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ABSTRACT

A study was conducted to verify C. F. Daganzo’s behavioral theory of multi-lane traffic
flow (1, 2). This study was conducted by teams from San Diego State University and the
University of California at Berkeley who worked independently on a series of case
studies to test predictions derived from the theory. The results of the study suggest that
some of the phenomena predicted by Daganzo do occur, but not at all locations, and that
the underlying behavioral assumptions are oversimplified. Specifically, the types of flow-
density (or flow-occupancy) relationship assumed by Daganzo were found to occur at
some sites but not others; semi-congested states and fast waves between semi-congested
and fully-congested states, as predicted by Daganzo were observed at one site; an
increase in average time gaps indicating a “loss of motivation” assumed by Daganzo was
observed at one site but not at others; speeds were found not to be equalized among lanes
in congested flow, contrary to Daganzo’s assumption and most past literature;
redistribution of flow among lanes was observed at flow breakdown despite the absence
of speed equalization, contrary to Daganzo’s behavioral assumptions; and distinct
capacity and discharge flow states predicted by Daganzo were not observed downstream
from queues. Observations not directly related to the test of Daganzo’s theory included
details of lane-by-lane speed behavior in congested flow, a case in which the location of
the point of maximum density upstream from a bottleneck may have influenced its
capacity, and observations of general characteristics of incident recovery flow.



EXECUTIVE SUMMARY

This report documents a study to validate a new macroscopic traffic flow theory by
Daganzo (/, 2). The study was conducted by teams from San Diego State University
(SDSU) and the University of California at Berkeley (UCB) who worked independently
on a series of case studies to test predictions derived from the study. The major goal of
the study was to provide a better understanding of freeway traffic flow and thus to
improve the basis for modeling and managing freeway traffic.

Daganzo’s theory assumes two types of drivers, aggressive (rabbits) and timid (slugs),
and two lane groups, shoulder and passing lanes. In free flow, rabbits travel faster than
slugs, with all rabbits in the passing lane and all slugs in the shoulder lane. In high-
volume uncongested flow, rabbits follow one another with very small headways so long
as they are able to pass, and such drivers are referred to as motivated because the very
small headways are motivated by their desire to pass. If anything happens to reduce the
speed in the passing lane below the free-flow speed in the shoulder lane, however, the
rabbits lose their “motivation,” increase their headways, and change lanes to equalize
speeds. The concept of motivation, the conditions under which it is gained or lost, and
the consequences of transitions from motivated to unmotivated states (and vice versa) are
the key innovations in Daganzo’s theory. Taken together, they constitute a new theory of
how transitions from uncongested to congested flow take place.

Validation of the theory involved an extensive literature review and a series of case
studies. The literature review was intended to confirm the factual basis for the theory (as
reflected in past empirical research) and establish its scope relative to the overall body of
empirical knowledge about traffic flow. Case studies focused on merge bottlenecks and
flow recovery following the removal of incidents and were intended to test specific
predictions derived from the theory. Case studies of merge bottlenecks included four in
the San Diego area (conducted by the SDSU team), two in the Toronto metropolitan area
(one conducted by each team), and one in the San Francisco Bay Area conducted by the
UCB team. The SDSU team also studied flow recovery for six incidents that occurred in
the San Diego area. Specific merge bottleneck sites were:

San Diego area:

= Southbound Interstate 5, downstream from Manchester Avenue, morning peak
=  Westbound Interstate 8, downstream from Fletcher Parkway, morning peak

= Southbound Interstate 805, downstream from Nobel Drive, evening peak

= Northbound Interstate 5, downstream from Via de la Valle, evening peak

Toronto area:
= Eastbound Queen Elizabeth Way, downstream from Cawthra Road, morning peak
(SDSU team

=  Westbound Gardiner Expressway, downstream from Spadina Avenue, evening peak
(UCB team)
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San Francisco Bay area:
= Westbound State Route 24, just east of the Caldecott Tunnel, evening peak

Data for all sites other than the State Route 24 merge bottleneck consisted of
automatically-collected loop detector data. At the San Diego sites (both merge
bottlenecks and incidents), these included vehicle counts and occupancies; the sites in the
Toronto metropolitan area also provided measured speeds from double-loop detectors.
Data recording intervals were 30 seconds in San Diego and 20 seconds in Toronto. Data
for the State Route 24 consisted of individual vehicle arrival times for several locations;
these data were manually extracted from videotapes.

Significant limitations of the data collection sites included:

= Although Daganzo’s theory is worked out in detail for freeways with two lanes in the
direction of travel only, all of the sites involved more than two lanes. Where
applicable, it was assumed that the most aggressive drivers would be found in the
median (leftmost) lane and the least aggressive in the shoulder lane, and the analysis
focused on comparing the characteristics of the median lane and shoulder lane with
averages for the freeway as a whole.

= All detector stations at San Diego sites were located immediately upstream of on-
ramps. This restriction did not apply to the Toronto data.

» Daganzo’s discussion of incident clearance flow assumes no interference from
bottlenecks either upstream or downstream of the incident, but in many cases incident
queue discharges were affected by bottlenecks.

The specific predictions tested were derived from the theory and adapted to the study
sites and data that were available. Several predictions are outlined in Daganzo (7, 2).
Those that appeared most suitable for verification were stated in terms of flow states and
associated changes in flow characteristics at specific locations relative to merge
bottlenecks or incidents. In some cases these had to be modified to take into account the
peculiarities of the sites and the data and, in other cases, new predictions were derived to
test basic assumptions of the theory.

In their final form, the predictions tested included:

= Semi-congested states (that is, states in which there are queues in some lanes but not
others) will form upstream of a merge bottleneck prior to the transition from
uncongested to congested flow.

= Fast waves (that is, waves with speeds greater than those between different congested

flow states) may occur between semi-congested and fully-congested states in the
transition to congested flow.
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= The most aggressive drivers will segregate themselves in the fastest lane so long as
there are differences in speed among the lanes and will redistribute themselves when
speeds are equalized; consequently, there will be a rapid redistribution of flow among
the lanes when speeds are equalized across the lanes (or conversely, when they cease
to be equal), but not otherwise.

= Speeds will be equalized among the lanes in congested flow but speed differences
will be reestablished following acceleration downstream of queues.

= There will be two distinct flow states (which Daganzo refers to as capacity flow and
discharge flow) downstream of queues.

= The average time gaps in the passing lane will increase when speeds in the passing
lane drop to the level of those in other lanes.

In order to test the predictions, it was necessary to determine the time and magnitude of
changes in traffic characteristics such as flow, speed, occupancy, average time gaps, and
the relative flows and speeds in different lanes.

The principal technique for identifying changes in these characteristics was plots of re-
scaled (or oblique) cumulative curves. In this technique, a plot of the cumulative value of
a time series of data (counts, occupancies, speeds, etc.) is re-scaled by subtracting a
background rate. For instance, if N(¢) is the cumulative vehicle count at time ¢, the value
plotted is N(¢) — xo(t — t,), Where x, is the background rate and ¢, is the starting time for
the curve. This coordinate system magnifies the figure’s vertical axis, which in turn
amplifies features of the curves such as changes in their slopes. These slope changes
correspond to changes in the measured flows. Vertical displacement between
consecutive curves are also amplified and made more visible. In the case of vehicular
counts, these vertical displacements are the excess vehicle accumulations between
measurement locations due to the vehicular delay.

Event-based averaging was used to quantify changes in the various traffic characteristics.
In this technique, data are averaged over periods defined by specific events. Re-scaled
cumulative curves were used to identify periods of near-constant flow, speed, etc. that
occurred before and after abrupt changes in these characteristics. Averages for these
periods were compared to quantify the changes.

Data were also analyzed by inspecting flow-occupancy scatter plots and time series of
speeds and flows.

Speed and flow distributions were characterized in terms of flow and speed ratios — that
is, the ratio of the flow or speed in the median lane to the average flow or speed for all
lanes. In this case, the re-scaling of the cumulative curve consisted of subtracting 1.0
from the ratio for each time interval as it was accumulated, so that a positive slope for the
cumulative curve indicated that the ratio was greater than 1.0 and a negative slope that it
was less.
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Overall results of the test of Daganzo’s theory were mixed. The theory is most applicable
to cases in which the flow-density (or flow-occupancy) relationship for the median lane
has a so-called reversed-lambda shape and that for the shoulder lane has a triangular
shape. Both the literature review and the study showed that these patterns sometimes
occur, but that median-lane flow-occupancy relationships are often tri

angular and those in the shoulder lane sometimes have an inverted-U shape. In the study,
reversed-lambda flow-occupancy plots were found at only two sites.

Semi-congested flow states and fast waves between semi-congested and fully-congested
states were observed by the UCB team, particularly at the Gardiner Expressway site; the
SDSU team did not test these aspects of the theory.

The SDSU team did observe increases in average time gaps when flow broke down at the
southbound Interstate 5 site, but not at other sites. This may indicate that “loss of
motivation” sometimes occurs, but it does not appear to occur consistently. The UCB
team did not test this aspect of the theory.

Predictions related to relative speeds and flows in different lanes were generally not
verified. It was found, contrary to most of the previous literature, that speeds were not
equalized in congested flow. In most cases, speeds in the median lane remained above the
average for all lanes, but in other cases, they were less. Furthermore, flow redistribution
among the lanes was sometimes observed at flow breakdown despite the absence of
speed equalization. Finally, distinct capacity and discharge states were not observed
downstream from the queues; rather, where flow redistribution took place, there was a
tendency for vehicles to move back into the median lane gradually as they moved
downstream, and this pattern did not change over time during queue discharge.

The study also led to a number of observations not directly related to Daganzo’s theory.
These include the observation that speeds in congested flow tend to be equalized only in
the minimum speed phases of speed oscillations, a case in which a stalled vehicle moved
the point of maximum density upstream of a bottleneck and appeared thereby to increase
flow through the bottleneck, and observations of some general characteristics of incident
recovery flow.

The results of the study suggest that some of the phenomena predicted by Daganzo’s
theory do occur, but not at all locations, and that the underlying behavioral assumptions
are oversimplified. Suggested follow-up research includes (a) development of more
realistic theories of driver behavior, including a more accurate classification system for
driver types and better understanding of lane-use behavior and (b) additional empirical
research to verify and extend findings of this study regarding flow-occupancy patterns,
speed equalization, the stability (or lack thereof) of the location of initial flow breakdown
at bottlenecks, and the effect of the location of dense queuing on bottleneck capacity.
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1. INTRODUCTION

This report documents an attempt to validate a new macroscopic traffic flow theory
proposed by Daganzo (/,2). This theory makes predictions for separate groups of lanes,
based on the assumption that the traffic stream is composed of a mixture of timid and
aggressive drivers. It assumes two types of drivers, aggressive (rabbits) and timid (s/ugs),
and two lane groups, shoulder and passing lanes. In free flow, rabbits travel faster than
slugs, with all rabbits in the passing lane and all slugs in the shoulder lane. In high-
volume uncongested flow, rabbits follow one another with very small headways so long
as they are able to pass, and such drivers are referred to as motivated because the very
small headways are motivated by their desire to pass. If anything happens to reduce the
speed in the passing lane below the free-flow speed in the shoulder lane, however, the
rabbits lose their “motivation,” increase their headways, and change lanes to equalize
speeds. The concept of motivation, the conditions under which it is gained or lost, and
the consequences of transitions from motivated to unmotivated states (and vice versa) are
the key innovations in Daganzo’s theory. Taken together, they constitute a new theory of
how transitions from uncongested to congested flow take place, and they lead to a
number of predictions about phenomena such as wave speeds and traffic states in,
upstream, and downstream of queues.

The study was conducted by teams at San Diego State University (SDSU) and the
University of California Berkeley (UCB) who worked independently on a series of case
studies intended to test predictions derived from the theory. These case studies
concentrated on verification of predictions that could be readily tested with available data,
including automatically-collected freeway traffic flow data and highly-detailed data
reduced from videotapes by the UCB team. Predictions tested related to the transition to
congested flow at merge bottlenecks and to flow recovery following the clearance of
incidents. Features of the theory that were examined included the concept of motivation,
the characteristics of traffic flow states in and downstream of freeway queues, and the
wave speeds of transitions between congested and semi-congested states (that is, traffic
states in which there are queues in some lanes but not others).

1.1 Background and Motivation

In recent years, there has been active debate concerning macroscopic traffic flow models.
Three basic types have been advanced: “kinetic” models based on Prigogine and Herman
(3), “higher-order” models descended from Payne (4, 5) and “kinematic wave” models
based more directly on Lighthill and Withem (6) and Richards (7). Recent developments
prior to Daganzo’s behavioral theory include simplified kinematic wave models by
Newell (8) and Daganzo (9) and development of a new version of the higher-order model
by Kerner and Konhéduser (10, /7). Along with the development of new versions of the
macroscopic models there has been debate over their relative merits. Daganzo (12)
questions the validity of the higher-order models and Kerner et al (/3) claim that the
Lighthill-Witham theory of shock waves cannot explain observed properties of traffic
jams. This debate has led to further development of the models, such as attempts to



develop kinetic (/4) or higher-order (/5) models that avoid Daganzo’s criticisms, and,
most recently, to Daganzo’s behavioral model (/, 2).

Much of the current interest in macroscopic traffic flow models stems from the relative
abundance of empirical evidence and the difficulty of devising theories that explain all of
it. Although some of the key evidence relies on other types of data, such as the well-
known vehicle trajectory data of Treiterer and Myers (/6), most recent empirical work on
freeway traffic flow has used automatically-collected data from induction loops. As a
basis for his theory, Daganzo assembled an extensive list of “facts” related to traffic flow,
whose sources are documented in reference 1. Empirical literature related to traffic flow,
including Daganzo’s sources, is reviewed in more detail in Section 1.3 to evaluate the
empirical basis of the theory and establish the limits of its applicability.

Independent validation of theory is a part of the basic process of scientific inquiry;
consequently, the major goal of this study was to provide a better understanding of
freeway traffic flow. Further, validation is of Daganzo’s theory was regarded as being of
special importance because of the failure of the “traditional” classes of macroscopic
models to explain the full range of empirical findings without sometimes producing
absurd results. If validated, it would be an extremely important advance in understanding
traffic flow and would provide a basis for a very simple macroscopic model of freeway
flow that can be used in the design of freeway control measures.

1.2 Conduct of Study

This study was a joint effort by teams from SDSU and UCB that worked independently
to conduct a series of case studies. Those conducted by the SDSU team used
automatically-collected freeway traffic data from the San Diego and Toronto
metropolitan areas and focused primarily on flow characteristics in and downstream of
queues at merge bottlenecks and in queue discharge following the removal of incidents.
Those conducted by UCB were based on automatically-collected data from the Toronto
area and highly detailed flow data reduced by hand from videotapes at a site in the San
Francisco Bay area. These studies focused more on flow characteristics upstream of the
point of flow breakdown, and included investigation of possible semi-congested states
and so-called fast waves between semi- and fully-congested states.

1.3 Literature Review

Daganzo’s theory may best be thought of as a limited generalization of the kinematic
wave theory of Lighthill and Withem (6) and Richards (7). As such, it incorporates the
phenomena commonly described by kinematic wave theory, such as the movement of
shock waves, and seeks to explain other interesting phenomena that have been observed,
especially decreases in flow in the passing lane that are often observed downstream of
bottlenecks when flow breaks down. A literature review was undertaken to address the
extent to which the facts forming the principal bases of the theory are established by
previous empirical research and the scope of the theory relative to the overall body of



empirical knowledge related to traffic flow — that is, the extent to which it addresses the
full range of phenomena described in the empirical literature.

The principal bases of the theory include the following assumptions, which are believed
by Daganzo to be supported by past empirical research:

1.

Traffic in uncongested flow is segregated by lane in terms of speed, with the highest
speeds typically found in the median lane. This speed segregation breaks down in the
transition to congested flow.

The maximum flow rate in the passing lane (typically the lane nearest the freeway
median) occurs prior to the transition to congested flow and is greater than the
maximum flow rates in other lanes. Since the maximum flow in the passing lane
occurs in uncongested flow, the typical flow-density (or flow-occupancy) relationship
for the median lane has a reverse-lambda shape. Flow relationships for other lanes
have triangular or inverted-V shapes.

The decrease in flow in the median lane is related to an increase in headway that
occurs when the speed segregation breaks down. In Daganzo’s interpretation, this is
due to a “loss of motivation” by drivers in the fast lane because they can no longer
pass other traffic. The concept of “loss of motivation” is unique to Daganzo’s theory
and may be regarded as its most important distinguishing feature.

Wave speeds in congested flow (i.e., between two flow states, both of which are fully
congested) are constant and identical for all lanes. In particular, such wave speeds do
not vary with flow or vehicular speed. “Fast waves” with velocities greater than this
characteristic wave speed are believed to be possible, but are held in Daganzo’s
theory to exist only in (or on the borders of) semi-congested states in which speed
segregation has not completely broken down.

Findings of the literature review that are related to the bases of Daganzo’s theory may be
summarized as follows:

1.

Traffic in uncongested flow is segregated by lane in terms of speed, with the highest
speeds typically found in the median lane. This speed segregation breaks down in the
transition to congested flow. As a general rule, past empirical research supports this
view (17, 18), although the issue does not appear to have been studied extensively.
The primary source of evidence is time series of speed. Where these appear in the
literature, they almost always display this feature. The possible exception is that there
are some reports of congested traffic which do not display speed synchronization.
This occurs, for instance in “wide jams” as reported by Kerner and Rehborn (/7) and
in one case of “synchronized” flow reported by Kerner (79). In this latter case,
however, there may be some question about the overall circumstances and whether or
not flow is “congested” in the sense adopted here.



The maximum flow rate in the passing lane (typically the lane nearest the freeway
median) occurs prior to the transition to congested flow and is greater than the
maximum flow rates in other lanes. Since the maximum flow in the passing lane
occurs in uncongested flow, the typical flow-density (or flow-occupancy) relationship
for the median lane has a reverse-lambda shape. Flow relationships for other lanes
have triangular or inverted-V shapes. Evidence related to this proposition includes
published plots of flow-concentration data (/8, 20-317) and a series of studies related
to transitions from uncongested to congested flow at bottlenecks(26, 32-39). It is most
often true that the maximum flow rate at a given site occurs in the median lane in
uncongested flow. All studies of transitions to congested flow that document the time
series of flow on a lane-by-lane basis report a decrease in flow in the most heavily
loaded lane, although this is not always the median lane (36). It is not universally true,
however, that the inner-lane flow-concentration relationship has a reversed-lambda
shape and that those in other lanes have triangular shapes. In flow-concentration
relationships reported in the literature to date, reversed-lambda and triangular shapes
occur with about equal frequency in the median lane (18, 22-24, 29-31).

Relationships for the shoulder lane are sometimes triangular (/8, 27), but inverted-U
shapes are also encountered (28, 29).

The decrease in flow in the median lane is related to an increase in headway that
occurs when the speed segregation breaks down. In Daganzo’s interpretation, this is
due to a “loss of motivation” by drivers in the fast lane because they can no longer
pass other traffic. Evidence related to the key concept of loss of motivation is mixed.
Although it is generally true that headways increase in the most heavily loaded lane
(the evidence is actually that flows decrease, but this implies an increase in headway),
there is no clear evidence that this results from driver behavior in response to speed
equalization. If the change in headway were due to driver behavior (rather than the
increase in passage time that accompanies the rather sharp speed drop that occurs in
the transition to congested flow) average time gaps should increase in the transition,
and remain greater in congested flow than in uncongested flow. Banks (40) found that
they did not. On the other hand, Dijker et al (22) found that distance gaps were
greater in congested flow than in uncongested flow, and since speeds are less, time
gaps must also have increased in the transition.

Wave speeds in congested flow (i.e., between two flow states, both of which are fully
congested) are constant and identical for all lanes. In particular, such wave speeds
do not vary with flow or vehicular speed. “Fast waves” with velocities greater than
this characteristic wave speed are believed to be possible, but are held in Daganzo’s
theory to exist only in (or on the borders of) semi-congested states in which speed
segregation has not completely broken down. In this case, the preponderance of the
evidence is against the idea that wave speeds are literally constant and that there is a
characteristic wave speed that applies universally to congested flow. Daganzo’s
theory does not require this, however, but only suggests that congested-flow wave
speeds do not vary with the flow level, and that they are similar in all lanes for a
given roadway segment. Some recent German work maintains that there is a
characteristic speed, either for all types of waves (42) or for “wide jams” (17, 30). In



the latter case, however, it is also stated that this speed varies by roadway segment,
and with weather conditions (42). Evidence from Mika (43), Koshi (/8), Iwasaki (27),
Kerner (45), and Forbes and Simpson (46) document considerable variation in wave
speeds. The prevalence of speed synchronization in congested flow would seem to
indicate that wave speeds in different lanes are nearly identical in a given disturbance
(that is, waves tend to involve the whole roadway rather than individual lanes), but
the evidence (particularly in Forbes and Simpson) suggests that wave speeds are
widely variable over short distances, and that the speed of an individual wave can
change over time.

The review of empirical research related to traffic flow also demonstrated that Daganzo’s
theory, as presently developed, is of limited scope when compared with the full range of
phenomena considered in the literature. In some cases, this is probably deliberate and
may even be an advantage, since the theory’s simplicity is one of its attractive features. In
other cases, there may be potential for extending the theory to explain a wider range of
phenomena, but so far this has not been done. One practical effect of this narrow scope
was that it was difficult to find sites and data sets that fully matched the assumptions of
the theory.

Phenomena described in the empirical literature that might possibly be addressed by
extensions to the theory include the possible influence of ramps on lane use behavior,
which is the subject of research by Hess (46, 47) and Roess and Ulerio (48); functioning
of bottlenecks other than merges in which ramp traffic is varying (34, 40, 49, 50);
evidence that the fraction of traffic in various lanes under uncongested conditions varies
with traffic volume (57); and the dependence of flow characteristics, particularly speeds,
on vehicle type as well as driver type (52). Phenomena that are generally (and probably
deliberately) beyond the scope of the theory include microscopic and mesoscopic traffic
characteristics, characteristics of congested flow, and the effects of location, weather,
construction, incidents, etc. on flow characteristics.

2. DAGANZO’S THEORY
2.1 Summary of Theory

Daganzo’s theory (/, 2) assumes two types of drivers, aggressive (referred to as rabbits)
and timid (referred to as slugs), and two lane groups: shoulder lanes and passing lanes. In
free flow, rabbits travel faster than slugs and the two groups are segregated in two-pipe
flow, with the slugs all in the shoulder lane and the rabbits all in the passing lane. In high-
volume uncongested flow, rabbits follow one another with very small headways so long
as they are able to pass, and such drivers are referred to as being motivated because the
very small headways are held to be motivated by the desire to pass slower vehicles.
Whenever an event occurs that reduces speed in the passing lane to (or below) vy, the
free-flow speed in the shoulder lane, the rabbits change lanes to equalize speeds, lose
their “motivation,” and increase their headways. This results in one-pipe flow. Because of
the difference in headways, maximum uncongested flow rates in the passing lane exceed
its queue discharge rate.



Daganzo’s discussion of transitions to and from congested flow assumes a flow-density
diagram similar Figure 1. This diagram assumes (a) constant free flow speeds /'y on the
passing lane and vy on the shoulder lane; (b) identical wave speeds w for both lanes in
congested flow, and hence identical slopes for the congested branches, but with that for
the passing lane above that for the shoulder lane; (c) a so-called reverse lambda shape for
the passing lane diagram, with maximum flows occurring in free flow; (d) a triangular
shape for the shoulder lane diagram; and (e) a negatively-sloped portion of the passing
lane diagram (with slope W) representing a semi-congested two-pipe state in which there
is a queue in the passing lane, but speeds in this lane remain above v, In general, capital
letters refer to features related to the passing lane and lower case letters to those related to
the shoulder lane. Other important features include critical flow Q., the maximum flow
on the passing lane in free flow; saturation flow Q, that is, flow at the projected
intersection of the right branch of the diagram with the Veray; O,, the capacity flow on
the passing lane in the one-pipe state; g,,, capacity flow on the shoulder lane; and Qy, the
rabbit discharge flow on the passing lane downstream of the front of a one-pipe queue. O,
is assumed to exceed Q,,.

FIGURE 1 Assumed Flow-Density Diagram
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A fundamental feature of the theory is that rabbits distribute themselves in the lanes so as
to maximize speed, but slugs always remain in the shoulder lane. In acceleration out of
one-pipe queues, rabbits will use all lanes so long as speed is equalized across the lanes,
but will switch to the faster lane (or lane group) when it is not. Daganzo assumes that in
the queue, speed will be the same in both lanes, and less than free flow speed in either of



them; this condition is illustrated on the diagram by points / and i (representing rabbits
and slugs respectively) and the dashed line connecting them to the origin, whose slope
represents the speed in the queue. As vehicles accelerate downstream of the queue, the
points representing the two driver populations will move up until they reach points C and
c. At this time, speed in both lanes is equal to vy, the normal free-flow speed in the
shoulder lane. This condition Daganzo refers to as the capacity state. The rabbits in the
passing lane will continue to accelerate, however, and as soon as their speed exceeds vy,
rabbits in the shoulder lane will switch to the passing lane. Eventually, the speed of the
rabbits returns to V', and the flow is represented by points D and d, referred to as the
discharge state. Daganzo assumes that O, the rabbit flow in the discharge state, will
normally exceed Q,, but be less than Q..

The transition from the capacity state to the discharge state will normally involve changes
in total flow and density as well as in the relative use of the lanes. Density is assumed to
decline in the transition, but flow may either increase or decrease. The rabbit discharge
flow Q, is assumed to be a characteristic of the flow process, but the slug discharge flow
is a function of the relative number of rabbits and slugs in the traffic stream. If the
fraction of slugs is high, the combined flow will be large, and may exceed the combined
flow in the capacity state; if not, it will be less. Flows and densities in the two states may
be added to give points C” and D’. If the slope of a line connecting these points (#’ on
the diagram) is positive, the transition between them will move downstream; if it is
negative, the transition moves upstream. Since the density in the capacity state will
always be greater than that in the discharge state, the boundary between the two-pipe and
one pipe states will move downstream if Q,, + ¢, > Qu + g4, and upstream otherwise.

In analyzing transitions to congested flow at merge bottlenecks, Daganzo assumes that
the critical point is downstream from the entrance, where the rabbits from the entrance
ramp enter the passing lane. In reality, this takes place over some distance, but for
simplicity, Daganzo represents it as occurring at a point. This point will be referred to as
the rabbit merge point. As flows on the mainline and the entrance increase, flow on the
passing lane downstream of the rabbit merge point increases, eventually reaching Q..
Any further increase in the number of merging rabbits creates a queue in the passing lane
upstream of the rabbit merge point. If flow in the passing lane queue exceeds that
represented on the diagram by Z’, flow is forced onto the semi-congested branch of the
flow-density diagram, as represented by point Z on the diagram; otherwise, there will be a
direct transition to a one-pipe queue. In the two-pipe semi-congested state, speed still
exceeds vrand the rabbits remain motivated. Flow in the passing lane downstream of the
rabbit merge point remains at Q.. The queue in the passing lane spreads upstream at a
speed that depends on the passing lane flow upstream of the queue, the flow of entering
rabbits, V; O, and W. The speed of this shock may must be less than # but may be either
greater or less than w. Any changes in flow in the queue (for instance, those caused by
fluctuations in the flow of rabbits merging into the passing lane) propagate upstream with
a wave speed of .

If the flow of merging rabbits continues to increase, eventually passing lane flow
upstream of the rabbit merge point will be forced down to point Z’. At this point speed is



reduced to v As soon as speed drops below vy, the rabbits lose their motivation and
change lanes to equalize speeds, triggering a one-pipe queue represented by points / and i.
The transition between the resulting fully-congested one-pipe queue and the semi-
congested state moves upstream at a speed that depends on the proportion of rabbits and
slugs in semi-congested flow. The speed of this wave may be either greater or less than

w; however, in his discussion of merge bottlenecks, Daganzo considers only cases in
which it is greater than or equal to w and less than or equal to /. Such waves are referred
to as fast waves, since their speed exceeds w, the normal wave speed in congested flow.

Upstream of the rabbit merge point but downstream of the entrance, if the boundary
between the semi-congested state Z and the one-pipe queue / moves upstream with a
speed that exceeds w, it will be followed by a wave between the one-pipe congested state
and the capacity state, moving at speed w; and, if flow in the discharge state exceeds that
in the capacity state, by the boundary between these two states. Farther upstream, beyond
the entrance, the semi-congested state transitions to a one-pipe queue that continues
indefinitely.

Figure 2 shows Riemann diagrams illustrating the cases just discussed. Traffic states are
designated by capital letters, with Z representing the semi-congested state, / the one-pipe
congested state, D the discharge state, and C the capacity state. Double lines represent
boundaries between one-pipe and two-pipe states, dashed lines represent slips, which
move downstream at the speed of traffic, and single solid lines represent waves between
different one-pipe or two-pipe states. In Figure 2a the boundary between the discharge
state and the capacity state moves downstream and in Figure 2b it moves upstream.

In analyzing flow recovery following incident clearance, Daganzo considers a case in
which a freeway is completely blocked and then reopened. Most real incidents do not
result in complete blockage of the freeway, however, and the flow patterns will be similar
whether flow is blocked completely or severely reduced by the incident. Prior to removal
of the incident, traffic immediately downstream will accelerate into a free-flow state, in
which the flow in the different lanes will be determined by the proportions of rabbits and
slugs in the traffic stream. Once the incident is removed, flow past the point of the
incident increases suddenly and traffic at the downstream front of the queue begins to
accelerate. As in the case of flow downstream of any queue, flow will pass through the
capacity state and then, when the speeds of the rabbits in the passing lane exceeds vy, will
transition into the discharge state. As before, the transition between the capacity state and
the discharge state may move either upstream or downstream. The major difference
between incident clearance and the transition to congestion at merge bottlenecks is that in
this case, no semi-congested state is to be expected. Instead, upstream of the point of the
incident a transition between the incident queue and the capacity state moves upstream
with speed w. Figure 3 is a Reimann diagram illustrating this case. On the diagram, B
represents the free-flow state downstream of the incident prior to its removal.



FIGURE 2 Reimann Diagrams for Transition to Congested Flow at Merge
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2.2 Predictions

Consideration Figures 2 and 3, as well as the characteristics of the various traffic states
predicted by the theory, forms the basis for several hypotheses describing what observers
upstream and downstream of merge bottlenecks and incidents should see in transitions to
and from congested flow. These are as follows:



FIGURE 3 Reimann Diagrams for Flow Recovery Following Incident Clearance
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1. An observer a considerable distance downstream of a merge bottleneck will see first a
drop in flow in the passing lanes but with speed in the passing lanes greater than in
the shoulder lane, then a reduction of flow in the passing lane, a more even
distribution of flow across the lanes, and an increase in overall flow. In cases in

which slug flows are high, only the first reduction in flow in the passing lanes will be
observed.
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2. Immediately downstream of the entrance ramp at a merge bottleneck an observer will
see first an increase in flow across all lanes, then a reduction in speed in the passing
lane, then an increase in shoulder lane flow accompanied by a gradual decrease in
speed and flow in the passing lane, then a sharp reduction in speed across all lanes,
and finally the capacity state (in which flow is less than in the “motivated” state prior
to the collapse). If the proportion of slugs is high, the capacity state may be followed
by a discharge state in which flows and speeds on the passing lane increase and flows
on the shoulder lane decrease.

3. An observer downstream of an incident that has just been removed will see first fast
cars, then a two-pipe discharge state with a constant flow on the passing lane(s), and,
if the flow on the shoulder lane is low (that is, flow in the discharge state is less than
capacity), this will be followed by a capacity state with higher flows on the shoulder
lane and slightly lower speeds on the passing lane.

4. A two-pipe discharge state may be seen upstream of an incident after the capacity
state if the traffic stream is rich in slugs.

Hypotheses 3 and 4 are taken directly from Daganzo (/). It should be noted that these
hypotheses are misstated in Daganzo and that the versions presented here are consistent
with the exposition of the theory in that reference. Hypotheses 1 and 2 follow are not
directly stated in Daganzo, but follow closely from the exposition of the theory in (2).

One difficulty in testing these hypotheses is that they require data to be available at very
clearly defined locations. For instance, to evaluate Hypotheses 1 and 3 properly, data
should be available from a site that is beyond the zone of acceleration downstream of the
queue, but upstream of any entrances and exits that could disturb the queue discharge.
Evaluation of Hypothesis 2 requires data to be available from a point immediately
downstream from the critical entrance ramp. Hypothesis 4 requires data from a point
upstream of the incident but downstream of any entrances or exits that could disturb the
flow. Also, hypotheses 3 and 4 envision no interference from bottlenecks either upstream
or downstream of the incident. Because of these restrictions, the hypotheses can best be
tested in long sections without entrances or exits but with relatively closely-spaced loop
detector stations or other data collection facilities. Such locations are rare on North
American freeways.

An alternative approach to testing the theory is to note that it envisions rather abrupt
shifts in the relative flows in the different lanes when speeds in these lanes equalize at vy.
The nature of these shifts depends on the location of the observer relative to the
bottleneck or incident, but in all cases they can be detected by comparing time series of
speeds and flows in individual lanes. Further, the general nature of these changes in
relative speeds and flows is not likely to be affected by entering or exiting traffic. These
changes in relative speeds and flows are predicted to be as follows:

1. Upstream of a merge bottleneck (whether upstream or downstream of the critical
ramp) there should be a gradual change in both relative speeds and flows in the semi-
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congested state, followed by an abrupt, simultaneous equalization of speeds and
redistribution flow on the arrival of the regime-change wave between the semi-
congested state and the one-pipe queue.

2. Downstream of a merge bottleneck, but within the zone of acceleration, there should
be an abrupt, simultaneous equalization of speed and redistribution of flow
immediately following the flow collapse upstream. This process should be reversed
when the queue finally clears.

3. Downstream of a merge bottleneck or an incident, and beyond the zone of
acceleration, there should be no change in relative speeds and flows unless and until
the regime change from discharge flow to capacity flow arrives; if and when this
occurs, there should be an abrupt, simultaneous equalization of speed and
redistribution of flow.

4. Upstream of an incident, after the incident is removed, there should be an abrupt,
simultaneous differentiation of speeds and a redistribution of flow, either at the
regime change between capacity flow and discharge flow or when the queue clears
from upstream.

These predictions may be further summarized as (a) the most aggressive drivers will
segregate themselves in the fastest lane so long as there are differences in speed among
the lanes and will redistribute themselves when speeds are equalized; consequently, there
will be a rapid redistribution of flow among the lanes when speeds are equalized across
the lanes (or, conversely, when they cease to be equal), but not otherwise; (b) speeds will
be equalized among the lanes in congested flow but speed differences will be
reestablished following acceleration downstream of queues; and (c) there will be two
distinct flow states — capacity flow and discharge flow — downstream of queues. In all
cases, rapid changes in relative speeds and relative flows should be simultaneous because
the theory holds that speed equalization (or, vice versa, speed differentiation) triggers
lane changes by rabbits that lead to changes in the relative flows on the different lanes.

Another aspect of Daganzo’s theory that can be tested is the concept that the flow
collapse involves an increase in headways that is in some sense voluntary. An increase in
headways in the passing lane (and corresponding decrease in flow) does not in itself
imply a loss of “motivation” on the part of drivers. The headway between any two
vehicles consists of two parts: the time gap between the rear of the lead vehicle and the
front of the trailing one, and time required for the lead vehicle to pass a point. Any
decrease in speed will increase the headway unless the time gap decreases. A voluntary
increase in headway due to a loss of “motivation” requires an increase in the time gap,
not merely the headway. Consequently, the theory may be extended to include the
hypothesis that average time gaps in the passing lane will increase when speeds in the
passing lane drop to the level of those in other lanes.

It should be noted that an increase in average time gaps in the transition to congested
flow is consistent with Daganzo’s assumption of reverse-lambda flow-density or flow-
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occupancy diagrams. In such diagrams, average time gaps are represented by the slopes
of lines radiating from zero flow and 100 percent occupancy (or jam density) and time
gaps increase as the absolute value of the slope decreases (29). Since the uncongested
flow portion of the reverse-lambda diagram extends beyond the congested flow portion,
time gaps in maximum uncongested flow must be greater less than those in congested
flow.

3. DATA AND METHODOLOGY
3.1 San Diego State University Case Studies
3.1.1 Merge Bottlenecks

Case studies of five merge bottlenecks were carried out by the SDSU team. These studies
focused on verifying Daganzo’s predictions related to flow in and downstream of queues
and testing the hypothesis that transitions to congested flow would involve increases in
average time gaps in the median lane. Case study sites included four bottlenecks in the
San Diego area and one on the Queen Elizabeth Way (QEW) in the Toronto metropolitan
area. Descriptions of these sites follow.

3.1.1.1 Site 1. Southbound Interstate 5, Downstream of Manchester Avenue,
Morning Peak Period

Figure 4 is a schematic diagram showing the lane configuration and detector locations for
Site 1. Terrain at this site is rolling, with a significant upgrade between Manchester
Avenue and Lomas Santa Fe Drive and a significant downgrade between Lomas Santa Fe
Drive and Via de la Valle. An active bottleneck exists in this section during the morning
peak; however, it is not altogether certain exactly where it is or whether it is always at the
same location. Comparisons of the times at which speed decreases and shifts in lane use
occurred suggested that it is most commonly either just upstream or just downstream of
the detectors at Lomas Santa Fe Drive; however, speed disturbances, including speed
oscillations, were frequently observed as far downstream as Via de la Valle.

FIGURE 4 Merge Bottleneck Study Site 1
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3.1.1.2 Site 2. Westbound Interstate 8, Downstream of Fletcher Parkway, Morning
Peak Period

Figure 5 is a schematic diagram showing the lane configuration and detector locations at
Site 2. Terrain at this site is level. An active bottleneck exists in this section during the
morning peak period. Although the maximum flow per lane occurs just downstream from
Fletcher Parkway, both the point of initial flow breakdown and the downstream front of
the queue that forms at this location appear to be located just downstream of the detectors
at 70™ Street-Lake Murray Boulevard. In addition to local congestion from this
bottleneck, this site is also subject to dense queuing later in the peak when queues from
downstream grow into it.

FIGURE 5 Merge Bottleneck Study Site 2
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3.1.1.3 Site 3. Southbound Interstate 5, Downstream of Nobel Drive, Evening Peak
Period

Figure 6 is a schematic di