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HIGH OCCUPANCY VEHICLE LANES: NOT ALWAYS MORE
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Abstract—The success of a lugh occupancy vehicle lane 1n motivating people to sinft to carpools and buses
depends on maintammng a travel ume differential between 1t and the adjacent general purpose lanes This
differential, in turn, depends on the level of continuing delay on the general purpose lanes Therefore, 1t 15
clear that a high occupancy vehicle lane that will motivate people to shift to high occupancy vehicles will not
elimmate congestion Consequently, 1t 1s not clear that constructing a high occupancy vehicle lane wall
necessarily reduce delay more than construction of a general purpose lane The objective of this research 1s to
determune the circumstances m which this would be the case The hypothesis s that such circumstances would
be quite hmuted, and this proves to be the case The intended benefits of high occupancy lanes are defined as
reduced person-delay and reduced emissions A model 1s developed to calculate these benefits for four alter-
natives add a lugh occupancy vehicle lane, add a general purpose lane, convert an existing lane to a high
occupancy vehicle lane, and do nothing The model takes imto account the nitial conditions, the dynamic
nature of the travel time differential between the high occupancy vehicle lane and other lanes, and the
uncertainty regarding the extent to which people will shift modes It combines queuemg theory and mode
chowce theory and provides a robust method for comparmg alternatives using & small amount of easily
observed data Application of the model mn typical situations shows that with mitial delays on the order of
15 min or more, adding a high occupancy vehicle lane would provide substantial reductions i delay and some
reduction m emussions However, m a wide range of such situations, adding a general purpose lane would be
even more effective Only if the intial delay 1s long and the mmtial proportion of high occupancy vehicles falls
m a rather narrow range, would an added high occupancy vehicle lane be more effective The proportion of
high occupancy vehicles must be such that 1t allows good utilization of the high occupancy vehicle lane while
mamtamnng a sufficient travel ime differential to motivate a shift to buses or carpools Adding a high occu-
pancy vehicle lane to a three lane freeway will be more effective than adding a general purpose lane only if the
mitial maximum delay 15 on the order of 35 mn or nore and the proportion of high occupancy vehicles is on
the order of 20% Federal policies encourage construction of high occupancy vehicle lanes and restrict
funding for general purpose lanes 1n areas that have not attained air quality standards The findings of ths
research suggest & need to reconsider these policies © 1998 Elsevier Science Ltd All nights reserved

Keywords high occupancy vehicle, high occupancy vehicle lane, carpool lane

I INTRODUCTICN

The benefits of constructing a high occupancy vehicle (HOV) lane are obvious by providing an
mncentive for people to shuft from automobuiles with one or two occupants to carpoacls or buses, the
HOV lane reduces vehicle-trips, thereby reducing congestion and air poliution. Less obvious is the
fact that mm many situations the benefits would be as great or greater if the new lane were a general
purpose lane mstead.

The reasons for this are ssmple The umque benefits of an HOV lane as compared to a general
purpose lane—that 1t motivates a shift to HOVs and gives priority at the bottleneck to HOVs—do
not anse unless delay continues on the general purpose lane. If delay 1s eliminated when the HOV
lane 1s constructed, there will be no incentive to shift to an HOV But even if delay continues on
the general purpose lanes, two factors limit the extent of the mode shift.

(a) In-vehicle travel time has been found to have a weak effect on mode choice. Small (1977)
found a minute of out-of-vehicle wait time to be valued at almost 10 minutes of in-vehicle
time and a transfer, at 13-6 minutes of in-vehicle time. Kollo (1986}, in updating the travel
model for the Metropolitan Transportation Commission 1n the San Francisco Bay Area,
found even less sensitivity to in-vehicle travel time than Smaill

99



100 J Dahlgren

(b) The motivation to shift mode depends on the differential mn travel times on the HOV lane
and the other freeway lanes. As people shift to HOVs, this differential is eroded. Therefore,
regardless of how much overall traffic increases, there 1s an upper limt on the travel time
differential and the proportion of people who will be motivated to shift to an HOV lane.
Furthermore, 1f the mitial proportion of HOVs is greater than the proportion of capacity
that will be devoted to HOVs after the HOV lane 1s added, the HOV lane will be as con-
gested as the general purpose lanes and will offer no travel time advantage.

The key question 1s under what circumstances does constructing an HOV lane result in less
delay and lower emussions than constructing a general purpose lane? To answer this question, the
effects of constructing either type of lane are identified and 2 model to compare the benefits of the
each 1s developed

Constructing an HOV lane has several interrelated effects (Fig 1) The most significant effect 1s
the shift of current HOVs to the HOV lane This shift reduces delay on the general purpose lanes,
perhaps eliminating 1t altogether If delay remains on the general purpose lanes, some people shift
to HOVs, further reducing delay on the general purpose lanes The reduced delay for both HOVs
and non-HOVs (hereafter referred to as LOVs—low occupancy vehicles) motivates some people
traveling on the shoulders of the peak to shift their trip to the peak It alse motivates people to
shift from other routes that are now slower. It may induce trips by people who previously did not
travel because of the delay In the long run, the reduced delay may result in more development and
trips than would have otherwise been the case. These last four effects offset the onginal reductions
m delay. Except for the shift to HOVs, constructing a general purpose lane has the same types of
effects, although the effects have different magnitudes The reduction m number of trips and vehi-
cle-miles resulting from the shift to HOVs reduces emusstons of the three commonly measured
pollutants nitrogen oxides, hydrocarbons, and carbon monoxide. The reduction m delay further
reduces emussions of hydrocarbons and carbon monoxide, which are roughly proportional to
vehicle-hours (Seitz, 1989), (USEPA, 1992). Because the reduction in delay affects thousands of
vehicles, while the number of vehicles removed from the road 1s relatively small, the delay reduc-
tion generally has the more powerful effect on overall emissions. Therefore, although constructing
a general purpose lane does not reduce the number of vehicle-trips, if it 1s more effective in redu-
cing delay, 1t generally will also be more effective in reducing overall emissions.

Analyses of HOV lanes often concentrate on the reduction in HOV delay, the shift from LOV to
HOV, and the effect of this shift on emussions and person-delay. Thus they ignore the other, gen-
erally greater, effects on delay to LOVs and emusstons from LOVs.

> Provide lane for future toll lans or automated or special vehicie lane |

> Reduce resources available for other actions !

»| Reduce HOV dela { Induce shifts from other routes |

J’ | Induce shifts from other tmes |

{ induce additional HOV trips |

Linduce shift from LOV to HOV | [Tnduce growth l

¥ 'L ¥

> Reduce emissions and fuel consumption E

' »['Induce shifts from other routes |
«[ induce shifts from other times |
4| Induce additional trnps i
4| Induce growth |

\4 Y
[Reduce perso

n-delay §

Fig 1 The effects of constructing an HOV Lane
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2 A MODEL FOR COMPARING THE BENEFITS OF HOV LANES AND GENERAL PURPOSE LANES

Current planning methods for HOV lanes generally use static transportation planning models
which provide only peak hour travel times and volumes. Translation of these measures into vehi-
cle-delay and vehicle-trips requires assumptions that are highly uncertain, such as the distribution
of trips, mode shift, and vehicle occupancy over time. An exception 1s the FREQ model, which has
been used in the evaluations of the Houston HOV lanes It is dynamic and can model delay for
freeways with or without HOV lanes or a parallel arterial. However, 1ts extensive data require-
ments make 1t expensive to use. A new HOV lane planning method developed by Dowling
Associates (1996} 15 less data mntensive and also accounts for the dynamic nature of travel demand
but does not account for the continuous interaction between the proportion of HOVs and the
travel time differential between the general purpose and HOV lanes.

The model used 1n this research bases estimates of the proportion of people using HOVs on the
time differential between the HOV lane and other lanes, which 1s constantly changing The model
is easy to use and transparent so that the effects of uncertain inputs can be easily examined
Because it has hmited data requirements, available resources for collecting and verifying data can
be concentrated on less data A key feature of the model is that, while 1t 1s very simple and does
not include all of the effects of adding a lane, 1t can be shown that not including these effects does
not change the performance ranking of the two types of lane For example, neither this model nor
FREQ include the effects of changes n trip start time While such changes strongly affect travel
patterns and delay, they are not important in comparing the effectiveness of an HOV lane versus a
general purpose lane because, as will be discussed later, whichever lane yielded the greatest benefits
before the shift in trip starting times will also yield the greatest benefits after the shift. The same 1s
true of the effects of route shifts and mmduced trips. These effects are discussed 1n more detail mn the

Appendix

2 1 Estimating delay

Consider an 1dealized freeway segment as shown m Fig 2 There 1s a bottleneck at the down-
stieam end and the neck 1s long and umform, contains no entry or exit points, and extends beyond
the area subject to congestion. The queue builds up and dissipates during the peak period as
shown 1n the lower section of Fig 2 Vehicles arrive at a constant rate until the time of the maxi-
mum queue and then arrive at a lower constant rate until the queue 1s dissipated An idealized
queue can be constructed from the followmg mformation.

(a) the length of the congested period

(b) the maximum delay (maximum travel time minus free flow travel time)
(¢} the ime at which the maximum delay occurs

(d) the freeway capacity

e —_—
Fres Fiow Congestion Free Flow

— —_—

Bottleneck

Time of Day

3 PM

5 PM Time and location of congestion

7 PM

Evelution of Congestion over the Peak Period

Fig 2. Ideahzed freeway segment
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The queue can be represented as in Fig 3 The congested period extends from 0 to tg, with the
maximum delay occurring at /™ The cumulative number of vehicles attempting to pass through
the bottleneck at time 715 A{¢) and the number actually passing through 1s D(r) = ct, where c is the
capactty of the bottleneck per umt of time The number waiting to pass through at time 7 1s

() = A(t) - D() (1)
The delay for a vehicle arriving at time ¢ is
00 _ 40 -D@ _ AW
w(?) = = . == t (2)

The total delay to all travelers over the peak period 1s the area between A(¢) and D(¢), which

eguals
193

j [(A() — D@t @3)

0

This 1dealized queue, combined with vehicle occupancies for HOVs and LOVs and the changes in
freeway capacity for LOVs and HOVs, can be used to estimate the changes in person-delay and
emussions from adding an HOV lane, adding an additional general purpose lane, or converting an
existing lane to an HOV lane

2.2. Assumptions regarding delay

Recent research, some of 1t undertaken to imnform revisions to the speed—flow relationships 1n the
Highway Capacity Manual, has suggested that speed remains relatively constant until a freeway
approaches capacity. at which point a gueue forms and flow remains at capacity regardless of the
gueue length (Hurdle and Soloman. 1986, Hall and Hall, 1990, Banks, 1991, and Chin and May,
1991) The research supports a model m which (1) all delay 1s caused by queueing and none by
mcreasing density per se, and (2) once the freeway reaches capacity, flow remains constant. In
other words, the speed fiow curve is a horizontal line at free flow speed unti capacity 1s approa-
ched, at which pomnt it begins to turn mto a vertical hine indicating constant capacity regardless of
speed as shown in Fig 4.

2 3. Estimating the shift o HOVs

The probability of making a trnip via HOV 1s a function of the attributes of (1) the HOV trip, (2)
the trip via non-HOV (a single occupant vehicle in most cases), and (3) the person making the trip.
HOV attributes include waiting time, travel time, time and imconvenience arranging the carpool,
ambience n the waiting area and the HOV, and cost. Single occupant vehicle attributes mnclude
travel time, parking availability and cost, vehicle ambiance, driving conditions, and vehicle

Maximum Delay

Cumuslative Vehicles

a i ¢ max
Time of Day

Fig 3 Idealized queue
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operating cost. Traveler attributes include regulanty and flexability of working hours, work and
home locauon, child care requirements, income, and availability of an automobile.
The probability that a particular individual will use an HOV can be represented by a logit

model

CZ B.H, 1 1

prov= e2 PH 4 o) AL T + g2 ALY B T 1+ PehLH) @

where B, are the coefficients of the attributes and the H, and the L, are the traveler and modal
attributes related to the HOV and LOV trip, respectively When an HOV or general purpose lane
1s added, the only attributes that change are the travel times for the two modes. Therefore, all
other attributes and their coefficients can be represented by a constant, I'. As a result, the exponent
of e 15 reduced to B:(L,—H,), where B, 1s the coefficient of the travel time and L, and H, are the
travel times via general purpose lanes and the HOV lane respectively The same coefficient for
travel time 1s assumed for both HOVs and LOVs.

Each individual has different personal and modal attributes, and consequently different prob-
abilities of using each mode, represented by a different I' Some people can not shift to an HOV.
They may have irregular or unpredictable trip starting times, they may have an unusual trip origin
or destination, they may need their vehicle at their destination, or they may need to transport
equipment, matenals, or children Each region has different travel patterns and opportunities for
HOV travel The extent of the shift depends on these factors as well as the travel time advantage
resulting from the HOV lane. Figure 5 shows three hypothetical distributions of the proportion of
people using HOVs. The vertical axis shows the proportion usimng HOVs. The horizontal axis
shows the freeway travel time differential between HOV and LOV (not the foral travel tume
differential). Without an HOV lane, this differential is 0

The highest curve represents the distribution in an area n which most of the people who could
possibly travel via HOV are already doing so. This might be an area with a strong urban center,
high congestion in the center, and good bus service The muddle curve might represent the distn-
bution 1n an area where there are unutiized opportumties for ridesharing and transit. The lowest
curve represents the distribution in an area where few people use HOVs, perhaps because transit
service is poor or non-existent and opportunties for convement carpooling are imited. In all three
cases, some people are using HOVs when the travel time differential 1s zero. When the freeway
travel time for HOVs 1s reduced, increasing the differential between LOV and HOV travel time,
L,—H,, to V, the proportion of people using HOVs increases in all three cases. But the increases mn
the proportion of people using HOVs, S, S,, and 83, are quite different In deciding whether to
build an HOV lane or not, the likely shape of this curve should be considered

The distributions n Fig. § were the sums of the probabilities of individuals using an HOV for
cach value of L,—H,. Despite differences n each person’s probability of using an HOV, for

TR(A) 32 2-8
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Proportion of People Using HOVs

Freeway Trave! Time Differential

Lt-Ht

Fig 5 The proportion of people shifting to HOVs depends on the propensity to use HOVs

simplicity, the model used in this research assumes that all travelers have the same probability of
using an HOV. This gives the upper limit to the number of people who might shift mode, as 1s
shown in the Appendix

Given this assumption, the expected proportion of people using HOVs 1s equal to the individual

probability of using an HOV

1
Prov =17 T [ePLi—Hy)

&)

Because the travel time differential, £,— H,, 1s imtially 0, I can be calculated from the proportion
of people mtially using HOVs Estimation of 8, 1s another matter Published HOV lane evalua-
tions do not mclude data that link the proportion of people using HOVs to the changing travel
time differential or to shifts from other times and routes, so it has not been possible to estimate
travel time coefficients from experience with real HOV lanes Therefore, a range of values based on
the mode choice literature was used —0 02mn~! of round trip travel time (Small, 1977), —0.02,
—~0.03 —004, —0 06 (McFadden and Talvitie, 1977); —0 0082 (Koppeiman, 1983); and -0 012
and —0.016 (Kollo, 1986} Using this wide range of values increases the hikelihood that the true
value 1s constdered and allows an examination of the effects of this coefficient on results.

2.4. Interaction of the travel time differential and mode shift with an HOV lane

Travel tumes on the general purpose lane will change over the course of the peak period, as can
be seen 1 Fig. 6 from Wade et al (1992), which shows travel times for the general purpose and
HOYV lanes on the Katy freeway i Houston during the peak period The proportion of people
entering the freeway at a particular time who will use HOVs depends on the travel time differen-
ual, L,—H,, at that particular time, but the travel time differential, in turn, depends on the pro-
portion of people who, up to that time, have used HOVs. This travel time differential is the
difference between the delay for the HOVs and the delay for LOVs. To calculate these delays we
modify eqn (2), letting A(#) represent cumulative person arrivals at the freeway, P(¢) represent
cumulative person arrnivals in HOVs, L and H represent LOV and HOV average occupancies, and
C. and Cy represent capacities on the general purpose and HOV lanes, respectively The conges-
ted period begins at time 7= 0; congestion on the HOV lane begins at time ¢ty Delay for the LOVs
entering the freeway at time ¢ is

AW)=-PQ) ‘A
wdt):max{ CI:L ,0} =max{%m-t,0} (6)
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and for the HOVs 1s

wy(t) = max{i(t—)—?;c%(—t’i) — (t — ty), 0} {7N

P(?), the cumulative person arrivals n HOVs by tume ¢, in turn depends on the travel time differ-
ential L,~H, at time ¢, which equals wy (¢) —wg(f)

t t

P = f[a(x)PHowx)}dx = ja(x) T e ®
0 0
where
d4
a(X) = dch) (9)

Equation (8) 1s not solved analytically, but 1s the basis for calculating P(z) numerically over hun-
dredth of an hour mtervals. Using this method, P(?) equals the value of the expression inside the
integral evaluated at ¢ plus the sum of this expression for all previous values of ¢ The travel time
differential, wy (1) —wg(1), 1s also calculated for each hundredth of an hour and used to calculate
P(¢) for the subsequent hundredth hour nterval. For people entering the freeway during each
mterval, total person-delay, vehicle-delay, and vehicle-trips are calculated These are summed to
obtain total person-delay, vehicle-delay, and vehicle-trips for the entire peak period. Any standard
spreadsheet software can be used for the calculations. These calculations are made for two cases
mnvolving HOV lanes. (1) an added HOV lane and (2) an existing lane converted to an HOV lane
Similar calculations, without the HOV adjustment, are made for two cases without HOV lanes: (1)
no change 1n the freeway and (2) an added general purpose lane. Total vehicle-delay and vehicle-
irips are used to calculate emissions based on factors from the Califormia Air Resources Board
emissions model for 1993. Benefits are compared in terms of average person-delay and emussions.

2.5 Effects of model assumptions

The model contains a number of assumptions. They are summarized in Table 1 and treated at
greater length in the sensitivity analysis in the Appendix The assumptions in the first group make
an HOV lane appear to have greater individual benefits relative to a general purpose lane than
would actually be the case. The assumptions in the second group would not change the ranking of
the alternatives in terms of individual benefits. The effects of the assumptions in the third group
would depend upon the situation. The effects of these last two assumptions are not as strong as the
overall effects of the assumptions that lead to an overstatement of the benefits of an HOV lane
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Table 1 Effects of assumptions

Assumptions that lead to an overstatement of the benefits of an HOV lane relative to a GP lane

Identical probabiiities of using The mode shuft with 1dentical probabilities i1s always greater than with
an HOV different probabihties

No downstream entries Downstream entries cause measured delay to be more than actual

average delay—more delay favors an HOV lane

No reduction 1n convemence due to Only the time saving beyond that necessary to mduce a shift 1s a benefit
shift to HOV

All HOVs use the HOV lane Benefits of HOV lane are less if fewer vehucles use 1t

People do not dnive to meet the Driving to meet the carpool or bus would increase emissions substantially

carpool or bus

Assumptions that do not change the ranking of an added HOV lane versus an added GP lane

No route shifts Benefits are larger with larger route shifts, and larger delay reductions
result in larger route shufts

No shifts i trip start time Larger delay reductions allow larger shifts n trip start times

No induced trips Benefits from new trips are greater and costs of these trips are less

with larger reductions 1n delay Aur quality benefits of reduced
delay are likely to be greater than air quahty costs of induced trips

No vehicles entering and exiting the Benefits to these vehicles are greater with larger reductions n delay
queue before the bottleneck

Assumptions whose effects depend on the situation

Vehucles arrive at a constant rate until If the arrival rate 1s linearly increasing and the time of maximum delay
the time of maximum delay and at a 1s less than 2/3 through the pesk pertod, the relative benefits of an
lower constant rate thereafter HOV lane will be understated, otherwise they will be overstated

Only HOVs use the HOV lane Allowing cheating increases ntinzation of the HOV lane but reduces the

mcentive to use an HOV

relative to a general purpose lane Therefore, 1t 1s assumed that on balance the model overstates
the benefits of HOV lanes relative to those of general purpose lanes

3 FINDINGS

The goals of this research were both to understand the factors that determine the relative effec-
tiveness of HOV lanes and general purpose lanes and to determine the circumstances in which
HOV lanes would be more effective. The sensitivity of relative benefits to these various factors 1s
presented first. Then the circumstances in which HOVs are more effective are described

3 1. Sensitivity of relative benefits to wmitial conditions and assumptions

This was examined using a typical sensitivity to travel time and initial conditions similar to
conditions where HOV lanes have been implemented (Turnbull, 1992)*. The use of other mitial
conditions would change the delay shown in the following charts but would not change the basic
features and sensitivities. It was assumed that all HOVs used the HOV lane and all LOVs used the

general purpose lanes

311 Iutial proportion of HOVs This was found to be the most crtical factor in determining
the effectiveness of an HOV lane relative to a general purpose lane. Figure 7 shows the mmitial
proportion of HOVs on the horizontal axis and the average person-delay on the vertical axis. All
other factors were held equal. The graph shows four cases.

1. No change—the base case with no additional lanes;

2. Conversion—an existing lane is converted to an HOV lane;
3. HOV lane—add an HOV lane; and

4. GP lane—add a general purpose lane.

*HOV lanes require two occupants per vehicle, average HOV occupancy ts 2 3 people, the congested period 1s 3 h long, the
initial maximum delay 1s 20 min and occurs midway through the congested penod, there are imtially three lanes, each
lane has a capacity of 2000 vehicles per hour, and the travel ime coefficient 1s assumed to be —0 04
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The curvature of the person-delay for the conversion and HOV lane cases results from two
opposing effects The first effect 1s the diversion of existing HOVs from the general purpose lane,
which reduces delay for HOVs and increases capacity available for LOVs, thus also reducing delay
for LOVs The second effect s the shift from LOVs to HOVs, which reduces total person-delay by
reducing LOV volumes In the conversion case, delay is reduced most 1f around 20% of vehicles
mtially are HOVs If fewer are mtially HOVs, then there 1s less reduction due to the shift of
existing HOVs to the HOV lane. If more are mitially HOVs, the travel time differential 1s less and
does not motivate as many people to shift to HOVs If 33% of the vehicles are initially HOVs, then
the proportion of HOVs and the proportion of capacity devoted to HOVs will be equal (the free-
way 1s assumed to have three lanes 1n each direction), resulting in no travel time advantage for
HOVs and therefore no shift to HOVs and no benefit from HOVs shufting to the HOV lane If
conditions were such that there were delay with an added general purpose lane, the HOV lane
curve would have a simular U-shape But in this case delay is ebminated with an additional general
purpose lane and, if the mmitial proportion of HOVs 1s 20% or greater, with an additional HOV
lane, as well.

312 Iutal maxvmum delay  This 1s also a critical factor because 1t determines the delay differ-
ential, which is the motivation for the shift to HOVs (Fig 8). Although a higher mitial maximum
delay results in a higher average delay without a shift to HOVs, it also results in a higher travel
time differential between the HOV and general purpose lanes, which mmduces a greater shift to
HOVs This accounts for the lesser slope of the HOV lane line compared to the GP lane in Fig. 8.
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These opposing effects are even more pronounced 1n the case of conversion ine Figure 8 1s based
on the same imitial conditions and assumptions as Fig 7 except that the mitial proportion of
HOVs 1s fixed at 0 09 and the initial maximum delay varies

Given these mtial conditions, an added general purpose lane will eliminate delay if the mmtial
rate of freeway arrivals 1s less than the capacity with the additional lane—in this case when mitial
maximum delay 1s less than 30 mun

3.1.3 Travel time coefficient Figure 9 shows the effects of the travel time coefficient under the
same conditions as m Figs 7 and 8. The stronger negative values of the coefficient appear on the
left. Under the conditions assumed in this case, the travel time coefficient has relatively httle effect
with an added HOV lane because the travel time differential between the HOV lane and general
purpose lanes 1s small If the imtial maximum delay were greater or the mitial proportion of HOVs
smaller, the coefficient would have more effect. Its effect on delay with the converted HOV lane is
much greater because of the greater travel time differential. With an imtial proportion of HOVs of
only 0 09, as m this example, a relatively high travel time coefficient 1s critical to the success of a

lane conversion.

3.14. Effects of other mmtial conditions The HOV occupancy requirement, the proportion of
buses, the length of the congested period, and the imitial number of freeway lanes all affects HOV
lane performance. Requiring three occupants per HOV, rather than two, lessens the relative
effectiveness of HOV lanes because there 1s a much lower mmitial proportion of HOVs and 1t 1s
harder to form carpools A higher average occupancy of HOVs, such as with a high mitial pro-
portion of buses, mcreases the relative effectiveness of HOV lanes because more people benefit
from the HOV priority For a given imitial maximum delay, a shorter congested period or the
maximum delay occurring earher in the congested period, means that the arnival rate of vehicles 1s
higher and that therefore, adding capacity will be less effective in reducing delay Greater delay 1s
more favorable to HOV lanes. Adding an HOV lane to a four lane freeway 1s relatively more
effective than adding 1t to a three lane freeway because it 1s more highly utilized, since it represents
a lower proportion of capacity

3.2 Ciwrcumstances m which HOV lanes are more effective than GP lanes

For a wide range of typical circumstances and assumptions, the average person-delay was cal-
culated for the same four cases noted earlier no change, construction of an HOV lane, construc-
tion of a GP lane, and conversion of an existing GP lane to an HOV lane. The mitial

circumstances modeled were

(a) 1mtial proportion of HOVs 005, 0 10, 0 15, and 0 20
(b} initial maximum delay 15, 25, and 35mmn
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(c) mitial number of lanes' 3 and 4
(d) average HOV occupancy 2.15 (a typical occupancy without bus service) and 4 (a typical
occupancy with relatively high bus use of the HOV lane)

These cover most of the circumstances m which HOV lanes are implemented (Turnbull. 1992)
The travel time coefficients per munute of round-trip in-vehicle time were. 0.01, —0.02, —0.03,
—0.04, and 0.05

In all cases, the occupancy requirement was assumed to be two. The model resuits for con-
struction of an HOV lane or general purpose lane are shown in Fig 10 for an average HOV
occupancy of 2.15, which 1s more typical of actual HOV lanes than the average occupancy of four
The mitial proportion of HOVs 1s shown on the horizontal axis and the average person-delay, on
the vertical axis The upper HOVL line represents the case when the travel time coefficient is
—0.0I mm~! of round trip travel time, the lower line represents the case where the coefficient 1s
—0.05. Figure 10{a-d) shows average person delay for construction of the two types of lanes when
the maxmmum delay before the lane was added was 15, 25, 35, and 45 min, respectively. As noted
earlier, the actual delay for freeways with both types of added lanes i1s somewhat understated
because additional trips induced by the delay reduction will offset some of the delay reduction.

In these typical situations, construction of a GP lane ehminates or reduces delay to very low
levels. Adding an HOV lane ehminates or reduces delay substantially when the inttial proportion
of HOVs 1s 0 15 or greater. The travel time coefficient 1s important when the initial proportion of
HOVs 1s low but becomes less significant as the proportion approaches the proportion of capacity
reserved for HOVs

Of these typical situations, only when the initial delay 1s great and when the initial proportion of
HOVs 1s approaching, but has not reached, the HOV lane’s proportion of freeway capacity does
the highway perform better with an added HOV lane than with an added GP lane If the imtial
proportion of HOVs 1s 0 05%, an HOV lane 1s much less effective than a GP lane The relative
performance of a highway with an HOV lane would be better with an average HOV occupancy of
four, but i1t would still not be better than a highway with a GP lane unless the imtial delay were
more than 25 mi and the imtial proportion of HOVs was on the order of 15% or more
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3.2 1 Effects on emussions. In general, because of the importance of delay-induced emissions of
hydrocarbons and carbon monoxide, whichever lane has the lowest delay will also have the lowest
enussions of these pollutants, and this will Iikely be a GP lane This runs counter to the conven-
tional wisdom that adding an HOV lane reduces emuissions more than adding a GP lane It 1s true
that emussions of nitrogen oxides are reduced more with an HOV lane, but these are a small por-
tron of the overall emssions reduction. Even the overall emissions reductions are small relative to
the reductions that are projected to occur as a result of cleaner new vehicles replacing dirtier
vehicles that are retired from the fleet

4 CONCLUSIONS

The primary effect of constructing an HOV lane 1s to reduce delay by increasing capacity The
closer the initial proportion of HOVs 1s to the HOV lane proportion of freeway capacity, the more
this effect dominates Unless substantial delay remains on the general purpose lane after the HOV
lane 1s constructed, there will be little incentive for travelers to shuft from a single occupant vehicle
to an HOV. Even with a substantial freeway travel time benefit, the number of people who will be
motivated to shuft will be hmited because of the mconvemences and longer off-freeway travel time
associated with HOVs. HOV lanes are superior to GP lanes only if there 1s a substantial travel time
differential between the HOV lane and the GP lanes and if the HOV lane 1s well utilized, which
requires both a high proportion of HOVs and a high volume of traffic.

4.1 Current federal policy
Federal policies encourage construction of HOV lanes * These policies have led to a rapid

expansion in the number of HOV lanes. Almost 1200 muiles of new HOV lanes on freeways are
currently proposed in addition to the nearly 700 miles in operation in mid-1994. (Fuhs, 1994). At
the same time, federal policies discourage construction of GP lanes mn areas that do not meet air
quahty standards Imphcit in the preference for HOV lanes over GP lanes 1s the assumptfion that
the reduction 1 emussions from the reduced trips and reduced congestion with an HOV lane will
be greater than the reduction m emussions from reduced congestion with a GP lane Ths
assumption 1s rarely challenged, perhaps because evaluations of HOV lanes typically do not com-
pare their effects to those of general purpose lanes Furthermore. several factors can lead evalua-
tors to mcorrect conclusions First, if there is no delay on the HOV lane, all of the HOVs can pass
through the bottleneck when they like, resulting 1n a higher number of HOVs during the peak hour
even if there 1s no overall increase in HOVs. At the same time, if significant delay remains on the
GP lanes, the volume of peak hour LGOVs does not increase Consequently, if only peak hour data
1s considered, it will appear that the proportion of HOVs has increased when it has not actually
increased over the entire congested period Second, differential shifts from other times and routes
can make it appear that there has been a greater shift to HOVs than 1s actually the case. On one
freeway 1in California where there were alternate routes, Highway 101 in Santa Clara County, the
number of HOVs doubled during the peak two hours, but there was no change in the number of
single occupant vehicles. Finally, construction of some HOV lanes has been accompanied by an
mcrease in bus service, making the effect of the HOV lane difficult to 1solate The level of analysis
in HOV lane evaluations is often himited; many evaluations simply compare ‘before’ and ‘after’
peak hour vehicle occupancies, person volumes, and vehicle volumes per lane Few evaluations
consider the dynamic nature of the differential in travel times between the HOV lane and the GP
lanes

Federal policy 1s also influenced by concerns about growth. Construction of additional GP lanes
18 often opposed because 1t would induce additional trips. The growth inducing potential of HOV
lanes is rarely acknowledged. People sometimes observe congestion on a newly improved road and
assume that there has been hittle reduction in congestion. However, the measure of improvement is
not the absence of congestion but the reduction in the extens of the congestion. Furthermore, shifts

*The Intermodal Surface Transportation Efficiency Act does not allow federal funds to be used for projects that imcrease
capacity for single occupant vehicles in areas that have not attamed federal air quality standards unless the projects are
part of an approved Congestion Management System Funds designated for Congestion Mitigation and Air Quality
(CMAQ) may be used for HOV lanes but not for GP lanes
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of trips from other times and routes may give the impression of a much greater increase 1n trips
than actually occurs. If people shuft from alternate routes in response to reduced freeway delay,
they benefit, as do the people remarning on the alternate routes People who can leave home later
but still arrive at work on time also benefit, even if they experience some delay on the freeway
Because 1t 1s congestion that suppresses trip making, any reduction in congestion, whether from an
added GP lane, an added HOV lane, or even an improved transit system, poses the dilemma that it
will induce additional vehicle travel. A GP lane will induce more vehicle-trips than an HOV lane
or mmproved transit system only if it is more effective in reducing delay. Does this mean that add-
ing capacity 1s futile? No It 1s clear that from a congestion standpoint, adding capacity will not
make congestion worse than it otherwise would be—new trips will be induced only as long as the
new delay is less than the old delay. Any increased congestion must come from real growth
demand resulting from population or activity growth. If the goal of transportation policy were to
mimmize vehicle travel, then no capacity should be added. The fact that this 1s not senously con-
sidered may reflect the understanding that person-trips represent a benefit. Congestion could be
considered a measure of the success of the system, rather than a measure of its failure. Our goal
should not be to eliminate person-trips, but to reduce the costs that these trips impose One way to
do this is to increase highway capacity, and constructing HOV lanes may not serve this goal as
well as constructing GP lanes
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APPENDIX

Al Effects of Assumptions

Al'l Assumptions that lead to an overstatement of the benefits of an HOV lare relative to a GP lane

Al'll Identical probabuities Assuming that all people have the same probability of using an HOV will give the upper
bound to the expected change mn the proportion of people using HOVs when an HOV lane 15 constructed To see thus,
consider the case with two groups of people, one with #; members with probability py of using an HOV and the other with
ny members with probabihity p: Assume that each group has the same coefficient, 8,, for the travel time differentsal,
v = L, — H,. between HOV and LOV freeway travel times Given the mode choice equation

1

P=TiTe “h
then
ap) 1
2 e TeP8, = B, x (1 — A2
) ATy B: B xp(i-p) (A2)
and therefore
Ap = —Avf x p(l — p} (A3)

The actual expected change in the proportion using HOVs caused by a change in the travel time differential 1s the sum of the
changes n the probabihities of using HOVs

FEAP) = Z Eap) =

—AvS,
(1 = p) + rapa(l = o) a4

If the two groups were treated as one homogeneous population, p would appear to be
o Pt rmpr (AS5)
n +m
and the expected change in the proportion usimg HOVs would appear to be

+mp2 mpy +mps
E(6P) = E(Ap) = —ivp, | 22 ][1— ] A6
(87) = E(ap) = -dvp | 2L L a6
The difference between the apparent and actual expected change 1s
E(AP) - EAPy = T2BM ) gy AT
nl +ny)*

Because Av s always positive and 5, 1s always negative, the above 1s always positive, and treating the two groups as having
the same probability of using an HOV, rather than having different probabilities, will always overstate the mode shift This
result can be extended through induction The greater the differences in probabilifies, the greater the overstatement

Al 12 Nodownstreamentries  Assaming no downstream entries leads to an overstatement of the delay, and greater delay
favors HOV lanes relative to GP lanes, as was shown earher Vehicles entering the freeway nearer the bottleneck will pass
through the bottleneck before those entering upstream at the same time—in effect cutting m front of the upstream vehicles
Consequently, if delay 1s measured from the end of the queue, 1t will be greater than the average delay in the queue, and
measured delay will overestimate actual delay

AI13. No mconvemence due to the shift to HOV  The model assumes no mconvenence to people shifting from single
occupant vehicles to HOVs In fact, they lose flexubility and probably increase overall travel tme Thus, people who shift to
HOVs do not obtamn the full benefit of the freeway travel time saving, but only the saving beyond that needed to motivate
them to shift modes Therefore, since the model calculates the full travel time saving, the relative benefits of HOV lanes are
overstated

Al 14 All HOVs use the HOV lane  The model assumes that all HOVs use the HOV lane This 1s not generally the case
Some velucles are not on the freeway long enough to enter and exit the HOV lanes. Furthermore, if the speed differential
between the HOV lane and other lanes 1s large, 1t may take some time for vehicles to find an adequate gap in which to enter
the HOV lane

A@135. People do not drive to the bus or carpool  If people drive to meet their carpools or to take the bus, the air quality
benefit of the reduction n velncle-trips due to the HOV lanes 13 greatly reduced because trip end enussions are substantial
For example, trip end emussions of hydrocarbons, one of the precursors of ozone, are greater than emussions from driving
five mules 1n uncongested traffic

Al 2 Assumptions that do not change the ranking of an HOV lane relanuve to a GP lane

Al 21 Noroute siifts 1f peaple are using alternate routes to the freeway to avoid freeway congestion, reducing delay on
the freeway will induce some of them to return to the freeway As a result, freeway delay will be reduced less than estimated
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1 the model However, overall delay on both the alternate routes and the freeway will be reduced more than estimated in
the modei because the people on the alternate routes are also benefiting from the ncreased freeway capacity Overall ben-
efits will be greater for whichever type of lane mmitially reduces delay the most

Al 22 No shifts in departure ime  If capacity 1s increased at a freeway location where there 1s a queue, freeway users
whose departure time 15 determined by the time they wish to arrive at their destination will alter their starting time because
they can now leave later and sull arrive on time As a result, the shape of the arrival curve at the freeway queue will change

The relationshup between freeway delay and the choice of departure time 15 not straightforward Several people have
studied 1t (Newell, 1988. Hendrickson and Kocur, 1981, Alfa, 1989, Mahmassam and Chang, 1987), but no way of esti-
mating how it would change 1n response to a delay reduction 1 a particular situation has been devised

The upper and lower bounds for this shift when an HOV lane 1s added are shown in Fig Al The upper bent line in
Fig Al(a) shows the initial cumulative departures of both HOVs and LOVs from the trip onigin, and the lower straight hine
shows the cumulative capacity of the freeway The total delay 1s the area between these two lines Fig Al(b) shows delay on
the GP lanes after the addition of the HOV lane, but without any shift 1n departure times There is no delay for the HOVs
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that have shufted to the HOYV lane, only a fraction, &, of the ongnal vehicles remain on the GP lanes This represents the
lower bound on delay and 1s what the model calculates In this case, the delay is almost completely eliminated Figure Al(c)
shows the upper bound on LOV delay, which would occur if everyone wished te arnve at the end of the congested period
In this case there is no reduction mn delay because the LOVs maintain the same maximum delay as before the HOVs were
diverted to the HOV lane The additional time at the trip ongin (sleeping i, perhaps) 1s equal to the space between the
ongmal (dashed) departure curve and the new (schd} departure curve 1n Fig Al{c) Figure A2 shows the departure time
shift with the same conditions 1f 2 GP lane 15 added Instead of demand being reduced, as with an additional HOV lane,
capacity 1s increased The lines on the left represent the mmitial cumulative departure and capacity curves, and those on the
right represent the new curves The area between the two dashed departure curves represents the additional time at the trip
ongin Because delay 1s the same in both cases this s equivalent to the space between the two capacity curves With both
the added HOV lane and the added GP lane the potent:al additional time spent at the ongin (departure time shift) exceeds
the potential delay reduction Because the potential departure time shift depends on the imnal delay reduction, whichever
alternative results in the greatest imtial reduction n delay will also result in the greatest potential benefit from additional
time at the tnp ongin

Al 23 Induced trips  New trips are induced by the reduction in delay caused by blding an addstional lane Whichever
type of lane reduces delay the most will encourage the most new trips This lane will have greater benefits because each new
trip represents a benefit to the trip maker Furthermore, because of the lesser delay, these trips will tmpose 2 lower cost on
the other travelers

Al 24 No vehicles entering and exiting the queue before the bottleneck  These vehicles also benefit from any reduction n
delay but this benefit 1s not included n the model Benefits to these vehucles are greater with greater reductions in delay

Al3 Assumptions whose effects depend on the suuation

Al 31 Velcles arrve at a consiant rate until the time of maxumum delay and at a lower constant rate thereafter Data on
delay suggest that this 1s an accurate model 1 many situations However, a inearly increasmg and decreasing model may be
more accurate in some situations In such a case, the maximum delay can occur no earher than halfway through the peak
peniod Total delay with the latter model will be greater than with the constant arrival model 1f the maximum delay occurs
earhier than two thirds through the peak period, otherwise it will be greater with the constant arrival mode!l Therefore, if
the arrival pattern 1s hnearly increasing and decreasing, and the maxmmum delay occurs between half-way and two thirds of
the way through the peak period, this will tend to make the HOV lane look less beneficial relative to a GP lane than it
actually would be

Ai 32 Only HOVs use the HOV lane  With a low level of enforcement, non-HOVs will use the HOV lane This increases
the utilization of the lane and therefore tends to reduce delay However, it also undermnes the incentive for people to shift
to HOVs, and thereby eliminates one of the sources of delay reduction





