do
not permit them to continue driving in a "steady-state" fashion, as they are usually
able to do on straight, level sections between interchanges. Each driver is affected
directly by changes in alignment or lane width and either directly or indirectly in
sections where merging or weaving takes place (directly, when the driver must take
the initiative to merge or weave, and indirectly when a merge or weave is made by a
driver nearby).

Not enough is known about the dynamics of traffic flow through freeway
bottleneck sections. Each maneuver can be a complex string of events that cannot be
completely described by any of our current theories of traffic flow. Drivers may
employ different techniques for negotiating a congested section, and the level of
cooperation among drivers is an important determinant in how traffic will flow. For
these reasons, a comprehensive analysis of vehicle interactions in bottleneck sections
is necessary.



It should also be noted that there tends to be a threshold in the volume-capacity
relationship at which the flow of traffic breaks down from continuous fluid flow
prevalent at lower volume levels. Once this threshold of volume is exceeded, speeds
tend to be lowered to the point where smooth, fluid flow no longer occurs but traffic is
often in a wave-like stop-and-go movement, with throughput greatly reduced. It has
been estimated that once flow takes on this pattern, the per-lane capacity of a
freeway section is reduced from 2,000 vehicles per hour to 1,500 to 1,700 vehicles per
hour (not accounting for the effect of the geometry of the bottleneck situation itself).
The flow of traffic within bottleneck sections is frequently in this mode, so that study
of congested flow in such sections is an important area of research.

Each of the six bottleneck situations can be described in terms of its geometry
and traffic operational characteristics. A brief overview of the operational character-
istics of each situation is presented below. The primary traffic data required to
distinguish such situations from each other and from nonbottleneck sections follow
directly from the type of traffic operation at each. These data requirements dictated
the type and method of data collection employed later in this study. In the discussion
of each of the situations presented below, only the primary traffic data requirements
are listed. A summary of all geometric, traffic control device, and traffic
performance data required is presented at the end of this section. A bibliography on
past research in these areas is presented at the end of the report.

Reduced Lane Width/Shoulder Usage Sections

This type of bottleneck is created by a lateral constriction of the travel lanes
and/or shoulders. The 1965 Highway Capacity Manual (HCM-Ref. 2) recognizes the
potential capacity-reducing effect of narrow lanes and reduced lateral clearances and
includes factors to account for the effect of such restrictions on service volumes. The
factors range from a three percent reduction in capacity for l1-foot (3.4 m) lanes on
four-lane freeways with obstructions on both sides six feet (1.8 m) from the edge of
the traffic lane, to a 34 percent reduction for 9-foot (2.7 m) lanes and obstructions at
the very edge of the lanes. Table 1 indicates the factors recommended in the HCM.
These factors are also adopted in the more recent document, Freeway Capacity
Procedures (Ref. 3). These reductions in volume are said to be brought about by
vehicles being forced to travel closer to each other (laterally) than normal. Drivers
compensate for this by driving more cautiously and allowing greater longitudinal
spacing between vehicles. Reductions in speed normally are a by-product of the
driver's sense of the need for greater caution. Thus, volume, speed and traffic density
or spacing should be considered key data to describe traffic operation on reduced-
width sections on freeways.

Ramp Merges

According to the HCM, a ramp is a roadway that permits traffic to transfer from
one highway to another. At entrance ramp junctions or merges, "...the ramp vehicle
driver has the task of evaluating the freeway stream and making speed adjustments
necessary for merging into a chosen gap. Some limited assistance by lane-one vehicle



Table 1. Combined Effect of Lane Width and Restricted Lateral
Clearance on Capacity and Service Yolumes of Divided
Freeways and Expressways with Uninterrupted Flow

ADJUSTMENT FACTOR,* W, FOR LANE WIDTH AND LATERAL CLEARANCE

DISTANCE FROM

TRAFFIC LANE EDGE OBSTRUCTION ON ONE SIDE OF OBSTRUCTIONS ON BOTH SIDES OF
TO OBSTRUCTION ONE-DIRECTION ROADWAY ONE-DIRECTION ROADWAY
(FT)

12-FT 11-F1 10-F7 9-F1 12-F7 11.F7 ‘ 10-FT 9-FT
I
i

LANES | LANES | LANES | LANES | LANES | LANES | LANES | LANES
(a) &LaNE DiviDED FReEway, ONE DIRECTION OF TRaVEL
| T i
6 1.00 0.97 0.91 0.8] 1.00 0.97 \ 091 | 08}
4 0.99 0.96 0.90 0.80 0.98 0.95 | 0.89 0.79
2 0.97 0.94 0.88 0.79 0.94 0.91 0.8 | 0.76
0 09 | 087 | 082 | 0.73 | 0.8 ’ 0.74 l 0.66
(b) 6 AND 8-LANE DIVIDED FREEway, ONE DIRECTION OF TRAVEL

i
6 1.00 0.96 0.89 0.78 1.00 09 | 0.8 ! 0.78
4 0.99 0.95 0.88 0.7 0.98 0.94 0.87 i 0.7
2 0.97 0.93 0.87 0.76 0.96 0.92 0.85 : 0.75
0 0.94 0.91 085 ! 0.74 0.91 0.87 0.81 i 0.70

|

* Same adjustments for capacity snd all levels of serwce.

Source: Highway Capacity Manual, 1965, p. 256.




drivers may be given in that some of these drivers may speed up or slow down to widen
gaps, crowd over toward the left edge of lane one while in the merging area, or even
move into adjacent lane two."l This is somewhat analogous to fluid flow where two
streams meet and produce a turbulent effect. In a freeway setting, a ramp merge
creates an abnormally high traffic demand for the lane or lanes closest to the merge.
Many drivers on the mainline, warned by an information system of the ensuing
imbalance in demand, will shift lanes upstream of the merge area. Nevertheless, the
upstream lane-shifting may often not be adequate to counter the effect of merging
vehicles, and the on-ramp may add more vehicles to the mainline than it can
adequately service, resulting in congested flow.

The type of operation described above indicates a number of measures of traffic
performance which are necessary to describe the impact of freeway on-ramps.
Volume, lane distribution of vehicles by distance from the merge area, lane change
frequency, lane change and merge gap acceptance characteristics, speed, and
acceleration profiles would seem to be the primary measures required.

Weaving Sections

Weaving is the crossing of traffic streams moving in the same general direction.
In simple weaving, a single merge point is followed by a single diverge point. In
multiple weaving, there are two or more merge points combined with a single diverge
point or two or more diverge points with a single merge point. Weaving sections may
also be classified as one- or two-sided. In a one-sided weave, the weaving maneuvers
take place only on one side of the highway, while, in two-sided weaves, many vehicles
from one traffic stream must completely cross the other traffic stream. A right-side
on-ramp followed by a left-side off-ramp would be an example of a two-sided weave.

The document Freeway Capacity Procedures makes a distinction between ramp-
weaves (one-lane on-ramp followed by a one-lane off-ramp) and major weaves (at least
three of the entry and exit legs involve multiple lanes). In the latter, vehicles are not
generally expected to accelerate or decelerate through the section. Ramp-weaves are
treated in the "Ramps" chapter of that document. The analysis in this study is limited
to one- and two-sided simple weaving sections.

The operation of a weaving section is somewhat similar to a ramp merge, but is
made more complex by the addition of a diverge movement. Consequently, the
measures of performance required to describe weaving area operation are similar to
those described above for ramps.

Grades/Rollercoaster Sections

This type of site has to do with the vertical alignment of a freeway mainline,
affecting the speeds which can be attained by certain vehicles, primarily trucks, buses,
and some recreational vehicles. Passenger cars are generally acknowledged to be able

1 Highway Capacity Manual, 1965, p. 190.




to maintain higher speeds for most grades which would exist on freeways. The effect
of sustained grades on a traffic stream consisting predominantly of automobiles should
not be ignored, however, as upgrades in underwater tunnels have been shown to be
subject to bottleneck conditions. The reduced speeds of heavier vehicles on sustained
grades influences the speed and lane changing behavior of other vehicles, and
subsequently, the service volume or capacity of the section. In both the HCM and
Freeway Capacity Procedures, Passenger Car Equivalents (PCE's) are computed based
on the percent and length of grade and percentage of trucks.

In both of the above documents, downgrades are treated as level sections with
the caveat that where substantial down-shifting is required by trucks, special studies
should be undertaken. Freeways with frequent and drastic changes in vertical
alighnment may have more restrictive effects, but are probably found much less often
than a single sustained grade. The primary measures necessary to describe the traffic
performance of grades include vehicle classification, volume, speed distributions by
lane, and lane changing behavior.

Horizontal Curves

Existing freeway capacity analysis procedures in the U.S. do not account for the
effects of horizontal curvature, and little research has been done in this area.
However, observation of certain freeway sections with unusually high degree curves,
particularly reverse curves, would suggest that horizontal curvature can be the cause
of freeway bottleneck conditions. In some cases, the design speed of the curve is less
than the prevailing speed limit, requiring vehicles to reduce speed. Lane changing may
also be inhibited, as drivers must be concerned with lateral placement within a lane
concurrently with searching for gaps acceptable for a lane change. These added
demands may cause drivers to maintain greater longitudinal spacing between vehicles,
resulting in reductions in volume through the section. Thus, volume, speed, and lane
changing behavior appear to be measures of primary interest in describing such a
situation.

Lane Drops

Lane drops are locations where one of the freeway mainline lanes is terminated.
For the purposes of this study, the lane termination may be at an off-ramp or on the
mainline itself. For a mainline termination, vehicles in the terminated lane are
required to move into one of the through lanes, and the geometry is usually similar to
an acceleration lane for an on-ramp. In fact, the operation of traffic at a mainline
lane drop is quite similar to that at a ramp merge, except that vehicles merging onto
the mainline from an off-ramp need to accelerate up to mainline traffic speeds.

Where a lane is dropped at an off-ramp, there is often a major exiting flow on
the ramp, but demand may still be greater than capacity for the remaining mainline
lanes. Merging operations from the dropped lane at an off-ramp are similar to a
mainline drop, except that there is usually no formal merging area for a lane dropped
at an off-ramp. Traffic performance measures needed to describe lane drop operation
are nearly identical to those required for ramp merges.



Combinations of Situations

Many combinations of the above situations can exist on a freeway section.
Furthermore, there are so many geometric and traffic variables that one could say
with a fair degree of certainty that each freeway bottleneck site is unique.

Unfortunately, there is no inventory available of sufficient detail to define the
population of each type of situation. Ramp merges, weaving sections, and lane drops
could not exist together, by definition, but each of these could conceivably be
combined with reduced width, grade, or curve sections. Grades, curves and reduced
width sections could all occur in combination themselves. Isolating the effect of a
single geometric factor on a site with multiple geometric conditions would be
difficult. In selecting sites for filming in this study, an effort was made to avoid sites
in which a bottleneck was created because of multiple geometric factors.

There are numerous instances in which congestion on a freeway is caused by

traffic backing up from a traffic signal or geometric deficiency on a surface street.
Such a bottleneck is not within the scope of this study.

NEED FOR DATA ON VEHICLE INTERACTIONS

As discussed in the previous section, a thorough understanding of traffic
operations on freeway bottleneck sections is critical to the design of cost-effective
solutions to freeway congestion problems. Traffic operations in such sections is a
highly complex phenomenon, and it is not adequate to view the problem simply in
terms of demand and capacity. If effective solutions are to be devised, the detailed
interactions of vehicles must be more thoroughly understood, with the goal of
optimizing traffic flow without large capital expenditures. Potential low-capital
traffic management strategies which could be applied to freeway bottleneck sections
include:

. Reducing lane widths and using shoulders to increase the number of lanes.

. Ramp control strategies.

. Mainline freeway control strategies.

. Diversion systems such as IMIS (Integrated Motorist Information System).

. Lane occupancy control strategies.

. Reversible lanes.

. Restriping and use of signs and markings.

. Minor geometric changes.



Many of these strategies have already been employed with some degree of
success. But it has been difficult to determine when such measures are justified, and
additional enhancements may be possible.

The impact of freeway traffic management strategies can be assessed in two
primary ways: 1) through direct measurement of changes in traffic performance; and
2) through simulation of traffic performance. Both techniques have been used in the
past, but efforts in the simulation area have increased in recent years. Given that the
simulation of a highway section is sufficiently realistic, it can permit the evaluation of
many freeway improvements which would be too costly to evaluate using field data
collection techniques. Some of these improvements are too difficult or risky to be
evaluated in the field at all.

Data on vehicle interactions are thus needed to calibrate and validate simulation
models as well as to directly assess the impact of freeway traffic management
strategies for a range of bottleneck situations. Data needs for both these approaches
are discussed below.

Data Needs for General Purpose Research and Evaluation of Traffic Management
Strategies

Substantial effort has been invested in the past toward the development of
theories that describe traffic behavior on freeways, particularly at bottlenecks. A
good recent summary of progress to date can be found in TRB Special Report 165,
(Ref. 4) "Traffic Flow Theory". There is a great deal of evidence that freeway traffic
flow under congested conditions is dramatically different from high-volume non-
congested flow. As volume builds up to capacity, there comes a point where speeds
drop, the density of vehicles in a section increases, and throughput is significantly
degraded. Once over this threshold point of breakdown, the full capacity of the
bottleneck section is lost. This is illustrated by the flow-concentration curve in
Figure 1. Studies by VERAC using detector data confirm this finding. Volume
increases toward capacity, speeds then drop, concentration (or density) increases, and
the section can no longer sustain the flow rates as they existed before the breakdown
occurred. One of the strategies designed to maintain the traffic speeds and densities
to achieve optimum flows is freeway surveillance and control, usually involving the
restriction of traffic flow at on-ramps under certain traffic conditions.
Unfortunately, not enough is known about how to maintain this delicate balance in
demand. In addition, many other potential countermeasures for improving traffic flow
through bottlenecks have impacts which are uncertain. If more can be understood
about vehicle interactions under these conditions, engineers will be better equipped to
devise cost-effective solutions.

Appendix A lists some of the questions which must be more fully answered about
traffic operations in freeway bottleneck sections. Several additional example applica-
tions of improved knowledge of bottleneck traffic flow are cited below:

. Prohibition of lane changing through certain sections may increase or
decrease capacity depending on the circumstances. To assess this measure,
lane-changing frequencies must be known, as well as to what extent the lane
changes are necessitated by origin-destination patterns or by the efforts of
drivers to reduce their own individual delays.
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Development of techniques for easier measurement of certain traffic
performance measures. For example, placing detectors in certain locations
may enable one to estimate lane change frequency accurately and cheaply.

. Development of sampling procedures to estimate many traffic performance
measures at reduced cost. For example, suggested sampling techniques for
estimating vehicle headways, speed, density, lane changing, etc. could be
developed by analyzing the statistical accuracy of alternative techniques
using a comprehensive research data base.

Data Needs for Traffic Simulation of Freeway Bottleneck Sections

In addition to the need for data for the overall understanding of traffic
operations in freeway bottlenecks and the evaluation of traffic management
strategies, data are required for the calibration and validation of simulation models.
Required here are the more microscopic measures of traffic operation (e.g.,
acceleration/deceleration profiles, car-following headways, lane change and merge gap
acceptance) for the calibration of model parameters. Other macroscopic measures
(throughput volume, travel time, lane change frequency) are needed for checking the
realism of mode! outputs.

The data developed in this study was particularly concerned with microscopic
freeway simulation models as opposed to macroscopic models. Although the data can
be used in the development of macroscopic freeway simulation models, there was a
particular need to address the requirements of calibrating and validating microscopic
models, since microscopic traffic flow data are currently lacking.

Articles by Gibson and May in TRB Special Report 194, "The Application of
Traffic Simulation Models" (Ref. 5) summarize the historical development of both
macroscopic and microscopic freeway simulation models. Early microscopic models
were developed in the mid-1960's, with the most recent development being INTRAS
(INtegrated TRAffic Simulation), which stochastically models both the freeway and
surrounding surface streets (Ref. 6). It incorporates the PITT car-following
algorithms, but much of the logic is newly developed. INTRAS is clearly the most
advanced microscopic freeway simulation mode! in existence and is receiving
additional support in its development from FHWA, with the ultimate goal of
integration into the TRAF family of models sponsored by FHWA. Therefore, INTRAS
will be used as the basis for determination of data requirements for simulation model
calibration and validation. It must be remembered, however, that INTRAS may itself
undergo modifications which could impact data requirements.

The data requirements for calibrating and validating INTRAS are listed in
Table 2. They are classified as required mode! inputs (either geometric, traffic
control or traffic characteristics); changeable internal parameters (i.e. not requiring
input from the user, but may be specified by the user if desired); and model outputs
(traffic performance and other measures). There are also some internal parameters
that cannot be modified by the user without actual modification to the software (e.g.,
vehicle lengths, car-following algorithm, lane changing logic). These could also be a.
cause of the model's failure to adequately replicate traffic behavior under certain
conditions.
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Table 2. Highway and Traffic Data Requirements for Running, Calibrating
and/or Validating the Freeway and Ramp Portions of INTRAS

Inputs

. Geometric

Link node numbers

Link lengths

Link types (freeway or ramp)

No. thru lane by link

Grade by link

Nodes receiving thru and
turning traffic

Curve radius

Auxiliary lane type

Auxiliary lane length

Location of physical barriers

Superelevation

Pavement type and wetness

Lane numbers to which ramps
are connected

Turning percentage at off-ramp

Traffic

Mean desired free-flow speed

Mean queue discharged headway
(for off-ramps)

Flow rate (demand)

Percent of vehicles by type

Percent of vehicles by lane

Incident Specifications

Traffic Control
Location at which drivers
react to advance warning signs

Location of freeway data stations

Ramp metering specifications
Detector locations

Changeable Internal Parameters

Vehicle acceleration by veh. type by
grade by speed

Vehicle deceleration by type by
grade by speed

Mean speed by lane

Percent of commercial vehicles by lane

Time to complete a lane change

Min. time separation for generaton of
freeway vehicles

Lane change probability

Minimum acceleration

Percent drivers desiring to yield ROW

Time lag to accel. or decel.

Fuel consumption characteristics

Maximum deceleration

Factors for car-following law

Qutputs

Mean and distribution of spot speeds
Space mean speed and travel time on a link
Yolume per lane
Density and lane occupancy
Queue delay
Mean and distribution of headways
Number of lane changes by time

period and link
Fuel consumption by vehicle type and link
Vehicle emmisions by vehicle type and link
Time/Space trajectories of vehicles

N



As can be determined from the table, the data requirements for making a
microscopic freeway simulation model fully operational and able to replicate real-
world traffic behavior are quite large. Based on the requirements of INTRAS and
availability of existing data, the need for additional data for specific bottleneck
conditions can be determined. These requirements are summarized below.

Slimmary of Data Requirements for Bottleneck Situations

Table 3 lists the geometric, traffic control, and traffic performance data
required to adequately describe the six bottleneck situations being investigated. They
are classified by independent and dependent variables depending on whether they are
viewed as being a cause or effect. The requirements are further classified as primary
or secondary. The primary data are those which would describe the major
distinguishing features between one type of situation and another. The secondary data
are those which are expected to offer less discriminatory power. The difference
between primary and secondary is highly qualitative, but helps to highlight the more
important data elements,

The data requirements listed in Table 3 respond to the questions listed for each
bottleneck situation in Appendix A. Data collection techniques and the resulting
traffic data sets were designed to enable the user of the data sets to obtain all the
traffic measures listed in the table, if so desired.
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Table 3. Summary of Data Requirements by Situation

Reduced Ramp | Weaving Horiz. | Lane

Measure ane Width | Merges! Areas |Grades| Curves | Drops
INDEPENDENT VARIABLES
Geometric

No. Lanes P P P P P P
Lane Width P S S s S S
Shoulder Width P S S S S S
Vertical Grade Percent S S S P S S
Vertical Grade Length S S S P S S
Horizontal Curve Radius S S S S P S
Horizonta! Curve Length S S ) S P S
Cross-Slope/Superelev. N N N N p N
Location of on/off ramps P P P P | p
Length of Accel./Decel. Lanes S P P S S S
Type/Location of Barriers P S S S S S
Pavement Condition N N N N N N
Traffic Control

peed Limit S S ) S S S
Lane Striping S ) P S S S
Ramp Control S P P S S S
Signing S P p S S P
Trafiic
VYehicle Class P | P P P P
Vehicle Length S S S S S )
Demand Volume P P P P P P
DEPENDENT VARIABLES
(All Traffic Perf. Vars.;
All Required by Lane And
Vehicle Class)
Throughput Volume P P P P P P
Time Headway P P P P P P
Space Headway S S S S S S
Time Mean Speed S S S S S S
Space Mean Speed P P P P P P
Lane Change Frequency

and Direction P P P P P P
Lane Change Time P P P P p P
Speed Changes (Accel/Decel) P P P P P P
Lane Change Gap Acceptance

Distribution P P P P P P
Merge Gap Acceptance

Distributijon S P P S S S
Lane Occupancy* S S S S S S
Traffic Density*® S S S S S S
Driver "Cooperation” S P P S S P
Queue Length P P P P P P
Traffic Delay P P P P P’ P

KEY: INDEPENDENT VARIABLES:

P = Data element expected to be primary distinguishing factor in traific operation.

= Data element expected to be secondary distinguishing factor in traffic
operation.

N = Data element expected to be negligible distinguishing factor in traffic
operation.

DEPENDENT VARIABLES:

P = Data element expected to have primary effect on traffic operation.

S = Data element expected to have secondary effect on traific operation.
N = Data element expected to have negligible effect on traffic operation.
*N

ot required by vehicle class.
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2. DATA COLLECTION AND REDUCTION METHODOLOGY

Chapter 2 discusses the development of the data collection and reduction
system. It first provides a review of past approaches to developing vehicle trajectory
data, followed by a description of the development of both the aerial photography and
digitizing systems.

REVIEW OF APPROACHES TO DEVELOPING VEHICLE TRAJECTORY DATA

The collection of data for studying microscopic traffic flow in freeway
bottleneck sections implies the need for detailed data on vehicle trajectories. This is
the most difficult type of traffic data to obtain since the position of all vehicles must
be known for short time increments (one to three seconds) and vehicles must be
completely traced through the section.

There are two basic approaches to developing detailed vehicle trajectory
information. The first approach involves the placement of closely-spaced pairs of axle
detectors on the roadway. The detectors are used to record the exact time of each
axle crossing which then enables the identification of vehicles by axle characteristics
and the matching of these characteristics from one detector to the next, thus tracing
the vehicles through the section. Devices such as FHWA's Traffic Evaluator System
(TES) have been used to develop vehicle trajectories using this method. However, the
number of detectors required to track vehicles through a section in short time
increments is not practical for the lengths of sections required in this study. Detector
stations would be needed at frequent spacings (probably every 50 to 100 feet (15 to 30
m)) on each lane to collect microscopic traffic flow data under congested conditions.
With three axle detectors per station (two parallel, one diagonal), some 250 to 500
detector inputs would be needed to cover the lengths and widths of sections to be
studied. In addition, the TES software has not been designed for vehicle matching

under congested flow conditions. Figure 2 illustrates a typical detector layout for the
TES.

The second approach to developing vehicle trajectory data involves the tracing
of vehicles through a section using photographic means. In this approach vehicles are
tracked though the section of interest and their positions recorded at discrete points in
time. This approach has also been attempted in the past with varying degrees of
success. One of the methods used for matching vehicles in these photographic
methods has been to record the position of vehicles at short time increments (e.g., one
second) and to match vehicles from one frame to the next using a computer algorithm
based on the vehicles' position and on known speed and lane changing behavior. This
method was used in a study by UCLA and System Development Corporation (Ref. 7) to
reduce vehicle trajectory data from aerial 70 mm films. Data were collected at three
sites and the data reduced by the transformation of vehicle positions into digitized
form. However, numerous problems were encountered in the vehicle matching
algorithm, and an evaluation of the UCLA/SDC experience by Raudseps (Ref. 8) did
not provide a great deal of optimism for this approach. This technique was also used
in a study by Garner and Mountain in the U.K. (Ref. 9), but an approximate 85 percent
matching rate was reportedly all that could be achieved.

14
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The data collection and reduction method adopted for this study involved an
aerial photographic approach in conjunction with a microcomputer-based digitizing
system. The key to the success of the system was the method of vehicle matching,
which yielded complete vehicle trajectories for all vehicles passing through the
sections studied. The matching method involved the digitizing of all vehicles within
defined section limits on successive frames of film taken at one-second intervals. The
system relied on the operators' ability to match vehicles based on four key
characteristics:

. The order of the vehicles in the previous frame.
The color of the vehicle.
The type of vehicle.
The vehicle's lane in the previous frame.

The operator was assisted in the matching process by error checks built into the
computer software. The operator matching approach (with computer assist) is superior
to the computer matching approach, as the operator/computer interaction allows many
potential errors to be caught prior to entry of data into the working data files.

Some researchers have suggested that a fully automated system might be
employed using the image recognition capabilities of video recording methods. While
this method is conceptually attractive, both eliminating the need for operator
matching and potentially accelerating the data reduction process, major advances need
to be made in video resolution, image recognition, and matching algorithms before this
technique would be feasible for the lengths of freeway sections being studied here. It
is possible that video methods may be developed for application dealing with
considerably larger scale images.

The aerial photography method employed in this study involved the use of a full-
frame 35 mm motion picture camera operating in the time-lapse mode mounted in a
fixed-wing, short-takeoff-and-landing (STOL) aircraft. The sites were filmed at one
frame per second, with the aircraft flying clockwise at a slow speed around each site
at altitudes ranging between 2,500 and 4,500 feet (760 and 1,370 m). Data were
reduced for 1 hour of the film at each site, with sites ranging between 1,200 and 3,200
feet (370 and 980 m) in length. The sites included all six of the types of sections
discussed in the introduction. The sections below describe the filming and data
reduction procedures in detail.

AERIAL PHOTOGRAPHY

Initial Experiments

A series of pilot tests was conducted to test the aerial photography procedures
prior to production filming. An overview of the pilot study filming is presented here,
followed by a detailed account of the final aerial photographic procedures.
Appendix B describes the procedures and results 6f the pilot study tests in more detail.

16



The aerial photography proved to be one of the more difficult aspects of the
study, given the stringent filming requirements and the budget limitations. The
purpose of the pilot study was to test various combinations of film formats and
aircraft until an optimum filming method was achieved. Requirements for the filming
were as follows:

- . The same section had to be filmed continuously at one frame per second for
approximately 1 hour and 15 minutes; 1 hour of data was to be actually
reduced; sites were expected to be in the range of 2,000 feet (610 meters).

The photography had to be as nearly vertical as practical to maximize the
accuracy of the measurements of vehicle position.

The film format had to be as small as possible for reasons of economy and yet
be of high enough resolution for all vehicles to be distinguished.

Experimentation with the photography was begun with the concept of a light
plane circling in a tight radius and testing both 16 mm and half-frame 35 mm film
formats. (Note that a "half-frame" 35 mm film frame is half the size of a standard 35
mm slide, while a "full-frame" 35 mm film frame is the same size as a 35 mm slide.) A
camera mount was constructed and affixed to the floor of the aircraft enabling the
camera to be angled toward the ground as the aircraft was banked in a continuous
circle around the freeway section being photographed. In this first experiment it was
found that the aircraft (a Cessna 206) did not provide a stable enough platform and
could not fly sufficiently slow to enable the photographer to keep the camera
continuously on the section. The 16 mm film format was clearly unacceptable for the
length of sections studied. The 35 mm half-frame format, although considerably
better, was still insufficient to obtain the resolution required.

A brief experiment was also conducted using a hovering helicopter and 35 mm
half-frame format. This configuration was also found to be impractical. Although 1
hour of film could conceivably be obtained with this method, ideal conditions of wind
velocity and direction would be needed at every site to avoid overheating of the
helicopter engine. These highly restrictive requirements, the cost of helicopter
rental, and the inability to find commercial helicopter companies willing to fly under
such conditions all contributed to the elimination of this method from further
consideration. If it were possible to film safely and economically from a helicopter,
that would be preferable to the circling technique used with a fixed wing aircraft, as
accuracy in the digitizing process is easier to achieve when the section is being
continuously filmed from approximately the same point. However, an alternative to
the helicopter and the small fixed wing aircraft had to be sought.

The final experiment involved the use of a Heli Porter STOL (Short Take-Off and
Landing) aircraft with a full-frame 35 mm film format. This aircraft proved to be
considerably more stable as a filming platform than the Cessna and was able to hold a
tighter radius around the site. Combined with the larger film format, this
configuration proved to meet all of the filming requirements and was therefore
adopted as the method to be used. Enough test film was shot in October 1982 to allow
further development of the data reduction process. Although 70 mm film was
considered in these experiments, the cost of the film and of projection equipment was
substantially higher than 35 mm film, and only 40 minutes of continuous 70 mm filming
could be obtained with the available film magazine size.

17



Final Filming System

The actual filming was undertaken in the spring of 1983 on freeway sections in
both the Washington, DC and the Los Angeles metropolitan areas. A Helio-Courier
STOL aircraft was used along with the 35 mm full-frame camera and a 1,000-foot film
magazine. This magazine size enabled two sites to be filmed back-to-back in one
flight, speeding up the filming process and reducing filming costs considerably. The
camera was a Flight Research Model 207, equipped with an industrial grade Nikkor 35
mm focal length lens and auto exposure control. The auto exposure control was an
important feature since angle of photography with respect to the sun was continuously
changing. The frame number was superimposed on the film image. The camera was
angled out the rear right-side door, and the camera operator was responsible for
keeping the freeway section continuously in view. Figure 3 shows the aircraft, and
Figure 4 illustrates the camera mounted in the aircraft.

The Helio Courier STOL aircraft was similar in characteristics to the Heli Porter
aircraft referred to earlier, having a long wing span and wide wings, enabling it to fly
safely at speeds as low as 30 to 40 knots. Wind speeds during the filming were
generally maintained between 60 and 90 knots.

Appendix B discusses the analysis of film types for use in the aerial photography.
A 35 mm color negative film (Eastman 5247) with a 250 ASA rating was selected.
Color photography was needed to enable the operator of the digitizing system to
distinguish vehicle color, as an aid in matching vehicles from one frame to the next. A
negative, rather than a color reversal film was selected because:

. The workprint (positive), made from the negative, could be used in the
projection equipment, enabling the original to be safely stored should the
working copy be damaged.

. There is greater latitude in the exposure settings of color negative film.
Additional high quality copies could be made, if desired.

The per frame costs of purchasing and processing the film were actually less
than for color reversal film (approximately $0.08 per full-frame 35 mm
frame).

A relatively fast film was needed to allow the use of a rapid shutter speed (1/500 s) to

minimize the blurring effects of both aircraft vibration and vehicular motion.

Site Selection

The sites selected for filming were chosen with the ultimate uses of the data

sets in view. A set of criteria was established in summer 1982 for the purpose of
selecting sites which would be most profitable for future research. The
characteristics of both the site itself and the traffic conditions on the site were
important. The site selection criteria were as follows:
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Figure 3. STOL Aircraft
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Figure 4. 35 mm Camera Mounted

in Aircraft
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. The site must consist of one or more of the following six geometric features:
horizontal curvature, lane drop, ramp merge, reduced lane width and shoulder
usage section, weaving section (one- or two-sided) or vertical grade.

. The geometric feature or features should be fully or partially the cause of

recurrent traffic congestion. Where no congestion-causing site for one of the

. six geometric features can be found, a site with high traffic demand may be
substituted.

. Traffic levels of service should be in the C to E range, depending on the type
of site. For most sites an effort was made to include the transition period
from uncongested flow to congested flow.

There must be no condition downstream of the site which influences
congestion within the site. In other words, there can be no backup from a
downstream location into the site area.

. There should be few or no bridge structures passing over the site, and those
that are present should not be so wide as to obscure vehicles from view in the
films.

. For best film resolution, the site should generally be no longer than 3,000
feet (914 m). The average site was approximately 1,800 feet (548.4 m) long.

. The peak traffic time to be filmed must occur at a time when light conditions
for filming are favorable. Film quality significantly deteriorates with low
sun angles.

Suitable locations must exist for establishing and placing control points.

The site should not be so incident-prone that it is unlikely to be able to obtain
satisfactory film footage of incident-free traffic flow.

Two metropolitan areas, Washington, DC and Los Angeles, California, were
designated as the areas for which to look for acceptable filming sites. The site
selection process included an initial identification of 54 sites, which were later
screened down to the 18 sites which were actually filmed. Figures 5 and 6 show the
locations of the sites initially identified in Washington and Los Angeles. The site
numbers are keyed to Table 4, which indicates the characteristics of each site. Field
reviews of the sites were conducted, and relevant traffic and geometric data were
obtained in August 1982. Decisions on sites to be filmed were deferred until the pilot
study was completed and the actual! filming schedule was established. Table &4
indicates which of the candidate sites were actually filmed.

Filming Procedures

The pilot study filming was completed in October 1982. Following this, it was
desired to more fully develop the data reduction system and demonstrate the
feasibility of the entire data collection and reduction process prior to conducting more
filming. In addition, the low light conditions and sun angles which prevail during the
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Figure 5. Location of Candidate Sites in the Washington D.C. Area
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Note: Site numbers are cross-referenced to Figures 4 and 5.

Table 4. Listing of Candidate Sites

A "W" prefix indicates a site in

Washington. An "L" indicates Los Angeles. An * indicates that the site was actually filmed.

Site

Number

*W1

*W2

w3

W4

*W5

Wé

w7

w8

*W9

w10

Wil

w12

w13

Wl4

Location

I-495 WB in Montgomery County at Mormon
Temple (West of Georgia Avenue)

I-495 WB in Montgomery County west of
Md. 97 (Georgia Avenue)

1-95 SB in Prince George's County at Woodrow
Wilson Bridge

U.S. Route 50 in Prince George's County at
Md. 197

1-95 SB in Fairfax County, Virginia at Rt. 617
(Backlick Rd.) on-ramp

[-95 NB in Fairfax County, Virginia at 642
(Lorton Road) on-ramp

I-270 SB in Montgomery County at Montrose
Road

I-295 NB in Washington, DC at Benning Road
1-395 SB in Arlington, Virginia at 14th Street
Bridge

I-95 NB in Alexandria, Virginia at Woodrow
Wilson Bridge

I-395 SB in Alexandria, Virginia between
Quaker Lane and King Street

I-395 NB in Alexandria, Virginia between
Quaker Lane and Glebe Road
[-495 NB in Montgomery and Fairfax Counties

at Cabin John Bridge

I-495 SB in Fairfax County between Cabin
John Bridge and George Washington Parkway

24

Site Type

Horizontal curve

Lane drop

Lane drop

Ramp merge

Ramp merge

Ramp merge

Ramp merge plus one-sided

weave

Ramp merge (left side) plus
reduced shoulder width

Ramp merge and weaving
section (one-sided)

Reduced width section

Reduced lane and shoulder
width section

Reduced lane and shoulder
width plus weaving section
(one-sided)

Reduced shoulder width and
upgrade

Reduced shoulder width and
upgrade section



Site

Number

*W15

w16

w17

WIi8

*xW19

W20

w21

W22

w23

*W24

*L1

*L2

L3

L4

Table 4. Listing of Candidate Sites (Continued)

Location

1-395 SB in Alexandria, Virginia between
Holmes Run and Rt. 236 (Duke St.)

U.S. Route 50 in Prince George's County
at Kenilworth Avenue

I-95 NB in Fairfax County, Virginia between
Rt. 644 (Old Keene Mill Road) and 1-495
(Capital Beltway)

1-95 SB in Fairfax County, Virginia between
1-495 (Capital Beltway) and Rt. 644 (Old
Keene Mill Road)

I-295 NB and SB in Washington, DC between
Howard Road and 11th Street Bridge

U.S. Route 50 in Prince George's County
between Md. 704 (Palmer Hwy.) and 1-95
(Capital Beltway)

1-495 NB in Fairfax County between U.S. 50
and I-66

[-395 NB in Arlington, Virginia at 14th
Street Bridge

I-395 NB (Southwest Freeway) in Washington,
DC between 9th Street and S. Capitol St.

Baltimore Washington Parkway NB at 1-95

Rt. 11 (Pasadena Fwy.) EB at Marmion Way
U.S. 101 (Ventura Freeway) WB at White Oak
1-210 (Foothill Freeway) EB at Rosemead

Boulevard

1-405 (San Diego Freeway) NB at Harbor
Boulevard

25

Site Type

Vertical grade (4 percent)

Weaving section

Weaving section (two-sided)

Weaving section (one-sided)

Weaving section (one-sided)
(both directions)

Weaving section (one-sided)

Weaving section {two-sided)

Weaving section (two-sided)

Weaving section (two-sided)

Weaving section (one-sided)
Horizontal curvature/winding
section plus reduced lane and
shoulder width

Lane drop - 5 lanes to 4 - lane
dropped at off-ramp

Lane drop 5 lanes to 4 lanes

Lane drop - 7 to 5 to 4 lanes



Site

Number

L5

Lé6

L7

L8
L9

L10

L1l

*L12

*13

*L14

*L15

Ll16

L17

L18

L19

Table 4. Listing of Candidate Sites (Continued)

Location

1-405 (San Diego Freeway) SB at Mulholland
Drive

I-5 (Santa Ana Fwy.) NB at I-605 (on-ramp NB
at Slauson also a problem)

I-5 (Santa Ana Freeway) SB at Washington
Boulevard

I-5 (Santa Ana Freeway) NB at Culver Road

I-10 (San Bernardino Fwy.) EB at 1-605
on-ramp

Rt. 11 (Harbor Fwy.) NB at I-405 (San Diego
Fwy)

I-405 (San Diego Fwy) SB at Rt. 90

I-405 (San Diego Freeway) SB at Santa Monica
Boulevard

1-405 NB (San Diego Freeway) at Roscoe Blvd.

1-10 (Santa Monica Freeway) WB near La Brea
Blvd.

I-405 (San Diego Freeway) NB at Santa Monica
Blvd.

I-5 (Santa Ana Freeway) SB at Brookhurst

I-10 (San Bernardino Fwy) WB between Garvey
Avenue and 1-605

I-10 (Santa Monica Fwy) WB between Maple
Avenue on-ramp and exits to Rt. 11 (Harbor
Fwy.)

I-10 (San Bernardino Fwy.) WB between
Atlantic and Long Beach Fwy. (Rt. 7)

26

Site Type

Lane drop - 5 lanes to &4

On-ramp merge (fwy to fwy)

Ramp merge

On-ramp merge

Ramp merge (fwy to fwy)

Ramp merge (fwy to fwy)

Ramp merge

Ramp merge

Ramp merge

Reduced lane width and
shoulder usage sections

Reduced lane width and
shoulder usage

Weaving section

Weaving section

Weaving section

On-ramp merge and
weaving (one-sided)



Site

Number

L20

L2]

L22

*L23

L24

L25

L26

L27

*128

L29

L30

*L31

*1 32

Table 4. Listing of Candidate Sites (Continued)

Location

I-10 (San Bernardino Freeway) EB at end of
busway

Rt. 11 (Harbor Fwy.) SB auxiliary lanes
between 6th and I-10 (Santa Monica Fwy.)

Rt. 11 (Harbor Freeway) SB between U.S. 101
and 6th Street

Rt. 11 (Harbor Fwy.) NB between I-10 (Santa
Monica Fwy.) and 6th Street

U.S. 101 (Hollywood Fwy.) NB between Vermont
and Melrose :

U.S. 101 (Santa Ana Fwy.) SB between San
Bernardino Fwy. and 1st Street

U.S. 101 (Santa Ana Fwy.) SB between Vignes
Street and Mission Road

U.S. 101 (Hollywood Freeway) NB between
Highland and Cahuenga Boulevard

Rt. 101 (Ventura Fwy.) WB between DeSoto
and Canoga

U.S. 101 (Hollywood Freeway) SB between
Ventura Freeway and Vineland

Rt. 134 (Ventura Fwy.) EB West of Rt. 2
(Glendale Fwy.)

1-405 (San Diego Fwy.) NB between Sepulveda
and Mulholland

U.S. 101 WB between Topanga Canyon Blvd.
& Ventura Blvd.

27

Site Type

Left-sided lane drop and
weaving section (two-sided)

Weaving section (two-sided).
There are actually four two-
sided weaves on various
auxiliary lanes at this
interchange

Weaving section (l-sided
multiple weaves)
Weaving section

Weaving section

Weaving section

Weaving section

Weaving section (two-sided);
also on grade

Weaving section

Weaving section (could be
classified as two-sided)
Vertical grade

Vertical grade

Weaving section
(construction site)



peak traffic periods in late fall and through the winter months made any filming during
that time impractical. Therefore, the filming was scheduled for the May to June 1983
period, pending the results of the digitizing system evaluation.

Between May 25 and June 17, 1983, a total of 18 freeway sites were filmed, 8 in
Washington and 10 in Los Angeles. The following numbers of sites were obtained:

. Weaving sections (7 sites - not all under the preferred traffic conditions).
Ramp merges (3 sites).

. Reduced width sections (2 sites).

. Upgrades (2 sites).
Horizontal curves (2 sites).
Lane drops (2 sites - not all under the preferred traffic conditions).

Filming was conducted primarily in the p.m. peak traffic periods. In some cases,
especially in Los Angeles, traffic volumes were heavy enough to require filming in
mid-afternoon, to begin filming prior to the onset of congestion. No sites were filmed
in the a.m. peak period due to the low sun angles which existed at the times the
filming would have to be begun to capture the transition period between uncongested
and congested traffic. The selection of the time at which to begin filming was the
most difficult part of the scheduling process. An effort was made to start the filming
of each site at a time which would have the most likelihood of capturing the transition
period between congested and uncongested flow. Traffic flow at each site was
carefully studied to choose this start time. Although the desired traffic
characteristics were obtained at most of the sites, several of the sites did not break
down at the expected time, possibly due to upstream incidents or to normal variations
in traffic demand. Filming had to be terminated or redone at two sites due to
downstream incidents, which caused traffic to back up into the section being filmed.

Prior to the filming, a set of targets, which would be visible in the film, were set
out on the right shoulders of each direction of travel on the freeway sections being
filmed. The purpose of the targets was to establish a ground coordinate system in the
plane of the roadway which could be used in the digitizing process to calibrate the
scale and orientation of each photograph. The targets consisted of 3- to &4-foot
squares of dayglow orange plastic material with nylon mesh and were nailed to the
pavement the day of or day before the filming. They were reinforced at the corners
with nylon strapping tape to minimize the chance of being torn loose where they were
nailed to the pavement. Typically, four pair of targets were laid out on each section
to be filmed. Only two targets were lost between the time of their placement and the
filming of the freeway sections. :

The relative position of the targets was established through a ground survey.
Longitudinal distances were measured along the plane of the roadway using a steel
tape or measuring wheel. These distances were measured twice to verify their
accuracy. Lateral distances across the roadway were obtained by either shooting
stadia with a theodolite or from measurements taken from the roadway plans. The
accuracy of these measurements and the proper calibration of the film in the
digitizing process are the primary determinants of the accuracy with which the
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digitized data sets replicate traffic flow. Each pair of control points were generally
located across from one another, except where control point locations would be
obstructed from view in the film by tall trees near the highway right-of-way. For
some of the tangent sections, it was possible to simplify the survey by using all right
angles and locating control points with a right angle prism. The field notes from these
surveys were used to establish a ground coordinate system for each site filmed.

DATA REDUCTION

Digitizing System

The system initially envisioned to perform the data reduction was to be designed
around a microcomputer, digitizer, and film projector. This concept was maintained
throughout the development of the system, but substantial enhancements of this basic
concept were needed to produce a working system. Appendix B discusses the various
stages of development of the digitizing system.

The final data reduction system consisted of a digitizing tablet and processor, a
microcomputer and terminal, a voice synthesizer and a 35 mm full-frame filmstrip
projector. The system components are illustrated in Figure 7. A SAGE IV
microcomputer with 512 k bytes of memory and an 18 megabyte hard disk was used
and UCSD Pascal was employed as the programming language. The microcomputer
was operated under a multiuser configuration, enabling two digitizing systems to be
operated simultaneously. The second digitizing tablet was needed to reduce the total
time required to reduce the data from the films.

A digitizer consists of a digitizing tablet and processor, the function of which is
to transmit the X and Y coordinates of any point on the tablet to a computer, when so
instructed by the operator. The characteristics of the two digitizing units used in the
data reduction process were as follows:

. Calcomp Series 6000, active area 30 in by %40 in (76 cm by 102 cm); resolution
to .00! in (.0025 cm), RS232 interface; rear projection; electrostatic
principle.

Calcomp Series 9000, active area 2% in by 24 in (61 cm by 61 cm); resolution
to .001 in (.0025 cm); RS232 interface; front projection, electromagnetic
principle.

Figure 8 is a photograph of one of the digitizing tablets. The digitizing board is
complemented by a microprocessor unit, an RS232 interface, a firmware package, and
a lé-button cursor, shown in Figure 9. To digitize a point, the cursor crosshairs are
positioned over the point to be digitized and 1 of the 14 eligible buttons is pushed. The
eligible buttons are "0-9" and "A-D". The remaining 2 buttons, "#" and "*", are used
for special functions. The pushing of a button on the cursor (use the "1" button as an
example) with the cursor placed on the digitizing surface returns the following:

1,+00.000,+00.000 followed by a carriage return/line feed.
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Figure 8. Photograph of Digitizing System Components

Figure 9. Close-Up View of Digitizing Curser Pad
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The x and y coordinates are transmitted, in that order, to the nearest .00l in
(.0025 cm). Additional characters of the operator's choosing can be transmitted
directly to the current record by pressing the "*" key, followed by the selected
characters and another "*". A 63-character menu can be attached to the digitizing
surface. Placing the cursor over a particular character on the menu will return that
character. A variety of other options, such as rescaling and area computations are
available. The operation of the system is fully documented in manuals supplied by the
manufacturer.

For the 35 mm projector, it was determined that a filmstrip projector would be
adequate for the study, since there was no need to view the film in motion picture
fashion. This considerably reduced the cost of the viewing equipment. However, a
special filmstrip projector was needed to view the full-frame 35 mm {ilm, since most
filmstrip projectors are designed to accommodate half-frame rather than full-frame
film. An Apollo Viewlex V-25 projector was chosen for film projection. This system
was equipped with a remote control advance, enabling the operator to advance the
film while sitting at the digitizing tablet. The projector used a 3-in (76-mm) focal
length flat field lens, and was located approximately 6 feet (1.8 m) in front of the
digitizing tablet surface. The projector was positioned so that the line passing through
the center of the lens was perpendicular to the surface of the digitizing tablet. The
rear projection feature of the digitizing tablet was not used, as it was found that a
sharper image could be achieved by projecting from the front onto a clean white sheet
of paper taped to the digitizing surface. The operator was able to keep from obscuring
the projected film image by offsetting his or her head from the projection line. No
parallax error was introduced since the cursor crosshairs are essentially flush with the
digitizing surface when the cursor pad is placed on the tablet. Five-hundred watt
bulbs were used to provide good resolution and color from the projected image.
Typical bulb life was 30 hours. Replacing bulbs was one of the major ongoing
operational expenses.

The final component of the digitizing system was an Echo GP general purpose
speech synthesizer, manufactured by Street Electronics Corporation. The speech
synthesizer translates any string of ASCII characters into audible sounds resembling
human speech. This device was used to enable the system operator to receive
instructions from the computer without having to take his or her eyes off the
digitizing tablet. The speech synthesizer was primarily required to pronounce
information on vehicle color, type, and lane number. Since many words in the english
language are not pronounced phonetically, some of the words used in the software had
to be respelled to produce a sound closer to the intended word. For example, the word
"VEHICLE" had to be spelled "VEEICKL" to obtain a sound close to the standard
pronunciation.

Software Development

The key components of the data reduction process are the algorithms used to
compute vehicle position and the method of tracking vehicles through the section. A
two-stage process is used to compute vehicle position. First, a photogrammetric
technique is used to translate the X-Y coordinates digitized from the projected film
image (which is in a perspective view) into the coordinate system of the ground
established with the control points (plan view). The specific technique used is termed

32



"projective transformation" and involves the use of four control points and eight
simultaneous equations to compute the coefficients of equations which are, in turn,
used to compute the X and Y coordinates of the ground plane for any digitized point on
the film. This technique has been well described in other publications (Ref. 9 & 10).

The algorithm used to transform film coordinates to ground coordinates was
derived from a FORTRAN program written by Bleyl and documented in reference 10.
Appendix C contains the article in which that program appeared, and should be
referred to for more details on this particular procedure. The validity of the
algorithm was checked by digitizing points of known position in the ground plane other
than the four control points used in the original calibration.

Figure 10 illustrates the relationship between the plane of the film and the plane
of the ground, showing how the digitized position of a vehicle would be translated from
one plane to another. The primary rule governing the establishment of the control
points is that they lie in the same plane and that the plane follow the vertical
alignment of the highway as closely as possible. All vehicles or points digitized will
thus take on the coordinates of that plane. If significant changes in vertical alignment
occur within a section, separate planes, with separate sets of control points, would be
needed to adequately carry out the transformation to ground coordinates. Any points
digitized which are not in that plane will introduce a parallax error if the point is not
being viewed directly from above. This was particularly important for this study as all
highway sections were photographed at an oblique angle.

Other rules governing the use of control points included the need to maintain all
of the internal angles of the quadrilateral reasonably close to right angles and to make
all sides of the quadrilateral of sufficient length. It was found that the width of the
highway did not generally provide sufficient length laterally between control points to
enable stability to be achieved in the film-to-ground coordinate transformation.
Therefore, a new set of control points was often established on one side of the highway
using points outside the highway right-of-way which were also visible in the film (e.g.,
corners of rooftops) and which were roughly within the plane of the highway.

Figure 11 illustrates a typical control point setup. Points A through H represent
the original set of control points surveyed in the field. Four of those points, such as A,
C, E, and G might be used to perform the first calibration of the film. Accordingly,
these points would be digitized from the first film frame. From this initial
calibration, the X-Y coordinates of any point in the same plane defined by ACEG could
be established. In the example in Figure 11, two alternate control points (corners of
rooftops - points 1 and J) were found outside the right-of-way at roadway level and
their positions were established from ACEG so that they could be used in the film-to-
ground coordinate transformations for future frames.

A fifth point (point B, in this example) was always chosen to serve as a
checkpoint to ensure that each frame had been properly calibrated. If the coordinates
of this point did not fall within an acceptable range, the frame was recalibrated. In
addition, it was found that two of the control points should always be located close to
the edge of the roadway being studied (e.g., within 10 to 20 feet (3 to 6 meters)), as
illustrated by points A and C in Figure 11. The reason for this is that errors in position
of points digitized are likely to be greater the further one gets from a control point.
The further away from the road edge the control points are, the more likely the lateral
positioning of the vehicles will be in error. In the longitudinal dimension, the
maximum error is likely to occur midway between control points A and C in Figure 11.
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The second coordinate transformation process involved translating the
coordinate system of the ground into the coordinate system of the highway. The
highway coordinate system was established to follow the horizontal alignment of the
highway. The longitudinal axis was parallel to the highway centerline, coinciding with
the right edge of the mainline, and the lateral axis was always perpendicular to the
longitudinal axis. The longitudinal coordinates began with zero at the upstream end of
the section and ended at the downstream end of the section. The lateral coordinates
were measured from a longitudinal baseline, defined to be at the right edge of the
mainline. The positive direction was defined as being to the left, and the negative
direction was to the right, so that the positions of any vehicles on an off-ramp or on-
ramp would take on a negative value. The vehicle location conventions are illustrated
in Figure 11,

The mathematics used to translate ground coordinates to highway coordinates
were based on standard trigonometric equations used in highway design. More details
on the mathematics are provided in Appendix D. Subsections were defined by highway
sections with homogeneous geometry. A number of the sections were either entirely
tangent or entirely curved throughout, while others required up to three subsections.
Appendix I presents the source code for the computer program used on the SAGE 1V,
written in UCSD Pascal. Appendix I together with Appendix H are contained in a
separate volume describing the setup and operation of the digitizing system.

Digitizing Procedures

The digitizing process is illustrated in simplified form in Figure 12. The figure
shows the basic iterations involved, but does not show the error checking and
correction features, the initial creation of the geometry profile and other more
detailed aspects of the process. The operator's manual, contained in Appendix E,
describes the digitizing process in more detail. There are some activities which are
performed only at the beginning of each film and others which take place once each
frame. At the beginning of each film, the ground coordinates of the control points, as
obtained in the field surveys, are hard-coded into the computer program. Following
compilation, the program is executed and the four control points digitized. Given a
satisfactory calibration, the geometry of the highway section is digitized. Each
tangent segment requires two digitized points and each horizontal curve segment is fit
through three digitized points. A file containing the essential descriptors of the
highway geometry is created and stored for use in subsequent frames,

The first frame begins by the operator's digitizing the front and back of all
vehicles within the section, beginning at the downstream end. Each vehicle's color,
type, and current lane number are entered, proceeding from vehicle to vehicle in an
upstream direction, until all vehicles in the first frame have been digitized. All errors
are corrected, and the operator ends the digitizing of that frame by entering an exit
code after which the vehicles are sorted by longitudinal position and the data written
to a file on disk. The digitizing of each subsequent frame of film begins by entering
the next frame number to be digitized. The 4 control points are then digitized, and
following a computer calibration, a fifth point with known position is used to check the
calibration.
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Following a successful calibration, the computer recalls the most downstream
vehicle digitized in the previous frame and, through the voice synthesizer, prompts the
operator with several items of information: 1) the color of the vehicle, 2) the vehicle
type, and 3) the number of the lane in which the vehicle was positioned in the previous
frame. Based on this information, the operator finds the vehicle matching that
description, beginning the search at the downstream end of the section. The cross-
hairs of the digitizer's cursor pad are placed over the center of the front bumper of
the vehicle, and the key corresponding to the current lane number of that vehicle is
depressed. The depression of the key on the cursor pad transmits the X-Y coordinates
of that point on the projected film image along with the lane number to the computer.
A vehicle may have changed lanes since the last frame, so that the lane number may
have also changed. The computer then performs the film-to-ground and ground-to-
highway coordinate transformations and performs a series of checks to screen out
possible errors made by the operator (particularly digitizing the wrong vehicle).
Provided the computer finds no errors in the operator's digitizing of that vehicle, a
new record is created in the vehicle file. The new record includes the frame number,
a unique ID for that vehicle, the vehicle's lateral and longitudinal position, and other
data such as the vehicle's color, type and length. The computer then prompts the
operator with the next upstream vehicle, which the operator then locates in the
current frame, just as was done with the first vehicle. The digitizing proceeds in the
upstream direction until all of the vehicles which appeared in the previous frame are
digitized in the current frame. Vehicles which are entering the section for the first
time are then digitized. The vehicle color and type are entered along with the lane
number, using the digitizer's cursor pad. Vehicle length is also obtained by digitizing
the rear of the vehicle the first time it enters the section.

The accuracy of the longitudinal and lateral position is dependent on a multitude
of factors. The most important control on errors is in the placement of the control
points and the accuracy of the ground measurements taken. Ideal control point
configurations are not always possible. As the points being digitized become farther
from either of the control point pairs, the higher the error is likely to be. Points
digitized close to a control point will be subject primarily only to errors by the
operator in placing the cross-hairs of the cursor over the true position of the vehicle.
These errors are typically 2 feet (.6 m) or less. Errors arising from control point
calibration are typically greater in the longitudinal dimension than the lateral
dimension since the distance from a control point is likely to be greater in the
longitudinal than the lateral dimension. The overall positional error is estimated to be
within plus or minus 5 feet (1.5 m) in the longitudinal direction and plus or minus 3
feet (0.9 m) in the lateral direction.

The prompting of the operator by the computer is done primarily through a
general purpose speech synthesizer. The vehicle color, type, and lane number of the
next vehicle to digitize is given audibly, enabling the operator to continually keep his
or her eyes on the projected film image, rather than having to look back and forth
between a CRT screen and the digitizing surface. When an error or special situation is
encountered, a message is sent to the operator through the speech synthesizer to look
at the CRT screen, where additional information is displayed. The speech synthesizer
not only saves substantial amounts of time in the digitizing process, but also reduces
both operator fatigue and the probability of error.
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Personnel

Temporary personnel were employed to serve as operators of the digitizing
system. ‘Most of the employees were students at local colleges and universities. Each
operator was given a training session of approximately 4 hours, and was carefully
observed during the initial stages of operation until the quality of their data was
assured of being up to expected standards.,

Originally, there was substantial concern that the tedious aspects of the
digitizing process would quickly create operator fatigue, enabling digitizing to proceed
only for relatively short periods before a break was needed. However, it was found
that the digitizing was considerably less fatiguing than expected, and that many of the
operators could work a full 8-hour day with only the normal breaks. This can be
partially attributed to the voice synthesizer, which eliminated having to continually
refocus one's eyes between the film image and CRT screen.

The two digitizing tablets were used simultaneously in the same room and run
from the same computer. Operations were not noticeably slowed when both systems
were in use. However, the operators were required to wear earphones from the voice
synthesizers to avoid confusing the message from each other's systems. Each
digitizing tablet was used approximately 60 hours per week to further accelerate the
schedule. Even at this rate, the digitizing of the 14 films took approximate 18 months,
averaging approximately 2 months per film.

The digitizing rate varied with the quality of the film. Sections with asphalt
pavement tended to be more difficult to digitize because of the greater difficulty in
seeing dark-colored vehicles on the dark pavement. Better contrast was achieved on
concrete pavements, especially those which had been heavily travelled and had both
dark and light tones. Digitizing vehicles which had been previously digitized could be
accomplished at a rate of approximately 5 seconds per vehicle. New vehicles just
entering the section could normally be digitized in 20 seconds, including the color,
type, and length information. Entering the control points at the beginning of each
frame could be done in approximately 30 seconds. Thus, the time to digitize one
frame would depend primarily on the number of vehicles within each frame which, in
turn, is dependent on the section length, number of lanes, and traffic density. The
time to digitize one frame of film would ordinarily take between 4 and 12 minutes,
depending on these factors and assuming minimal need for error correction. Error
correction is handled through an error correction menu on the CRT screen, which
enables the operator to modify an entry, restart the frame at any point, delete an
entry, and other options. The number of errors and time to correct an error is
dependent on a number of factors, primarily film quality and operator proficiency.
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3. DESCRIPTION OF DATA SETS

Chapter 3 provides the description and documentation of the freeway traffic
data sets created as a result of the filming and digitizing process. The following
topics are discussed:

. Format of the data files.

. Overview of the data sets available.

. Guidelines and precautions for analysis of data.

FORMAT OF DATA FILES

Figure 13 shows the format of the microcomputer data file created as a result of
the digitizing process. The section shown is from an upgrade section with five 11-foot
lanes, filmed in Los Angeles. The distance of each vehicle from the beginning of the
section is shown in field 6, and the lateral position is shown in field 7. If vehicles are
traveling in the center of the lane, the value in field 7 should be approximately equal
to 11 times the lane number minus 5 to 6 feet (half a lane). Speeds are shown in field
5. Records with a zero speed represent vehicles which had only been digitized once at
this point in the file and therefore could not have developed a speed history. As
indicated, the file is organized by frame number, with vehicles ordered sequentially
from the downstream to upstream end.

For each film there are approximately 3,600 frames to be digitized (1 hour at
one frame per second). The number of vehicles within the section may range between
25 and 130, depending on the section and traffic characteristics, but will typically be
in the 50 to 60 vehicle range. Thus, the average size of a data set might be nearly
200,000 records, but certain data sets may be half that size while others may be twice
that size.

Following the creation of the microcomputer data files, an editing of those files
was conducted. During the course of a film, several types of errors might have
occurred which could not be corrected using the computer software. The most
common of these types of errors was the entry of an apparent vehicle into the data set
in one frame which was found not to be a vehicle but a speck or a shadow in a
subsequent frame. In other cases the wrong vehicle type code might have been
assigned to a vehicle in the frame in which the vehicle entered the section. These
errors were corrected through the screen editor on the SAGE IV.

The data files were assembled in stages, beginning with the individual
microcomputer files. One microcomputer file might consist of between 5 and 30
frames of data. These files were concatenated in the process of being
telecommunicated to a mainframe computer. A software communications package
was used to control the transmission of the data through a 1200 baud modem. The
typical data set was composed of 120 to 400 individual files of approximately 25,000
bytes each. The data were sent via telephone line to a mainframe computer (IBM 370)
at the National Institutes of Health, Bethesda, Maryland, and concatenated into larger
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KEY TO FIELD NUMBERS

- FRAME NUMBER

- VEHICLE ID

VEHICLE TYPE CODE
VEHICLE LENGTH (FEET)
SPEED (MPH)

DISTANCE FROM BEGINNING
OF SECTION TO FRONT
OF VEHICLE

DISTANCE FROM RIGHT
EDGELINE TO MIDDLE FRONT
OF VEHICLE

8 - VEHICLE COLOR CODE

9 - LANE NUMBER
(RIGHT LANE=LANE 1)

~ o O A O N =
! ! )

FIELD NUMBERS

1/ 217/3/416/7 6 771/8/9
S3 125 1 14 59 234 50 3 5
.53 121 1 17 46 199 7 7 1
S2 126 1 15 4B 146 6 6 1
S3 127 1 18 46 106 19 € 2
52 128 419 @ 28 81 1
S4 82 1 12 48 1248 € 3 1
S4 BE 1 13 47 1240 25 6 3
S4 92 1 18 57 1234 36 4 4
S4 931 16 5¢ 1165 4B 2 S
S4 94 1 14 S2 1150 30 2 3
S4 95 4 13 S5 1111 49 9 S
S4 91 1 17 46 1074 26 7 3
S4 90 1 12 46 1055 4 1 1
S4 97 1 16 S5 1035 38 8 4
S4 96 1 20 48 964 27 2 3
S4 98 1 14 S2 946 15 3 2
S4 99 1 15 Sz 941 48 2 S
S4 101 4 19 S 90@ 1€ 9 2
S4 105 1 1S 61 B70 36 B8 4
54 100 1 20 S2 B47 16 2 &
S4 103 1 12 52 B4E S 7 1
S4 104 1 1955 843582 S
S4 102 1 18 48 790 26 2 3
S4 106 1 19 55 782 497 S
S4 108 4 22 S2 683 26 4 3
S4 111 1 13 59 677 49 & S
S4 107 1 19 47 €67 1€ 2 2
S4 110 1 19 S0 609 24 4 3
S4 115 1 16 59 589 33 2 4
S4 109 1 13 44 587 16 2 2
54 112 1 15 S@ S42 28 3 3
S4 114 4 16 52 53 59 1
S4¢ 112 1 15 4€ 492 16 3 2
S4 116 1 17 SO 444 5 4 1
S4¢ 118 1 12 S5 431 48 7 S
S4 119 1 16 48 347 4 1 1
S4 124 1 1€ S5 335 36 2 4
S4 1251 14 S8 319 43 3 S
S4 120 1 11 48 316 27 7 3
.

Figure 13.Sample Record Format of Digitized Data File
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files which could still be managed by the mainframe's editor. Any remaining editing
was done on the mainframe, and the mainframe files (10 to 30 files for each data set)
were concatenated into a single sequential data file on 9 track 1600 bpi labeled
magnetic tape. In addition to the vehicle data file, a file containing data base
documentation and the geometric information, coded in INTRAS format, was also
created for each data set. The geometry data file and vehicle data file are contained
on a single tape for each data set. Appendix F discusses the format of the geometry
and vehicle data files. The geometric data are coded using the conventions of the
INTRAS freeway simulation model.

The validity of the data is dependent primarily upon the validity of the
calibration of each frame using the control points. Since eight pair of control points
were generally available at each site, it was possible to use several of the points other
than the four used in the calibration itself to check the calibration. Although no
ground-based data were collected at the same time as the film data, careful
calibration of the film frames insures that the data adequately represent traffic flow,
within the general tolerances indicated earlier. Because the vehicle positions are not
perfectly precise, there will be some degree of jerkiness associated with vehicle
movements, especially if viewed in the unsmoothed | second increments. The vehicle
movements could be smoothed, if so desired, to eliminate some of the jerkiness of
movement. Studying movements over longer time increments than 1 second will
proportionately reduce this effect as well.

OVERVIEW OF AVAILABLE DATA SETS

Table 4 in chapter 2 already described the location and type of freeway sections
filmed. Table 5 lists the sections for which data sets were created. A particular
emphasis was placed on creating ramp merge and weaving data sets since these are the
more critical bottleneck types, and since there is still a significant lack of knowledge
about microscopic traffic flow in such sections. The estimates of level of service and
number of records are approximate, since this contract did not provide for any analysis
of the data. For ramp merge, weaving, and lane drop sections, it was desired to cover
the transition period from uncongested to congested flow. Although this was achieved
for a number of sites, the levels of service indicate that traffic flow for some of the
sites never attained the congested flow state. For curve, reduced width, and upgrade
sites, level of service D was targeted for and generally achieved. A sketch and
documentation of each data set is presented in Appendix G.

GUIDELINES AND PRECAUTIONS FOR ANALYSIS OF DATA

The data sets described in the previous section can potentially provide a wealth
of information on microscopic traffic flow through freeway bottleneck sections.
Virtually any measure of traffic performance can be derived from the data sets,
including measures such as lane change frequencies, lane change gap acceptance
characteristics, and car-following characteristics, on which relatively little research
has been conducted.
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However, there are some important precautions to keep in mind when analyzing
any of the data sets. Earlier in the report, the point was made that each freeway
bottleneck site has its own unique characteristics of traffic flow or geometry which
distinguish it from other sites. It should be remembered that conclusions based on the
analysis of one site are not necessarily valid for other sites of the same type. There
are many factors which can affect traffic flow which these data bases do not quantify.
Examples of such factors include: variations in driving habits in different regions of
the country, highway features upstream or downstream from the selected site (e.g., a
major interchange downstream of the site which influences the lane distribution and
lane changing characteristics within the site), pavement surface quality, perceived
level of speed enforcement, etc. There may be a tendency to want to apply many of
the findings derived from these data sets universally to all other situations of the same
type. Before general conclusions are made, the researcher should thoroughly consider
the factors which may have influenced traffic flow within the site and whether these
should be considered in applying the data to a particular simulation model validation,
geometric design problem or other engineering application.

There are several other precautions which should be noted in the analysis of the
data sets:

. Because the measurements are not exact, the movement of vehicles will tend
to take on a jerky motion, fluctuating between being higher and lower than
the true speed of the vehicle. Applying a smoothing algorithm or taking
measurements over a longer period than 1 second will reduce this effect.
Acceleration and deceleration characteristics should be computed over at
least several seconds to avoid being heavily influenced by the measurement
errors inherent in the digitizing process.

. At some sites, vehicles were difficult to see in the films under certain
conditions. Occasionally, vehicles would be obscured by trucks, and there
was no way to determine exactly where the vehicle was until it came into
view again. In these cases, the vehicle position was estimated by the
operator, and corrections to the position would be made once the vehicle was
in view again. If the operator's estimate was off, the vehicle would be
accelerated or decelerated, within the limits of normal vehicle operation,
until the digitized vehicle position caught up with where the vehicle actually
was. The limits used for acceleration and deceleration were 8 mi/h (12.8
km/h) per second and 10 mi/h (16 km/h) per second, respectively. Similar
problems could occur where vehicles disappeared into shadows or blended in
with the pavement color so that they were difficult to see in the film.
Although it is not believed that these problems were frequent, they could
explain any abnormal behavior of individual vehicles over short time
increments which is detected in the data analysis.

. The computer algorithm used in the digitizing assigned ID numbers to
vehicles sequentially in the order in which they were entered in the films. As
stated previously, certain vehicles were entered which later turned out not to
be vehicles, when later frames were viewed. As a result, there are some ID
numbers which are missing from the data sets, and it cannot be assumed that
there are vehicles representing all ID numbers between the first and last ID
numbers in the film. In addition, the ID numbers do not always start with "1,"
as the first few frames of film may not have been used in the final data set.
The geometry files indicate the starting and ending frame numbers as well as
the first and last vehicle ID numbers.
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In general, the operator's designation of lane number should be used to
positively identify the vehicle's lane. The only time the digitized lateral
position should be needed is for identifying the time of beginning and
completion of a lane change. Measurement errors in lateral placement could,
at times, cause a vehicle not travelling in the center of a lane to erroneously
take on a lateral position which would fall into an adjacent lane. For
example, a vehicle whose center was 15 feet (4.5 m) from the right edgeline
(lane 2) could, with a 4-foot (1.2-m) lateral position error, be computed as
being 11 feet (3.4 m) from the edgeline (lane 1). The operator's designation
of lane will provide better data on the true lane of the vehicle.

. For most sites having on or off-ramps, ramp vehicles were added or deleted
at the point where the ramp actually merged or diverged from the mainline.
For some sites, the ramp vehicles were added early or deleted late, because
some vehicles were crossing over the gore area prior to the merge point or
after the diverge point. Where the vehicles are added early or deleted late,
the lateral placement values no longer correspond to the lane numbers. For
example, a vehicle in the middle of the ramp lane might have a lateral
placement value of minus 12, rather than minus 6, the gore area having
caused a 6-foot (1.8-m) displacement of the vehicle. The longitudinal
position may also have a slight (but probably not significant) error, since the
longitudinal distance is measured along the right edgeline.

. On curves, the actual distance traversed by a vehicle will vary depending on
its distance from the right edgeline. On a left hand curve, the left lane
vehicles will actually have travelled a shorter distance than the right lane
vehicles. Again, the length of the site is measured along the right edgeline.
These differences are not likely to be too important, but the researcher
should be aware that they exist.

There are other precautions which pertain to the analysis of each individual data
set. These precautions are highlighted in the individual data set documentation in
Appendix G. Questions on other aspects of the data sets should be referred to the
Federal Highway Administration.

HOW TO REQUEST A COPY OF A DATA SET

Each data set is available on 9-track magnetic tape from the FHWA Office of
Research, HSR-10, Turner-Fairbank Highway Research Center, 6300 Georgetown Pike,
McLean, Virginia 22101. Persons interested in obtaining copies of one or more data
sets should write to FHWA at this location or call (703) 285-2091. This report provides
the documentation necessary to analyze the data sets.
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APPENDIX A
RESEARCH QUESTIONS TO BE ADDRESSED BY DATA SETS

The performance of the urban portions of the interstate highway system

constructed over the last 20 years is greatly reduced, especially during the peak hours,

by the occurrence of bottlenecks (or limited capacity sections). These bottlenecks are

caused by:

|
2
3
4
5

D 00N O\
s e & @

On ramp merging traffic.

Weaving sections.

Grades and "rollercoaster sections."
Lane drops.

Freeway to Freeway connectors.

a. Merging on receiving freeway.
b. Queue backup onto feeding freeways.
Tunnels/overpasses/bridges.
Curves.

Off-ramp backups.

Construction zones.

Note: A rollercoaster section is defined as a series of grade sign changes occurring in a
short longitudinal section of freeway.

Due to energy, environmental, and funding considerations, alleviation of these

bottleneck conditions by major construction appears unlikely. Thus, it is imperative to

improve the efficiency of existing facilties by measures other than additional

construction. Examples of such measures include:

=W N -

00 N O\ \n

Reducing lane widths and using shoulders to increase the number of lanes.
Ramp control strategies.

Mainline freeway control strategies.

Diversion systems such as IMIS (Integrated Motorist Information System being
installed on Long Island, NY).

Lane occupancy control strategies.

Reversible lanes.

Restriping and use of signs and markings.

Minor geometric changes.

Of course, not all of these measures will be applicable to all of the bottleneck

conditions. For instance, lane occupancy control would not be helpful in most grade or

rollercoaster situations. Before implementing any of these measures, it would be well

to test them in advance for particular situations by computer simulation. In order for

the simulation activity to be credible, it must be ascertained that the bottleneck

situations described above are properly modelled, which can only be done by comparing

model outputs to field data collected at specific sites. As a corollary, the data should

also be able to give insight into various interactions involved in freeway traffic.
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The following areas require collection of new data or assimilation of existing

data or identification of existing analyses.

A'

Reduced lane widths and use of shoulders.

The geometric standards of urban freeways have been set by the American
Association of State Highway and Transportation Officials (AASHTO) in
publications such as A Policy on Geometric Design of Urban Highways and
Arterial Streets (1973).

In some bottleneck locations, however, where the addition of a 12-foot lane was
not feasible, a treatment consisting of reducing lane width and using a portion of
I or both shoulders has been tried. Studies have shown that the capacity of the
affected sections is increased without an undue safety hazard. What is needed,
now, is @ more detailed traffic analysis involving processing of basic traffic data
in order to more fully understand the behavior of traffic in reduced lane width
sections. The following questions for various lane width situations should be
addressed:

l. What's the effect on car following of vehicles in lanes of less than 12-foot
width, specifically with respect to headway distribution?

2. What are the effects on speed/headway distributions?
3. What is the effect on lane changing frequencies?

4. What is the distribution of traffic over all lanes in sections involving shoulder
lanes?

5. What is the effect of disabled cars in sections where shoulders have been
reduced in width such that there is insufficient room to park the car on the
shoulder?

Ramp Merges

The following questions should be addressed to analyze vehicle interactions
involved in the merging process:

l. What are gap/risk acceptance distributions?

2. How do vehicles force their way into the traffic stream when adequate gaps
are not available?

3. How long will drivers wait before forcing their way into the main stream?

4. What percentage of drivers in the mainstream "cooperate" to allow a vehicle
to merge in front of them?

5. What is the mainline lane distribution of vehicles as a function of longitudinal
distance upsteam of the merge area?
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8.

What are the merge characteristics for 2-lane entrance ramps where 1 of the
lanes is eventually dropped, specifically with respect to lane distribution and
gap/risk accpetances?

What is the longitudinal distribution of merges from the acceleration lane as
a function of the longitudinal distance of the merging vehicle downstream
from the gore area?

What is the effect of acceleration lane length?

Weaving areas (here restricted to simple weaves, both |- and 2-sided as defined

in Chapter 7 of the 1965 Highway Capacity Manual).

The following questions should be addressed to analyze vehicle interactions in
weaving areas:

l.

One-sided weaves:
(a) What are the gap/risk acceptance distributions?

(b) How do entering and exiting vehicles force their way into their respective
target lanes? How do these vehicles cooperate with each other?

(c) What percentage of through vehicles in the mainstream "cooperate" to
allow a vehicle to merge in front of them.

(d) What is the mainline lane distribution of through vehicles as a function of
longitudinal distance upstream of the merge area?

(e) What is the longitudinal distribution of merges in the weaving area both
for the entering and exiting vehicles as a function of the longitudinal
distance from the upstream gore area?

(f) What is the effect of length of the merging area?

(g) What is the effect of the number of lanes involved in the weaving
process?

Two-sided weaves:

(@) In 2-sided weaves consisting of an on-ramp on 1 side of the freeway
followed by an off ramp on the other side some distance downstream,
what is the probability distribution of vehicles, weaving from the on-ramp
to the off ramp, being in a given lane as a function of longitudinal
distance downstream from the gore area? What are the gap/risk
acceptance distributions in merging behavior from the on-ramp as
compared with an isolated ramp merge situation?
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F.

(b) In 2-sided weaves consisting of the merge and diverge of two freeways,
what is the probability distribution of vehicles across the conflicting
streams of traffic being in a given lane as a function of longitudinal
distance downstream from the merge gore area? How do drivers involved
in the weaving process cooperate with each other? How do drivers
involved in the weaving process cooperate with non-weaving drivers?

Grades and "rollercoaster sections."

The following questions shall be addressed in order to analyze vehicle
interactions as affected by 2, 3, 4, and 5 percent grades and 'rollercoaster
sections."

1. What are the effects on following distances?

2. What are the effects on lane changing/merging situations?

3. What are the effects on vehicle speeds?

Horizontal Curves.

The following questions shall be addressed in order to analyze vehicle
interactions as affected by curves on urban freeways between two and five
degrees of curvature.

I. What are the effects of curves on following behavior?

2. What are the effects of curves on lane changing and merging behavior?

Lane Drops.

The following questions shall be addressed in order to analyze vehicle
intersections as affected by lane drops.

I. What is the distribution of vehicles leaving the lane to be dropped as a
function of the longitudinal distance upstream of the lane drop?

2. What are the gap/risk acceptance distributions of vehicles merging out of the
dropped lane as a function of longitudinal distance upstream of the lane drop?
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APPENDIX B
RESULTS OF THE PILOT STUDY

OVERVIEW

The pilot study was specifically designed to test the filming and data reduction
procedures and to demonstrate the ability of the procedures to produce the required
data in an acceptable format. The filming procedures employed time-lapse aerial
photography using both 35 mm and 16 mm cameras and included experiments with two
types of fixed-using aircraft and a helicopter.

The data reduction procedures involved the digitizing of vehicle positions from
the films and a series of computer algorithms to transform the raw data into the time-
based lateral and longitudinal positions of vehicles on the freeway section being
studied. A description of these procedures and evaluation of the entire process is
discussed in the remaining sections.

The initial pilot studies were conducted in the summer of 1982. Filming was
conducted in July, followed by initial software development and testing. Two follow-
up filming studies were conducted in the fall of 1982 to resolve remaining questions on

filming procedures. Further development of the digitizing system took place in the
winter of 1982/83.

INITIAL PROCEDURES AND SYSTEM DEVELOPMENT

Pilot Study Filming Sites

Two sites were selected for the initial filming in the pilot study, both of them
freeway bottlenecks in the Northern Virginia portion of the Washington metropolitan
area. These sites are illustrated in Figures 14 and 15 and described below:

1. 1-395 southbound between Holmes Run and Duke Street in the p.m. peak
period. This is an upgrade section of approximately 4 percent and
approximately 2,000 feet (609 m) long.

2. 1-95 southbound between 1-495 (Capital Beltway) and Virginia Route 644 (Old
Keene Mill Road), also a 2,000-foot (609 m) section. This is a section with
heavy weaving movements.

Site 2 was considered to be a "worst case" site since lane changing movement
was expected to pose the most significant problems for tracking vehicles through a
site. There is a great amount of lane changing and weaving activity at this site, and it
appeared that if vehicle trajectories could be developed here, they could also be
developed for virtually any other freeway bottleneck location. At this site, the major
congestion was actually on the ramps from 1-495, with less, although significant
congestion on the mainline.
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Site 1 was essentially a "pipeline" section, although it contains an off-ramp part
way up the grade. It was felt important to include a significant grade in the pilot
study since this was an additional dimension which must be accounted for in the
transformation of vehicle positions to the highway coordinate system. It is expected
that the data reduction process for Site 1 would be somewhat easier than for Site 2
due to the lower frequency of lane changing.

Aerial Photography

Camera Equipment and Film

The aerial photography was performed by Photoscience, Inc., of Gaithersburg,
Maryland. For the pilot study both 35 mm and 16 mm film were tested. This enabled
a tradeoff to be made between the cost of the film and the quality of the photography.
Using the larger format film, while more expensive to produce, could offer
considerable economies in the data reduction stage.

The camera equipment is described below:

. 35 mm camera - Flight Research model 207

28-volt system with 10 frames/sec. capability in pulse
mode

shutter speed 1/500th s

35 mm industrial grade Nikkor lens with auto exposure
control

1,000 {1t film magazine

data slate with digital counter (to record location and
frame number)

. 16 mm camera - Canon Scoopic 16 MS
12-volt system
Intervalometer modified to enable filming in pulse mode
shutter speed 1/225th s

The 16 mm camera was rented for the several days required and did not have a
data chamber. Although this made the data reduction process with the 16 mm film
more difficult, it did permit a good evaluation of the resolution provided by the film,
which was the primary objective of using both film formats. The vehicle digitizing
system and computer algorithms were developed and tested using the 35 mm {ilm.

The choice of films was important in maintaining the highest quality possible in
the final product. It was determined that a color film was necessary to enable the
digitizing system operator to distinguish individual vehicles on the freeway more
easily. Two basic film processes are available: 1) using a negative original, copied to a
positive, 2) a color reversal film in which the original is developed in a color reversal
process and becomes the film used in the data reduction.
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There are several advantages of the color negative film. These include:

. Unlimited high quality copies can be made. This provides insurance against
the loss, breakage, or destruction of the film, and copies can be distributed to
multiple researchers. Copies of color reversal films can be made through a
two-step (negative-positive) process, but the quality is considerably inferior.

. The color negative film selected, Eastman 5247, has a higher resolution than
available color reversal film (65 lines per mm as opposed to 42 lines per mm).
However, following the pilot study filming, it was found that color reversal
film of the same resolution is now available.

The color negative film has more tolerance in exposure settings.

For the above reasons, the color negative film was selected for the pilot study filming.

Ground Control Requirements

The film produced from the aerial photography presents a perspective view of
the freeway section being analyzed. Consequently, the lateral and longitudinal
dimensions of the freeway are of varying scale, depending on how the section is
positioned in each frame, the angle from which the film was taken, and the altitude of
the plane. Therefore, to calibrate ground coordinates from the film coordinates and to
correct for the perspective view presented by the film, known points on the ground
must be established and be visible in each film frame digitized. This can be done by
either setting out known points physically near the roadway which are visible from the
air (existing features of the highway, such as guardrail termination points and changes
in pavement color, could also be used) or by using known points on the State grid
system which were also visible in the film.

For the purposes of the pilot study, it was decided to physically lay out known
control points on the shoulder of the freeway section as it was not usually possible to
locate known points on the State grid system in the film. Four pairs of control points,
one point of each pair on each shoulder, were established in a survey, and targets
visible from the air were placed on the control points. The approximate location of
the points for the pilot tests was shown in Figures 14 and 15. The distances measured
were along the plane of the ground, rather than on the horizontal plane so that the
longitudinal highway distance would not have to be corrected for grade, so long as the
plane of the highway did not significantly vary from the plane of the ground on which
the points were set. Techniques for transforming the film coordinates to ground
coordinates are discussed in the data reduction section.

Filming Procedures

A Cessna 206 was the aircraft used in the initial pilot study filming. Figure 16
shows the 35 mm camera equipment mounted in the aircraft. The camera mount was
placed at an angle out the left rear door of the aircraft. The same mount was used for
both the 16 mm and 35 mm cameras. Table 6 indicates the sequence of filming. As
indicated, alternative section lengths were covered with the 35 mm film to test the
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best available copy.

Figure 16.35 mm. Camera Mounted in Aircraft
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Camera

16 mm
16 mm
16 mm
16 mm
16 mm
16 mm
35 mm
35 mm
35 mm
35 mm
35 mm
35 mm
35 mm
35 mm

35 mm

Table 6. Filming Sequences for the Pilot Study

Start
Time

3:35:30
3:42:05
3:47:55
3:51:29
3:59:14
4:02:30
4:22:00
4:27:47
4:34:15
4:38:04
4:47:05
5:01:00
5:11:00
5:19:15

5:25:00

Filming
Time

3 min.
3 min.
3 min.
3 min.
3 min.
3 min.
5 min.
3 min.
3 min.
5 min,
10 min.
3 min.
5 min.
3:30 min.

5 min.

* Site l: 1-395 SB between Holmes Run and Duke Street

Site

Filmed*

Site 1
Site 2
Site 2
Site 2
Site 2
Site 2
Site 1
Site 1
Site 2
Site 2
Site 2
Site 2
Site |
Site |

Site 1

* Site 2: 1-95 SB between I-495 and Route 644

Approx.
Section

Length

1 mile
I mile
3/4 mile
3/4 mile
1/2 mile
1/2 mile
I mile
I mile
I mile
I mile
3/4 mile
1/2 mile
1/2 mile
3/4 mile

3/4 mile

Altitude

5,000 ft.
5,000 ft.
4,000 ft.
4,000 ft.
2,500 ft.
2,500 ft.
5,000 ft.
5,000 ft.
5,000 ft.
5,000 ft.
4,000 ft.
2,500 ft.
2,500 ft.
4,000 ft.

4,000 ft.



range in resolution achieved. Differing the lengths of sections filmed were
accomplished by varying the altitude of flight. The 16 mm film was shot, the camera
removed from the mount and replaced with the 35 mm camera. Both the 16 mm and
35 mm film was shot at one frame per second.

The aircraft circled around the center of the freeway section in approximately a
%-mile radius, counterclockwise. The pilot was required to continually bank the
aircraft and compensate for wind velocity. Winds were light on the day of filming.
The camera operator had the responsibility of keeping the camera focused on the
center of the section, trying not to allow any part of the freeway section being filmed
to slip outside any of the film frames. This proved to be a very tedious and difficult
task.

The pilot was also required to stay in constant communication with the control
tower at National Airport, since the freeway sections being filmed were only & to 5
airline miles from the airport and were thus in a heavy air traffic area. The weather
on the day of filming was clear and warm with light and variable winds. The exact
start and stop time for each film sequence was recorded to verify the accuracy of the
intervalometers.

Aside from the pilot and photographer, a third person was required in the
aircraft to monitor the times for each filming sequence, to take detailed notes in a log
book, and to assist the photographer in changing cameras. Figure 17 shows a sample
frame from a test of the 35 mm camera over [-270 in Montgomery County, Maryland.

Data Reduction

As mentioned previously, the end product of the data collection and reduction
process was to be a data file containing the time-based highway coordinates of
vehicles in the freeway bottleneck sections, from which can be computed the detailed
measures of traffic performance necessary to study vehicle interactions and to
calibrate and validate microscopic freeway simulation models. The development of
the data format is discussed in the body of this report.

The general process used to reduce the data from the films was to digitize the x-
y coordinates of vehicles from the film into a microcomputer and then perform the
necessary transformations to produce the final highway coordinates of each vehicle as
it passes through the section under study. The digitizing system components, the
initial operation of the system and the computer algorithms are discussed in the next
three sections.

Digitizing System Components

The initial digitizing system consisted of three basic components: the digitizer,
the projection equipment and the microcomputer equipment. Figure 18 is a
photograph of the system components.
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Figurel8. Photograph of Digitizing System Components
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Digitizer - A number of digitizers were investigated to identify the most
appropriate one for the needs of this study. Of the several types and makes available,
a Calcomp Series 6000 rear projection digitizer was selected. The active digitizing
area is 30 in by 40 in, and virtually any projection unit can be used, giving substantial
flexibility to the system. The digitizing surface can also be used for front projection
or for digitizing directly from photographs, plans or diagrams laid on the surface of .
the board. When projected from the rear, an image is captured on the front surface of
the digitizer (i.e., the side of the board from which the operator is to be digitizing),
thus eliminating any parallax.

The digitizing board is complemented by a microprocessor unit, an RS232
interface, a firmware package and a 16-button cursor. To digitize a point, the cursor
crosshairs are positioned over the point to be digitized and one of the 14 eligible
buttons is pushed. The eligible buttons are "0-9" and "A-D." The remaining two
buttons, "#" and "*", are used for special functions. The pushing of a button on the
cursor (use the "1" button for an example) with the cursor placed on the digitizing
surface returns the following:

1,+00.000,+00.000 followed by a carriage return/line feed.

The x and y coordinates are transmitted, in that order, to the nearest .00 in.
Additional characters of the operator's choosing can be transmitted directly to the
current record by pressing "*", followed by the selected characters and another "*". A
63-character menu can be attached to the digitizing surface, and placing the cursor
over a particular character on the menu will return that character. A variety of other
options, such as rescaling and area computations are available. The operation of the
system is fully documented in manuals supplied by the manufacturer.

Projection Equipment - Both 16 mm and 35 mm single-frame advance projectors
were required for the study. The 16 mm projector was obtained from FHWA and can
be advanced manually. For the 35 mm projector, it was determined that a standard
filmstrip projector would be adequate for the study, since there was no need to view
the film in motion picture fashion. High-wattage bulbs were used to provide the best
possible resolution and color from the projected image.

Initially, the projector was placed in the rear of the digitizer, and the image
projected from that point. Front projection was also tried, and it was found that
projecting from the front onto a pure white paper screen placed on the digitizing
surface produced the optimum image. It is still valuable, however, to have the
flexibility of rear-projection for other possible uses. The projection angle had to be as
nearly perpendicular to the digitizing plane as possible to ensure accurate focussing of
all parts of the image.

Microcomputer System - A Molecular brand multiuser microcomputer system
was employed to accept the raw output from the digitizer and perform the various
computations, to provide the operator with the necessary feedback and to store the
data (both raw and transformed) on disk. The development system utilized one video
monitor, located beside the operator, one 64 k byte processing unit and a Winchester-
type hard disk system with 16 megabytes of storage. The system is an in-house system
at Comsis Corporation, the subcontractor developing software for the project. The
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system provided a great deal of flexibility in interaction with the operator and the
digitizer. The microcomputer was linked directly to the digitizer electronics unit with
standard cables and connectors. The terminal and digitizer were located in a separate
room from the computer, enabling the room to be darkened for best viewing.

- Software Development - The body of the report presents an overview of the
digitizing process. Three primary software components were required to allow the
operator to match vehicles from frame to frame and to make the necessary data
manipulations to create data files in the desired format. The following three routines,
with the necessary subroutines and auxiliary features were developed:

. Vehicle Matching and Raw Coordinate Digitizing Routine - this routine leads
the operator through the digitizing of vehicles on a frame of film and enables
him to match vehicles with those of the preceding frame using vehicle type,
color, and lane placement information.

.  Film-To-Ground Coordinate Transformation Routine - this routine transforms
the coordinates of the film (which appear in a perspective view from the
point at which the photograph was taken) to the actual ground coordinates on
the plane of the highway. A FORTRAN program written by Bleyl (Ref. 10),
was used as the basis of the program. It uses four control points of known
location on the highway, solves for eight coefficients in eight simultaneous
equations, and recomputes the correct ground coordinates in any part of the
plane defined by the control points.

. Ground-To-Highway Coordinate Transformation Routine - this routine uses
trigonometric functions to transform highway geometry and vehicle positions
from the ground Cartesian coordinate system into the highway coordinate
system to be used in the final data files (i.e. longitudinal and lateral distance

along the alignment of the roadway, using the right edgeline as the
reference).

The goa!l during the pilot study was to develop each of the algorithms to the
point where its capability to perform its specified function could be verified. It was
not necessary, nor did time allow the full integration of software which was to be used
over the long term. However, it was possible to integrate the programs into one
contiguous routine but without all the error-checking and data storage functions which
would eventually be necessary. Also, additional work needed to be done to allow the
program to accommodate a wider range of geometric conditions. The ground-to-
highway coordinate transformation routine was originally designed for site 2, and
further modifications were required to enable the digitizing of other sites. All
programming was done in UCSD PASCAL.

Operation of the System

The digitizing process is described step-by-step in Table 7, assuming that the
operator is beginning with a completely new film. In overview, the operator digitizes
vehicles from the downstream end of the section to the upstream end, in systematic
order. The characteristics of vehicles (ID, lane, type, and color) from the previous

61



Table 7. Steps in Digtizing Process

Step 1 - System Initialization
Substep 1.1 - Turn systems on and activate computer programs.
Substep 1.2 - Enter ID and ground x-y coordinates of control points.
Substep 1.3 - Designate limits of the section.

Step 2 - Digitize first frame,
Substep 2.1 - Digitize 4 control points by control point ID.
Substep 2.2 - Digitize highway geometrics (two points on tangent, three
points on curves).
Substep 2.3 - Push "*" followed by vehicle color and type codes followed by
another "*",
Substep 2.4 - Digitize designated corner of the vehicle. Computer will
generate ID. Push button corresponding to the lane the vehicle is in. (Lane |
= right most lane, auxiliary lane included).
Substep 2.5 - Place cursor on opposite end of vehicle (same side) and digitize,
pushing "7" to designate opposite end of vehicle is being digitized.
Substep 2.6 - Repeat steps 2.3 through 2.5 for each vehicle, proceeding from
downstream to upstream end of section.
Substep 2.7 - Indicate all vehicles in frame digitized and advance projector.

Step 3 - Digitize successive frames.
Substep 3.1 - Digitize 4 control points by control point ID.
Substep 3.2 - Look at video monitor, displaying vehicle ID, lane, type and
color. Match vehicle number | on monitor with the same vehicle in frame 2
and digitize, pushing button corresponding to lane number. If vehicle is now
out of section, place cursor over vehicle and push the "0" button.
Substep 3.3 - Repeat steps 2.3 through 2.5 for all vehicles entering section
for first time.
Substep 3.4 - Repeat step 3.2 and 3.3 for all vehicles in each successive
frame.

Step 4 - Designate end of digitizing and turn systems off.
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frame are displayed on the video screen, in the order that the vehicles were digitized.
Figure 19 shows a sample of the information displayed on the video monitor, indicating
the vehicle type, color, and lane of vehicle from the previous frame, the position of
the vehicle in the succeeding frame and its speed since the last frame. The "S"
indicates the vehicle's distance from the beginning of the section and the "d" indicates
the distance from the right edge of pavement. The "d" can be divided by lane width to
be translated into fractional lanes from the edge of pavement, if desired. The
program leads the operator through the list, prompting the operator to match each
vehicle with one in the current frame. The operator positions the digitizer's cursor
crosshairs over the left front corner (or other predetermined spot) on the vehicle and
presses the button corresponding to the vehicle's current lane number. This number
and the x-y coordinates are then transmitted to the computer memory along with the
vehicle ID, type, length, and color. The coordinates are then transformed to highway
coordinates, the transformed data are stored, and the necessary fields brought back to
the monitor for the next frame.

INITIAL PILOT STUDY RESULTS AND EVALUATION

This section presents an evaluation of the initial techniques employed in the pilot
study and discusses the feasibility of the procedures, or modifications thereof, to
produce the data required. With the modifications suggested, the aerial photographic
and digitization approach to reducing traffic flow data from film was found to be
feasible. Discussed below is an evaluation of each procedural component.

Filming Procedures and Film Quality

The camera equipment and film worked well throughout the course of the pilot
study. The basic technique using a fixed-wing aircraft circling above the roadway was
found to be feasible. However, there were several deficiencies in the combination of
film format and aircraft type used in the pilot study.

It should first be pointed out that the 16 mm film did not produce images of the
necessary resolution to permit the digitizing of vehicles on the lengths of freeway
necessary. As far as could be determined, the deficiency was due strictly to the
limitations of that film format and not due to any problems in the way that the
photography was done. The half-frame 35 mm film did prove to yield the necessary
resolution, within certain limitations.

One of the limitations of the half-frame 35 mm film, when used with the circling
method of aerial photography, involved the rectangular dimensions of the film image,
a sample of which was shown previously in Figure 17. The vertical dimension of the
film frame, including the space reserved for the data slate and frame counter, was
approximately three-quarters of the horizontal dimension. However, the actual
vertical dimension of the image without the data slate was little more than one-half of
the horizontal dimension. Since the photography must continuously include a fixed
section of highway in the filming, the critical dimension of the film was the shorter
dimension. Using the circling photography technique, the longer dimension of the film
could not be fully taken advantage of. Possible solutions to this problem included
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NEW VEHICLE 41 ID= 41
ENTER %color typeklane OR ¥999%0 TO EXIT

WHT CAR S0019.8648 49961.236
LANE 1 S= 36.04 D= 10.34
NEW VEHICLE 42 1ID= 42

ENTER Xcolor typeklane OR %999%0 TO EXIT

ENTER xnumxOption OR O TO EXIT

Options:
1=RESTART AT VEHICLE num
2=DISFLAY 10 VEHICLES STARTING AT VEHICLE num
I=REDIGITIZE VEHICLE num

FRAME 364 COMFLETED

41 VEHICLES ENTERED
O VEHICLES EXITED
41 VEHICLES IN SECTION

ENTER Xframe number kxtime

ENTER CONTROL POINT NO. (0O TERMINATES INFPUT)

CF 1 FILM X-Y 223.573 23,105
CF 2 FILM X-Y 248,162 22.96%
CF 3 FILM X-Y 17,800 16.003
CP 4 FILM X-Y 18.741 15.663

ARE THE AROVE VALUES OK 7 (0O=YES, 1=ND)
FILM TO GROUND CALIERRATION IN FROGRESS

NEXT VEHICLE (1) IS A WHT CAR IN LANE 3 1D=1

Options:
O=VEHICLE HAS EXITED SECTION
1-6=LANE NUMEBER OF VEHICLE
7=ENTER A NEW VEHICLE
8=5SHIP THIS VEHICLE TEMFORARILY
9=ADDITIONAL OFTIONS

NEXT VEHICLE (2) 1S A BLU CAR IN LANE 4 1D=2

50021.825 49194.377 13 MFH
LANE 1 S= 803X.48 D= 9.83

NEXT VEHICLE (X)) IS A BLK CAR IN LANE 3 1ID=3

frame number=99% TO TERMINATE, time=SECONDS SINCE LAST FRAME

l Figure 19. Safnple Information Provided to Operator on CRT
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modifying the camera to change the position of the data slate, utilizing a hovering
helicopter to enable the continuous alignment of the longer film dimension with the
freeway section under study or using a full-frame 35 mm camera.

A second problem encountered with the use of the light plane in the aerial
photography involved the difficulty of keeping the camera focussed on the same
section of freeway from frame to frame. Both the pilot and photographer bear the
responsibility of this. The pilot must keep the plane within a reasonably concentric
circle around the midpoint of the freeway section and at the same time keep the plane
banked at an angle within certain limits of tolerance. He must thus compensate for
wind velocity and try not to let the aircraft drift too far from the desired circle or the
desired altitude. THe most difficult part of this task is in holding a sufficiently tight
circle on the downwind side. The photographer must compensate for the instability of
the aircraft by rotating the camera on the mount. The presence of air turbulence
produces a bouncing effect, making it more difficult for the photographer to keep the
camera focussed continually on the section being filmed. The photographer must plan
for this by photographing a section longer than is actually necessary.

Additional problems encountered entailed the effect of tall trees on the shoulder
side of the section, particularly the site 1 section. First, at the lower altitudes, the
trees obscured part of one lane from view when the aircraft was on the shoulder side
of the section. This could only be remedied by flying at substantially higher altitudes
and/or holding a much tighter radius of flight, both of which pose more significant
problems in the holding of the frame on the designated freeway section.

The trees also introduced some shadows onto the section, but vehicles could still
usually be identified. Both sections of highway filmed had asphalt paving, on which
the dark-colored cars lacked contrast. A lighter pavement color would be expected to
yield better contrast with most vehicle colors. Overall, however, the vehicle types
and colors were identifiable.

The initial targets used for control points were black-and-white "iron cross"
plastic targets. These were either nailed to the shoulder pavement or taped onto the
top of the dual faced guardrail in the median. The black and white targets could be
seen to varying degrees. There was little difficulty in identifying the 3-foot (.9 m)
targets on the dual-faced guardrail, but the 2-foot (.6 m) targets were difficult to see
in the film. Surprisingly, a 4-foot (1.2 m) square target placed in the gore area as a
further test could not be seen significantly better than the 3-foot (.9 m) target. In all
cases, only the white portion of the target was visible and the black quadrants could
not be identified. An analysis of the colors which appeared brightest on the film (red,
orange, bright blue) indicated that a colored target would improve visibility on the
color film being used. A target of at least 3-foot (.9 m) square should be used and
should be composed of more rugged materials than used in the initial pilot study.

Digitizing System and Process

The hardware components assembled for the digitizing process were found to be
ideally suited to the task. The digitizer was highly reliable and flexible, and was
adaptable to certain conditions not originally foreseen (e.g., the higher resolution in
projecting from the front rather than the rear). The microcomputer system and
projector also functioned well.
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The primary challenge in developing the digitizing process was developing the
software to derive vehicular coordinates based on the coordinate system of the
highway, and to enable the operator to match vehicles from frame to frame as
efficiently as possible. Although the software could not be completely developed by
the completion of the pilot study, it was developed to the point where assurance could
be given that the operator could match vehicles and that the correct highway
coordinates were being ascertained. The initial algorithms included the recording of
vehicle type and color, but the vehicle length component was not originally included.

Tests of the digitizing procedures were made in several ways. Approximately 2
minutes (120 frames) of 35 mm film were digitized from site 2 over a section length of
approximately 900 feet (274 m). In addition, each component of the digitizing process
was tested, as described below.

Film-to-Ground Coordinate Transformation

This was tested by first digitizing four control points, on which the calibration
was performed. One or more intermediate control points, whose ground x-y
coordinates were known, were then digitized, and the error between the predicted and
known locations of these intermediate points was determined. The maximum error
occurs near the midpoint between the two control point pairs, with errors becoming
less as one approaches the control points at either end. The longitudinal error was
found to be quite sensitive to even small operator errors in digitizing the control
points.

Repeated digitizing of selected points in site | indicated that the standard
deviation of the errors in the lateral direction was approximately 3 feet (.9 m). In the
longitudinal direction, the standard deviation was approximately 5 feet (1.5 m). The
absolute error in the longitudinal direction tended to be higher than in the lateral
direction because of the greater length involved. For each l-foot (.3 m) error in the
longitudinal direction, there will be a 0.68 mi/h (1.094 km/h) error in the measurement
of speed between successive frames.

The error in the film-to-ground coordinate transformation can be attributed to
several factors: limitations of the operator in placing the cursor cross-hairs precisely
over the center of the control point; distortions introduced by the camera or projector
lenses; and failure of the control points to lie exactly in the same plane. A significant
change in vertical alignment within a section would require two or more separate
transformations with coordinates that correspond to the separate planes.

One of the most important discoveries concerning the use of the control points
was the need to spread the control points in the lateral direction as well as in the
longitudinal direction. In the pilot study, the control points were placed on the right
shoulder and median, involving a lateral separation of only 50 to 60 feet (3 to 4 lanes
plus shoulder). When the control points are this close, a small error in digitizing a
control point (especially a lateral error) can produce a major distortion in the
perspective grid. It was later found that placing control point pairs on the right
shoulder of opposing traffic directions produced much better stabilization in the
control point calibrations, since the lateral separations were usually 100 feet (30.5 m)
or more.
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Ground-to-Highway Coordinate Transformation

This routine worked remarkably well, as long as the correct film-to-ground
transformation had been accurate. The geometry was incorporated by digitizing
appropriate points along the right edgeline of the mainline lanes, which was used as
the baseline for lateral placement of the vehicles. Everything digitized thereafter
would be recorded as the distance from the operator-defined beginning of the section
and as the distance from the right edgeline. Distances to the left of the edgeline were
considered positive; distances to the left were considered negative. This lateral
distance can also be divided by the lane width to put it in the form of fractional lanes.
To test the error contribution of the ground-to-highway coordinate routine, three
vehicles on the same film frame were digitized several times, redigitizing the roadway
geometry each time. In addition, multiple frames were digitized using a one-time
digitization of the geometry from the first frame. From these exercises it was
concluded that the highway geometry could be digitized in the first frame only and did
not have to be redigitized each frame.

Yehicle Matching Routine

Given an acceptable level of film resolution (which was obtained with half-frame
35 mm film at the lower altitudes of flight), the vehicle matching routine worked very
well. The vehicle type, color, and lane characteristics were sufficient to identify
virtually every vehicle, even those undertaking rapid lane-changing. The primary
concern with the vehicle matching process is with the time required to digitize given
quantities of vehicles. There are several time components that affect the overall time
to digitize a frame or series of frames, as discussed below:

. Time to digitize control points - this is done at the beginning of each frame
and requires approximately 30 seconds total, including a calibration check
with a fifth control point. However, if the initial calibration is not within a
sufficient error tolerance, a recalibration must be done taking additional
time.

. Time to digitize a vehicle the first time it enters the section - this involves
specifying vehicle color and type and digitizing both the front and rear of the
vehicle. This requires approximately 20 seconds per vehicle. For a %-mile
(.8045 m) section, with vehicles travelling at an average of 30 mi/h (48.27
km/h) under congested flow, a vehicle would be digitized 60 times, so that
the initial color, type, and length digitizing would have to be done only one
time out of 60. With higher speeds or shorter section lengths, this proportion
would be higher, resulting in a higher average digitizing time per vehicle.

. Time to digitize a vehicle each successive time it is in the frame - this
involves simply locating the cursor over the appropriate corner of the vehicle
being matched and pressing the button corresponding to the lane number. In
this case, the average time per vehicle is approximately 5 seconds.
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.  Time to store data from each frame and advance film - 30 seconds.

ADDITIONAL FILMING EXPERIMENTS

Having demonstrated the basic feasibility of the digitizing process, additional
aerial filming was done to resolve the remaining questions on film format, aircraft,
and photographic procedures.

A brief experiment was conducted using a hovering helicopter and 35 mm half-
frame format. This configuration was also found to be impractical. Although 1 hour
of film could conceivably be obtained with this method, ideal conditions of wind
velocity and direction would be needed at every site to avoid overheating of the
helicopter engine. These highly restrictive requirements, the cost of helicopter rental
and the inability to find commercial helicopter companies willing to fly under such
conditions all contributed to the elimination of this method from further
consideration. If it were possible to film safely and economically from a helicopter,
that would be preferable to the circling technique used with a fixed wing aircraft, as
accuracy in the digitizing process is easier to achieve when the section is being
continuously filmed from approximately the same point. However, an alternative to
the helicopter and the small fixed wing aircraft had to be sought.

The final experiment involved the use of a Heli Porter STOL (Short Take-Off and
Landing) aircraft with a full-frame 35 mm film format. This aircraft proved to be
considerably more stable as a filming platform than the Cessna and was able to hold a
tighter radius around the site. Combined with the larger film format, this
configuration proved to meet all of the filming requirements and was therefore
adopted as the method to be used. Enough test film was shot in October 1982 to allow
further development of the data reduction process. Although 70 mm f{ilm was
considered in this experiment, the cost of the film and of projection equipment was
substantially higher than 35 mm film, and only 40 minutes of continuous 70 mm filming
could be obtained with the available film magazine size.
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ARTICLE ON FILM-TO-GROUND COORDINATE TRANSFORMATION BY BLEYL

For 40 years traffic engineers have
been using time-lapse photography
in making traffic studies. In analyz-
ing the time-lapse frames, a per-
spective grid onto which the photo-
graphs are projected has usually
been used. From a number of re.
cently published articles, it is ap-
parent that the perspective grid
method of analysis is still being
widely used.

This method of analyzing time-
lapse photographs has a number of
weaknesses: the grid is not easy to
establish; in the field. numerous
control points must first be laid out
on the roadway, filmed, and then
used in drawing a complete per-
spective grid on the projection sur-
face. 1f the camera or projector is
moved, a new grid may be needed.
Analysis of the film is slow because
it is necessary to position each
frame so that the perspective grid is
exactly aligned with known points
in the photograph. 