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Abstract	  
This paper examines the traffic dynamics underlying a recently observed phenomenon, 

the so called "sympathy of speeds" whereby a high occupancy vehicle (HOV) lane seemingly 
exhibits lower vehicular capacity and lower flow at speeds throughout the congested regime 
compared to the adjacent general purpose (GP) lanes. Unlike previous studies this paper 
examines a time-of-day HOV lane. During the non-HOV periods the study lane reverts to a GP 
lane, thereby providing a control condition for the specific lane and location. This work uses the 
single vehicle passage (svp) method to group vehicle passages before measuring the traffic state 
and extends the svp to bin vehicles in the study lane based on the relative speed to the adjacent 
lane. The extended svp method allows the work to also study the impacts during the non-HOV 
periods when the study lane serves GP vehicles. This work finds that: (1) During the non-HOV 
periods the study lane exhibited behavior indistinguishable from the adjacent GP lane. (2) The 
sympathy of speeds persists throughout the day, even when the study lane serves GP vehicles. 
(3) The relative speed to the adjacent lane provided a better predictor of behavior than whether or 
not the HOV restriction is active. In short, the car following behavior that gives rise to the 
sympathy of speeds is unrelated to the HOV restriction per se, persisting under GP operations as 
well. 

This dependency on the relative speed in the adjacent lane is an important finding given 
the fact that most existing car following models assume that the longitudinal acceleration of a 
following vehicle is strictly a function of the relationship to the leading vehicle in the same lane. 
Because drivers in general adopt a larger spacing when faced with a high differential in speed 
between lanes means that car following behavior also depends on the relative speed to the 
adjacent lane. This fact has likely gone unnoticed to date because generally the conditions that 
give rise to a differential in speeds between lanes are usually short lived, and thus, do not 
become apparent in conventional macroscopic data except under exceptional circumstances that 
include confounding factors like HOV operations. 
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Highlights	  
 

• HOV lanes exhibit lower flow at speeds throughout the congested regime 
• Results show that this difference is not due to HOV operations per se 
• The difference arises from relative speed between lanes, even for GP drivers 
• Drivers adopt larger spacing when faced with high relative speed between lanes 
• This dependence on adjacent lanes is absent from most car following models 
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1.	  Introduction	  
A few traffic operations studies have observed that high occupancy vehicle (HOV) lanes 

exhibit markedly different dynamics than the adjacent general purpose (GP) lanes. They found 
that compared to the GP lanes, the HOV lanes typically have a lower vehicular capacity1 and 
more recently it has been found that this trend continues into the congested regime whereby the 
HOV lanes exhibit a lower flow at a given occupancy, occ, or density, k, during congestion, e.g., 
as shown in Fig. 1a-b with lane 1 and lane 2 respectively being adjacent HOV and GP lanes. 
While the prior studies have observed this sympathy of speeds macroscopically in the context of 
traffic operations, e.g., whether HOV lanes reduce net vehicular capacity, there has been little 
attention paid to the underlying traffic dynamics in the context traffic flow theory. To this end 
the current work seeks to uncover the microscopic behavior that gives rise to the emergent 
macroscopic relationships studied previously.  

Unlike the previous studies this work examines a time-of-day, continuous-access HOV 
lane. During the non-HOV periods the study lane reverts to a GP lane, thereby providing a 
control condition for the specific lane and location. Furthermore, to avoid potentially mixed 
traffic conditions that simultaneously exhibit behaviors from both the free flow and congested 
regimes the focus of this study is primarily congested flows below the apparent vehicular 
capacity. This work uses the single vehicle passage (svp) method to calculate the flow-
occupancy fundamental relationship, qoccFR. As discussed in greater detail below, the svp sorts 
individual vehicle measurements into separate bins based on length and speed before measuring 
flow, q, and occupancy individually for each bin. The svp method gives rise to very clean 
qoccFR that do not require stationary traffic or any prior assumption of the underlying shape of 
the curve. With homogeneous vehicle lengths in each bin, occupancy can be cleanly projected to 
density, yielding the macroscopic flow-density fundamental relationship, qkFR. This study 
extends the svp method by adding a third dimension to the binning process, so vehicles are now 
also sorted by relative speed to the adjacent lane. In the analysis this work makes several 
insights: First, by using the time-of-day HOV lane the study finds that during the non-HOV 
hours the inactive HOV lane exhibits qkFR similar to the GP lane throughout the congested 
regime. Thereby providing a control condition to compare the active HOV qkFR against. 
Second, this work further exploits the homogeneous vehicle lengths in the svp bins by projecting 
the macroscopic qkFR to the microscopic speed-spacing relationship, VXp, so that the results 
can be cleanly interpreted in terms of car following behavior. Third, because the svp method 
takes vehicles individually, the homogeneity extends to each dimension of the binning process. 
So even when the HOV restriction is inactive and the study lane is serving GP vehicles the 
extended svp method preserves the dimensional influence of the given factor on the individual 
drivers, thus, all vehicles in a given bin have the same relative speed to the adjacent lane. 

                                                
1 Where the vehicular capacity is the vehicular flow at the apex of the flow-occupancy curve. Furthermore, when speaking of 
HOV facilities it is necessary to distinguish between person flow and vehicular flow. Since the focus of this work is traffic 
dynamics, this paper only considers vehicular flow and capacity. Given the need for a clear person versus vehicular distinction, 
the authors use vehicular capacity instead of their preferred terminology, roadway capacity, to refer to the vehicular flow at the 
apex of the flow-occupancy curve at a given location along the roadway. Throughout this paper "capacity" or "vehicular 
capacity" refer to the roadway capacity. In general there is also a need to distinguish between roadway capacity at a given 
location along the road from the potentially unrelated bottleneck capacity that gives rise to queue formation and limits the 
vehicular flow through the entire corridor. Since the study location is far upstream of any recurring bottlenecks the bottleneck 
capacity is not considered in this work. 
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As will be shown, the sympathy of speeds arises because a large differential in speed 
between lanes causes the faster drivers to be more conservative on average and take larger 
spacing at a given speed (or a lower speed at a given spacing). While this outcome is consistent 
with the previous operational studies of HOV facilities, most of those studies erroneously 
attributed it specifically to the HOV operation. By taking care to preserve the influence of the 
relative speed to the adjacent lane during the non-HOV period this work shows that the 
dependency on the adjacent lane persists during the GP operations. In other words the car 
following behavior that gives rise to the sympathy of speeds is unrelated to the HOV restriction 
per se, since the sympathy of speeds is also observed under GP operations. 

This last finding is important since most existing car following models assume that the 
longitudinal acceleration of a following vehicle is strictly a function of speed and spacing to the 
leading vehicle in the same lane. Because drivers in general adopt a larger spacing when faced 
with a high differential in speed between lanes means that actual car following behavior also 
depends on the relative speed to the adjacent lane. This fact has likely gone unnoticed in GP 
lanes to date because generally the conditions that give rise to a differential in speeds between 
lanes are usually short lived, and thus, do not become apparent in conventional macroscopic data 
that arbitrarily group inhomogeneous vehicles together based on arrival order. In such sequential 
grouping the influence from a sympathy of speeds is obscured due to rapidly changing conditions 
except under exceptional circumstances that include confounding factors like HOV operations 
where the differential in speed arising from the priority vehicles can be sustained for extended 
time periods. 

1.1.	  Overview	  
Section 2 provides background necessary to place this work in context. Section 3 presents 

the empirical data used in this work, reproduces past observations of HOV operations, and then 
dissects the findings in the context of traffic flow theory. This section ultimately reveals that the 
phenomena arises due to relative speed and it is also observed when the study lane is serving GP 
vehicles during the non-HOV period. This paper closes with a discussion and conclusions in 
Section 4.  

2.	  Background	  
This section reviews the prior research related to the traffic dynamics as well as the tools 

used for the present work. Section 2.1 reviews the literature on HOV operations, Section 2.2 
reviews the relevant traffic flow theory on car following, and Section 2.3 introduces the svp 
method that forms the basis of the analysis in the remainder of this paper. 

2.1.	  HOV	  Operations	  
In the freeway operations literature it has been known for some time that HOV lanes 

exhibit lower vehicular capacity than GP lanes (e.g., Xu et al., 1999). Martin et al. (2002) studied 
a limited-access HOV lane separated from the GP lanes by double solid stripes and observed a 
sympathy of speeds whereby, "the HOV lanes do not operate at expected speeds relative to the 
volume. For example, the speeds of an HOV lane, adjacent to a congested GP lane, are often less 
than the speed limit even though the flow is well below capacity." They attributed this sympathy 
of speeds to the fact that an HOV driver is uncomfortable with a large disparity in speed between 
their lane and the adjacent, congested GP lane. Guin et al. (2008) studied a continuous-access 
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HOV lane separated from the GP lanes by dashed stripes and also found a sympathy of speeds in 
the HOV lane due to congestion on the adjacent GP lane. Manda et al. (2011) found the 
vehicular capacity of barrier-separated HOV facilities to be 10%-30% lower than the adjacent 
GP lanes and Liu et al. (2011, 2012) found that the sympathy of speeds also occurs in barrier-
separated HOV lanes. While these studies observed a lower vehicular capacity in the HOV lane 
and a few also observed that the lower flows extended into the congested regime, they were 
focused by and large on simply showing that the HOV lane exhibits a single, static fundamental 
relationship that is different from the GP lanes. 

Two studies went further and showed evidence that the fundamental relationship in the 
HOV lane actually depends on conditions in the adjacent GP lane. First, Thomson et al. (2012) 
examined two types of HOV facilities: continuous access and limited access with buffer zone. To 
account for the friction arising from the adjacent GP lane they derived two separate speed-flow 
curves (vqFR curves) for the given HOV lane. When the GP lane was below 35 pcpmpl the HOV 
vqFR relationship was assumed to follow one vqFR curve and when the GP lane was above 35 
pcpmpl the HOV vqFR relationship was assumed to follow a lower vqFR curve (i.e., q(v) was 
lower in the second condition). Second, Jang et al. (2012) studied the qkFR for both continuous-
access HOV lanes separated from the GP lanes by dashed stripes and limited-access HOV lanes 
separated from the GP lanes by double solid stripes and a buffer zone. Rather than assuming 
simply two static curves as was done by Thomson et al., Jang et al. sorted the HOV 
measurements as a function of 10 mph speed bins in the adjacent GP lane. While both types of 
HOV lanes exhibited lower vehicular capacity than the adjacent GP lanes, Jang et al. found an 
explicit dependency of HOV speeds on the adjacent GP lane speeds for the continuous-access 
HOV lanes and no apparent speed dependency for the buffer-separated limited-access HOV 
lanes.  

Both Thomson et al. and Jang et al. focused on operations, e.g., developing guidelines for 
the Highway Capacity Manual. The studies were strictly macroscopic and presumed that the 
relationships were simply characteristic of HOV facilities. While these works are beneficial for 
operations, neither paper pursued the implications in the context of traffic flow theory or driver 
behavior. Both papers misinterpreted maximum observed HOV throughput at a given GP state as 
being the capacity of the HOV lane, failing to recognize the fact that a given lane might not 
exhibit its vehicular capacity if constrained by other factors (see, e.g., Coifman and Kim, 2011; 
Kim and Coifman, 2013). Furthermore, both papers estimated density without correctly 
accounting for an inhomogeneous vehicle fleet (see, e.g., Coifman, 2015). 

Finally, Jang and Cassidy (2012) used a special opportunity arising from a regulatory 
change to effectively examine the speed-flow relations on HOV lanes. California had allowed 
single occupant Low-Emitting Vehicles (LEVs) to travel in HOV lanes until the state reversed 
the policy and prohibited this practice in 2011. The authors found that when these LEVs are 
forced out of HOV lanes that the HOV lane experiences lower speeds even though the lane's 
flow is also reduced. They attributed the drop in HOV lane speeds to the dependency of the HOV 
lane on the adjacent GP lane’s speed, which in turn dropped in response to the added LEVs. 

2.2.	  Car	  Following	  Models	  
Moving from the operations perspective in Section 2.1 to traffic flow theory, presumably 

HOV driver behavior is independent of the fact that the traffic conditions arise from an active 
HOV restriction, and instead the HOV drivers continue to exhibit the same car following 
behavior that they also exhibit on GP lanes. Reviewing the literature, most car following models 
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only consider the following vehicle's response to the immediate leading vehicle in the same lane 
and assume that the car following is not interrupted by lane change maneuvers. These models 
typically express the following vehicle's longitudinal acceleration as a function of one or more 
independent variables, with the most common being the speed of the follower, relative speed 
between the two vehicles, and relative spacing between the two vehicles. Examples of such 
models are the General Motors Models (Chandler et al., 1958; Gazis et al. 1959; Herman and 
Potts, 1959; Gazis et al., 1961), Collision Avoidance Models (Kometani and Sasaki, 1958; Gipps, 
1981), Psycho-Physical Models (Montroll, 1959; Michaels, 1963; Lee and Jones, 1967; Evans 
and Rothery, 1973, 1977; Lee, 1976; Leutzbach and Wiedemann, 1986; Reiter, 1994; Kumamoto 
et al., 1995; Fellendorf and Hoyer, 1997, Sauer, 2003; Jin et al., 2011a), the Optimal Velocity 
Model (Bando et al., 1995), and the Intelligent Driver Model (Treiber et al, 2000). 

In pursuit of more stable car following behavior, several recent models in the physics 
community have adopted a multi-vehicle look-ahead, whereby the following vehicle effectively 
responds to several leading vehicles in the follower's lane of travel (e.g., Lenz et al., 1999; 
Nagatani, 1999; Ge et al., 2004; Wilson et al., 2004; Liu et al., 2008; Peng and Sun, 2010). There 
is also a growing body of combined car following and lane change maneuver models where the 
follower considers several leaders (e.g., Treiber and Kesting, 2009; Luo and Boloni, 2012). In 
this case, the following driver not only considers their same lane leader for car following, but 
they also consider the adjacent lane vehicles in the context of initiating and executing lane 
change maneuvers. However, the consideration of the adjacent lane(s) is only in the context of 
lane change maneuvers, aside from contemplating or executing lane change maneuvers the car 
following behavior remains strictly a function of vehicles in the follower's lane of travel. 

Only a few car following models explicitly contemplate the possibility that the adjacent 
lane directly influences car following behavior away from lane change maneuvers. Tang et al. 
(2005) extended the optimal velocity model to include a factor to also account for the distance to 
the leading vehicle in the adjacent lane. They developed the model in the context of Beijing 
traffic where the authors observed that some drivers would abruptly change lanes without notice, 
and so the authors conjectured that in general drivers would behave cautiously to the lead vehicle 
in an adjacent lane in case that neighboring vehicle would suddenly enter their own lane. Jin et 
al. (2010) also modified the optimal velocity model, in this case to include multiple leaders to 
account for staggered arrangement of cars on the roadway due to a lack of lane-discipline on 
Chinese roads and found that the model yielded more stable results; however, their model reverts 
back to a single leader in the follower's lane as soon as any other potential leader is completely in 
an adjacent lane. 

Gunay (2007) extended Gipps’ model to include lateral effects between lanes. The study 
was motivated by empirical evidence that drivers often slow down as they overtake another 
vehicle in an adjacent lane. The simulated results exhibited similar relationships to an empirical 
study of an overtaking vehicle's speed relative to the lateral distance to the overtaken vehicle. Jin 
et al. (2011b) extended Gazis et al. (1961) to form a non-lane based car following model in 
which a driver might respond neighboring vehicles in addition to the same lane leader, 
depending on the lateral separation to the neighboring vehicles. One result is that like Gunay, a 
vehicle may slow down while overtaking a vehicle in an adjacent lane. Jin et al. (2012) repeats 
this exercise only now based upon the optimal velocity model. With the exception of Gunay, 
these car following models that include the influence of the adjacent lane were evaluated strictly 
based on simulation results, without any empirical validation or calibration. While the general 
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forms of these models are promising, they have yet to enter common practice and the need 
remains for empirical study. 

2.3.	  The	  Single	  Vehicle	  Passage	  Method	  
While the roots of the sympathy of speeds studied in the current work were first observed 

in the traffic operations literature (Section 2.1) and the ultimate goal is to empirically associate 
the phenomena with car following behavior (Section 2.2), the process of making that connection 
will use the single vehicle passage method (svp). The svp method was developed in the context 
of the flow-occupancy relationship, qoccFR, by Coifman (2014b) as applied to dual loop 
detector data and summarized as follows. In the svp methodology vehicles are no longer taken 
successively in the order in which they arrived and there is no requirement to seek out stationary 
traffic conditions; rather, for each and every individual vehicle passage the traffic state is 
measured over the headway, h (thus, by definition, avoiding partial headways) and the vehicles 
are grouped by similar lengths (thus, avoiding an inhomogeneous fleet) and then grouped by 
speed before aggregation. Flow, qsvp, for each individual svp is calculated via Equation 1. The 
associated detector on_time is measured and is used in conjunction with h to calculate the 
occupancy, occsvp, via Equation 2 (note that h is measured rear bumper to rear bumper to ensure 
that the gap ahead of a vehicle is associated with its own on_time). The corresponding speed, 
vsvp, and vehicle length, Lsvp, are then calculated via Equations 3-4 following conventional 
methods. 

𝑞!"# =
!
!
 (1) 

𝑜𝑐𝑐!"# =
!"_!"#$

!
∗ 100% (2) 

𝑣!"# =
!"#"$#%&_!"#$%&'
!"#$%"&#'_!"#$

 (3) 

𝐿!"# = 𝑣!"# ∗ 𝑜𝑛_𝑡𝑖𝑚𝑒 (4) 

The vehicles are sorted into Lsvp bins that only span 5 ft or 10 ft. The vehicles in each 
length bin are then treated separately from the other length bins. Within a given length bin the 
vehicles are further sorted into vsvp bins that only span 1 mph. The result is a homogeneous set of 
vehicles and speeds in each length-speed bin without regard for the presence or absence of 
stationary traffic conditions. To ensure the largest possible number of similar vehicles per 
sample, the median qsvp and median occsvp are found for each combined length and speed bin. 
Only bins containing at least 100 observations were retained (thus, ensuring a large sample size). 
Like Coifman (2014b), throughout the current work any bin with fewer than 100 samples is not 
shown. 

Coifman (2015) extends the svp to measure the macroscopic flow-density relationship, 
qkFR, and the corresponding microscopic speed-spacing relationship, VXp, from dual loop 
detector data. Key to this extension is the fact that the svp method sorts vehicles by length at the 
start, so the final qoccFR curves for a given length bin arise from homogeneous vehicles. Or 
flipping this logic around, the small range of vehicle lengths in a given qoccFR curve from the 
svp method gives rise to special properties; in particular, the homogeneous length range in each 
svp length bin allows for direct application of Equation 5 to derive density, ksvp, where Leff is the 
median Lsvp in the given bin. This conversion is something that cannot be done (correctly) with 
conventional fixed time measurements from inhomogeneous vehicles. By extension the average 
spacing, 𝑥svp, for each bin comes from the reciprocal of ksvp via Equation 6, yielding the 
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microscopic VXp. Coifman (2015) also verified the resulting dual loop detector based VXp 
against VXp from microscopic vehicle trajectory data. Fig. 1 shows an example of qoccFR from 
dual loop detector data, along with the corresponding qkFR and VXp. 

𝑘!"# =
!""!"#
!!""

 (5) 

𝑥!"# =
!

!!"#
 (6) 

Of course taking the median spacing within a bin via Equation 6 (or median occupancy 
via Equation 2) should only perform well in the congested regime, where most drivers will be car 
following. At higher speeds, many drivers will reach their desired free speed and then choose a 
large spacing that does not depend on speed. At which point, the performance of the svp method 
binning by speed should degrade (Coifman, 2015). Fortunately, this work focuses on the 
congested regime, where the free flow behavior has little impact. 

Overall the use of the svp method brings robustness to the analysis. The preceding 
macroscopic traffic flow studies reviewed in Section 2.1 all relied on detector data 
conventionally aggregated over successive fixed time sampling periods. Coifman and Wang 
(2005) showed that conventionally measured flow and occupancy are functions of the underlying 
vehicle lengths, while Coifman (2001) found that the distribution of vehicle lengths varies both 
as a function of the time-of-day and as a function of the traffic conditions (e.g., trucks may 
actively seek to avoid congested conditions). It is impossible to separate trends in conventionally 
measured flow and occupancy from the unobserved vehicle lengths. Coifman (2014a) went into 
greater depth analyzing the length dependence and explored many sampling errors that impact 
measurements from conventional fixed time sampling periods. These factors degrade 
conventionally aggregated detector data and were the motivation for developing the svp method 
(Coifman 2014b) and the svp method has been shown to be far more robust to these factors 
(Coifman 2014b, 2015). 

3.	  Analysis	  
The analysis begins with Section 3.1 presenting the empirical data used in this work. 

Section 3.2 uses these data to examine the HOV behavior and dissects the findings in the context 
of traffic flow theory. Then Section 3.3 fits regression models to the empirical data. 

3.1.	  Data	  Description	  
This work examines traffic in a time-of-day, continuous-access HOV lane and the 

immediately adjacent GP lane. The data come from the two innermost lanes, lanes 1-2, out of a 
total of five lanes at eastbound stations 1-4 and 6 in the Berkeley Highway Laboratory (Coifman 
et al., 2000) along a roughly two mile stretch of I-80, just north of Oakland, CA2. The two study 
lanes were separated with conventional dashed striping used between GP lanes. The only 
distinction between the two lanes was the time-of-day signage and the diamond pavement 
markings in the HOV lane. This work uses individual svp data from all five stations observed on 
69 weekdays between September 1 and December 31, 1999. The remaining 19 weekdays in this 
window of dates were excluded for one or more of the following three reasons: no observed 

                                                
2 Station 5 was excluded because one loop detector in lane 1 was inoperable, thus, preventing speed measurement. Meanwhile, as 
of publication the data set is available at http://www.ece.osu.edu/~coifman/documents/ 
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congestion on that day, a holiday, or suspect time stamps due to incorrectly accounting for the 
end of Daylight Savings Time. 

The top row of Table 1 reports the total number of svp measurements by lane from the 69 
days. As evident in the table, this work will usually refer to the two lanes by their lane number, 
with lane 1 being the time-of-day HOV lane and lane 2 being the strictly GP lane. Since some of 
the conditions of interest in this study are relatively uncommon, to achieve sufficient sample size 
the current study combines the data across all of the days and all of the stations before 
calculating the median qsvp and median occsvp for each bin under a given condition (e.g., during 
the HOV period). Furthermore, comparing the top two rows of Table 1, passenger vehicles 
(defined to be Lsvp falling between 18 and 22 ft) make up over 70% of the vehicles observed in 
either lane. This fact arises for several reasons- passenger vehicles typically make up the 
majority of the vehicles on urban freeways and at this specific location trucks are prohibited in 
lanes 1 and 2.3 As a result, to ensure sufficient sample size in the binned data this work only 
examines the passenger vehicles. 

The HOV restriction is active 5:00-10:00 and 15:00-19:00, with lane 1 reverting to a GP 
lane outside of these periods. The dominant flow in the morning peak is westbound and so the 
eastbound lanes used in this study see very little congestion during the morning HOV window. In 
the evening the eastbound lanes see heavy demand and most weekdays exhibit congestion in this 
corridor. 

As such, the vehicles are further delineated by time periods. This work uses the HOV 
hours of 15:00-19:00 as the HOV period for the stations under study, while the non-HOV period 
is set to the combined hours of 13:00-14:45 and 19:15-21:00. This selection provides a 15 min 
buffer before and after the HOV period to allow drivers to adjust for the start/end of the HOV 
restriction, captures most of the recurring congestion that falls outside of the HOV period, and 
avoids atypical traffic conditions that can arise at night, e.g., a higher percentage of trucks 
(Coifman, 2001). The final data used in this study come from these time-of-day periods across 
all 69 days, across all five stations.4 Table 1 tallies the total number of vehicles seen in these 
conditions by lane as well as the number with speeds below 40 mph, 50 mph and 65 mph for the 
HOV and non-HOV periods. With the focus on congested conditions, on most days the effective 
non-HOV period with speeds of interest is a lot shorter, starting much later than 13:00 and 
ending much earlier than 21:00.  

3.2.	  Application	  
If for the moment one naively combines all of the data from all 24 hrs of the day together 

for a given lane, Fig. 1a shows the resulting qoccFR by lane after applying Equations 1-4 to the 
data from Section 3.1, sorting out the passenger vehicles (18-22 ft), binning these by 1 mph bins, 
then finding the median qsvp and occsvp for each speed bin. Lane 1 with the time-of-day HOV 
restriction clearly shows the sympathy of speeds and lower vehicular throughput compared to the 
GP Lane 2. This outcome is similar to the past operational findings discussed in Section 2.1. 
These qoccFR curves are then projected into qkFR in Fig. 1b and then VXp in Fig. 1c via 
Equations 5-6. Indeed from the VXp plot it is clear that the HOV lane exhibits longer spacing for 
a given speed compared to the GP lane. It is also worth noting that (i) both the qoccFR and qkFR 

                                                
3 For completeness, note that buses are allowed in both lanes and the occasional truck does pass illegally in these lanes. 
4 Although not shown, well over 95% of the vehicle lengths in each lane fall between 15 and 30 ft during both the HOV and 
separately the non-HOV periods. 



8 

exhibit a roughly triangular shape in the GP lane and a roughly parabolic shape in the HOV lane, 
and (ii) the HOV lane's parabolic curve falls completely inside the GP lane's triangular curve. 

To avoid potentially mixed traffic conditions that exhibit behaviors from both the free 
flow and congested regimes the focus of this study is primarily congested flows below the 
apparent vehicular capacity. To underscore this fact while also facilitating comparison across 
different plots and coordinate systems, two different styles of dashed lines are used to denote 40 
mph and 50 mph thresholds. As noted in Section 2.3, when binning by speed the performance of 
the svp method is expected to degrade outside of the congested regime. While there is not a crisp 
boundary between the strictly car following of the congested regime and mixed traffic in the 
transition region to free flow, this work presumes the upper limit of the strictly car following 
behavior falls somewhere between 40 and 50 mph on this freeway with a 65 mph speed limit. 
The reader can choose which reference line they prefer to use for comparisons across figures and 
plots. 

Thus far the discussion has been too simplistic because it blindly combines very different 
traffic conditions together: lane 1 is a time-of-day HOV lane that reverts to a GP lane during the 
non-HOV periods. Two distinct peaks are clearly evident for lane 1 in Fig. 1a, with the left peak 
from GP vehicles during non-HOV hours and the right peak from HOV vehicles during HOV 
hours. To avoid potential confusion between the HOV lane itself and the periods when the HOV 
restriction is active, henceforth this paper will refer to the lanes by their number: with lane 1 
being the time-of-day HOV lane and lane 2 being the GP lane.  

The operational relationships of HOV lanes had previously only been studied on HOV 
facilities that were active 24 hrs/day or strictly during the periods when a time-of-day HOV 
restriction was active. As the first step beyond the past work discussed in Section 2.1, the current 
work uses a time-of-day HOV lane and explicitly considers the non-HOV conditions distinct 
from the HOV conditions. The top row of plots in Fig. 2 shows the qoccFR, qkFR and VXp for 
lane 1 separately for the HOV and non-HOV periods. Compared to Fig. 1, the two curves are 
much further apart in each of the plots even though in Fig. 2a-c the curves come from the same 
lane. Clearly, upon isolating the HOV operations the reduced vehicular throughput and increased 
spacing associated with HOV operations become more pronounced. On the other hand, during 
the non-HOV period lane 1 reverts to GP operations and the resulting curves look very similar to 
those from lane 2 in Fig. 1, e.g., exhibiting a much higher vehicular throughput and nearly 
triangular shape in the qkFR.  

Repeating this analysis in lane 2, as shown in Fig. 2d-f, there is very little change in the 
strictly GP lane between the HOV and non-HOV periods. Within the congested regime Fig. 2d-e 
show that in lane 2 there is a slight move towards higher density or occupancy at a given value of 
flow during the HOV period compared to the non-HOV period. This trend suggests that perhaps 
the aggressive drivers who would normally be in lane 1 but do not meet the HOV requirement 
are traveling in lane 2 during the HOV period. Finally, the bottom row of plots compare the two 
lanes during the non-HOV period, showing that the two lanes behave very similarly when the 
HOV restriction is inactive. Fig. 2g-i show that during the non-HOV period that lane 1 falls 
above lane 2 in the qoccFR and qkFR, or in the VXp plane lane 1 falls to the left of lane 2. These 
trends are the opposite of those found in Fig. 1, where the HOV period contributes most of the 
congested data. Using the non-HOV curves for lane 2 as a common reference in the bottom two 
rows of plots, a given non-HOV period curve from lane 1 is similar to the corresponding HOV 
period curve from lane 2, suggesting that indeed during the non-HOV period the aggressive 
drivers that do not meet the HOV restriction are able to travel in lane 1 instead of lane 2. 
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While there is clearly a correlation between the unusual relationships in lane 1 and the 
HOV period, at this point one should resist the temptation to attribute the unusual relationships 
as being an intrinsic characteristic of HOV operations. One cannot assume that the unusual 
behavior in lane 1 arises independent of other factors. In general, one would expect any 
congestion to first manifest in the GP lanes, with the HOV lane potentially remaining in the free 
flow regime. If conditions worsen to the point where the HOV lane sees reduced speed, it is quite 
likely that the GP lanes are experiencing even lower speed5, see, e.g., Jang and Cassidy (2012). 
Simply measuring the relationships in a single lane without accounting for the concurrent 
conditions in the other lanes can obscure causal relationships. 

To account for the concurrent conditions this work explicitly measures the relative speed 
between lanes. As noted in Coifman (2015), if other explanatory variables are measured or 
otherwise become available, the svp method can be extended to account for them via additional 
dimensions in the sampling bins. So to capture the inter-lane relationships, this work extends the 
svp method applied to lane 1 by adding a third dimension to the binning process: also sorting 
vehicles based on relative speed from lane 1 to lane 2. The relative speed, Δv12, is calculated via 
Equation 7, where v1 is the current vsvp in lane 1 and v2 is the immediately preceding vsvp in lane 
2. 

Δ𝑣!" = 𝑣! − 𝑣! (7) 
Revisiting the lane 1 curve in Fig. 2b-c from the HOV period, Fig. 3 shows the same data 

only now binned by Δ𝑣!" into 10 mph bins. Given the redundancy between qoccFR and qkFR 
curves for a given Leff, this plot only shows the qkFR, and given the fact that the performance of 
the svp method is expected to degrade outside of the congested regime the plotted data are now 
limited to 𝑣! < 50  𝑚𝑝ℎ. The top row of plots in Fig. 3 uses solid lines to show the three Δ𝑣!" 
bins spanning −10 mph to 20 mph while the bottom row shows the three Δ𝑣!" bins spanning 20 
mph to 50 mph. For reference, the two original curves from the respective subplot in Fig. 2b-c 
are repeated with points in all four of these plots. The lowest Δ𝑣!" bin in Fig. 3a-b corresponds 
to the situation where lane 1 is moving slower than lane 2. Indeed, in this situation the qkFR and 
VXp from the HOV period are almost indistinguishable from the reference curve from Fig. 2b-c 
for the non-HOV period. The next two Δ𝑣!" binned curves come from when lane 1 is moving 
faster than lane 2, with the 10-20 mph bin nearly falling on top of the original curve for the HOV 
period without any binning by Δ𝑣!" (i.e., the reference curve from Fig. 2b-c); and the 0-10 mph 
curve falling a little above the 10-20 mph curve. Fig. 3c-d show that as Δ𝑣!" becomes larger the 
corresponding curve moves further down in the plots relative to the other curves. Again, all of 
these curves come from the HOV period except for the one non-HOV reference curve that is 
repeated from Fig. 2b-c. Clearly the fact that the HOV restriction is active does not on its own 
explain the wide range of behavior across the different Δ𝑣!" bins, whereas the evolution of 
curves in the VXp plots of Fig. 3b and Fig. 3d clearly shows that as Δ𝑣!" increases, the lane 1 
drivers become more conservative by taking a longer spacing for a given speed (or lower speed 
for a given spacing). 

These clean results arise because the extended svp method takes each vehicle individually 
and then groups them into homogeneous bins based on length, speed, and relative speed. The 
homogeneity extends to each dimension of the binning process. So in the extended svp all 
                                                
5 Although for brevity the time series results are not shown, upon examining the time series speeds across lanes when the 
segment was congested during the HOV period we did in fact observe that the GP lane typically exhibited speeds below those in 
the HOV lane. 
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vehicles in a given bin have the same relative speed to the adjacent lane. This influence is usually 
washed away in conventional macroscopic measurements that arbitrarily group inhomogeneous 
vehicles together based on arrival order. This fact is important, because by preserving the 
influence of the relative speed to the adjacent lane with the homogeneous bins like this, one can 
now examine the impact of relative speed during the non-HOV period too, i.e., when lane 1 
operates as a GP lane. Fig. 4 repeats the analysis from Fig. 3 in lane 1 except now strictly using 
data from the non-HOV period. There were only three Δ𝑣!" bins that had enough samples to 
provide cohesive curves (recall that this work requires a minimum of 100 vehicles per speed 
bin). The general trend from Fig. 3 repeats itself here, as Δ𝑣!" increases the qkFR and VXp 
curves move lower. The highest Δ𝑣!" bin, 10-20 mph, only has sufficiently large samples when 
v1 is above 38 mph. In this small range the curve approaches the general shape that was 
previously seen in Fig. 2b-c during the HOV period. Comparing Fig. 4 to the top row in Fig. 3, 
the Δ𝑣!" bins are the same. Yet the curve for a given Δ𝑣!" bin in the non-HOV period of Fig. 4 
generally falls above the corresponding curve for the same Δ𝑣!" bin in the HOV period of Fig. 3. 
Looking closer at this range, the left-hand column of plots in Fig. 5 repeats the analysis in the 
VXp plane only now using 5 mph Δ𝑣!" bins. First, for reference Fig. 5a repeats Fig. 2c for the 
case without binning by Δ𝑣!". The curves in lane 1 for HOV and non-HOV periods are about 40 
ft apart when 𝑣! ≈ 50  𝑚𝑝ℎ and remain above 10 ft apart until 𝑣! < 30  𝑚𝑝ℎ. Yet as shown in 
Fig. 5b these large differences in median spacing also correspond to a large difference in mean 
Δ𝑣!", with the mean Δ𝑣!" above 10 mph until 𝑣! < 30  𝑚𝑝ℎ. Note that in the plots on the right 
hand side of Fig. 5 the independent variable is plotted on the ordinate to facilitate comparison 
with the VXp plot. 

Next, consider the results for the Δ𝑣!" binned data. With the 5 mph Δ𝑣!" bins there are 
only 4 bins with a sufficient number of samples in both the HOV and non-HOV periods, as 
shown in the bottom four rows of plots in Fig. 5. The left hand column of plots show that the 
curves in the VXp plane have moved much closer together compared to Fig. 5a. Fig. 6 shows the 
difference in spacing for a given v1 between the HOV and non-HOV periods, with one curve for 
each of the three lowest Δ𝑣!" bins. Like Fig. 5b, the independent variable is plotted on the 
ordinate to facilitate comparison with the VXp plot. The Δ𝑣!" binned data are denoted with lines 
in Fig. 6. For reference the points show the difference between the HOV and non-HOV curves in 
the case without binning by Δ𝑣!" (i.e., Fig. 5a). Clearly the difference in spacing for the binned 
data is much closer to zero across almost all 𝑣! and Δ𝑣!". The 5 mph bins have moved the curves 
closer than what was found without binning by Δ𝑣!" (and what was found in the 10 mph bins6) 
but Fig. 6 shows that generally a non-zero difference persists between the spacing seen in the 
HOV and non-HOV periods for a given 𝑣! and Δ𝑣!", and it does so with a positive bias. The 
(tighter) binning moves the comparison closer to that of similar underlying conditions, but 
differences remain. Consider Fig. 5d, 5f, 5h, and 5j: in each plot the horizontal range corresponds 
to the span of the given Δ𝑣!" bin, with a vertical line denoting the center of the bin. The points 
show the mean Δ𝑣!" at the given v1 under each condition. Generally the mean Δ𝑣!" from the 
non-HOV data fall a few mph to the left of the corresponding HOV data, indicating that a small 
bias remains in the underlying data. 

                                                
6 For brevity the spacing difference for Δ𝑣!" 10 mph bins are not explicitly shown in this paper, but the larger spacing seen in the 
larger Δ𝑣!" bins can be extrapolated by comparing the VXp curves Fig. 3 and Fig. 4. 
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3.2.1.	  The	  Influence	  of	  Recent	  History	  
Thus far the analysis does not consider the recent history experienced by the drivers. 

Prior work has shown that drivers take up to 30 sec to relax to changing conditions in the 
presence of lane change maneuvers (e.g., Wang and Coifman, 2008; Xuan and Coifman, 2012). 
Although only a hypothesis at this time, we suspect that drivers also relax to changing conditions 
as Δ𝑣!" evolves. Since Δ𝑣!! can change rapidly, if a driver's spacing at time 𝑡! depends on 
Δ𝑣!"(𝑡!) the spacing probably also depends on Δ𝑣!"(𝑡! − 𝜏) as experienced for the previous 
several 𝜏 seconds, reflecting the driver's relaxation process. The analysis in this paper only uses 
the instantaneous Δ𝑣!" and thus far the work has made no attempt to capture the fact that Δ𝑣!" 
might be changing rapidly enough that the drivers did not have time to completely relax to the 
given Δ𝑣!". Simply from the range of Δ𝑣!" bins in Fig. 3 and 4 it is clear that during the HOV 
period that on average the lane 1 drivers see higher Δ𝑣!"(𝑡!) than the non-HOV period. 
Presumably this relationship also applies to the recent history, i.e., Δ𝑣!"(𝑡! − 𝜏) should on 
average be higher in the HOV period than the non-HOV period. Fully testing this hypothesis is 
the subject of on-going research, though as partial motivation for this view, Fig. 7a-d tallies the 
proportion of times that the traffic state enters a given Δ𝑣!" bin from a higher Δ𝑣!" bin for the 
HOV and non-HOV periods (with the rest entering from a lower bin), while Fig. 7e-h repeat the 
tallies for leaving a given Δ𝑣!" bin. For example, Fig. 7c shows that during the HOV period 
roughly 75% of the times that the Δ𝑣!" enters the 5-10 mph bin it does so from a higher Δ𝑣!" 
bin, and thus, only 25% of the time from a lower Δ𝑣!" bin. 7 Fig. 7c also shows that during the 
non-HOV period, the rates reverse for the 5-10 mph Δ𝑣!" bin, with the state usually entering 
from a lower Δ𝑣!" bin. Fig. 7g shows similar rates for when the traffic state leaves the 5-10 mph 
Δ𝑣!" bin. Thus, assuming that the recent history of Δ𝑣!"(𝑡! − 𝜏) influences behavior in the same 
direction as Δ𝑣!"(𝑡!), but to a lesser magnitude, the drivers in a given Δ𝑣!"(𝑡!) bin will 
generally see a higher Δ𝑣!"(𝑡! − 𝜏) in the HOV period than in the non-HOV period. 

For this discussion 𝜏 is simply used as shorthand to denote that some unknown amount of 
the recent past is important, and we suspect the critical Δ𝑣!" is as seen from the driver's 
perspective, i.e., speeds experienced upstream of the detector station. In practice we suspect this 
impact would take the form of a weighted average of Δ𝑣!" over some range of time and space. 
The time span might be on the order of observed relaxation times after a lane change maneuver 
(e.g., as discussed in Wang and Coifman, 2008; Xuan and Coifman, 2012), or it might be longer 
before a driver feels comfortable taking a shorter spacing. What we do know is that since the 
HOV period drivers in a given Δ𝑣!"(𝑡!) bin will generally see a higher Δ𝑣!"(𝑡! − 𝜏) than in the 
non-HOV period, whatever functional form the relaxation relation may take, the HOV period 
drivers should exhibit a greater acclimation to high Δ𝑣!" than the non-HOV period drivers. So in 
an effort to partially capture the difference in Δ𝑣!"(𝑡! − 𝜏) between the HOV and non-HOV 
periods, first Fig. 8 repeats the comparisons of Fig. 5c, 5e and 5g. Since the non-HOV period 
generally has Δ𝑣!"(𝑡! − 𝜏) from lower bins while the HOV period generally has Δ𝑣!"(𝑡! − 𝜏) 
from higher bins, Fig. 8 adds the VXp curve from the next higher Δ𝑣!" bin during the non-HOV 
period. In each plot the VXp curve from the HOV period is much closer to VXp curve from the 
higher Δ𝑣!" bin during the non-HOV period than it is to the VXp curve from the same Δ𝑣!" bin 

                                                
7 So in this case if the first of five successive vehicles fell in the 10-15 Δ𝑣!" bin, the next three vehicles fell in the 5-10 mph Δ𝑣!" 
bin, and the final vehicle fell in the 0-5 mph Δ𝑣!" bin, then the three successive 5-10 mph Δ𝑣!" bin vehicles would contribute a 
single "entrance" event and a single "exit" event. In this case the entrance would be from a higher Δ𝑣!" bin and the exit to a lower 
Δ𝑣!" bin. 
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during the non-HOV period. Thus, suggesting that indeed the recent history (as expressed by the 
previous Δ𝑣!" bin) also influences the driver's behavior. 

3.2.2.	  The	  influence	  of	  acceleration	  
The current work does not attempt to account for acceleration; either over the dual loop 

detector or after a given vehicle passes the detector. This unobserved acceleration will 
undoubtedly impact the true spacing, as opposed to the estimated spacing from Equation 6 used 
in this work. At the moment there is no obvious way to accurately measure individual vehicle 
acceleration over space with only a dual loop detector. Instead of relying strictly on individual 
measurements this work requires a minimum of 100 vehicles per bin. Inevitably a few vehicles 
among the individual svp data will exhibit large errors in one direction due to decelerations and 
large errors in the other direction due to accelerations; however, these large errors will fall on the 
tails of the distribution. By taking the median across all of the svp data a given bin the impact of 
the outliers should be minimized when finding the central tendency; thus, clipping off most of 
the impacts of acceleration and deceleration. In any event the impacts of acceleration increase as 
speeds decrease. Wu and Coifman (2014) found that the impacts on individual vehicle 
measurements only become an issue below 10 mph, while most of the results in this study come 
from traffic with speeds above 20 mph. To support these suppositions, Fig. 2c shows that the 
HOV and non-HOV curves converge as speed drops, and similarly Fig. 3 and Fig. 4 show that 
the curves across different relative speed bins converge as speed drops. If acceleration were an 
important factor the curves should not converge like this. Further discussion of how accelerations 
impact the svp can be found in Coifman (2015). Finally, note that the unobserved acceleration 
will also impact conventional measures of flow and occupancy, but under conventional 
aggregation the noise from the inhomogeneous vehicle fleet and measurement errors are far 
greater than the noise due to unaccounted for acceleration. 

3.3.	  Fitting	  regression	  curves	  to	  the	  observed	  VXp	  
This section begins to model the dependency on the relative speed between lanes by 

fitting linear regression curves to the empirical data. To facilitate the use in car following models 
all of the regression models this section follow the conventional practice from the car following 
literature where spacing is the dependent variable and speed the explanatory variable (e.g., Gazis 
et al., 1961; Newell, 2002). Treating the non-HOV and HOV periods separately, Fig. 9a fits 
linear curves in the form of Equation 8 to the three non-HOV Δ𝑣!" bins used in Fig. 4 while Fig. 
9b does so with parabolic curves in the form of Equation 9; where Xp is spacing, v is speed, and 
a, b, c, d are e are the coefficients. Note that the axes in Fig. 9 have been transposed from Fig. 
4b, reflecting the conventional car following assumption that spacing depends on speed. The 
resulting statistics are presented in Table 2. Fig. 10 repeats this analysis for the six HOV Δ𝑣!" 
bins used in Fig. 3. In Fig. 10 the left column of plots show the fitted linear curves and right 
column of plots show the fitted parabolic curves. The resulting statistics for the HOV period are 
presented in Table 3.  

Xp = 𝑎 + 𝑏 ∗ 𝑣 (8) 

Xp = 𝑐 + 𝑑 ∗ 𝑣 + 𝑒 ∗ 𝑣! (9) 
Both by inspection of Fig. 9 and via the adjusted R2 the fitted linear curves appear to be at 

least as good as the corresponding parabolic curve fit to each of the three non-HOV Δ𝑣!" bins. 
On the other hand, Table 3 shows that the adjusted R2 for the fitted parabolic curves is always 
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higher than that of the corresponding linear curve fit for all six of the HOV Δ𝑣!" bins. In both the 
non-HOV and HOV curves the highest Δ𝑣!" bin has only 4 samples while all other bins have at 
least 10 samples, hence, the fitted curves for these highest Δ𝑣!" bins should be viewed with 
greater caution. Formalizing these comparisons, F-tests were conducted for the different Δ𝑣!" 
bins separately during the non-HOV and the HOV periods. In the context of these tests, the linear 
curve with one explanatory variable is the reduced model and the parabolic curve with two 
explanatory variables is the full model. The null hypothesis H0 was that the quadratic term can be 
dropped, i.e., e = 0, and the alternative hypothesis Ha was that e ≠ 0. The F-test essentially checks 
if the inclusion of quadratic term leads to a decrease in the sum of the squared errors of the 
model. For the non-HOV period Table 4 shows that the linear curve model would be sufficient 
for all three of the Δ𝑣!" bins. On the other hand for the HOV period Table 5 shows that the 
parabolic curve model is a better fit for all six of the Δ𝑣!" bins. 

4.	  Discussion	  and	  Conclusions	  
Past studies in traffic operations have observed macroscopically that HOV lanes exhibit 

markedly different dynamics than the adjacent GP lanes, with the HOV lanes exhibiting lower 
flows than the GP lanes at speeds throughout the congested regime. This paper examined the 
microscopic traffic relationships to better understand the car following behavior underlying the 
phenomena. This work studied a time-of-day HOV lane using the single vehicle passage (svp) 
method. During the non-HOV periods the study lane reverts to a GP lane, thereby providing a 
control condition for the specific lane and location. The research showed that when the HOV 
restriction was inactive that indeed the time-of-day HOV lane exhibited behavior similar to the 
GP lanes; thus, the unusual HOV relationships were not specifically related to the geometry of 
the site. After extending the svp method to also account for relative speed to the adjacent 
lane,  Δ𝑣!", it was shown that the simple fact that the HOV restriction is active does not explain 
the wide range of behavior across the different Δ𝑣!" bins, whereas the evolution of curves in the 
speed spacing relationship (VXp) of Fig. 3b and Fig. 3d clearly shows that as Δ𝑣!" increases, the 
HOV drivers in lane 1 become more conservative by taking a longer spacing for a given speed 
(or lower speed for a given spacing). For reference, Section 3.3 fit regression curves to the 
observed VXp data within the different Δ𝑣!" bins. 

The extended svp method allowed this work to also analyze the influence of Δ𝑣!" when 
the HOV restriction was inactive and the study lane served GP vehicles. By taking care to 
preserve the influence of the relative speed to the adjacent lane during the non-HOV period this 
work shows that the dependency on the adjacent lane persists during the GP operations (Fig. 4). 
In other words the car following behavior that gives rise to the sympathy of speeds is unrelated 
to the HOV restriction per se, since the sympathy of speeds is also observed under GP 
operations. This finding is important since most existing car following models assume that the 
longitudinal acceleration of a following vehicle is strictly a function of speed and spacing to the 
leading vehicle in the same lane. Because drivers in general adopt a larger spacing when faced 
with a high differential in speed between lanes this finding means that actual car following 
behavior also depends on the relative speed to the adjacent lane. This fact has likely gone 
unnoticed in GP lanes to date because generally the conditions that give rise to a differential in 
speeds between lanes are usually short lived, and thus, do not become apparent in conventional 
macroscopic data that arbitrarily group inhomogeneous vehicles together based on arrival order. 
In such sequential grouping the influence from a sympathy of speeds is obscured due to rapidly 
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changing conditions except under exceptional circumstances that include confounding factors 
like HOV operations where the differential in speed arising from the priority vehicles can be 
sustained for extended time periods.  

We suspect these confounding factors have also impacted many of the previous 
macroscopic studies of the vehicular capacity of HOV lanes. While those studies measured the 
maximum throughput in the HOV lane and found it to be far lower than the apparent capacity of 
the adjacent GP lanes, it is our suspicion that the maximum throughput was not the actual 
capacity of the HOV lane. Instead, an HOV lane is rarely able to exhibit capacity flow because 
demand for the lane only arises when the adjacent GP lanes are traveling at much slower speeds 
and thus, the large relative speed pulls the HOV flow down from the capacity that lane could 
otherwise exhibit (see, e.g., the top row of plots in Fig. 2). From an operations standpoint it may 
be appropriate to equate maximum observed throughput as being the effective capacity since it 
inherently accounts for the coupling factors that are regularly observed across lanes. However, 
from the traffic flow theory standpoint the distinction between maximum observed flow and the 
vehicular capacity is an important one to make, allowing for a deeper understanding of the 
underlying traffic dynamics. 

Although this work used the extended svp method to isolate the relative speed between 
lanes, there are many other factors that are suspected to influence behavior too, e.g., acceleration 
or lane change maneuvers. There is certainly long standing evidence that acceleration impacts 
driver behavior, e.g., Newell (1965) developed a model to capture the observed phenomena 
wherein drivers take longer gaps when accelerating than when they are decelerating. As 
discussed in Section 3.2.2, the extended svp method developed herein minimizes the impacts of 
acceleration. Similarly, lane change maneuvers are difficult to measure from loop detector data; 
however, when there is a high relative speed between two lanes there should be few lane change 
maneuvers between those two lanes. Generally speaking, for a lane change to occur in congested 
traffic the two lanes have to have relatively similar speeds so that a driver can adopt the new 
lane's speed in the gap they just accepted. Like the discussion of acceleration, there will 
undoubtedly be occasional exceptions, but these impacts will fall on the tails of the svp 
distribution in a given bin and should generally have little impact on the central tendency as 
measured by the median values of that bin. In the long run studying the deviations from the 
central tendency due to acceleration, lane change maneuvers, and other factors will be of great 
interest, but those topics are left to future research. 

Finally, while this work did observe the sympathy of speeds in the study lane under GP 
operations, even after accounting for the instantaneous Δ𝑣!" small differences remain between 
the HOV and non-HOV relationships. It was hypothesized that there is also a relaxation factor 
with a longer time constant as the drivers acclimate to a long-standing differential in relative 
speeds (HOV) or only experience transient disturbances (GP).  
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Figure 2, Repeating the plots from Fig. 1 only now sorting the data by different conditions: (a-c) the 

fundamental relationship in lane 1 during the HOV and non-HOV periods; (d-f) the fundamental 
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Figure 6, The difference in spacing for a given v1 between the HOV and non-HOV periods from Fig. 5a, 
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Figure 8, Repeating the comparisons of Fig. 5c, e and g for the indicated Δ𝑣!" bin. Now the HOV period 
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The non-HOV VXp curve from the next higher Δ𝑣!" bin is shown with a darker shaded curve 
and generally falls closer to the HOV VXp curve for the indicated Δ𝑣!" bin. 
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Figure 10, Linear and parabolic models for the six Δ𝑣!" bins during the HOV period. Top row of plots -10 

to 20 mph, bottom row of plots 20 to 50 mph; left column of plots linear fitted curves, right 
column of plots parabolic fitted curves. 
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Table 1, Total number of vehicles seen over 69 weekdays, sorted by indicated criteria, as used in this 
study. 

 

Description Length 
range (ft) 

Lane 1: time of 
day HOV (# veh) 

Lane 2: 
GP (# veh) 

all hours(0-24 hours) all 4,814,828 9,552,639 
all hours(0-24 hours) 18-22 3,444,869 7,139,764 
HOV hours (lane 1 HOV) 18-22 1,057,949 1,759,759 
HOV hours with speeds < 40 mph 18-22 122,899 1,069,379 
HOV hours with speeds < 50 mph 18-22 440,545 1,389,218 
HOV hours with speeds < 65 mph 18-22 972,230 1,718,563 
Non-HOV hours (lane 1 GP) 18-22 1,048,498 1,392,355 
Non-HOV hours with speeds < 40 mph 18-22 16,985 20,060 
Non-HOV hours with speeds < 50 mph 18-22 33,851 41,689 
Non-HOV hours with speeds < 65 mph 18-22 213,703 716,906 
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Table 2, Regression analysis results for VXp in lane 1 during the non-HOV period. 
 

v12 bin, 
mph 

Linear models Non-linear models 

# samples Model Specification, Xp = a + b*v Model Specification, Xp = c + d*v + e*v2 

a b R2 Adj.R2 c d e R2 Adj.R2 

-10 to 0 25.083 1.590 0.977 0.976 26.716 1.480 0.002 0.977 0.975 20 

0 to 10 28.518 1.697 0.989 0.988 33.264 1.359 0.005 0.989 0.989 25 

10 to 20 30.540 1.922 0.835 0.752 463.488 -17.588 0.219 0.885 0.654 4 
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Table 3, Regression analysis results for VXp in lane 1 during the HOV period. 
 

v12 bin, 
mph 

Linear models Non-linear models 

# samples Model Specification, Xp = a + b*v Model Specification, Xp = c + d*v + e*v2 

a b R2 Adj.R2 c d e R2 Adj.R2 

-10 to 0 25.273 1.746 0.976 0.975 37.770 0.729 0.018 0.989 0.988 25 

0 to 10 26.665 1.922 0.985 0.985 42.420 0.705 0.021 0.997 0.997 29 

10 to 20 17.036 2.371 0.981 0.980 54.523 -0.046 0.036 0.996 0.996 22 

20 to 30 0.584 2.935 0.979 0.977 59.609 -0.502 0.048 0.989 0.988 17 

30 to 40 -27.880 3.708 0.973 0.969 132.776 -4.558 0.104 0.990 0.987 10 

40 to 50 -114.004 5.719 0.976 0.964 716.274 -31.697 0.420 1.000 1.000 4 
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Table 4, Test of Linearity for the VXp regression in lane 1 during the non-HOV period. 
 

v12 bin, 
mph # samples SSR(Xp2|Xp) Num. 

df SSE(Xp2,Xp) Den. 
df 

Test 
statistic F critical p-value Result 

-10 to 0 20 0.433 1 86.241 17 0.085 4.451 0.774 FTR 

0 to 10 25 5.528 1 64.297 22 1.891 4.301 0.183 FTR 

10 to 20 4 6.410 1 14.812 1 0.433 161.448 0.630 FTR 

 
Where 
 
SSR (Xp2|Xp) = difference in regression sum of squares between the full and the reduced models  
Num. df = Numerator degrees of freedom 
SSE (Xp2, Xp) = Sum of squared errors for the full model   
Den. df = Denominator degrees of freedom 
Test Statistic = F-value calculated for a given dataset 
F critical = Critical value of the F distribution   
p-value = smallest value of alpha for rejecting H0 (reject H0 if p-value < α)  
Result = Test result 
FTR = Test failed to reject the null hypothesis that e = 0 
 
Note: A significance level of 0.05 has been fixed as α for the F-tests 
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Table 5, Test of Linearity for the VXp regression in lane 1 during the HOV period, using the same 

notation as Table 4. 
 

v12 bin, 
mph 

# 
samples SSR(Xp2|Xp) Num. 

df SSE(Xp2,Xp) Den. 
df 

Test 
statistic F critical p-value Result 

-10 to 0 25 107.437 1 98.412 22 24.018 4.301 0.000 Reject H0 

0 to 10 29 121.802 1 31.811 26 99.554 4.225 0.000 Reject H0 

10 to 20 22 123.842 1 31.797 19 74.001 4.381 0.000 Reject H0 

20 to 30 17 79.705 1 77.893 14 14.326 4.600 0.002 Reject H0 

30 to 40 10 67.598 1 40.859 7 11.581 5.591 0.011 Reject H0 

40 to 50 4 23.574 1 0.029 1 810.776 161.448 0.022 Reject H0 
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Figure 1, The empirically observed fundamental relationship from all 24 hrs of the day over 69 days, and 

5 stations for 18-22 ft vehicles for the time-of-day HOV lane 1 and GP lane 2 in (a) the flow 
occupancy plane, (b) the flow density plane, and (c) the speed spacing plane. Note that 
throughout the congested regime lane 1 exhibits lower flow or higher spacing, Xp, compared to 
lane 2 for a given v1. 
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Figure 2, Repeating the plots from Fig. 1 only now sorting the data by different conditions: (a-c) the 

fundamental relationship in lane 1 during the HOV and non-HOV periods; (d-f) the fundamental 
relationship in lane 2 during the HOV and non-HOV periods; (g-i) the fundamental relationship 
in both lanes during the non-HOV period. It is evident that Lane 1 only exhibits a lower flow or 
higher spacing, Xp, during the HOV period. 
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Figure 3, Repeating the HOV period data from Fig. 2b-c only now sorting by Δ𝑣!" bins. For reference the 

original curves from Fig. 2b-c are shown with points. As Δ𝑣!" increases the flow drops and 
spacing, Xp, increases for a given v1. 
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Figure 4, Repeating the non-HOV period data from Fig. 2b-c only now sorting by Δ𝑣!" bins. For reference 
the original curves from Fig. 2b-c are shown with points. Like Fig. 3, as relative speed increases 
the flow drops and spacing, Xp, increases for a given v1. 
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Figure 5, The left hand column of plots compare the HOV and non-HOV VXp relationships for the 

indicated Δ𝑣!" bin (similar Fig. 3b and 4b; however, the earlier figures used 10 mph Δ𝑣!" bins 
while this figure uses 5 mph Δ𝑣!" bins). Generally the HOV period exhibits larger spacing, Xp, 
than the non-HOV period for a given v1. The right hand column of plots show the mean relative 
speed observed at each v1 for the data in the VXp plot immediately to the left (note that the 
independent variable is plotted on the ordinate to facilitate comparison with the VXp plot). 
Compared to the non-HOV period, it is evident that the HOV period tends to come from higher 
Δ𝑣!" within the range of the Δ𝑣!" bin.  
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Figure 6, The difference in spacing for a given v1 between the HOV and non-HOV periods from Fig. 5a, 

c, e, and g. 
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Figure 7, Reviewing the data from Fig. 5, (a-d) The proportion of times that the traffic state enters the 

indicated Δ𝑣!" bin from a higher Δ𝑣!" bin for the HOV and non-HOV periods (with the rest 
entering from a lower bin), (e-h) repeating the tallies for when the traffic state leaves a given 
Δ𝑣!" bin. Generally the HOV period enters/leaves the given bin more frequently from/to a higher 
Δ𝑣!" bin compared to the non-HOV period for a same v1 and Δ𝑣!". 
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Figure 8, Repeating the comparisons of Fig. 5c, e and g for the indicated Δ𝑣!" bin. Now the HOV period 

VXp curve is shown with points and the non-HOV period VXp with the lighter shaded curve. 
The non-HOV VXp curve from the next higher Δ𝑣!" bin is shown with a darker shaded curve 
and generally falls closer to the HOV VXp curve for the indicated Δ𝑣!" bin. 
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Figure 9, Linear and parabolic models for the three Δ𝑣!" bins during the non-HOV period, (a) linear fitted 

curves (b) parabolic fitted curves. 
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Figure 10, Linear and parabolic models for the six Δ𝑣!" bins during the HOV period. Top row of plots -10 
to 20 mph, bottom row of plots 20 to 50 mph; left column of plots linear fitted curves, right 
column of plots parabolic fitted curves. 

 
 
 
 
 


