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1. INTRODUCTION

A ramp may be described as a length of
roadway providing an exclusive connection

As the
USHCM depicts, a ramp may consist of up

between two roadway facilities.

to three geometric elements of interest: the
ramp—freeway junction, the ramp proper,
and the ramp—street junction.

Vehicles from a ramp terminal try to
move Into a freeway stream. To get into
the stream, drivers need to decide whether
gaps — void spaces created by vehicles in
the closest lane to the ramp (lane 1) — are
appropriate for them to accept in terms of
size and speed. Based upon their evalua-
tions, drivers accept gaps or reject them.

In this process, it i1s desired to lessen
characteristic differences, primarily in speed,
between two traffic demands to allow safe
and fast merging maneuvers. When undue
acceleration by entering ramp traffic takes
place directly on the traveled highway, it
disrupts the flow of through traffic and

often is hazardous. To minimize these unde-

sirable aspects of operation at the junction,
acceleration lanes are put into place.

An acceleration lane is a lengt}; of road-
way in which heavy interactions between
freeway drivers and ramp vehicles origi-
nates. From this area where two traffic de-
mands compete for space, the resulting tur-
bulence of interaction propagates to the free-
way mainline. Therefore, an acceleration
lane should have sufficient length to enable
a driver to make the necessary change be-
tween the speed of his approach and the
speed of the highway traffic in a safe and
comfortable manner.

To date, however, no analysis method ex-
1sts which takes into account the impact of
acceleration lanes on operational quality of
ramp—freeway junctions although the length
and type of acceleration lane produces some
operational changes in the junction area.
Furthermore, there is no firm guideline,
based on empirical studies, which helps simu-
lation studies, geometric design, and road
safety.

Some mathematical models for calculating

merging delay experienced by ramp vehicles
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existed, but many of .the assumptions made
in these heavy probability models were basi-
cally unrealistic. Several empirical studies
were conducted in the late 60's as well.
They were only concerned with spatial use
of acceleration lane and by no means fo-
cused on its impact on operational aspects
in the junction area.

It is therefore strongly suggested that well
—established empirical studies be implement-
ed that makes the impact of the accelera-
tion lane on the operation of the junctions
clear and compensates for the deficiencies in
the previous studies. By doing so, more com-
plete models to describe the operational
state of the junctions can be constructed.

This study mainly deals with the effect of
acceleration lanes on entrance ramp opera-
tion and investigates its effect on the opera-
tional quality in the junction area. Its pri-
mary concern resides in manifesting the role
of acceleration lanes in operation of merge
junction area. Particularly, an attempt to
utilize the length of acceleration lane for
various predictive models was consistently
made.

The pricipal objective of this research is
to identify responsive indicators of operation-
al changes, reflective of the length of accel-
eration lanes, which lead to the development
of level of service models. Observation of
speed—related measures describing the state
of operation, was made within an area of
approximately 2,250 ft long. A typical sec-
tion being observed covers from a point 750

ft upstream of the physical gore to 1,500 ft
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downstream from the gore.

2. BACKGROUND AND LITERA-
TURE REVIEW

2.1 Mathematical Models for Merg-
ing Delay

A few mathematical formulations of merg-
ing delay which incorporate the length of
acceleration lanes are originated from a se-
ries of many 'gap—acceptance” models[5]
——[9]. Although many calculation methods
of delays experienced by vehicles in a minor
street during a gap—acceptance process had
been revised and improved by several
researchers{ 10]— —[13], the existence of ac-
celeration lanes in the merge areas was still
ignored in the delay calculations.

A gap—acceptance process from acceléra-
tion lanes was first treated by Haight and
Bisbee[12] in the late 1960’s. A complete
mathematical model was not suggested, but
many problems associated with a model for-
mulation were pointed out. Weiss and
Maradudin[13] also pioneered in this field
and formulated many mathematical models
for various gap—acceptance processes.

Mine and Mimura[14], extended the
Weiss and Maradudin’s study, were able to
derive the probability density function
(PDF) of delay to merging vehicles but as-
sumed acceleration—lane length to be infi-
nite. Weiss and Blumenfeld[15] later revised
the previous model{13] and formulated the
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merging process from an acceleration lane
with a finite length. It is assumed that vehi-
cles on the acceleration lane travel at a con-
stant speed v while the traffic on ihe main'
road travels at a constant speed V greater
than v. Explicit distinction between merging
delays while moving and stopped delays at
the end of acceleration lane was
mathematically treated in this model.

Michaels and Fazio[ 18] supported the idea
that the angular velocity of on—coming
traffic is a critical factor in merging vehi-
cles’ decision process while travelling on the
acceleration lane and were able to estimate
the length of acceleration lane necessary for
the ramp driver to find an acceptable gap
in' 85 percent of the time.

Drew, et. al.[10] investigated the effect of
many geometric factors on the gap—accept-
ance process, the effect of acceleration—
lane length on the speed of ramp vehicles
were studied; speed profiles of ramp vehi-
cles at the nose were developed. Percentage
of acceptance of certain gap sizes by ramp
vehicles who travel on the acceleration lanes
with different lengths was derived in the
form of a regression formula.

Mathematical models are usually found to
be far from real—world phenomena which
have been obser/'ved through empirical stud-
ies. Their concern is focused only on predic-
tion of merging delays to minor street vehi-
cles. This fact actually disqualifies the math-
ematical formulations as level of service
models because they simply ignore overall

operational state of the merging area. Some

critical assumptions made in these models
are not realistic enough to describe the ope-

rational phenomena usually faced.

2.2 Some Empirical Analyses

A study by Fukutome and Moskowitz
[16] is of interest due to its analytical ap-
proach that traces paths on acceleration
lanes taken by merging vehicles. Their
findings are such that regardless of .ramp
design features, most ramp vehicles took
similar paths under various freeway flow
conditions; Somewhat more length of the ac-
celeration lane was used at low volumes
than at high volumes; Merging distance re-
quired at high turning speed is as greal as
that required at low speed; Natural path of
nearly all vehicles is within a 50:1 taper,
and this design provides sufficient accelera-
tion distance for all turning speeds of ramp
vehicles.

Polus and Livneh[17] first suggested that
drivers consist of two groups: drivers who
perform the merging maneuver during the
first half of the acceleration lane and driv-
ers who merge during the second part of
the acceleration lane, regardless of whether
an appropriate gap or headways was avail-
able to them previously. They observed that
a number of ramp vehicles (almost 50 per-
cent) use nearly the full portion of an accel-
eration lane even under very light freeway
traffic conditions.

The outcome of the above two studies

make an interesting point. It implies that
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the merging process from acceleration lanes
seldom operates to minimize merging times,
which is exactly contrary to a conventional
assumption made in mathematical models.
Unfortunately however, all the empirical
studies have not related the effect of the ac-
celeration lanes to overall operation of the
merge area by limiting their focuses only to
the behavior of ramp vehicles on the accel-

eration lanes.

2.3 Treatment of Acceleration Lanes
in Current Technical Manuals

The 1985 HCM[2] maintains 13 regres-
sion formulas in its chapter 5 for analyses
of various features of ramp—freeway junc-
tions. Each regression equation predicts vol-
umes in freeway outerlane using freeway
volume, ramp volume, and geometric and
volume conditions in adjacent ramps. The
relevant level of service is decided by calcu-
lating a checkpoint volume which 1s the lane
1 volume plus the ramp volume.

However, the core part in the computa-
tional procedure of ramp—freeway analysis,
the prediction of lane 1 volume, does not re-
flect the use of acceleration lanes. The lane
1 volume is computed regardless of what
the length of acceleration lane is and if the
acceleration lane exists. The effect of accel-
eration lanes on vehicular distribution
among freeway lanes has not been dis-
cussed, nor has any possible reason been
stated.

The chapter 5 of 1994 USHCM which
adopted some key ideas from this study
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utilizes the length of acceleration lane as
one .of important independent variable in the
models for density/speed prediction. The for-
mat of the models, however, seems to be lit-
tle obscure, and general fitting results are
considered unsatisfactory. Moreover density
was derived from ‘flow—speed relationship
and never measured directly.

"A Policy on Geometric Design of High-
ways and Streets”, widely known as the
AASHTO  Green  book[21],

findings accumulated over time and recom-

discusses

mends design standards in selecting’ the
length of acceleration lanes. The minimum
required length of acceleration lanes is
found from a look—up table provided using
highway design speed, curve design speed of
ramp, and desired speed of ramp vehicles at
the end of acceleration lanes.

Some findings referred in the AASHTO
Green book are not consistent with today’s
practice, for example, it is very hard to find
taper—type acceleration lanes in heavily
congested freeways. In general, the results
from these studies fall short as performance
measures of merge junctions or as design
guidelines because they limited their atten-
tion only to ramp vehicles travelling on ac-

celeration lanes.

3. FIELD DATA CCLLECTION

A study scope is limited to the cases
where single—lane on—ramps merge with
six—lane freeway facilities. Only parallel—

type acceleration lanes were studied because
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numerous site visitations had revealed that
most agencies responsible for operating and
maintaining freeway facilities prefer the par-
allel—type to- the taper—type which was
rarely found.

This study examines the effect of the
length of the accelération lanes in particular
and focuses on the operation of single lane
ramps in 6—lane freeway facililies. A total
of eight ramp—freeway junctions with the
length of acceleration lanes ranging from
325 ft to 1,650 ft were. observed. for analy-
sis of lane distribution and prediction of
speed measures. Table 3—1 summarizes the
characteristics of each junction studied.

To achieve the objectives stated in above,
many operational aspects of the junctions
pertaining to different lengths of accelera-

tion lanes were carefully investigated. Mac-

Table 3—1. Description of Sites Collected

roscopic observations of many merge areas
formed a data base for analyses.

A 5—minute analysis period was chosen
because of its steadiness and stability in
terms of variation in count and speed. The
longer analysis period, such as a 15—minute
period, has often turned out to be Inade
quate to use because, within that time peri-
od, several dissimilar operations have been
frequently observed. The 15—minute periods
often contain dramatic changes in speeds
and relatively big fluctuations In counts.
They need: 1o be stratified into the shorter
periods so as to differentiate the sporadic
dissimilarities, because averages over the 15
—minute periods usually distort or dilute the
transition undergone.

Data were collected mostly when freeway

volume peaks up.

Site # of Upstream Ramp | Downstream Ramp Volumes Length of
No. Period | Type |Distance | Type |Distance Freeway Ramp Acceleration
1 30 off 6001t off 5280ft | 3420—5390 | 520—860 950ft
3 44 off 4000ft | off 3200ft 1760—4120 | 16702400 325ft
8 24 off 400ft off 4500ft | 4730—5790 | 110—350 450ft
12 23 off 500ft off 7900ft | 3820—5190 | 820—1180 1100ft
18 18 off 1500ft off 7920ft | 2080—4300 | 430-620 1000ft
20 | 18 of f 1100ft off 2900ft | 4370—6690 | 450900 1200ft
21 18 off 1350ft off 1800ft | 5700—7360 | 260—660 12501t
23 18 off 2500ft of f 10000ft | 3570—4990 | 870-—2040 16501t

Most on—ramp junctions had close up-

stream off —ramps and very far downstream

off —~ramps mainly because they were part

of diamond interchanges, and spacings be



ABTELEE B+ 5 B =], 199

tween these interchanges were usually more
than 3,000 ft.

3.1 Data Collection Methodology

Data collection methodology for this
research relies on multiple ground—mounted
videotaping equipment. A typical site con-
sists of setting up the 8mm video recorder/
camera system at five locations, uniformly
spaced at 375 feet. The cameras were
mounted on 30—ft copper poles placed ap-
proximately 15 feet from the edge of the
road. This effectively yields a study range
of 1,500 feet. At sites where conditions
were such that this spacing did not cover
the entire length of the acceleration lane,
the spacings were altered to accommodate
the study section. Since it will be important
to maintain uniform camera locations, the
study area can be effectively increased by
eliminating one intermediate location in

favor of another 375 ft further downstream.

TRAP 1 TRAP 2

TRAP 3
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Thus, common reference points were still
maintained. Figure 3—1 illustratés a t.yﬁicai
site setup where 375—ft spacings adequately
cover the study section.

Each site was videotaped for a period of
between 2—3 hours. At each trap location
where cameras are set up, traffic—related
information, such as volume counts, vehicle
classification, and average speeds, for both
freeway and acceleration lane are obtained.

Counts and vehicle classification at up-
stream and downstream ramps from the
study ramp of interest were done with the
use of magnetic sensing traffic counters.
The units are programmed with the aid of a
portable PC to record selected information.
The time at which the unit is to start and
end the gathering of data and the interval
for summaries is programmed into the unit.
Vehicle classification and traffic counts are
downloaded to a portable PC, and the data
is summarized by 5—minute periods as pro-

grammed.

TRAP 4 TRAP 5

- P D ED AR ED WP 4D 4D ED AP AN S5 A% VP 4 GD TP TP W W W WP WD W W W T W@ W W .-

D P D D O D D G S AP EP S P N Do

--u----‘--------------------m-----------n-------------------d-

LIRS

Figure 3-1. Typical Deployment Layout of Video Cameras
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3.2 Data Reduction Process

The majority of videotapes acquired from
the study were reduced by manual tech-
nique. With the help of an on—line record-
ing program connected to a personal com-
puter, vehicle counts, vehicle classification
and speeds at each trap location were re-
duced. Each reduced output file contains
traffic counts, speeds, and time—lapse re-
cords.

The video tapes were also reduced with
the aid of a computer program which
digitizes images of unobstructed roadway
sections. By discerning the differences be-
tween digitized picture frames from a video-
tape, the program is capable of processing
the detected differences into counts, speeds
and vehicle classification for each lane
based on pre—defined trap locations.

The data went through a cleaning process
which eliminated some obvious human errors

made in the data reduction process and was

summarized by 5—minute intervals showing -

for each trap the number of vehicles,
speeds, and corresponding standard devia-
tions of speeds.

The data obtained from the reduction
process and portable traffic counters is
transferred to a spreadsheet program for
simple analysis first and subsequently im-
ported into a statistical analysis software
package for creating scatterplots and per-
forming correlation analyses, linear or non—
linear regression analyses, and some
advanced statistical analyses.

From the data set available, the first task

was to isolate variables which could feasibly
be used as either independent or dependent
variables in the modeling process. These var-
iables fall into three general categories:

« volumes/flow rates

+ geometric variables

- performance variables

Volume data included all of the familiar
\}ariables used in current models, and three
new ones. Unlike the 1985 HCM and its
predecessors, all volume data is in terms of
equivalent hourly flow rates for a 5—minute
study period, and all flow rates are convert-
ed to passenger—cars unit reflecting heavy
vehicle presence and lane width.

Many geometric variables were measured
and are available for the study. Such varia-
bles as distances to upstream/downstream
ramps in the 1985 HCM, were maintained.
The length of acceleration lanes is precisely
defined, and components of them such as
length of tapered portion and length of par-
alle! portion were measured respectively.

Some new performance variables, by defi-
nition, were defined and none of them are
explicitly considered in current methodolo-
gies. Performance variables mainly focused
on speed measures.

All the variables are described in Appen-
dix.

4. MODEL DEVELOPMENT

193 data points from the eight sites,
which include 160 stable and 33 unstable

data points were chosen and used in model-
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ing process.

The attempt 1o develop level of service
models which incorporate the length of ac-
celeration lanes was consitently made. And
some newly defined speed measures ap-

peared to be promising.
4.1 Prediction of Performance Variables

The practice In a 1985 USHCM and a
KHCM in evaluating the performance of a
ramp—freeway junction is based upon the
calculation of merged volume. One major
procedure of this is the estimation of lane 1
volume, which is then added to ramp vol-
ume to get the merged volume. The 1965
USHCM well states the reason: ramps are
the important input—output elements of the
freeway, the emphasis is on estimating vol-
umes which will result in ramp gore area.

Using the merged volume as a perform-
ance measure, howe{/er, often create short-
comings. For instance, the study site 3 car-
ries extremely high ramp volume, and the
lane 1 volume was very low due to the
combined impact of the ramp volume and a
short acceleration lane. Resulting merge vol-
umes ranged from 1,000 pcphpl to 2,800
pcphpl  with no significant operational
deterioration. According to the manuals stat-
ed above, the level of service(LOS) at this
junction is F. Therefore, threshold values of
the merged volumes for level of service cri-
teria should be updated, or alternative mea-
sures for the level of service should be

sought.
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The. principal task in creating LOS meth-
odology is the identification of measures of
effectiveness which can be used to
adequately describe the quality of service
provided to drivers in merge areas. Since
speed —related measures are undoubtedly the
historical choice as an MOE, many attempts
to predict these measures, incorporating the
length of acceleration lane, were made here-
after.

It was intended to expose the role of ac-
celeration lanes rather than to predict such
performance measures. From the seven sites
which have all the required information, 175

data points were analyzed and calibrated.

4.2 Predictive Model of S; Utilizing
the Weaving Algorithm -

Chapter 4 of the 1985 HCM contains an
algorithm for the estimation of speed of
weaving and non—weaving vehicles in a

freeway weaving section as:

Sw or Syy

= 15 + 50/[1+a(l+VR)%V/N)</L*]}
where:

SW (Syw) = average speed of (non)

weaving vehicles, mph;

VR = volume ratio of weaving volume to

total volume;

V = total flow rate in weaving section,

peph;

N = no. of lanes in weaving section;

L = length of weaving section, ft;

ab,c,d = constants of calibration.

In this equation, estimated speeds are
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'

bounded by 15 mph at the low end and (15
+50) = 65 mph at the high end. Taking
this into account, the algorithm can be

shown in a simplified form as:

Syw or Sy

=15 + [(SMAX - 15) /(1 + W)}
where:

W = weaving intensity factor

= a(1+VR)*V/N)¢/L?

Suax = max. average expected speed of

vehicles, mph.

A similar analogy was tried in the predic-
tive model for speed related measures in
merge areas. Instead of predicting two sepa-
rate speeds, one characteristic speed was
used to depict merge operations.

The application nvolves the following as
sumptions; (1) in the merge area, it is the ac-
celeration lane plus lanes 1 ana 2 of the free-
way which are influenced in terms of opera-
ting speed; (2) additional freeway lanes, it is
assumed, will not be seriously impacted by
right—hand merge operations; later this was
indirectly witnessed in a weaving section under
the Hannam bridge of Korea; (3) while the

length of a weaving section is identifiable, the
influence length of a merge area is not; as
shown in Figure 4—1, 1,500 ft was chosen as
this was a length which appeared to approxi-
mate the area of maximum impact when site
videos were reviewed by reading the license
plate numbers of ramp vehicles to see how
equally they distributed themselves among three
lanes at that distance; (4) the design speed or
free flow speed of the freeway should be used
as an estimate of Syax in the algorithm.

The weaving intensity factor, W, is re-
placed by M, a merge intensity factor. This
factor may or may not have the same algo-
rithmic form as the weaving intensity fac-
tor. Several forms for this factor were ap-
plied and compared. Since the design speed
of a study site, noted as Spsey, 1S known,
and the free flow speed, noted as S, can
be reasonably determined or observed, either
of these two speeds can replace Syax. In
addition, the values of Sy defined in the
Appendix, can be reduced from the data.
Therefore, the actual value of the merging
intensity factor, M, could be computed from
field data in two ways as:

1500 FT

/

/

/
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SIIIIT1 00 1000000700101 100 7001200070 00010010707 77,
FA 4 fmfb Ffmd Il —f bf o Pl fd b St Fd b fl fof o Sl b Sk o e o
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Figure 4— 1. Influence Zone of Merge Area
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M
M

[(Ser — 15)/(Sz — 15)] — 1
[(Spescy — 15)/(Sg — 18)1 — 1

Il

and can then be correlated to other traffic/
geometric variables which might adequately
describe the merging intensity.

The next step in the application of the
weaving algorithm to merge cases would be
o calibrate a predictive relationship for Sg.
If the basic format of the weaving algo-
rithm is retained, the following equation

might be tried:

SR = 15 + [(SDSGN or SFF -
M)]
M = a (1+MR)® (V,+V,+Vg) / L,

15)/(1 +

Since the total flow rate in the ramp in-
fluence zone of the merge area is equal to
V,+V,+V, (Vus), then it should be possible
to estimate V,+V, which will be hereafter
referred to as Vi, using similar equations as
in the prediction of lane 1 volume. Two con-
clusions have been reached from an NCHRP
study; (1) Vi, is predicted with greater ac-
curacy than V,, and (2) inclusion of up-
stream and downstream imbacts continues
to improve the quality of fit and accuracy
of predictions.

The merge ratio term, 1+MR, replaces
the volume ratio term, 1+ VR, of the weav-
ing algorithm. For this merge ratio term,
three different ratio terms were developed
for the calibration. MR1 is a microscopic
merge ratio, MR3 is a ramp volume to
VR12 ratio, and MR4 is a ratio designed to
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increase sensitivity to ramp volumes. The
first two, when added to value of 1, is
bounded with a minimum of 1 and a maxi-
mum of 2, and the last by itself has a mini-
mum of 1 and a maximum of very high
number as long as total freeway flow 1s
higher than ramp flow. Three obvious forms

tried for this ratio term, 1+MR, were:

1+MR1 =14 Vg/Vy
1+MR3 = 1+VR/VR]2
MR4 = (VF+VR)/(VF_VR)

N, the number of freeway lanes which di-
vided the total weaving flow in the weaving
algorithm, was omitted in the format of the
merge intensity factor as this study deals
with only six—lane freeways. The leﬁgth of
the weaving section was replaced by the
length of the acceleration lane or microscop-
ic components of the acceleration lanes de-
fined in Section 3.4.2. '

The "field” values of "M,"‘ derived from:
the measured values of Sg and Spsey or Sk
and Sfr can be regressed against the other
variables in the equation format for M.
Two speeds for Sysx and three merge ra-
tios for 1+MR term required six different
non—linear regression analyses, and each
analysis underwent an average of 50
adjusting iterations to find the appropriate
coefficients. Table 4—1 and 4~2 show the
results produced for various non—linear re-
gressions against the merge intensity factor,
M;
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For stable points only,

M = a (1+MR)® (Vgo)* / Lap Eq. (1)
Table 4—1. Model Fitting Results for M
Swuax 1+MR a c d R?
Ser 1+MR1 .0000416 1.18561 " 1.25142 0.23722 0.81
1+MR3 0000428 1.64574 1.20265 0.16670 0.83
MR4 .0000255 0.19118 1.38740 0.27668 0.80
Soscy 1+MR1 .0001753 1.00366 1.09074 0.19785 0.81
1+MR3 0001969 1.36636 1.04405 0.14483 0.83
MR4 .0001949 0.16321 1.12941 0.22412 0.80
t—value 12 - 13 9.0-10.1 14-15 54--7.1
For unstable pomts only,
M = a (1+MR)" (Vo) / Ly Eq.(2)
Table 4—2. Model Fitting Results for M
Sm,\x 1+MR a C d R?
Ser 1+MR1 478565 —8.6864 —6.1923 —6.2721 0.46
1+MR3 79001 —-E3 —3.9787 —4.2412 -2.8073 0.29
MR¢ 29315—E5 1.9658 —2.2166 0.4522 0.29
Soscy 1+MR1 353218 -8.3779 —5.9897 —6.0721 0.46
1+MR3 49200—-E3 —-3.8112 —-4.1017 —-2.720. 0.29
MR4 16241 —E5 1.9202 -2.1419 0.4345 0.30
t—value 0.8-1.1 0.3—-2.6 1.3—-34 0.2-29

All coefficients calibrated for stable flow
condition appeared to agree with logic and
were significant; the primary constant, a,
was significant having a t—value ranging
from 12 to 13, and the volume—related pre-
dictor variables such as (1+MR) and VR12
were significant as well having t—values
ranging from 9 to 15. The geometric varia-

ble, the length of acceleration lane, was stg-

nificant, too. As written in the equation
above, L,» was the best predictor among
several component measures of the accelera-
tion lane. The t—value for the parameter of
L ranged from 5.4 to 7.1 suggesting that
a long acceleration lane diminishes the
merge Intensity under stable condition.
Among all the six cases calibrated, the case

where the design speed of freeway and
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MR3 were used for the maximum operating
speed and the merge ratio term resulted in
the best fit.

It 1s obvious that the formats of the
merge Inlensity do not work well for the
unstable flow condition. The volume—related
variables showed typical relationships be-
tween the volume measures and the speed
measures found in speed—flow curves. But,
the sign on the coefficients for the length of
parallel portion of the acceleration lane was
very interesting. The role of the acceleration
lane seemed to turn intoethe op;;osite direc-
tion implying that a long acceleratioh lane
increases the merging intensity under unsta-
ble operation.

For a comparative purpose, the same

For stable condition,
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speed was calibrated using the logic parallel
to the algorithm defined for the merge in-
tensity. Instead of predicting the merge in-
tensity, three predictor variables, the ramp
merge volume, the merge ratio, and the
length of the acceleration lane were directly
regressed against that speed. Multiple linear
—regression analyses with a slightly differ-
ent merge ratio from the ones used in the
weaving algorithm formats produced a rela-
All the coeffi-

The role of accelera-

tively high quality of fit.
cients met the logic.
tion lanes was of interest, particularly for
unstable operating condition, such that the
longer the acceleration lane is, the lower the
operating speed becomes under unstable con-

dition.

Sy = 625 — 0.003782Vy; — 0.55617(Vy/V,) + 0.005125L4p Eq. (3)
variables constant Viez Ve/Vi Lap
std. error 1.18 0.0002 0.0569 0.001
t—value 53.0 13.3 9.8 5.0

R? = 0.783 SE = 2.2
For unstable condition,

Sp = 13.3 + 0.01269 Vg, + 20.762(Vg/V)) — 0.05925L4p Eq. (4)
variables constant Vi Ve/Vi Lap
std. error 194 0.0039 7.515 0.021
t—value 0.7 3.2 238 2.9

Figure 4—2 shows the relationship be-

tween Sz and V..

In the stable flow

range, the speed seems to linearly decline

R? = 0.352 SE = 4.7

from about 60 mph to about 40 mph as
VR12 goes from 2,000 pcph-to 4,800 peph.

This trend is rarely found in the observation



112 Journal of Korea Transportation Research Society Vol. 13, No. 3, 1995

of commonly defined speed which usually
operate with almost no speed decline for a
wide range of flow level. This does, there-
fore, provide a range of speeds which might

be useful in establishing level of service.

4.3 Predictive Models for Other
Speed Measures(S, and Sp)

SR (MPH)

Initially, this research focused on two
measures of average speed which appeared
to have some promise. These two measures
were Sy and Spu; Sw is the minimum
average speed in a given lane for a given
375—ft wrap, and Sgw is the minimum
average speed across all freeway lanes in a

given trap.

68 1+ —

as L

38 e e

wh. o . N

1800 2800 3800 4800 5800

VR12 (PCPH)

a. Typical Trend Shown

1800 2800 3800 4800 5809
VR12 (PCPH)

b. Stable, Unstable Shown

Figure 4—2. Relationship between Sy and Viiz

This was a natural relationship to investi-
gate, as it relates the microscopically —de-
fined merge flow rate with the speed in the
lane—trap most affected by it. These two
measures, however, were proven o be insen-
sitive to traffic variables and the length of
the acceleration lane.

Hence, two additional speed measures
were examined in irying to incorporate the
length of acceleration lane as one of the de-
terminant variables. S, is the average speed

in lane 1 within a ramp influence area, and

S, is the average speed—difference between
lane 1 and the rest of the lanes within the
ramp influence area. These two speed mea-
sures, when used together, may better de-
scribe the quality of operation in merge are-
as, and matrix tabulation of these two
would be tried as inputs for LOS analysis.
Prediction of these two variables is based
on the premise that lane 1 volumes is pre-
dicted with high accuracy. In fact, this
premise was satisfied since outcomes from

another part of this study on the lane distri
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bution models had demonstrated excellent re-
lationships between the observed values and
the predicted values of V.. Use of V, as an
known variable to the predictive models
actually clarifies the role of the acceleration
lane in a more precise way because it elimi-
nates some possible statistical coﬁf_licts. To
sort out the geometric impact on speed mea-
sures, the impact on the lane 1 volume due
to the adjacent ramp conditions has to be
known in advance since the lane 1 volume

is one of the major determinants for the

For stable condition,
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speed measures. The impact of lane 1 vol-
ume on the speed should not override that
of the acceleration lane; the positive rela-
tionship between the lane 1 volume and the
length of acceleration lane often falsify
respective impact on the speed measures un-
less V, is used. Interaction between V, and
Vi should be carefully managed so as not
to misinterpret the role of acceleration lane
in the speed measures. Multiple linear—re-

gression analysis was done for two cases.

S,= 57.5 — .00593V, — .00588Vy + .00841L.p Eq. (5)
variables constant Vi Vg Lap
std. error 0.89 0.0005 0.0004 0.001
t—value 64.1 11.0 16.2 7.7
R* = 0.78 SE = 2.2
Sp,= 6.6 — .000826V, + .00238V, + .00301Vy; — .00768L.p Eq. (6)
variables constant Ve V, Vi Lap
std. error 0.96 0.000Z 0.0008 0.0003 0.008
t—value 6.8 34 3.1 12.0 9.2
R* = 0.848 SE = 15
For unstable condition,
S,= 60.0 — .008534V, — .004952V; — .013203Lp Eq. (7)
variables constant \A Vi Lap
std. error 33.3 0.0068 0.0208 0.0393
t—value 1.8 1.2 0.2 0.3

R? =

0.11 SE = 95
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Sp= 10.0 — .00172V; + .00332V, — .00574V; + .00082L.p Eq. (8)
variables constant Ve Vi Ve Lsp
std. error 3.5 0.0009 0.0017 0.0046 0.009
t—value 2.8 1.9 1.9 1.2 0.1

For the stable flow condition, all coefficients
followed the expected logic. V, and Vi demon-
strated typical relationships with the speed
measures; the volume variables reduced the
operating speed in the lane 1 and enlarged
the speed difference as they increased. L.p
contributed to enhance the operating speed in
lane 1 and helped reduce the speed difference
between lane 1 and the others, which is sup-
posed the role of acceleration lane.

For the unstable condition, however, over-
all reliability of coefficients decreases drasti-
cally. But the sign on length of accelera-
tion lane is still of interest suggesting rever-
sal of the supposed function of acceleration
lane. The most probable reason for the
poor quality of.fit could be attributed to the
congestion that concurrently followed at
downstream ramps.

In general, the models for the stable condi-
tion appear to be excellent in predicting the
defined speed measures. Statistically, however,
the models for the unstable condition have
almost no meanings and were intended only

to see what kind of role Lp plays.

4.4 Validation of Models

All of the developed models must be eval-

R? = 0417 SE = 2.0

uated to determine their ability to represent
actual conditions and to explain the variabil-
ity present in a sample other than the one
used for their calibration. This section rep-
resents that final step in the development
procedure and examines the applicability of
the developed models.

To ensure a justifiable validation task, 'the
input data for this task should lie in the re-
gion for which the developed models were
calibrated. Thus, a sample of 37 stable
data points from site 5, site 25 and site 28
which is not used In the model development,
was tested.

It is noteworthy that the sites used were
rather unusual because (1) they carriéd rel-
atively high percentages of heavy trucks
and (2) the geometric conditions of the
roadways of the three facilities were non—
ideal when compared to the conditions of
the sites used in the calibration. Therefore,
a high accuracy of the models in their pre-
diction capabilities was not expected.

All the predicted values from the devel
oped models for performance variables were
compared to the actual measures from the
three sites above. In general, most of the
predicted values turned out to be accurate

demonstrating less than 5% of relative dif
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ference between the predicted and the
actual. However, the models for SD showed
relatively poor prediction capabilities. ~This
is probably because all three sites carried
high (5 to 10) percentages of heavy trucks,
and vertical/horizontal alignment conditions
— for instance 3% vertical grade in site 5
and a roadway curved to the left in site
25 — were not generally ideal unlike those
of the sites used for the model calibration.
Table 4—3 shows comparison of the predict-

ed to the actual measures.

5. CONCLUSIONS

This study has presented some predictive
models pertaining to the quality of operation
in freeway—ramp junctions. Major effort
has been made to Incorporate one of the
geometric elements of a merge junction, the
length of acceleration lanes, into analytical
procedures. A set of regression models for
both stable condition and unstable condition
was developed to reflect or differentiate the
effect of acceleration lanes.

Overall, the impact of acceleration lanes
on lane distribution of freeway traffic, merg-
ing time and speed—related measures was
highly significant. Therefore, it is strongly
suggested  for any prediction model for free-
way—ramp junctions to employ the length
of acceleration lanes as a major geometric
variable.

Some predictive models of speed—related

measures in the merge areas were success-
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fully formulated especially for stable ‘opera-
Lion.‘ Without a - doubt, long acceleration
lanes helped smooth the operation under sta-
ble operation. Predictive models for speed
measures such as Sy S, and S, were ex-
cellent In a statistical sense showing R—
square value greater than 0.80 most of the
Lime.‘ The adaptation of the weaving algo-
rithm to ramp areas was also considered a
su'ccessful approach for further analysis and
calibration.

Each parameter calibrated for the unsta-
ble operation is not recommended for use
since 1t shows relatively low level of confi-
dence. It was Intriguing, however, to glimpse
the adverse effect of long acceleration lanes
under the unstable operation. ’

One of limitations of the models is that
the models were formulated using 6—lane
freeways. only. In order to apply the mddels
to 4—lane and 8—lane freeways, necessary
revision and fine—tuning considering ° the
number of. lanes will be crucial. Another
limitation is due to a limited data base. The
data base used for the calibration of models
has freeway flow ranging from 2,000 pcph
to 6,800 pcph and ramp demands varying
from 200 pcph to 2,400 pcph. The length of
acceleration lanes wvaried from 325 ft to
1,650 ft. This was a wide spectrum of volume
and geometric conditions. However, a desire
to see a wide range of the ramp demand at
one junction which has one specific length
of the acceleration lane was not satisfied.

As a final note, it is becoming clear that
it will be difficult to develop a level of serv-
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ice system based upon a single measure of
effectiveness. While "speed does vary to a
certain degree through the range of stable
flows, the variation is not large. The widely
scattered data points of any speed measures
at merge areas would also make a proper

stratification of level of service on the basis

Journal of Korea Transportation Research Society Vol, 13 No. 3, 1995

of one speed measure alone difficult. In
order to overcome this dilemma, an appro-
priate combination of the speeds in conjunc-
tion with the traditional microscopic merged
volume could be utilized as level of service

criteria.

Actual Developed Models Comparison
SITE PERIOD SR S1 SR(1) SR(2) S1 100*{Model-Actual)/Actual (%)

5 1 46.4 46.0 47.1 48.9 48.8 1.4 5.3 6.1
5 2 46.3 47.9 46.0 47.7 48.3 -0.7 2.9 0.8
5 3 47.4 48.3 48.4 50.4 50.3 2.0 6.4 4.2
5 4 47.0 47.1 47.6 49.7 50.2 1.3 5.7 © 6.5
5 5 47.2 47.9 47.3 49.4 49.4 0.2 4.7 2.9
5 6 48.1 48.5 49.1 50.6 50.3 2.2 5.4 3.6
5 7 45.7 46.2 47.3 49.2 49.2 3.4 7.7 6.4
5 8 45.9 46.6 47.3 49.0 50.5 3.0 6.8 8.4
5 9 45.0 45.1 47.2 49.1 48.8 5.0 9.1 8.0
25 1 52.8 50.8 54.6 63.7 55.1 3.3 1.7 8.4
25 2 53.4 §2.5 55.0 54.3 65.2 3.0 1.6 5.2
25 3 54.2 52.4 55.0 53.4 54.5 1.4 -1.6 4.1
25 4 53.8 52.3 52.5 51.9 53.2 -2.3 -3.4 1.8
25 5 53.1 51.2 52.0 61.8 52.7 -2.0 -2.5 2.9
25 6 54.3 52.7 53.6 652.3 53.5 -1.4 -3.7 1.6
25 7 63.5 52.8 51.9 51.6 62.2 -3.0 -3.5 -1.2
25 8 653.6 52.3 51.9 51.9 52.7 -3.1 -3.1 0.7
25 9 51.9 50.1 61.6 51.5 52.5 -0.6 -0.7 4.9
25 10 51.2 49.3 49.0 49.0 50.0 -4.4 -4.4 1.5
25 " 51.0 48.9 48.3 47.9 49.7 -5.4 -6.1 1.6
25 12 52.8 50.2 50.6 §0.0 51.8 -4,2 -56.4 3.3
25 13 50.4 48.6 48.5 48.2 50.1 -3.7 -4.2 3.1
28 1 51.5 52.2 52.1 61.5 51.9 1.0 -0.1 -0.6
28 2 61.2 51.5 51.1 50.4 50.5 -0.2 -1.5 -2.0
28 3 50.2 51.3 49.4 49.1 49.1 -1.6 -2.2 -4.4
28 4 51.5 52.0 60.6 50.0 50.5 -1.6 -2.9 -3.0
28 5 61.7 52.4 49.2 . 48.8 50.4 -4.8 - -5.6 -3.8
28 6 51.3 52.4 49.8 48.9 49.3 -2.9 -4.7 -5.9
28 7 51.2 51.6 49.7 48.8 49.1 -2.9 -4.7 -4.8
28 8 50.3 50.7 50.3 49.6 49.7 -0.1 -1.5 -1.8
28 9 50.6 51.3 49.4 49.0 49.3 -2.3 -3.1 -3.9
28 10 51.1 52.1 50.5 49.4 50.1 -1.3 -3.4 -3.8
28 11 51.4 52.4 49.3 48.7 49.9 -4.0 -5.2 -4.8
28 12 50.5 51.1 50.3 49.6 49.3 -0.5 -1.9 -3.6
28 13 50.6 51.0 48.3 47.8 48.7 -4.5 -56.5 -4.5
28 14 50.4 51.1 49.0 48.3 48.3 -2.8 -4.2 -5.5
28 15 49.0 50.5 48.0 47.3 - 47.2 -2.2 -3.5 -6.5

Table 4—3. Validation of Predictive Models for Performance Variables

SR{1): WEAVING FORMAT

SR(2): REGRESSION FORMAT
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APPENDIX

DATA COLLECTION AND REDUCTION

This study examines the effect of the
types/length of the acceleration lanes in par-
ticular and focuses on the operation of sin-
gle lane ramps in 6—lane freeway facilities.
Junctions of which acceleration—lane length
ranges from 325ft to 1650ft were investigat-
ed.

1. Data Collection

Major source of data acquisition is NCHRP
3—37 Research Project. The project team
conducted a field investigation of approxi-
mately 60 sites in 6 major cities, 13 of
which were suitable for this study. Team
also had obtained some specific information
for these sites regarding location, geometry,
and volume and have conducted macroscopic

analyses for majority of them.
2. Data Collection Methodology

A typical setup consists of an 8mm video
recorder connected to a black & white

video camera, each powered by 6 and 12—

volt rechargeable batteries (with a battery
life of 6—8 hours), respectively. Black &
white cameras were chosen over color due
to the black & white camera’s higher
resolution capabilities, which are needed In
the data reduction program.

To provide synchronization between cam-
eras, pocket radios are connected from the
headphone jack to the audio input of the
video recorder. All radios are tuned to the
same station, preferably to an "all—news’
station where the time is broadcast on a
regular basis.

Each site was videotaped for a period of
between 2—3 hours. At each trap location
where cameras are set up, traffic related in-
formation, such as volume count and
average speed, for both freeway and acceler-
ation lane are obtained. Traces for entering
vehicles was manually attempted to find
merging times. Volumes and speeds only for
the traffic trespassing trap lines were ob-
tained.

Counts and vehicle classification at up-
stream and downstream ramps from the
study ramp (the one being video taped) will
be done with the use of the new magnetic

sensing traffic counters.
3. Data Reduction Process

Majority of videotapes acquired for the
study has been reduced hy manual reduction
technique. With help of on—Iline recording
program connected to PC computer, vehicle
counts, vehicle classification and speed at

each trap location have been summarized.
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Each reduced output file contains individual
count, speed and time—lapse records. Meas-
urements like merging {imes speni by ramp
vehicles were also obtained using manual
count/observation technique. In general, vehi-
cle count and vehicle classification are con-
sidered to be reliable, and speed related
measures less reliable from trap to trap.
The video tapes were reduced also with
the aid of a computer program written spe-
cifically for the project where video shows
unobstructed images of sections. The pro-
gram 1s capable of digitizng the video
image and process 1t to obtain counts,
speeds and vehicle classifications for each
lane based on pre—defined trap locations
for a specified analysis interval. As vehicles
pass through the trap area, changes occur-
ring at each trap triggers the "video—detec-
tor’ as being activated, thereby counting
that change as a vehicle passes by. The du-
ration of continuous activity at the trap
area indicates the length of the vehicle, and
the time it takes for a wvehicle to go from
one trap to another is used to calculate the

vehicle speed.
4. Description of Variables Isolated

Volume/Flow Rate Variables

Ve = freeway flow rate just upstream of
merge;
Vy = ramp flow rate;

Vi

Il

lane. 1 flow rate just upstream of

merge;
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Vi; = total flow rate in lanes 1 and 2,
just upstream of merge;
Vi = total flow rate in lanes 2 and 3,

just upstream of merge;
Vi = adjacent upstream ramp flow rate;
Vy, = adjacent downstream ramp - flow
rate,

Vu = traditional merge flow rate: V, +

Vi ;

Vu: = ramp merge flow rate, defined as
Vi + V, + Vi,

Viy = total freeway merge flow rate: Vi
+ Vg

Geometric Variables

The length of acceleration lane is mea-
sured from the merge gore area where the
right edge of freeway lane 1 and the left
edge of ramp lane are 2 ft apart to a point
where the right edge of ramp lane meets
freeway lane 1.

La = length of acceleration lane, ft;

Li» = parallel portion of L,, ft;

Lir = taper portion of Ly, ft;

Dy = distance to the adjacent upstream
ramp, ft,;
Dy = distance to the adjacent down-

stream ramp, ft.

Performance Variables

Some new performance variables, by defi-
nition, were defined here, and none of
them are explicitly considered in current

methodologies. Performance variables main-
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ly focused on speed measures.

Sk = average speed of all vehicles in °
merging area’ defined as the acceleration
lane plus lane 1 and 2, from point of
merge to 1,500 ft downstream, mph;

S, = average speed of all vehicles in lane
1 of the merging area, mph; and

Sp = difference in average speeds bet.
lane 1 and 2 within the merging area,

mph.
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