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Abstract
We verify that slow speeds in a speaiak lane, such as a carpool or bus laag, be dueo both high
demandfor that laneand slow sgeds in the adjacent regulase lane. These dual influences are
confirmed from months of data collected from all freeway carpool facilities in the San Francisco Bay
Area. Additional data indicate thabth influences hold not only for other types of sjgbuse lanes,
including bus lanes, but also for other parts of the world.

The findings do not bode well for mew US regulationstipulating that most classes of Low
Emitting Vehicles, or LEVSs, are to vacate stavoving carpool lanes. These LEWwarialdy constitute
small percentages of traffic; e.g. they are only about 1% of the freeway waffiandin the San
Francisco Bay Area. Yet, we show that relegating some or all of these vehicles to-usgukmes can
significantly add to reguldane congstion and that this, in turn, cassobe damaging to vehicles that
continue to use the carpool lanes. Counterproductive outcomes of this kind are predidig@fiying
kinematic wave analysis @ real Bay Area freeway. The site stands to suffer less fromeghsation
than will others in the regionYet,we pr edi ct t h ahours tarid evehislotire ttaweledp e o p | e
during the rush will each increase hyore thanl0%, and that carpotdne traffic will sharein the
damages.Real data from the site support these predictiénsther parametric analysis of a hypothetical,
but more generic freeway system indicates thase kinds ohegative outcomes will be widespread.
Constructivewaysto amend the new regulation are discusse@dr@promising strategies tméreasehe
vehiclespeeds ircarpoollanes by improving the travel conditions negularlanes

Keywords
Highway Traffic Speeds, Carpool Lanes, L-&mitting Vehicles



1. Introduction

The present study is concerned with speggd highway lanes that are reserved for select vehicle classes,
such as carpools or buses. Previous studies suggest that the vehicle speedsahthisakiadmay be
negatively influenced by bltgrowing use of that lane and diminishing vehicle speeds in the adjacent
regularuse lane Chen et al., 2005; Guin et al., 2008; Menedez and Daganzo).20Dfese dual
influences have implications when formulating polibgcause theyact in opposite diions as
explained below

Suppose that an attempt were made to increase the speeds in a special lane by reducing the
number of vehicles that use it; e.g. by further limiting the vehicle classes that are alovesd.Some
or all of thenewly-excluded vehicles would now be added to the regular lanes, and this could make
regular traffic more congested. The net outcome couldvieer speeds in all lanes, including the special
one. We will explain why this counterproductive outcome catuiloeven when the newbxcluded
vehicles constitute a small percentage of the traffic. And we will demonstrate that damage can persist
even if large portions of the newbxcluded commuters respond by altering their travel behavior in
highly favorable wgs. The analyses will be performed for freeways witlrpool laneshatare reserved
primarily for vehicles that carry more than a predetermined number of occu@aittraris, 1991; Fuhs,

1990.

US policy ha previouslystipulated that access tarpoollanes should also go to a variety of
vehicle classes that satisfy low emission standards, even when theséedd_owEmitting Vehicles
(LEVS) carry small numbers of peoplédowever, recent federal regulation has partially reversed this
policy: many LB/ classes are now to be expelledm a carpool lane when any portiontbht lane(of
unspecified physical length) exhibits vehicle speeds below 45 ##phKm/hr) for more thanl0% of its
operating period. The regulation is aimed at increasing the carpaoé speedsisoc al | ed fAdegr ad
facilities of this kind and the reader can refer to SAFETFEW section 1121 (2005) for details on iThe
regulation took effecin August 2005 States throughout thUS are currently evaluating their freeway
carpool facilities to determine which are degraded as per the regGlaionc .r Wetwél demanstratén
the ways described belomhy the regulationcan be counterproductive.

Six-months of data were collectdtbm all loop detectors in the network of freeway carpool
facilities throughout the San Francisco Bay Area. On each of these facilities, the median lane is reserved
for carpools (and formerly for various LEV classes as well) during weekday rush penmbishese
carpool lane are not physically separated fromime regular ones. Thelata confirm that the dual

influences on speed cited above are invariably felt by the carpool lanes (see sect 2). Based upon the

! Naturally, LEVs in these classagould still be allowed carpooclane access when these vehicles carry the
prescribed number of occupants.



observed magnitudes of these two influentlkes, Bay Area site thavould seemto be most favorably
affected bythe SAFETEALU regulationwas analyzed usinkjnematicwavetheory. Even for this site,
we predict thatall of its rushperiod traffic, in or out of the carpool lan@jll be damaged by

regulation and real data support this prediction (sect 3). Further analysidwgfadhetical, butmore

generic freeway system indicates that this wholesale damage can be expected in many instances (sect 4).

The above findings constitute a cautionasjet that holds for more than just-salled non
separated carpool lanes in the San Francisco area. Other data, including data from a bi&etare in
Korea, show that theual influences on speedccurfor other types of spechaise lanes. Alternative
policies to improve travel in all lanes, includiimgthe special ones, are exploraect 5).

2. Observed Influences

We first examine data from the site shown in Fig 1. According to the criteria of th&TE24&LU
regulationthesitesk s t he most fAdegradedo f a cdrdodlldngspeedsdit he
bel ow 45 mph for mor e t han, anrdl@d/so forf exténthed distaaceBeed s o

data for tle illustrationto follow were measured by the two indivet loop detectors circled in the figure.
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p el

Note that these r esjwhieh operated ahecargool laredsringmesiidperdgds | a n e

and in the adjacent regulars e o ne. The data were collected
eveningoperating times over amonth period extending froday throughOctober 2009
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Fig. 1Examplesite: F80 West, Berkeley, California

Fig 2 presents average vehicle spaadbe carpool lang/,, for different values of average speed
in the adjacent regularse laney,, and detector occupancy (a dimensionless measure sfydlen the
carpool lane} .. The shadingn this figurecorresponds to the magnitude of t@pootlane speed; the
darke the shade, the lower thg. The data were measured o%emin intervals To construct the figure,
the 5min measurements of, and; . were partitionednto cells at increments of thph and 1%,

respectively The arerageV, wasthencomputed for eacbell.
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Vi sual inspection of Fig 2 reveals a negative

occupancynote howthe shades grow darker as the eye moves upward along a vertical line of some fixed
regularlane speedy,; i.e.,V, diminishes ag . increases.nterestingly,we find from these data that low
values ofV, do notnecessarilyoincide with values af. that are especially higtess than 2% of the data
from this site coincide with . that were greater than 20%. Scatterplotg qfvs carpootlane flow
indicate thaty .below about 20% correspond to uncongested (albeit oftenralmying) carpoclane
traffic.? This state of affairs reveals that IoW is not a reliable indicatothat the carpool lane is over
used. It turns out thatuoV, are largely due instead to low speeds in the adjacent ragddane.

To see thidatterinfluence, note first the positive correlation betw&grmandV, visible in Fig2:
note howV, increases (shades grow lighter) when moving the eye rightward along some horizontal line of
fixedy .. To confirm the direction of causalily this relation note as an example the tirseries curves
of V. andV, in Fig 3. These were measured by our tledectors during 45-min periodspanning the
onset of a morningush (onMay 21, 2009. Notice both, the precipitous decline Vf that began at
around6:10:30hr, and the comparable reductionigthat begarl.5min later at6:12hr.
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Fig. 2Averagecarpootlane speesiat example site

Constructing similar timaeries curves at the site for all other days in earofith period and
then repeting this exercisdor all other Bay Area siteshowed that: reductions M always preceded

reductions inv.. There were no exception3his temporal sequence of events establishes that reductions

2 These scatterplots revealed the vkelbwn concave relations between occupancy and feog,(Edie and Foote,
1958; Greenberg, 1954; Greenshields, 193ghthill and Whitham 19595, in this case between . andV,. These
relations began bending downward at occupangies,above about 20%. This indicates that & 20% is the
approximate boundary between congested and uncongested darneowuhffic.
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in regularlane speedsy,, trigger reductions in carpotdne speedsy.. To argue the reverse (i.e., that
precipitous reductions ¥, trigger similar reduction@ V,) would be to claim that an effect can precede
its cause.

This influence of V, on V; points to the inherent risks of the SBFEA-LU regulation. The
regulation may reducevehicle density in the carpool lane, btite migration of LEVs can add to
congestion in the regular lanes and this, in turn, can furdtkrcespeeds in the carpool lanes. These
unintended consequenca® exploregext

70
%65 — Carpool-lane
g Speed, ¥,
= .
g --- Adjacent Regular-
w60 lane Speed, V.

55 T T -

6:05 6:10 6:15 6:20

Time

Fig. 3 Timeseries speeds in carpdahe and adjacent lane

3. Case Study 1: Real Site witla Single Bottleneck

The 4mile freeway stretch in Fig 4 will serve as our first case study. Earlier studies have found that,
during each rush, a bottleneck arises at the downstream end of this site, as annotated in the figure
(Cassidy et al., 2030 Acoording to theSAFETEA-LU criteria, the site is degraded: speeds in the carpool

lane #ll below 45mph formore than35% of its operating times. Téhsite was selected because, of all
carpool facilities in th&San Franciscarea, it is the one that staritie greatest chance of benefiting from

the SAFETEA-LU regulation. The first analysis to follow is based oneasurements taken from the
detectors circled in the figureThese data were collectester the 6-month observation periddom May

through Octobe2009
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in this study Bnttl‘eneck
| .

| 4 miles l J
Carpool Lane ———= X O L [< [ 2O - [ (<) W [
Reb“'“”*-‘{—>_>88883(§)8

Lanes — - o T S [ o_ o) [6)
NS = R 7 A R A
Alvarado Niles Rd. Whipple St. Industrial Pkwy. Tennyson Rd.
on-ramp off-ramp on-ramp on-ramp

Fig. 4Casestudy site: 880 North, Hayward, California
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Fig 5a present¥,, the average carpodane speedshown again with shading) as functionsvpf
and; .. Once againwe see howV, is affected positively by diminishing . and negatively by
diminishingV,.

To explore thesfluencesn morequantitative fashion, imagine that Fig 5a is a surface in which
theV, are displayed on a third axis. Further imagine taking vertical slices through this surface & select
(say at D-mph increments fror20- to 60mph). The relations betwe&fj and; . can then be viewed for
fixed V.

Crosssectional views of this kind are presented in Fig &achdata pointin that figureshows
theV.vs; .in acell A bestfit line is shown for each data set corresponding to a séledach bestit
line reveals a weltlefined relation betweewt. and; . note that the Rvalues annotated in the figure are
all quite high. Note too that distinct bd#tlines wereestimated for those data with. > 16%, since
these were found to fall io the congested traffic regime, per thereasoningdescribed in footnote 2.
(Only 5% of the data from this site fell into thi®ngestedegime) Finally, note from Fig 5b that, for
uncongested carpotdne conditions, the slopes of the bfiistines range fromi 1.33 toi2.52. These
were the steepest of any slopes observed across all carpool facilitiesSanthganciscarea. Stated
simply, carpoollane speeds on our castidy site are more sensitive to. than are the carpoddne
speeds on any other site in the regidfrom this relative perspectivexpeli ng LEVs fr om
carpool lane would favorably impa¢t to the greatesteatjree.

Analogous crossectional views are featured in Fig 5c: it presents relations betWeaml V. at
specifiedvalues of; .. Bestfit lines again reveal that relations are wadifined. The slopes of these
lines, which range from 0.29 to 0.37 (dke figure), are the lowest of those observed across all Bay Area
carpool facilities; i.e., the carpolalne speeds in our castidy site are the least sensitive to speeds in the
adjacent regulanse lane.This means that if congestion in regular lareewdrsened due to the migration
of LEVs into those lanes, the resulting reductiong.imould be modest, relatively speaking.

Given that itsV, is relatively sensitive tg . and relatively insensitive t¥,, it seems that the
SAFETEALU regulation stands greater chance of producing favorable outcomes for ostuthssite
than for any other site in the region. Yet, we find thatrégilationis detrimental tall commuters at

our site. The evidence follows.
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3.1 Preliminaries
Though LEVs are relativelfew in number (they constitute only about 1.2%o0fs i t e 6 s -timeo mmut e
traffic demand, their migrationfrom the carpool lanean severely damageavel conditions in the
regularlanes. To fix ideas, consider the idealized queueing diagram in Fig rovides a reasonable
description of commute traffic in the regular lanes in that most of their traffic travels through the single
bottleneck at the downstream end of the. siléithout loss of generality, assume thas thottleneck has a
fixed capacityi.e., the slope of the dashed curve of cumulative vehicle depaftoreshe bottlenecks
time has a constant slope. Further assume that there is a fixed demand that exceeds bottleneck capacity
during a portion of the rush, and a lower fixed rate tHisreanote the piecewise linear patterns of the
solidly-drawn demand curves. Suppose that the ligitawn solid curve is reguldane demand absent
LEV migration, and that its darker counterpart is demand when LEVs are addedeguilae lanes
The dfferences in demand rates with and withdVs in the mixmay be modest, but the
vertical displacements between the solid curvesotaouslygrow large if the congested period is long.
This vertical di ver gence i ndedphysieahedpansionrduedosthe LtE&/f | e c t
migration® This expansion means thhe infusion of LEVs into theegularlanes will cause thevehicles
in these lanes twavel greater distances @ongestion
Congestion subsides at the time when a (solid) ddncammve reconverges with the (dashed)
departure curve (Newell, 89). Note from thdigure how congestiomersistsfor a greater duration due
to LEV migration. This added duration means that more vehicles will encounter slowed, congested states.
Forour first casestudy site,  pr edi ct that LEV migration can &
by as much agl0%, and to its temporal extent Bp%. The methodsused to predict these sizable

expansionsre described next.

Cumulative Added Duration
Numher f)f Added Excess of Congestion
Vehicles Vehicle Accumulations -
(See footnote 3) L7
.
I’ ,/
Demand Curve Ki_ Demand Curve
. ' .
with LEVs e without LEVs

-’
.
-,

A
.7 Bottleneck
e Capacity

i Vehicle Departure
»* Curve

Time

Fig. 6 Hypotheticalqueueingdiagramfor regular lanes

% The vertical displacements between the demand curves in Fig 6 are the added excess numbers of vehicles that are
stored upstream of the bottleneck (see NewelB2L9 The excess number of stored vehicles is smaller than the
number of vehicles enveloped @ongestion (sekawson et al., 1997 though this detail is an aside to the present
discussion.



3.2Kinematic Wave Analysis
Predictions for the first casstudy site were performed using the Cell Transmission Model (CTM). As
described in Daganzo (1995), the CTM approximates kinematic wave analysis by modeling traffic in
discrete space and time; i.e., analysis is performed for short, interconnected roadway segments, termed
cells, in short time steps. Cell lengths of approximatelyrh¥ihd time steps of&ec duration were used
in the present case.

Modest additions were toduced to the CTM logic sas tomodel two adjacent traffic streams
(carpools and regular traffic) with distinct flows and speedsAppendix A of this reporfor detailson
these modifications For simplicity, it was assumed thetarpootlane usetravels from her omamp to
the carpool lane (and from that lanehtr off-ramp) without encountering delays in the reguise lanes
This simplification could cause us to undpredict slightly the SAFETEA U r egul ati onds
impacts

Inputs to the analyses were estimated from data collected at the sitellftittvn afternoon rush
periods in August 2009 Averages were used for this purposéalues of} . andV, were predicted for
each cell and time stepnd were used as inputs to Eg to predict timevarying V. in each cell The

CTM simulationswere performed fob-hour periods that bracketed the afternoon rush.

3.3 Aggregate Predictions

Wefirst presenpredictions for regular and carpdahe traffic combined.The boldlydrawn curve in Fig

7 displays the total People Hours Traveled, the PHT, predictebddafternoon rush. These are given as
functions of the additional traffic quantities admitted into the carpool lane, over and whavdas
allowedaccess under the SAEA-LU regulation. These added quantities are expressed as percentages
of the sitebdés total demand.

Note that the predicted PHT is nearl08 persorhrs when only vehicles that are approved
under the regulation use the carpool lane (i.e. when thedagntity on the »axis of Fig7 is zero).
Further note that PHT drops t8® persorhrs when an additional 1.2% tiffe demandise the carpool
lane. Recall that 1.2% the proportion ofushperiod demandhat are LEVsand thatthese vehicles
were previously allowed carpoclane access. Thus, we predict that 8&FETEALU regulationcan
i ncrease a rush pe more tthandd0 gerndofhouest a 12% iacrease. t I sintilar
fashion, the thin curve in Fig indicates that theegulationcan ncreasehe total rushperiod Vehicle
Hours Traveled, the VHT, by roughiyi%.

Interestingly, both curves in Fig 7 monotonically decrease over the range of addétleguan

shown. Thismeansthathe si t eds commut e anohawholénotbyightenmmngul d i mp
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Fig. 7Predicted total PHT and VHT as functions of ddtedraffic proportions that are given access to
the carpootlane

t he c ar pestdctiond, lutbe gasing them somewhat so that more vehicle classes would enjoy
access to that lane.

3.4 CarpoolLane Predictions

The curves in Fig 8 present time series of travel speeds predicted for the carpool lane onlyhr The 4
period shown in the figure spans the carpool I
when a distinct quantity of additional traffic e.LEVS) enjoy carpodlane access. These added
guantities are again expressed as percentages o

The speeds in Fig 8 are averaf@msthe carpool lanéaken over thesited s e anilaé length. 4
Note how the average speeds gadlyufall and then recover as congestion in the regular lanes gradually
grows and then recedes on oumile site. On most daystegularlane congestion does not engulfigh
entire |l ength. Rat her, the sit elbasks tothis uncoagested e n d
portion upstreantheaverage carpodine speedpredictedover the 4mile lengthtend to exceed 45 mph.

Our predicted carpodane speeds at the downstream portion of the site, where congestion persists in the
regular lanes, ar significantly lower. $low downstream speeds are the reason that the facilty
designated as a fAdegradedo one.)

Our predictions indicate that the SAFETEA regulation can be damaging to carptaie
speeds. To see this, note first the dashed cutlvat presents the speeds when only vehicles approved
under the SAFETEA.U criteria are admitted into the carpool lane. Further note the solid, bold curve
that presents speeds when an additional 1.2% of the demand is admitted to that lane. Thedsolid, bol
curve lies mostly above its dashed counterpart and the implication of this is clear: we predict that speeds

in the sitebds carpool | ane wo u-LUdregladionhi gher 1 n t

an

f

t

he



The solid, thin curve in Fig 8 describes speeds in thpooh lane when a greater portion of
demandl 3%) enjoys access to that |l ane. Note how th
when we admit greater (not lesser) quantities intoltitseems that reducing the spatial and temporal

extents of cogestion favorably impacts speeds in the carpool lane, even when the utilization of that lane

is increased.
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% = = - Traffic proportion added = 0%
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=
£
=]
&

40 \ . -
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Fig. 8 Predicted average carpdmhe travel speedsver the entire 4nile length

3.5 Changes in Travel Behavior?
Our predictionauntil now haveassumed that the LE\&xpelked from the carpool lane willll migrate to
the congested regulase lanes. In reality, some of the newkpelled commuters may choose not to
travel in the sitebds regul ar | anmesard notoriousky tridkh e r us
to predict. Moreover, the changes can bring on costs that are equally tricky to assess. For example, an
LEV-driver who diverts from the freeway to surface streets would typically suffer added costs of her own
(as comparedgahst the goodold-days prior to theSAFETEALU regulatior), and could also impart
added costs to others by adding to congestion on her new ssiffeeetravel route.

To keep things simple (while still illustrating a key pojhét usoptimistically assme that fully
onehalf of newlyexpeled LEV-u s er s do not join congested traffic
spirit of unbridled optimismye will further suppose that these behavioral changes do not add any costs
to the system. (Perhaps thestwhile commuters now stay home every day, and are somehow indifferent
to their lifestyle change.) Despite these assumptions that are favorable ¢o@ighincredulity, we
predict that theSAFETEALU regulationwould still be damaging to all commuters who remaintion
site.

For illustration, thesolid, bold curve in Fig 9 presentsfor a second timé the time series of
predictedaverage travel speeds in the carpool |Jameen LEVst ot al i ng 1. @Wand&re t he s

allowed accesstodhlane. The dashed curve shows t he exgelepool Il an

10
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Fig. 9 Predicted average carptahe travel speedsv e r t hmaile lenigth veith aptindstic
assumptions regarding tbhanges in tneel behavior

from it and onehalf of theseexpelkedvehicles disappear from the scene. The dashed linestlly
falls below itssolidly-drawn counterpart. The damatgethe carpool lanis lessened (as compared

against what we saw in Fig 8), but daga persistsnonetheless

3.6 Empirical Verification
It so happenthat California has opted not to renew the exemption that had formerly granted earmol
access to select classes of LEVs. The resulting prohipitiich took effect on July 12011, has
affected 85,000 LEVs statewidé&ee SB 535 (2010) for further details on this California policy.
Consequently, the LEVs tdemaadare myg bahnedfidm its carpoalilane.s i t e 6
This new state of affairs affords us oppmity to test our predictions against real data. The data are
i mited: as of this writing, Californiabds new pol
preliminary assessment to follow is instructive nonetheless.
The curves in Fig 10aigplay times er i es aver age speedtsasuredoverur si t
t he | an eniislengtin ThHe peedsdvere measured by the loop detectors in that $aeeadain
Fig 4) during the carpool | ane 6 shemohth priorntadlEBVW o per a
expulsion golid curve), and in July 2011, immediately followittgs expulsion (dashed curvepverages
over each month were used, though data from periods that included major incidents were excluded.
These incidents were identiie f r om t he siteds incident | og (PeMS,
By comparing theneasured curvega Fig 10aagainstthe predicted ones in Figs 8 anda#& see
that our simulations ovepredicted carpodlne speeds More to the pointwe further see thabur
predictions rgarding the damaging effects of LEV expulsion are in qualitative agreement witbaithe

data. Note from Fig 10a how the dashed curve lies beneaitblidcounterpart for most of the carpeol
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lane operating period.Thus, we see thahe measuredveragespeeds in the carpool lamid in fact

diminish following LEV expulsion.

Travel conditions in the regular lanes erode as well, as migrating LEVs cause thelestular

gueue to expand spatially and temporally. This is evident in Fig 10b. It présenseries curves of the

measured speeds averaged across all regular lanes. Averages over the month just before and just after the

LEV expulsion are shown.
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3.7 Closing Thought on this Case Study
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Since our first casestudy site was, relatively speaking, favorably disposedhto SAFETEALU
regulation the damage it dzs may bdlifferent (possiblyeven worsg at other sites in the region and

elsewhere. This concern underscores the nequhfametri@assessments that are more general in nature.

These come next.

4. Case Study 2: Hypothetical Congesteddbway

Consider a rotationally symmetric and futlpngested closeldop beltway with L lanes to serve traffic

in a single direction, and where one of those lanes is reserved for carpools during part of the day. Our

sel ect faci l

ity

S

an

de al

zati

on

of

a

generic

symmetric) congestion fdatn approximates what can arise on a freeway system with multiple

bottlenecks throughout; and like an urban freeway, the beltway can have any number of access and egress

points seeDaganzo and Cassidi2008) for further discussion otthe generic attribugs of abeltway

system

Parametric analysis will now be used to predict how teyulsionfrom the carpool lanean

make congestion worse (densir)

t he

bel t way 6td.1).r Thepe praglictions wilhbe ssed( s e ¢
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jointly with the observed relatis previously displayed in Fig 5a to estimate impacts on the carpool lane
(sect 4.2).

We will assume that inflows to the congested beltway are controlled in such way that its total
density across all lanes i®ld constant, whether or not the carpaoid is active This is a sound
strategy: it would ensure that congestion outside the beltway (e.g. on access roads) is kept constant as
well; seeagainDaganzo and Cassidy (@8 for further discussion on thisatter

We will further assume that the cooited (e.g. metered) eramps do not have bypass lanes for
carpootlane vehicles. This assumption will lessen the damage done by the SAHEY Ee§ulation. In
the absence of Gnamp bypass | anes, severe congesittheon on
inflows of carpoollane vehicles, and thus the utilization of the carpool lane itself. As a result, the
damaging effects of slow regullame speeds on the carpool lane will be offset somewhat by low densities
in that lane.

4.1 RegularLane Predictions
We borrow ideas from Cassidy, et @009) for assessing impacts of bus lanes on regular (i.e., car) traffic
in a beltwayand examine now the case of a carpool lane. It is assumed that traffic in each regular lane is
described by a triangulshaped fundamental diagrarPr i or t o t he car@=oQk, | aned
whereq is the flow in a lane andt is its density. Bottk and triangularrelation Q are inputs to the
analysis.

When the carpool lane eventually activates, carpools uséattaits do LEV#n the absence of
any expulsion policy Since the beltwayb6s tot al density is
each of theL i 1 regular lanes becom&s=L/(LT 1) -k-(1 T p.1 p), wherep. andp, are the fixe
proportiors of beltwaydemandthat are carpools and LEVs, respectively. Total flow in those lanes
becomes® = Q(k) - (L i 1), where the superscript is used to denote a total flow across all the regular
lanes.

If LEVs are expelled from the carpool laaed migrate to the regular oneg similarly define
ke= L/(LT 1) -k-(17 py) as theresultingdensity in a regular lane, angi = Q(k.,) -(L i 1) as the total
flow across those lanes. We can now explore impadt&éfexpulsionby comparingy® with g¢".

For illustration, Fig 11 presents comparisons for a freeway beltway with L = 4 lanes, including

the carpool lane.The figure displays q = (g° 1 q7)/q", the percent change in regulane flow due to

LEV expulsion vs/ = 0/0max a regular |l anebs f lg@«wNotedthaymaslai zed b

* Had we chosen instead to use the relations from a different Bay Area facility (e.g. those in Fig. 2), our predictions
would have reflected even less favgisaon the SAFTEALU regulation.

® The fundamental diagram used for the analysis is suitable for a freeway lane: capacity2000vehs/hr/lane;
free-flow vehicle speed 60 mph; and backward wave speed5mph.

13



measure of reguldane congestion: it ranges from capacity flgw,(= 100%), and diminishes as the
flow becomes progressively more constrained by denser congestion. The oufiged1 correspond to
distinct inputs, as explained below.

The two atted curves in the figure (both the bold and liglitawn one) correspond to cases
whenp, = 10%. The dshed and solid curves correspondpgoof 15% and 20%, respectively. The
extremes (10% and 20%) roughly bound the range of calpeetemandahat we observed on smalled
degraded facilitietn the San Francisco Bay Aredhe curves drawn bold correspond to cases pyith
1%, which is comparable to the LEV levels on Bay Area freeways. The family of light curves correspond
to p = 3%, which ould be viewed as a target that might be achieved through thoughtful policies to
promote LEVs. Moreover, byincluding the case g = 3%, we canandyze what could occur should the
SAFETEALU regulation ever become even more restrictive.

The curves confirm that, for all cases, LEXpulsionreduces reguldane flow i.e., denser
congestion broughby LEV migrationto these lane$urther constraingheir flow. This reduction is
undesirable. It means that regular vehicles exit the beltway at diminished rates, and therefore reach their
destinations later in time, with more delay. The curves further show how the negative impacts grow
worse at lowey ,, meaning that theEV migrationis especially damaging to regular lanes when those
lanes are already congested. Congested regséataness, of course, the norm on freeway carpool
facilities: congestion is typicallg reason for installing a carpool lane in the first place. As expected, we
see that the damage is also more extreme: when the carpool lane serves a small dechatted(theve
of either hue lies below its dashed and solid counterpaaisd when greatgeroportions of traffic are
expelled from that lanek{e lightly-drawn curves lie below the bold ojes

As in our first case study, the damage done in the regular lanes will dikehagethe carpool

laneas well This matter is explored next.

R
ES

o8]
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— p.=20%,p;,=1%

o | —-== p.=15%,p=1%
--------- p.=10%,p; = 1%

Pe=20%, p;=3%

9 p.=15%,p,=3%
Pe=10%, p; = 3%

-12% A

,» Percent Change in Regular-lane Flow

=

-15% T T T
40% 50% 60% 70% 80% 90% 100%

P, Percent of Regular-lane Capacity Used

A

Fig. 11Curves ofy ,vs7 g, for a congested beltway with a carpool lane
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4.2 CarpootLane Predictions
While the carpool lane is active, and absamt policyto expel LEVs the average speed in a regular lane
isV, = (f/(LT 1))k and the density in the carpool lanekis= L - k - (p. + p). With theexpulsionof
LEVs, the regulatane speed i¥, = (9" / (L7 1))/ke, and carpoelane density ike.=L -k - p.. The
densitiesk, and k.. are converted to occupancies in the customary way (e.dCassdy and Coifman,
1997. Speeds and occupancies are then used as inputs to the surface in Fig 5a to estimate the carpool
lane average speed withdlEV expulsion V., and withthis expulsiornVe.

Fig 12 presents V.= (VT V)V Vvs/ | for our 4lane freeway beltway. The curves reveal that
carpootlane speeds invariably diminish und€fV expulsion The reductions are always modest (e.g.
less tharD.5% for p, = 1%), and this is no doubt due in part to our assumptions that are favorable to the
SAFETEALU regulation. Yet reductions occur. In light of our favorable assumptions, the findings
suggest that the regulation stands little chance of improving caeuwlsgeds in any circumstance.
Moreover, the predicted speed reductions in the carpool lane come part and parcel with the worsened
conditions predicted for the regular lanes. Everyone seems to suffer under the reguPatisible

remedies are discussed next

e
2
=

|| —p.=20%,p,= 1%

-0.5% 4 === p.=15%,p=1%
......... pe=10%, p,= 1%

Pe=20%, p;=3%

pe=15%,p,=3%

-1.0% Pe=10%,p;=3%

o

-1.5% T .
40% 50% 60% 70% 80% 90% 100%

P, » Percent of Regular-lane Capacity Used

AV, Percent Change in Carpool-lane Speed

Fig. 12 Curves of ,vs/7 V,for a congested beltway with a carpool lane

5. Conclusions

Empirical evidence from across the San Francisco Bay Area indicates that slow-tampapeeds do
not necessarily indicate that the lane is av&d. Typically, the slowness is due partto congestion in
the adjacent regularse lanes. Carpotdne driversmay bereluctant to travel fast when adjacent traffic
is moving at slow, congested speedsd when regular lanes are congested, -lemenging maeuvers

made into and out od carpool lane may become disruptive and diminish its speeds. This theans
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current US policy to restrict LEVs from slemioving carpool lanes can be counterproductive because
some or all of the LEVs will now add to congeat&nd slowing in the regular lanes.

Analysis of a real freeway stretch illustrates just how damaging the policy can be. Negative
impacts were predicted fall commuters at that site, even if LEMers were to adjust thdiravel
behavior inhighly-favorable ways. The predictions were in line with limited observations collected from
the site. More generalized analysis of a hypothetical beltway suggests that these problems will be
common to a wide range of freeways withcatled norseparatd carpool lanesdespite our favorable
assumptions

The above concerns notwithstanding, there is something positive about the present findings.
They indicate that carpotdne travel can be improved by improving travel conditions in the regular lanes.
This means that strategies to regulate regudfic inflows to facilities €.g. Cassidy and
Rudjanakanoknad2005; Daganzo, 1996Daganzoet al., 2002 Haj-salem and Papageorgiou, 1995;
Papageorgiou and Kotsialos, 2002; Persaud et al.) 28@1be Paretnproving and can promote the use
of more environmentallfriendly LEVs. This knowledge can be used to further justify the deployment of
these strategies. There remain possible downsides to strategies of this kind, however; e.g. sometimes they
transfercongestion to access facilities that have insufficient queue storage space (e.g. Cassidy, 2003).

One might therefore look for other options.

5.1 Alternatives

In some cases, it may be beneficial to transfer some of the regular traffic into a kol ed fidegr ad
special lane. This might be achieved by admitting a wider spectrum of vehicle (e.g. LEV) classes into

that lane. Or, one might deploy-salled High @cupancy Toll lanes, or HOT lanes into which access is

given to those drivers of regular vehicles who pay a fee (Fielding and Klein, 1993). A more equitable
policy might entail turrtaking over days, such that all commuters enjoy a turn in the speaa(dae

Daganzo and Garcia, 2000).

To explore impacts of policies of this kind, we briefly return to our rotationally symmetric,
congested beltway. We define gt he car pool |l aneds speed when it
added proportion of beltwayaffic demandp,. Fig 13a presentp= (Vo1 Vo)/V,, the percent change in
the carpool | p=h% G\ste thap thesedspeachchamges are shown for different values of
carpootlane demand and occupancy. From the figure, we see how mitigaginigrlane congestion by
relaxing slightly the restrictions to the carpool lane can improve speeds in that lane. However, the
improvements are modest; i.e., always less than 1%, consistent with what we saw earlier in Fig 12.

Given that the above imprements are small, one might also look for opportunities to improve

carpootlane travel by increasing regulamne capacities. As an example of how this might be done, we
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note that findings from both theoretical work (Menendez and Daganzo, 2007) aral eaperiments
(Cassidy et al., 2010) indicate that the capacities of freeway bottlenecks can be significantly increased by
discouraging, but not necessarily prohibiting, vehicledelmenging maneuvers in bottleneck vicinities.

To explore impacts of sortténg like this, we define a¥,, the carpoclane speed when the
capacity of a regulanse beltway laney,y, is increased by a percentage Fig 13b presents the percent
change in the o=(VpioWN, whenrodydhiglocsypaney dehicles are admitted to
that lane andm.«is increased by, = 5%. Our select value @f in this instance is small relative to the
gains in bottleneck capacities reported in the aloiteel references (and we found that larggues ofp,
produce larger predicted values@f Yet the predicted improvements shown in Fig 13b may themselves
justify whatever experiments might be needed to refine strategies that increase bottleneck capacities.

2.5%

0.8%

Carpool-lane demand = 20%

Carpool-lane demand = 20%

= = = Carpool-lane demand = 15% = = = Carpool-lane demand = 15%

2.0% |

......... Carpool-lane demand = 10% wewseen Carpool-lane demand = 10%

0.6%

1.5%

0.4% -
1.0%

0, 4
0.-2% 0.5%

Percent Change in Carpool-lane Speed

el
2
=

A, Percent Change in Carpool-lane Speed

0.0% : - - -
40% 50% 60% 70% 80% 90%
P, Percent of Regular-lane Capacity Used (a)

A

100% 40% 50% 60% 70% 80% 90% 100%
p,.» Percent of Regular-lane Capacity Used (b)

Fig. 13 (a) Curves gf ,vs/ ,whenp, = 1%; and (b)Curves off ,vs7  whenp, =5%

5.2 Amending the Regulation
Even if we can set aside the damages that will apparently result from the SAHET Egulation, we
would remain puzzled by itisol mgiotaimheae cagpbati b
above 45 mph for 90% of its operating hourseans offtarget. After all, the literature indicates that a
carpool | anebs atractiveness to commuters i s base
of travel that it provides relative to that of the adjacent regigarlanes ahlgren 198; Jang and
Chung, 2010; Li et al. 2007 From what we have seen, even slmeving carpool lanes tend to perform
well by this relative standarfe.g. seeWu et al. 2011) Moreover carpool lanes are probably most
attractive when reguldane speeds arespecially slow even though the carpelaine speeds would
therefore be slow as well.

We are further puzzled by the reglideamsthaands us:
facility can be cl assi fi e dspemdsthatociudae shardseghéntsofme b a
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carpool lane. The literature indicates that travelers are more concerned about the trip times over their
entire journeys than they are about their shauarspeeds (BeAkiva and Lerman, 19838Brownstone,
et d., 2003; Hensher, 2008; Hess et al., 2005

I'n |1 ight of the above, it makes sense to chan
times over extended lengths of a carpool facility. The ratio of the average time to travel an extended
distane in the carpool lane to that in the regular laméght do for this purpose. Mitigation measures
could be prescribed for those facilities with trip time ratios that are persistently close to 1. However,
expelling LEVs from the carpool lanes would seeshto be the best course of action in these cases.

5.3 Generalizations

The present findings seem to hold for more than just theseparated freeway carpool lanes in the San
Franciscoarea. As an example, Fig 14a presents data from a freeway carpedhlaouthern California.

In this case, the lane is separated from regular traffic by a solid paintedtidibit maneuvers in or

out of the lane Note how the speeds display the samiliar patternS. Of further interest, the present
findings evidently hold for other types of speciase lanes, and for other parts of the world. Fig 14b
presents data from a bosly lane on an expressway in Seoul, South Korea. Again we see the familiar

patterns in speed.

Carpool-lane
Speed, ¥V, (mph)

>67.5
60 —67.5
52.5-60
45-52.5
37.5-45
30-37.5
22.5-30

<225

Carpool-lane Occupancy, p, (%)

i i L 1 i i
0 10 20 30 40 50 60 70 80
Adjacent Regular-lane Speed, V. (mph) (a)

Fig. 14 (a)Average speexdn separated carpool lafgata collected from Northbound, Interstate 605 in

Orange, California)

®We suspect that the findings would hold even when a special lane is separated by a wall or some other physical
barrier. A speci al | anebs access points (e.gluett he occ
al.,, 1999. Added congd®n in the regular lanes (e.g. due to the migration of LEd&s)worsen these bottlenecks

quite possiblyto the detriment of all commuters.
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Bus-lane
Speed (kmv/hr)
> 100
90 - 100
80-90
70 — 80
60-70
50 -60
40 - 50
<40

Bus-lane Occupancy (%)

0 15 30 45 60 75 90 105 120
Adjacent Regular-lane Speed, V, (km/hr) (b)

Fig. 14( c o n(lh) Average speedn bus landdata collected from Secbbund direction, Gyeongbu

Expressway in Seoul, South Korea)

5.4 Closing Thought

It seems that improved travel in a special lane will often not be realized by further restricting access to it.
Policies that do this could in many instances prove to be recipes for disaster, whereby all commuters are
made worse off. Efforts might bettiee directed at improving traffic conditions in adjacent regular lanes.
Thoughtful policies of this kind could benefit all commuters. The resulting reductions in congestion
would benefit the environment as well.
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Appendix A. Modificationsto CTM for Case Study 1

This appendix describes refinements made to the Cell Transmission Model (CTM) to perform
analysis on two adgent traffic streamis carpools and regular vehiclésvith distinct flows and
speeds. Only the altgiors to the CTM framework are described. Readers interested in full
details on the CTM can refer to Daganzo (1995).

The CTM was modified to acceptdaitonal demand inputs, namely; the proportions of
total demand that are comprised of carpools and Liyandp;, respectively. To model the
distinct (carpool and regular) traffic streams, parallel sets of cells were used. Each cell in its set
was connectedbyi nks as per the CTMb6s original |l ogi c.

Each cell that happed tepresent either an owr off-ramp waslinked to both sets of
cells. It was assumed that-camp (i.e. merging) vehicles bound for the carpool lane entered
that lane within the length of its merge cell. Similarly, these vehicles exited the carpool lane and
reached its offamp within the lenth of its diverge cell. Thus, the merge and diverge
maneuvers for carpothne vehicles occurred without delay and without disrupting regular
traffic.

At each orramp, traffic advanced into two intermediate cells: the fragiionp, entered
the intermediate cell designated for carplamle traffic, and the fractioni 1p. i p, entered the
other intermediate cell designated for regular traffic. The traffic in each intermediate cell then
merged into its (carpool or regulacell at preletermined rati§ & , as shown in Fig Al(a).
Exiting traffic was handled in analogous fashion: diverging traffic in each lane set merged into
intermediate cells at ratié , as shown in Fig Al(a).

When performing the simulations during the period whendharpool lane was active,
each cell of the carpool lane adopted a fundamental diagram estimated from real data taken from

the casestudy site. Recall that carpelaine speedy., were determined for each carpool cell and
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time step via Fig 5a given the luas of ; . and V, that were generated from the CTM

simulations.
Merge Cell
Carpool i I
Cells
Pl

On-Ramj

o
Input Cell %

Regular | | J Lt 1.
Cells | 7

Merge Cell
@) (b)
Fig. A1l Representation of (a) eamp; and (b) offamp in the modified CTM
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