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ABSTRACT

Collision data from High Occupancy Vehicle (HOV) facilitieswitvo different types of access,
continuous and limited, are examined in this paper. The findings shok#@hatacilities with
limited access offer no safety advantages over those with aeons access. Compared with
continuous access HOV lanes, a higher percentage of collisions veasitated on limited access
HOV lanes. Limited access HOV lanes also had higher collisios. r&i@dings from investigating
the relationship between collision rates in HOV lanes with respesttoulder width, length of
access, and the proximity of access to its neighboring ramps are also dimtimEhese findings
provide enhanced understanding about the effects of geometric factitrs collision rates in HOV

lanes.
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1. INTRODUCTION

High Occupancy Vehicle (HOV) lanes have been implemented on urban yeetoaitigate
continuously growing traffic congestion and improve overall mobility withetropolitan freeway
systems. HOV lanes allow vehicles carrying more passengerpdsshe congested General
Purpose (GP) lanes, thereby encouraging the use of carpools and public &éinsgortnove

more passengers per lane with fewer vehicles. In California, ld@a&Iwere first introduced in the
1970’s and increasingly implemented in congested freeway segments inrSeunthéNorthern
California metropolitan regions. As of 2005, HOV lanes comprised 1,305 {dimagtlane-miles

of freeway, with 895 lane-miles located in Southern California, and 410 in No&adifornia.
Furthermore, 950 additional lane-miles of HOV lanes have been pbfayssonstruction.

Since their inception, two configurations for HOV lanes—continuousianitgd—have
emerged in California (See Figure 1). Continuous access HOVdHaesvehicles to enter or exit
the HOV facility continuously along the freeway such that lane chgrmganeuvers are not
concentrated at any specified location; on the other hand, trafficioperathe continuous HOV
lane is more frequently interrupted by the lane changing vehitlested access HOV lanes have
specified ingress and egress locations that permit maneuversit@edtexit, and are separated
from other freeway lanes by buffer zones, demarcated by pavement markihysicel barriers.
Such separation is intended to allow less interrupted traffic flodoHer protection to freely
flowing traffic in the HOV lane independent of the traffic coiugtis in GP lanes. Predominant in
Northern California, continuous access HOV lanes are in operation only geakdours
(generally, Monday-Friday, 5-9AM, 3—7PM), while limited access HOV |ameEh are
predominant in Southern California, are in operation 24 hours a day, severnwssls aherefore,
only the traffic collisions that occurred during the peak hours werefasedmparison since the
HOV lane with a continuous access operates as a GP outside of the peak hours

The objective of this study is to understand the effect of diffeypastof HOV access on
safety. To this end, this study examines collisions that occurred ina#h@\adjacent traveling
lanes both at the statewide and corridor level. Section 2 pses@ne of the relevant previous
studies and Section 3 reports the findings from an analysis of teeiska collision data. Findings
from an analysis of eight corridors where per lane traffic voluragagable are then documented
in Section 4. Section 5 discusses the observed relationship among collision FDas facility
and geometric attributes, including shoulder width, length of the accestheaproximity of the
access to its neighboring ramps. This paper ends with a summary of conctudargs and future

research plan in Section 6.
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(b) Limited Access

Figure 1 HOV facility types in California: (a) continuous accesd, (@) limited access

2. PREVIOUS STUDIES

Previous studies [1-5] regarding the safety performance of HOV iegiliave focused mainly on
comparing collision patterns before and after implementing HOV tiasiliand identifying factors
influencing collision occurrence rather than comparing the safety penfme between different
types of HOV facilities.

Cooner and Ranft [1] conducted a before and after comparison study usingigiencoll
data from two HOV facilities with buffer-separated limited @asceThe before and after
comparison of corridor collision rates showed a substantial increagarin éollision rates after
installation of the buffer-separated HOV lanes. The study suggésatdhe increased speed
differential between HOV and GP lanes, reduced width of GP lanesf lit&sinside shoulder, and
difficulty for vehicles in the HOV lane to find gaps in traffic when entetiregGP lanes, were
contributing factors to the increase in collision rate.

Golob et. al. [2] compared the frequency and characteristics of collisitore b&d after
installation of a HOV lane without physical separation (i.e., Itgéparated) by converting the
inner shoulder area to a HOV lane on State Route (SR) 91 in Los AngelestralifThe study
concluded that the installation of HOV lanes did not have an advéese @i the safety
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performance of the corridor, and that the changes in collision characsenisre due to the
changes in spatial and temporal attributes of traffic congestion.

Sullivan and Devadoss [3] studied the impact of HOV facility opematin the safety of
selected California freeways. Their study stated that timepce of HOV lanes did not induce any
systematic differences in collision patterns but the Ipedltraffic congestion resulted in the
clustered collisions. Collision concentration locations were foumthahe corridors and examined
in the study with and without HOV lanes during peak hours.

Case [4] conducted a before and after collision rate comparison study ouoddgferent
types of HOV facilities with: (i) 0-2 ft. buffer, (ii) 3-8 ft. buffeiiji{ 8ft. buffer with 6 inch raised
barrier, and (iv) 13 ft. (full) buffer. According to the study, the ilfetian of (iii) and (iv) did not
increase overall collision rates, while increase in thestoflirates was observed for (i). The
collision rate comparison for design type (ii) was made between H@Wan-HOV sections such
that it was not a before and after comparison. Due to the sporadicaitgd collision concentration
locations, the author concluded that such a comparison gives bleregaults.

Newman et. al. [5], compared three different types of HOV faslin California:
physically separated, buffer separated (full lane width), and contidgacilises. In the study, the
term “contiguous facility” referred to both continuous accesdiamted access facilities in which
the buffer width is narrower than a full lane (13 ft.). They fodvad $eparated facilities were
superior to contiguous facilities in terms of safety, but, the stedjected to compare the safety

level of continuous and limited access HOV facilities.

3. COMPARISON OF COLLISION DISTRIBUTIONS

A statewide comparison of traffic collisions from the limited and contiawmeess HOV facilities

is the main topic of discussion in this section. Collision data from tHécTAzcident Surveillance
and Analysis System (TASAS) between years 1999 and 2003 along 824 milesval/fre@th

HOV facilities were examined, including 279 miles of HOV lanes witbrtinuous access and 545
miles with a limited access. These HOV facilities had meastructed prior to 1999 and consist of
about 60% of all HOV lanes in California. For the purpose of comparing th@aoldistributions

in different HOV facilities, only the collision data during the peak hours (Mprdaiday, 5-9 AM
and 3-7 PM) were analyzed since the continuous access HOV lanes opergiéeasares outside

of the peak hour period.
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Figure 2 shows the breakdown of types of collisions observed in thauwani and limited
access HOV lanes. Rear-end and sideswipe collisions together aommi90 percent of all
collisions in both facilities. The difference in the distributioneafrrend versus sideswipe
collisions in continuous versus limited access HOV lanes inwottdy. In continuous access
HOV lanes, 57 percent of collisions were rear-end and 34 percentideswipe collisions. In
limited access HOV lanes, 64 percent were rear-end, and 26 percent wawig@leollisions.

The difference in types of collisions observed in continuous versiiedimccess HOV
lanes could be due to the difference in traffic movements inhereohtimeous and limited access
HOV facilities. Compared to the limited access HOV lanes r#tictin continuous access HOV
lanes are more likely to be exposed to continuous interaction witle iragidjacent lanes, and thus
there is a greater occurrence of sideswipe collisions. On thehathey the traffic in limited access
HOV lanes are prohibited from changing lanes except at ingresssegeas and tend to have more
interaction with vehicles in the back or front than those in adjacent ladesist they experience a

greater number of rear-end collisions.

Other. 1% Overturn, 2%
Hit Object, 2% ' Hit Object, 3%
Broadside, 3% Broadside, 3%

-] [Other. 2%

Sideswipe, 26%

Sideswipe, 34%

Rear end, 58%
Rear end, 64%
(a) Continuous Access (b) Limited Access

Figure 2 Type of collisions in HOV lanes

The distributions of collisions in the HOV and its adjacent lefesawere examined to
determine whether there was a consistent pattern of collisionsdretwe different types of
facilities (see Figure 3). The bar charts in Figure 3 show tleepiage of traffic collisions that
occurred in the HOV and left lanes with respect to the total numbetlisfans that occurred

across all traveling lanes. Figure 3(a) shows that among all fiséar involving Property
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Damage Only (PDO), 31% occurred in the HOV lane with continuous acceS8weaamjacent left
lane, while 41% of PDO collisions occurred at corresponding locatighe &tOV facility with
limited access. Figure 3(b) displays similar data for tisons involving injury or fatality in
which HOV facilities with limited access exhibit higher concatibn of collisions. The difference
in collision distribution may be the result of the difference in larizatiion of traffic such that a
more detailed analysis was conducted along the eight corridors ranging from 7.4 tdlds. 7The

findings from this detailed investigation of the eight routespresented in the next section.

60%

50% +
< 41%
‘g 40% -
2
£ 31% —
W Left
a 30% A
a =" @ HOV
S
(7]
= 20% -
o] 0
S
10% -
8%
4%
0% T
Continuous Limited
Facility Type
(a) PDO collision distribution across lanes
60%
50%
50% -+
5 0
'g 40% + 38%
e
E
2 0% W Left
2 OHOV
S
@2 32%
% 20% +
(&
10% -
14%
6%
0%

Continuous Limited
Facility Type

(b) fatal and non-fatal injury collision distribution across lanes

Figure 3 Collision distribution across lanes: (a) PDO, and (b) fatahamdatal injury
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4. COMPARISON OF COLLISION RATES (Selected Routes)

Table 1 shows the list of eight corridors investigated for the substgnalysis. These freeway
segments were recommended for this study by regional transportationeeadiom California
Department of Transportation (Caltrans) due to their similar trelf@cacteristics, and reliable per
lane traffic volume and detail geometric information.

These routes comprise 40.7 lane-miles of continuous access and 50.9éang-hmited
access HOV lanes. Collisions (fatal, non-fatal injury and PB@&t)dccurred during the peak hours
(Monday — Friday, 5-9 AM and 3—7 PM) within HOV and its adjacent le&debetween 1999 and
2003 were used in the analysis and since the comparison was limitett tiopea Notice that the

length of the routes is measured in miles, to be consistent with thei@siumbers contained

within the TASAS database.

Table 1 List of eight study sites

- Postmile (PM) Length
Facility Type Count Freewa .
y P Y Y [StartPM| EndpPm| (Mile)
Contra Costa I-80E 0 10 10
] Contra Costa 1-80W 0 9.8 9.8
Continuous
Alameda [-880N 13.5 20.9 7.4
Santa Clara SR-101S 26.4 39.9 13.5
Los Angeles I-105E 1.2 16.9 15.7
o Los Angeles I-105W 2.5 16.8 14.3
Limited
Los Angeles I-210E 24.8 36.4 11.6
Los Angeles 1-405S 12.9 22.2 9.3

Using traffic volume data from Freeway Performance MeasneB8ystem (PeMS) [6],

collision per million Vehicle Miles Traveled (VMT) for each of tHOV and its adjacent left lane

were calculated by dividing the number of collisions during the peak bgute product of traffic

volume from the same HOV operating hours and lane-miles as shown in the Eq.dsultis r

shown in Figure 4.

number of collisions 10°

Collision rate =

total peak hour traffic volumelane-miles

TRB 2009 Annual Meeting CD-ROM

Eq. 1
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Figure 4 displays collision rates of the HOV and the leftdan® higher PDO collision rate
was observed in both the HOV and the left lanes of the HOVtfawiith limited access (see Figure
4(a)). However, the fatality and injury related collision ratelie left lane alone was higher for
the continuous access HOV facility (see Figure 4(b)).

4.0

3.0 4

[
2
>
c
£
t
c 2.20
Lo
2 50 W Left
= THOV
e
2
©
14
c 1.0
0
@2
3 0.94
© 0.43

0.0

Continuous Limited
Facility Type
(a) PDO collision rate
15
1.10
1.0 A
0.61] W Left
T HoV

0.5 4

Collision Rate (Collision / million VMT)

0.16

0.0

Continuous Limited
Facility Type

(b) fatal and non-fatal injury collision rate
Figure 4 Collisions rates: (a) PDO, and (b) fatal and non-fatalinju

To determine whether the differences in the collision rates showguneH are
statistically significant, statistical tests were perfadrfa the HOV lane, left lane, and HOV and

left lanes combined. The statistical test used in the study is basétheh &d Shiue and Bain [7,
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8]. Eq. 2 shows the equation for the statistical test to evahmtatistical difference between
collision rates, which approaches a standard normal distributyonpastically. It is assumed that
collision frequencies on the continuous access facilities, C, and coflisfurencies on the limited
access facilities, L, are statistically independent ovevehécle miles traveled VMJand VMT,,
respectively and also Poisson distributed. C and L, the occurrencebsidre®in two different
types of HOV facilities, equal tk--VMT¢ and\ -VMT_, wherekc andi, are the expected collision

frequencies per unit vehicle miles traveled.

L-VMT¢ - C-VMT,
Z= — Eq. 2
[VMT ¢VMT - (C+L)]

Since the difference betwegkpand), is our focus, we consider a test of the null
hypothesis: K: Ac =, ata significance level against the one-sided alternative hypothegis,cH
M. The hypothesis Hs rejected at the level of significance level i > z,, against H: Ac <A
where®(z,)=a and® is the cumulative standard normal distribution function. All stesiktests
were conducted at 5 % level of significance. The results of statigtsts were examined for the
difference of collisions rates between continuous and limited access &t\ies as summarized

in Table 2.Ac andj_ in the table 2 are presented in the unit of collision per million VMT.

Table 2 Summary of statistical tests

Facilities Collision Type Ac M Test Result
PDO 0.43 0.94 birejected
HOV lane — :
fatal and non-fatal injury 0.16 0.49 olejected
PDO 1.77 2.45 birejected
Left lane
fatal and non-fatal injury 0.76 0.61] ,annot be rejected
HOV and Left PDO 2.20 3.39 birejected
lanes combined  tatal and non-fatal injury 0.82 1.10 olFejected

All the null hypotheses except for the difference of injury relatlision rates in left lanes
were rejected at 5 % significance. In other words, only the diffetiarfagal and injury collision
rates in left lane was not statistically significant at the 95gmtidevel of confidence while all the
other differences in PDO collision rates, and fatal and non-fatal ioplligion rates were

statistically significant at the 95 percent level of confidence.
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The collision rates are lower for HOV lanes than for the leftdan both limited and
continuous access facilities. This is consistent with the findliatgthe collision distributions across
lanes are also lower in the HOV lanes. This could be due to thédacia vehicles enter the far
left lane from its left side whether it is a HOV or median lane.edplore this issue further, an
evaluation will be needed to compare HOV lanes with median laneseweafyesegments without
HOV lanes.

In summary, HOV lanes in limited access facilities showed higB€& &nd injury related
collision rates than those with continuous access. For the left Eangixed pattern was observed.
The PDO collision rate was lower for the left lane adjacent tbiD¥ lane with continuous access.
Meanwhile, its injury related collision rate appeared to be higheugh the difference was not
statistically significant. In the next section, we will disctesdesign features that can potentially

influence the safety performance of HOV facilities.

5. GEOMETRIC FACTORS

In this section, results from detailed analysis of HOV segments are {g@eseexplain the
relationship between collision rates in HOV facility and gemimattributes, including shoulder
width, length of the access, and the proximity of the access to its neigpbamps. The same set
of peak hour collision data from the eight routes in the previous sectmidbée 1) is used for this

part of analysis.

5.1 Shoulder width

The shoulder can be used to accommodate stopped or disabled vehiclesgatd thiidisruption
to the traffic in traveling lanes. The shoulder can also provide estnaumering space for the
drivers to avoid potential conflicts with other vehicles, as wedl elsance to recover from errors,
and to resume normal driving. Providing adequate shoulder width can ertasedety
performance of freeways [9, 10]. Our objective here is to exthereslationship between the
shoulder width and the collision rate of the HOV facilities.

An illustration of the effects of shoulder width on safety performangén in Figure 5,
with the observed collision rates for the eight freeway segmesiteghlagainst the corresponding
shoulder width. Since the shoulder width may vary along a freeway segmengthgeav
throughout the segment is used in the plot. The black solid dot indicatetahfeom limited

access HOV lanes and its data source is annotated next to the dathifehdot shows the data
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from the continuous access routes. The data displayed in Figure Sdritlatacollision rates
diminish with an increase in shoulder width, regardless of the typece$siassociated with the
HOV lane. The limited access exhibited a higher collision rate cauparthe continuous access

with comparable shoulder width.

1.5
(O Continuous Access @ Limited Access
s
S ° ® |-405S
§ I-210E
=
c
2
0
s 0.5 1
(&)
o
1-880N SR-101S
0 T T T T T T
0 2 4 6 8 10 12 14

Shoulder Width (ft.)

Figure 5 Relationship between shoulder width and collision rate in thélat@

5.2 Total (shoulder + HOV lane + buffer) width

We define the total width as the lateral space including the shouldétOitidane and buffer here.
Among the three components, shoulder width ranged from 2 to 12.2 feet, lane wielthbedween
11.5 and 13 feet, and buffer width varied between 0 and 5.2 feet; contirneess &cilities have
no buffer between HOV and left lane such that their buffer width iSdenesl zero. Most of the
variation in total width was contributed by variation in shoulder width, foltbtayebuffer width.

A scatter plot of collision rate versus total width was construntétjure 6 and a trend
line for each type of HOV facility was estimated based on theesqattt. Narrower total width
was associated with a higher collision rate in both types of HOV |awetsbly, the trend line for
the limited access, shown as a black line, exhibits remarkalkel@ipénce to the trend line of the
continuous access, a grey line, but with a vertical shift upward.pdttern implies that given the
same amount of total width among the eight routes studied, corridors thlafyeththe continuous
access can result in lower collision rates. This could be dhe fadt that more shoulder width can

be allocated to the continuous access HOV lane since it doesjonivera buffer.
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Our present analysis did not examine the individual influeneacii component within the
total width in collision rates. More sites need to be evaluateétterlunderstand the individual

influence of shoulder, lane, and buffer widths in collision rates.

15

‘Q Continuous Access @ Limited Access

1-405S
[ ]

1-210E / Limited Access

=
L

Continuous Access

Collision [ Million VMT
o
3

SR-101S  |-105W

0 5 10 15 20 25 30
Total Width (ft.)

Figure 6 Relationship between total width and collision rate in the HO¥ |

5.3 High Coallision Concentration L ocation (HCCL) analysis
Continuous Risk Profile (CRP) is a method that generates a variatiish afeasurement
interpretable as the number of collisions, or collisions per unitndistalong a freeway segment
[11]. The CRP plots for HOV and left lanes of the eight routa®wonstructed to examine the
spatial distribution of collision concentration locations along thewegs. Among the eight routes
examined, two exemplary routes with continuous and limited access HOValandisplayed in
Figure 7 and 8, respectively. The peaks in the profile represestaoltoncentration locations
whose collision rate (in number of collision per mile per hour) exceed®theercentile of each
route.

The first example is I-880N as shown in Figure 7. Figure 7(a) shows thieroaton
and off ramps. Figure 7(b) and (c) show CRP plots for the HOV and its adjacentHareollision
concentration location is marked by the peaks. Note that each of Kseipélae HOV lanes
accompanies peaks in adjacent left lanes. This implies thaidtees causing the concentration of

collisions in the HOV lane appear to affect the collision rateeridfi lane.
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OFF Ramp

ON Ramp = = = = = = -

Direction of Traffic
(a)

1 collisions/mile/honr)

Exccessive collision per mile per hour

(90th %
o —_
—
e

Exccessive collision per mile per hour
90th % = 9.4 collisions/mile
———

1 D R R

1255 14 5 155 165 3> 175 5 185 -5 1955 205 3.5
Postmile

(c)

Figure 7 Continuous Risk Profile Plot (I-880N); (a) On- and off-ramps, P @lot for HOV lane,
and (c) CRP plot for Left lane

Figure 8 shows similar plots for I-210E where the HOV facility hagdidhaccess and the locations
of the access are shown in Figure 8(a). Unlike the patterns observegdr@a Finot all the peaks
shown in the HOV lane accompanied peak in the adjacent lane. Theserpeakskad by dotted
circles in Figure 8(b). It appears that the buffer, whose function iwdprless interrupted flows
at the HOV lane, also mitigates the effect of collision caus&iters at the HOV lane in its
adjacent lane and vice versa. Notably, a concentration of colliseshgerved at the HOV lanes

where lane changing was prohibited (see Figure 8(a) and (b)).
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OFF Ramp

HOV
Access

ON Ramp - = = - = = -== = = — = —

Direction of Traffic

(a)

—_—

Exccessive collision per mile per hour
(90th % = 4 collisions/mile/honr)

(=)
—
—

(b)

10.5 collisions/mile

90th %
T

Exccessive collision per mile per hour

24.8 26.8 28.8 ¢ 30.8 3 328 8 348 8
Postmile

(c)
Figure 8 Continuous Risk Profile Plot (I-210E); (a) On-, off-ramps and k@ress/egress areas,
(b) CRP plot for HOV lane, and (c) CRP plot for Left lane

5.4 INGRESS/EGRESS analysis

Collision rates from 24 different ingress/egress sections alorfguhémited access HOV lanes
shown in Table 1 were plotted with respect to their proximity to the nearaptin Figure 9. No
apparent systematic relationship was found between the collig®matrthe access point and their
proximity to the nearby on- or off-ramps. However, three locationsagisgisignificantly higher
collision rates than others. It was found, after inspecting the cwafigns of these three locations,

that these three ingress/egress segments were assocthttdteviollowing common features:
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(1) Located within 0.3 mile of the nearest on- or off- ramp,

(2) Short access lengths (0.25 mile), and
(3) High traffic volume in the HOV lane during peak hours (1000-1200 velpelekour

versus 700-800 vehicles per hour on average).

These factors should be investigated further in subsequent studies

Collision / Million VMT

Access Ponits with
high collision rates

0.6 0.9 1.2

Distance to the Nearest Ramp (Mile)

1.8

Figure 9 Relationship between collisions per mile per hour andhdésta nearest entrance/exit

ramp in limited access HOV facilities

6. SUMMARY OF FINDINGS AND FUTURE RESEARCH TOPICS

In this paper, we have examined collision data from High Occupancy Vehicle (fa€ik)es with

two different types of access, continuous and limited. The findings shothé¢hdOV facility with

limited access offers no safety advantages over the one with contineess;abe combined

collision rates of the HOV and its adjacent lanes were highenddd©V facility with limited

access.

We studied the relationship between collision rates in HOV laitesrespect to its

shoulder width, length of the access, and the proximity of the access tiglitsargng ramps.

HOV facilities with shoulder width greater than 8ft displayed sigaiftly lower collision rates

regardless of access type. Among the eight routes investigatesl study, corridors that

TRB 2009 Annual Meeting CD-ROM
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employed the continuous HOV access displayed lower HOV lane collisiencatgared to a
comparably sized limited access HOV lane, as shown in FigurargheFmore, we found that
limited access HOV facilities with a combination of short ingtegress length and a close
proximity to the nearest on- or off-ramp can result in markedlydrigollision rates than other
limited access freeway segments although these factors need menaagigsinvestigation

In evaluating the relationship between collision rate and thieviatth, the present study
did not attempt to quantify the effect of an individual width elements iBren important question
that needs to be further explored since it can be used as a guideliloeating spaces when there
is limited the right-of-way. In addition, more sites need to be estiuth further evaluate the
relationship between the length of ingress/egress and its prpxamieighboring on or off ramps,
as well as the effect of a buffer in mitigating the influence ofsioli causative factor in the HOV

lane on its left lane. These are topics of future research
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