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1.0 INTRODUCTION

The frontage road system is an essential element of design and operation of urban freeways
in Texas. Freeways in the Houston area have typically been designed and built with continuous
frontageroadsover their entirelength. Thesefrontageroadsare usually two or threelaneswide and
signalized at interchanging cross streets. Maintaining acceptable operations at frontage road
intersections that experience varying turning movement volumes can be a significant challenge to
transportation agencies in the Houston area and across Texas.

When theseinterchanges experience high turning movement demands, permitted doubleturns
may maximize traffic throughput. However, traffic demands can have entirely different
characteristics between AM, Mid-Day, and PM peak operations, leading to the need for different
lane use controlson atime-of-day (TOD) basis. Inadditionto therecurring daily traffic patternsthat
may require differing lane use control, freeway incidents often impact frontage roads by creating
high frontage road traffic demands as diversion from freeway mainlanes occurs. While lane use
information at intersections is typically communicated via pavement markings and static signing,
static traffic control devices cannot accommodate situationswhereturning movement demandsvary
significantly over short periods of time (e.g., cyclical variations or during incidents). This
shortcoming of statictraffic control cansignificantly impact theefficiency of traffic operationswhen
permitted lane use does not adequately match traffic demands.

The Changeable Lane Assignment System (CLAS) on frontage roads addresses the lane
imbalances seen on both a TOD basis and when freeway incidents change typical frontage road
traffic demands. As traffic signals have long been used as a "time management"” technique for
optimizing traffic operations, CLASisused asa" space management" techniqueto add an additional
dimension to optimizing traffic operations.

OVERVIEW AND BACKGROUND INFORMATION
The CLAS concept has evolved over severa years and is built on the experience of several

prototype installationsin Houston and Dallas. The Texas Transportation Institute (TT1) developed
and tested the fiber-optic signing used in the CLAS system as a part of Highway Planning and



Research (HPR) Project 1232—Task 5.1, Dynamic Lane Assignment Systems, sponsored by the
Texas Department of Transportation (TxDOT). TTI Research Report 1232-18 entitled "Space
Management: An Application of Dynamic Lane Assignment” (1) documents the results of this
research. The early research was divided into three phases. 1) testing fiber-optic sign design
features(legibility, target value, etc.); 2) devel oping second generation signing and testing operations
of the signing systems (transition operations, driver understanding, and comprehension of the
signing) (2); and 3) field evaluation (a static "flip-type" sign at the North Central Expressway at
Mockingbird Lane diamond interchange in Dallas and a fiber-optic installation at the IH-10 and
Bingle/V oss diamond interchange in Houston).

Results of the early research indicated that changeable lane assignment systems have the
potential to reduce delays and queue lengths during changing traffic volume and turning movement
conditions. As a result, the Houston Intelligent Transportation System (ITS) Priority Corridor
program implemented the CLAS concept at interchanges along the westbound frontage road of US
290 in northwest Houston and Harris County, shown in Figure 1. CLAS signing systems were
located along the westbound frontage road where full-time permitted doubl e-turn operation existed,
which used static signing and pavement markings. It was envisioned that the CLAS system could
servetwo purposes: 1) increase frontage road operation during freeway incidents; and 2) implement
TOD operations for those locations with variable turning demands.

Development of the CLAS project by TxDOT included the design, installation, and
evaluation of 10 changeable lane assignment control systems that have the capability to alter
permissive double turns at frontage road interchanges based on traffic demands, either on a TOD
basis or during freeway incident conditions. Each of the installations consists of two overhead lane
control signslocated approximately 61 m (200 ft) upstream of the stoplineand an at-intersection sign
acrosstheintersection. Figure2 showsthetypical layout of overhead and at-intersection CLASsign
installations. The CLAS system has three basic displays: a double-turn display, a shared-turn
display, and a transition display. Figure 3 shows the three displays generated by the fiber-optic
CLAS signs.
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Prior tothedeployment of CLAS, the 10locationsutilized standard static permissivedouble-
turn signing—four with double left turnsand six with doubleright turns. Thus, when CLASsigning
wasinstalled, thenormal display was permissive doubl eturns—thelong-standing operation towhich
motorists were accustomed. When TOD or incident conditions warranted, the CLAS signswereto
be changed to shared lane usage. Therefore, in the before and after studies, the before condition
refers to double-turn operation and the after condition to shared-turn operation.

STUDY OBJECTIVES

The principal goal of this study was to evaluate the operational effectiveness of the CLAS
system as a space management tool to optimize TOD operationsin the Priority Corridor. Thisgoal
was achieved through (and the study methodology based on) the following four objectives:

1 Evaluate which diamond interchanges along the US 290 corridor are candidates for
this evaluation of the use of CLAS to change lane assignments on a TOD basis.
2. | dentify the measures of effectiveness by which to evaluate traffic operations before

and after the use of CLAS for TOD operations.

3. Evaluate thetraffic conditions before and after the use of CLASfor TOD operations
based on specified measures of effectiveness.

4, Compare traffic operations before and after CLAS is used for TOD operations and
evaluatetheeffectivenessof CLASduring TOD operationsat the study interchanges.



2.0 STUDY METHODOLOGY

This study focused on the operational evaluation of CLAS under typical conditions, both
before and after CLAS was used to change lane assignments on a pre-timed basis. An analysis of
baseline data (turning movement counts) was made to identify candidate siteswhere TOD changes
were appropriate. All CLAS approaches operated as either left or right permitted double-turn
approaches. Appendix A summarizesthe procedures used to identify the four time periods (at three
different interchanges) where lane assignments would be changed from permissive double turn to
a shared-turn configuration on a predetermined TOD schedule. The anaysis recommended the
following lane assignments at each CLAS approach:

. Mangum would operate in basic shared-turn configuration between 11:00 am. and
2:00 p.m. on weekdays. Permitted double right turn operation would bein effect at
all other times.

. West 34™ would operate in basic shared-turn configuration between 2:00 p.m. and
8:00 p.m. on weekdays. Permitted double left turn operation would be in effect at
all other times.

. Hollister would operate in permitted double right turns from 2:00 p.m. to 6:00 am.
on weekdays and operate in the basic shared-turn configuration from 6:00 am. to
2:00 p.m. Hollister would operate in double right turn configuration 24 hours on
Saturday and Sunday. Following completion of the study and analyses, it wasfound
that the Hollister AM peak period results were unuseable, as the city of Houston
made significant changesto signal timing between the before and after study periods,
in order to correct operational problems (unrelated to CLAS) at the interchange.

J Antoine, Bingle, Fairbanks/North Houston, Beltway 8/Senate, Jones, Eldridge, and
FM 1960 would continue to operate in permitted double-turn configuration 24 hours
aday, seven days per week.



Once candidates for lane assignment changes were determined, traffic operations data
necessary for calculating intersection performance measures were collected before and after CLAS
TOD changesand statistical analysistechniques used to compare before and after traffic operations.

MEASURES OF EFFECTIVENESS

The primary goal in using CLAS for daily recurring operations is to accommodate traffic
demands (especialy turning traffic) that vary during the day. Space management techniqueswould
be expected to minimize lane distribution imbalances across all lanes of the approach, resulting in
shorter queues and less total approach delay. Queue length at onset of green (measured by the
number of vehiclesin the queue) and average vehicle delay wereidentified asthe primary measures
of effectiveness (MOES) for making comparisons of the before (with permissive double turns) and
after (with shared-turn operations) TOD implementation of CLAS. A secondary measure of
effectiveness identified was lane use violations.

DATA COLLECTION

Once candidate interchanges for TOD operations were identified, additional data were
collected to quantify traffic conditions at the three interchanges (Mangum, West 34", and Hollister)
before TOD operations began. The data collection plan included a combination of manual queue

counting and video recording of traffic demand.

Figure 4 shows the data collection setup. A camera was used to record traffic movements
at the stop line. Since long queues could not be adequately estimated from the video tapes, study
personnel stationed at the rear area of expected queuing recorded traffic demands (with respect to
thered and green intervalsof signal operations) and the queues at the onset of effectivegreen. They
collected manual queue countsfor oneto two hoursduring the peak periodsidentified in the 24-hour
tube counts and manual turning movement counts.
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To ensure that datawas collected during atypical traffic conditions, reducing the chances of
estimating M OEsfrom datainfluenced by outside events (incidents, weather conditions, etc.), queue
study turning movement counts were compared to the automatic tube count data and previous
manual turning movement counts. During data collection, TTI personnel halted collection if any
unusual eventsoccurred. Before datawas collected on oneday for all cyclesduring one peak period
at each interchange. After datawas collected for al cyclesduring the peak period for three separate
days (one day during thefirst two weeks of TOD operation, one day during the ninth week of TOD
operation, and one day during the 17th week of TOD operation).

Data Reduction

Use of CLASfor TOD recurring operation isintended to reduce delay and queues by more
uniformly distributing vehicles across al travel lanes. Therefore, MOEs were found for each
individual lane. The analysis period used for this study was the peak 60 minute period during each
peak period. Queue lengths at onset of effective green were found for each lane. During data
collection, personnel noted several signal timing parametersin thefield. Cycle length, green time,
vehicle arrivals during the green and red intervals, and departures served during the green and red
intervals were each noted for individual lanes. For thisanalysis, the cycle was assumed to begin at
the onset of thered interval and end at the onset of thered interval for the next phase of the frontage
road approach.

Datacollected in thefield consisted of thetime of onset of red, time of onset of green, queue
length at onset of red, and vehicles arriving during the red interval. Data collection of vehicles
serviced during the green interval and those vehicles departing during the red interval (right-turns-
on-red) were taken from video recordings. Other arrival and queue information was derived from
mathematical equations. Figure5 givesagraphical representation of the calculationsto derivethe
queue length at onset of green and arrival rate during green. At the onset of red, there are Qg,
number of vehiclesin queue at the beginning of the n™ cycle. Vehicles arrive on the red interval
until at the onset of green Q, vehiclesare in queue. When the signal indication changes to green,
the vehicles move through the approach, and the queue begins to dissipate. At the onset of red of
the next (n+1)" cycle, thereare Qg,,., Vehiclesin queue. Thevehiclesin queue at the onset of green
(Qg) result from the addition of the vehicles in queue at the onset of red (Qg,,) and those vehicles

10



arriving during the red interval (A,,) minus any vehicles departing during the red interval (Dg,,), or

Qcn = Qrn + Arq - Dr,  (equation 1).

Because Figure 5 is a simplified representation of queuing at signalized intersections, it does not
show thevehiclesdeparting during thered interval. Atthestudy intersections, thissituationisfound
where vehicles are allowed the opportunity for right-turn-on-red or (at 34™) to U-turn.

Vehicles arriving on green can be found mathematically by subtracting the difference
between queues at the onset of red (Q,) and onset of green (Qg,,) from the number of vehiclesserved
during the green interval (Vg,), or

AGn = VGn - (QGn - QRn+1) (equation 2)

Aspreviously mentioned, the queuelength at onset of red, arrival rateduring thered interval,
and vehicles served during the green interval (and in the case of right-turn-on-red, vehicles served
during the red interval) were noted from videotape and in-field data collection. Table 1 shows an
example of the reduced data collected at West 34™ on February 10, 1998.

Delay Calculation Procedure

Figure 6 presents the basic queuing model showing the cumulative arrival pattern with
respect to time, A(t), and the cumulative departure or service pattern, D(t). The effect of the signal
is seen in the departure pattern D(t) where, since there are no vehicles serviced during the red
interval, the pattern is horizontal. The areabetween curves A(t) and D(t) indicatesthat vehiclesare
waiting in queue. They-axisgivesthelength of the queue, in number of vehicles, at any time. The
vehicles arriving in the queue |eave the queue at the time shown by the horizontal projection of the
difference between the curves. In essence, the area between the curves represents the total vehicle
seconds lost to waiting in the queue, in other words the total approach delay.

11
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16:56:48 | 3 3 2 | 16:57:31 | 0:00:43| 11 15 8 8 12 7 3] 21 18 |0:00:42| 4 8 11
16:58:13 | 2 2 2 | 16:59:13 | 0:01:00| 13 17 17 11 15 16 16 16 | 25 |0:00:42| 8 5 9
| 16:59:561 5 6 2 1 170051 10:00:561 15 19 15 10 13 13 | 22 | 22 22 1000451 9 9 11 |
West 34th PM, February 10, 1998.
Note: Tr = Time at onset of red interval Ar =Vehiclearrivals during red interval L = Left (inside) lane
Qr = Queue at onset of red interval Vg = Vehicles served during green interval M = Middle lane
Tg = Time at onset of green interval Ag = Vehiclearrivals during green interval R = Right (outside) lane

Qg = Queue at onset of green interval



+—— Departures
D(t)

Time (t)

Green Red
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Arrivals ——
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Figure 6. Queuing Diagram for Signalized I nter sections
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The relationships of Figure 6 are applied asin Figure 5 in order to simplify data
collection and delay calculations. The difference between the cumulative number of vehicles
served and arriving isthe net number of vehiclesin queue at the intersection at any time. This
method of delay calculation assumes uniform distribution of the arrivals over the red and green
intervals.

The data collected and reduced were used to develop the pattern of queue buildup since
the slopeis equal to the arrival rate during the red interval. The queue dissipation pattern cannot
be determined simply from taking the slope of the line from queue at onset of green to queue at
onset of red of the next cycle because vehicles will depart at a saturation flow rate, not at arate to
equally distribute themselves over the entire green interval. Therefore, the next step in the
analysis was to determine the service rate or saturation flow rate on each subject approach.

The saturation flow rate is defined as "the equivalent hourly rate at which vehicles can
traverse an intersection approach under prevailing conditions, assuming that agreen signal is
available at al times and no lost times are experienced, in vehicles per hour green or vehicles per
hour green per lane" (3). The saturation flow rate isthe inverse of the time (in seconds) that it
takes to service each vehicle. The Highway Capacity Manual procedure for the calculation of
saturation flow rate was followed for the estimation of saturation flow rates during each study
period. For each lane, vehicle headways were measured for each vehicle in the queue at the
onset of green. The average headway of the fourth vehicle to the last vehicle in queue was
calculated, and the inverse of this value was calculated as the saturation flow rate. An example
of this calculation is shown in Table 2. This table summarizes the data collected for the middie
lane of West 34™ on February 10, 1998, for 15 cycles during the PM peak period. The saturation
flow rate was calculated for each lane at each approach for each study period. Video recordings
were used to determine when each vehicle crossed the stopline at the approach, and a headway
calculation program was used to determine each individual headway. The average saturation
flow rates for each approach (by lane) are summarized in Table 3.
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Table 2. Calculation of Saturation Flow Rates
Headway (seconds)
Vehicle| Cyclel | Cycle2 | Cycle3 | Cycle4 | Cycle5| Cycle6 | Cycle7 | Cycle 8 | Cycle 9 [Cycle 10| Cycle 11| Cycle 12| Cycle 13| Cycle 14| Cycle
15
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 1.98 1.65 2.20 2.69 241 1.87 2.69 2.36 231 2.03 2.36 2.04 2.03 148 2.14
3 1.70 148 181 2.08 2.04 1.38 2.14 181 1.76 242 1.76 1.70 154 1.65 1.82
4 231 181 231 2.15 175 153 2.25 1.76 247 192 1.86 1.59 2.03 2.03 2.14
5 2.36 181 2.09 2.25 1.65 1.38 121 181 192 2.20 1.98 1.65 2.96 1.87 1.92
6 2.20 1.76 153 417 1.38 1.86 1.32 2.03 214 1.98 1.65 1.37 1.60 175 1.92
7 2.03 1.65 1.65 1.93 1.04 1.87 1.59 1.76 2.25 159 1.76 154 159 1.65 1.70
8 1.16 181 2.03 2.25 121 1.76 2.14 3.24 3.96 1.32 2.47 1.37 1.65 297 1.76
9 153 159 171 154 121 242 1.49 1.92 1.76 153 1.70 1.65 159 2.58 121
10 1.32 154 153 131 131 1.64 1.48 1.38 1.97 154 143 2.36 242 2.75 1.92
11 121 2.75 143 1.82 1.65 231 1.65 148 154 132 148 1.49 3.35 159 1.65
12 143 242 143 1.42 1.27 2.09 1.27 1.76 1.60 1.20 1.04 1.65 1.32
13 2.08 1.87 2.15 192 2.25 192 1.37 154 132 131 1.32
14 1.32 181 1.26 143 1.04 154 154 171 2.25 281 3.18
15 1.87 1.26 1.37 1.27 142 142 175 2.86
16 1.70 0.94 143 1.98 1.37
17 1.38 1.26 154 143
18 2.03 181 1.87
19 1.38
20

Middle Lane, US 290 WB Frontage Road at West 34", PM Peak Period, 2/11/98.

Total Headway = 284.65 seconds

Total Average Headway = 1.77 seconds

Total Vehicles = 161 vehicles
Lane Saturation Flow = 2036 vphgpl




Tan) E - ! !
Headway (seconds) Saturation Flow Rate (vphgpl)
Left Middle Right Left Middle Right Approach
MANGUM MID-DAY PEAK HOUR —right turn CLAS
Before 2.05 177 225 1,757 2,039 1,598 5,394
After 2.08 1.90 212 1,739 1,890 1,700 5,330
HOLLISTER AM PEAK HOUR —right turn CLAS
Before 194 194 n/a 1,852 1,860 * n/a
After 1.70 1.75 1.99 2,129 2,062 1,815 6,006
HOLLISTER MID-DAY PEAK HOUR —right turn CLAS
Before 1.92 1.86 214 1,880 1,933 1,684 5,497
After 1.93 1.87 2.14 1,863 1,929 1,687 5,480
WEST 34™ PM PEAK HOUR — left turn CLAS
Before 201 184 181 1,793 2,028 1,846 5,668
After 1.92 1.75 2.02 1.879 2,052 1,789 9,720 |

*No queuing was observed in the right lane during the study period so that saturation flow rates could be calculated.
Right turning vehicles had 100% right turn on red opportunity, so that no queuing was observed in the rightmost
lane during this study period.
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The queue dissipation rate can be determined from the difference of the service rate and
arrival rate during the green interval. The green interval portion of the departure pattern was drawn
with the appropriate slope, and the resulting areas were measured using a trigonometric solution.
Note the slope of the arrival rate curve A(t) would be steeper during peak periods and flatter during
lower demand periods. An example of the delays calculated for each lane is shown in Table 4.
Table 4 summarizes the expected delay for a portion of the PM peak period on the US 290 frontage
road approach to West 34" on February 11, 1998. Data collected in other peak periods and at other
frontage road approaches were reduced in similar calculations.
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February 11, 1998 at US 290 FR @ West 34", PM peak period by lane.

Note:
DNC =Qu

eue did not clear

Tq = Timefor vehiclesto clear the queue (seconds)

Table4. Example of Delay Calculations
Left Lane Middle Lane Right Lane
Vehiclesin Total Average Total Average Total Average Totd Average
Queue at Approach Delay | Approach Delay | Tq Delay Delay Tq Delay Delay Tq Delay Delay
Onset of Green (veh* sec) (sec/veh) (sec) | (veh*sec) | (sec/veh) | (sec) | (veh*sec) | (sec/veh) | (sec) | (veh*sec) | (sec/veh)
34 1681.3 30.02 34.81 586.9 32.60 28.88 551.3 30.63 DNC 543.2 27.16
25 989.0 32.97 17.03 324.6 36.07 17.46 335.1 30.46 18.19 329.3 32.93
30 1393.9 26.81 22.25 276.7 18.45 30.09 495.5 26.08 35.64 621.7 34.54
24 1134.0 23.63 13.58 2139 23.77 30.95 454.7 25.26 DNC 465.3 22.16
25 952.7 21.17 13.27 183.2 16.65 25.07 375.3 22.08 28.83 394.1 23.19
25 1033.9 22.48 23.56 407.8 31.37 31.25 357.0 17.85 18.88 269.1 20.70
34 1619.1 31.14 18.03 291.1 24.26 30.42 465.6 24.51 DNC 862.4 41.07
31 1363.3 28.40 26.37 475.0 33.93 33.29 559.8 27.99 22.13 3285 23.47
30 1352.8 33.82 16.89 303.1 30.31 27.65 531.9 35.46 33.15 517.8 34.52
23 809.8 26.12 23.53 250.4 19.26 12.44 205.3 25.67 20.42 354.1 35.41
15 491.1 14.88 13.98 182.0 18.20 17.18 198.5 16.54 13.31 110.6 10.06
23 844.3 21.11 7.24 98.9 14.12 25.35 425.4 26.59 27.12 320.1 18.83
20 653.0 19.79 14.16 142.9 17.86 DNC 256.0 18.29 20.53 254.1 23.10
25 1151.2 25.03 16.99 251.0 20.92 34.86 541.7 31.87 33.37 358.5 21.09
25 1067.4 23.20 20.61 202.8 15.60 DNC 542.6 30.14 27.61 3220 21.46
21 902.2 20.98 11.05 127.1 12.71 DNC 489.7 23.32 24.11 285.4 23.79
25 1096.4 23.84 19.77 188.3 17.12 33.87 470.3 27.67 DNC 437.8 24.32
28 1385.3 26.64 DNC 476.7 26.48 DNC 488.6 27.14 DNC 420.0 26.25
34 1485.9 28.58 2591 4435 34.12 39.99 686.9 32.71 35.12 355.5 19.75
47 2641.3 46.34 39.48 706.6 4417 38.07 893.6 55.85 DNC 1041.1 41.64
|40 | 20088 [ 4544 | DNC 9113 4142 | DNC 11849 5386 | DNC 9027 41,03 |







3.0 ANALYSISAND RESULTS

As outlined in the study methodology, data were collected and summarized for the before
(permitted double turns) and after (shared-turns) TOD lane assignment changes. This chapter of
thereport focuses on analyzing the data collected and reporting results. Unless otherwise noted, the
term delay means average vehicle delay, queue represents the number of vehiclesin queue at onset
of green, beforeisthe period of time before the recommended TOD changes took effect (February
3, 1998), and after represents the period after TOD changes occurred.

METHODOLOGY OF STATISTICAL ANALYSIS

The following sections explain the statistical analyses used to draw conclusions about the
differences or uniformity in the traffic data. While some of these sections focus on the preliminary
dataanalysis, the bulk concentrates on the statistical comparison of queue length and delaysfor the
before and after data collection periods.

Normalizing the Data

Since severa days of after data were collected, it was necessary to ensure that the different
data sets exhibited similar characteristics before combining for statistical comparisons.  |If
characteristics found among data collected on different days were not similar, the data would need
to be normalized or set with respect to common background variables which most affect delay and
gueue lengths.

Perhapsthetwo greatest influences on delays and queues (given similar traffic demands) are
length of cycle and duration of red interval. If thesetwo parameters vary day to day (or even cycle
by cycle), thiswould not allow for adirect, unbiased comparison of delays and queues for two or
more different days (or cycles). It isrecognized that given alonger cycle length and red interval,
longer queues and increased delay would occur. However, anincreasein cyclelength alone may not
contribute to a significant increase in delay on an approach if an adequate increase in green time
accompanies the increased cycle length. It is therefore necessary to normalize the MOESs (queues
and delays) with respect to cycle length. At each of the study locations, signal timings are on a
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time-of-day pretimed operation. However, field observations did find that cycle lengths and red
intervals could vary somewhat.

Another traffic performance measurethat hasimpact on delay and queuingistraffic demand.
When vehicles arrive at asignal on the red interval, they are delayed by the red indication and the
resulting queue present when they arrive. Therefore, it is necessary to also normalize the datawith
respect to traffic demand volumesin order to account for the additional delays and length of queue
that varies with the commonly random nature of arrivals at an intersection.

The analysis of delays and queuesis done on a cycle by cycle method. This methodology
resultsin aneed to normalize the delays and queues by dividing each of these parameters by the per
cycledemand, essentially reducing the assumed impact of cycle-by-cyclevariancein cyclelengths,
red intervals, and green intervals on traffic demand. An example of a set of normalized data is
shownin Table5. The queueisnormalized by dividing the number of vehiclesin queue at onset of
green in cycle n by the total vehicle demand during the same cycle. The units of the normalized
gueue are vehicles/vehicles of demand volume (per cycle). Delays are normalized in the same
manner, by dividing the average vehicle delay by the per cycle demand volume. The units of the
normalized delay are seconds/vehicle/vehicle of demand volume (per cycle).

Tl ool [zed
Normalized
Total Queue at Average
Demand per Cycle Onset of Green Approach Delay Queue Delay
(vehicles) (vehicles) (sec/veh) (veh/veh) (sec/veh/veh)

58 34 30.02 0.5862 0.5177
29 25 32.97 0.8621 1.1367
52 30 26.81 0.5769 0.5155
48 24 23.63 0.5000 0.4922
44 25 21.17 0.5682 0.4811
49 25 22.48 0.5102 0.4587
49 34 31.14 0.6939 0.6355
49 31 28.40 0.6327 0.5796
44 30 33.82 0.6818 0.7687
29 23 26.12 0.7931 0.9008
33 15 14.88 0.4545 0.4510
37 23 21.11 0.6216 0.5705
39 20 19.79 0.5128 0.5074
44 25 25.03 0.5682 0.5688
47 25 23.20 05319 04937 |
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Testing for Uniformity and Normality of Data

After TOD lane assignment changes were made, study personnel collected data during the
first, ninth, and 17th weeks of operation. They anticipated that violations would increase when
CLAS TOD operations began, but decrease with time as drivers became accustomed to the lane
assignment changes. Even though this after data was collected on three different days for the
violation portion of the study, it was necessary to group the three days of data to complete the
majority of the analysis (testing for changes in delays and queues).

Each data set used should represent typical traffic operations, not those influenced by
external influences (freeway incidents, etc.). Any datasetsfound to possibly be affected by external
influences should not be grouped with data found to be typical. If found to be atypical, data sets
would not be grouped with datafound typical for agiven study approach. Including such datamight
skew results, leading to fal se conclusions about the changesin traffic operationsfrom beforeto after
lane assignment changes were made.

The reduced data (similar to datashown in Table 1) for queues and delays were normalized
for each dataset. Theanalysisof variance (ANOV A) test was undertaken on the grouped set of after
data for each study approach. However, before the ANOVA test was performed, the data were
checked to ensure they satisfied the basic assumption of an ANOV A test, which isthat the data must
fit anormal distribution (4).

For each data set the mean and standard deviation was calculated and used to develop an
expected distribution. The observed frequency was then checked for goodness-of-fit to the normal
distribution using the chi-squaretest. Chi-squaretestscompare how well aset of datamatch agiven
distribution. The hypothesis for the chi-square test was that the observed data set fit the normal
distribution with the level of significance for the test equal to 0.05. The null hypothesis was
accepted if the observed chi-sguare value was less than the critical chi-square value. If the null
hypothesis was accepted (or could not be rejected), then there was insufficient statistical evidence
that the data did not fit the normal distribution. The full results of each chi-square test are shown
in Appendix B, each table summarizing statistical analysis for each of the study approaches.
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Testing for Differences Between Approach Lanes

Useof CLASonaTOD basisismeant to reduce lane imbal ances, |eading to reduced queues
and delays. In order to assess the effect of the use of CLAS as a space management tool, statistical
analysis was undertaken to examine the differences in delays and queues across different lanes on
each study approach. These tests were done on the before and after conditions separately to
determine not if the queues changed before to after, but if lane balance existed before and after
across an approach.

The procedure used to compare average queue lengths and average vehicle delay wassimilar
to the analysis used to compare the uniformity of data collected on different days. The ANOVA test
was used to test if the mean values of delays and queues were equal for each lane. The null
hypothesisfor thisANOV A test was"the mean valuesfor delay (or queues) areequal acrossall lanes
onthe approach.” Thenull hypothesiswasrejected if the observed F-value was greater than critical
F-value. These tests were performed at alevel of significance of 0.05. If the null hypothesis was
rejected (the delays or queue lengths for at least one lane was significantly different than others on
the approach), Fisher’'s Least Significant Difference test of multiple comparison was used to
determine which lane was significantly different.

Testing for Differences Between Before and After Lane Assignment Changes

The most important analysis of changing lane assignment on a TOD basis was how delays
and queues changed from beforeto after TOD changestook effect. Thesedifferenceswereanalyzed
using the standard t-test to compare average normalized val ues of delay and queues before and after
TOD changes. The null hypothesis for this test is "there is no difference in the value of mean
normalized delay (or normalized queue length) for traffic conditions before or after |ane assignment
changes." These tests were performed at alevel of significance of 0.05.

ANALYSISRESULTSBY STUDY SITE
Each analysis of the effects of the changes made in lane assignment based on the TOD

change recommendations is summarized in the following sections.  Please refer to the previous
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section on statistical analysis for discussion on rationale for each statistical test. Complete results
for each test may be found in Appendix B.

Analysisof CLAS TOD Operations—M angum Mid-Day

A brief summary of the results at Mangum during the Mid-Day peak hour is as follows:

. All three days of after data were combined into one data set for comparison to the
before data.

. Delay decreased (however, not at a 95 percent statistically significant level) on the
approach after the CLAS lane use changes took effect.

. Queuesincreased significantly intherightmost lane after the CL A Slane use changes
took effect, but reductions in queue lengths in the left and middle lanes (as traffic
shifted to a lane balance) resulted in no significant change in the average queue
length on the approach. Thiseffect wasexpected dueto theremoval of a100 percent
right-turn-on-red opportunity in the right lane. Delays decreased on the overall
approach, but not to a statistically significant level.

The frontage road approach has three lanes, with CLAS controlling right turn movement.
Typical hourly turning movement traffic volumes for the before and after period are:

Movement Before After

Left Turn 397 (27%) 395 (27%)
Straight 662 (45%) 665 (46%)
Right Turn 414 (28%) 382 (27%)
TOTAL 1473 (100%) 1442 (100%)

Thefirst step in the statistical analysis of before and after conditions at Mangum during the
Mid-Day peak hour was to normalize the queue and delay data (for each cycle). All groups of
normalized data exhibited qualities of the normal distribution. The after set of data was then
checked for uniformity using the ANOV A procedure. The average delays and queues for all three
after data sets were found to be statistically the same; therefore, al three days were grouped to
represent after conditions for the remaining analyses. Table 6 summarizes the statistical analysis
of the normalized mean comparison of the three after data collection periods.
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Queues and Delays Across Lanes

Normalized Delays on Approach Normalized Queues on Approach
Date [ Mean F Faic Test Conclusion | Date | Mean F F.i | Test Conclusion
2/98 | 1.1719 | 0.6813 | 3.0470 | Do not reject Ho | 2/98 | 0.7619 | 0.5582 | 3.0470 | Do not reject Ho
4/98 | 1.2265 | Conclude all three days of after data | 4/98 | 0.7838 | Conclude all three days of after data
collection have statistically same collection have statistically same
average vehicle delay. Can group all average approach queue length. Can
3 daystogether for after data. group 3 days for after data.
| 6/98 | 12726 6/98 | 0.8111

The main objective of using CLAS to optimize lane assignment on a TOD basis is to

aleviate lane imbalances on the frontage road approach. The statistical results for Mangum Mid-

Day are summarized in Table 7. The statistical analysis showed no significant difference in delay

among lanes (before or after TOD lane assignment changes). The average queue length in the right

lane was significantly lower than the left or middle lane queues during before traffic conditions.

However, no significant difference was found in average queue length after TOD |lane assignment

changes took effect, hence alane balance existed. Thislane balance was caused by the occasiona

block of right-turn-on-red opportunity by a through vehicle. While no significant differencesin

delay are evident for the after condition, the change in lane assignment to shared-turns caused a

gueue balance to occur.

Table 7. ANOVA Test fo

(F-test for differences between queues and delays by lane and approach; Ho: means are equal)

Lane | Mean | F | Feit | Test Conclusion | Lane | Mean | F | Ferit | Test Conclusion
Normalized Delays Before Normalized Queues Before
Left 4.9875 | 1.4085 | 3.0473 | Do not reject Ho Left 0.9622 | 9.3553 | 3.0473 Reject Ho
Middle | 4.5656 | Conclude all threelanes experience | Middle | 0.9607 | Conclude at least one of the lanesis
statistically the same average different. Fisher’sLSD indicated
; vehicle delay. ; the right lane has significantly |ower
Right f 3.7931 Right | 0.5954 queues than left or middle.
Normalized Delays After Normalized Queues After
Left 4.2413 | 0.1619 | 3.0125 | Do not reject Ho Left 0.8588 | 1.2319 | 3.0125 | Do not reject Ho
Middle | 4.2800 | Conclude all three lanes experience | Middle | 0.8977 | Conclude all three lanes experience
statistically the same average statistically the same average queue
Right | 4.5607 vehicle delay. Right | 0.8060 length (lane balance exists).
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Queues and Delays Before and After CLASTOD Changes

Themost important comparison of thisresearch wasto determineif the TOD laneassignment
change significantly improved operations at each study approach. The results of the analysis are
presented in Table 8. The analysis revealed that average delays decreased for the entire approach,
left lane, and middle lane, and increased for the right lane. However, these decreases and increases
were not statistically significant differences in delay between before to after lane assignments.
Queue lengths in the right lane were found to have significantly increased from before to after the
change to the shared-turn lane assignment.

It is interesting to note that while queue length increased in the right lane from before to
after, no statistically significant increase in delay was observed. This may be explained by the
observation that as drivers approach the intersection during the beginning of the red interval, they
tend to choose the left and middle lanes so they may not interfere with right turning traffic.
However, as queues build in the left and middle lanes, drivers approaching the back of the queue
realizetheright laneis available for the through movement and begin to use the right lane to queue
for thethrough movement near themiddle or end of thered interval. Whilethe opportunity for right-
turn-on-red is lost, it may typically not be lost until near the end of the red interval, leaving the
average delay about the same, but significantly increasing the average queue length in theright lane
at the onset of the green interval.

Table 8. Direct Comparison of Before and After Queues and Delays: Mangum Mid-Day Peak Hour

t-Test for differences between delays and queues pre/post TOD implementation (Ho: means before and after are same)

Lane | Mean Before | Mean After | t Lot | Test Conclusion | Comments
Normalized Delay
Left 4.9875 4.2413 1.2571 | 1.9700 | Do not reject Ho | Conclude no significant change in delay
in |eft lane before to after.
Middle 4.5656 4.2800 0.5477 | 1.9700 | Do not reject Ho | Conclude no si 8nificant changein delay
in middle lane before to after.
Right 3.7931 4.5607 -0.6241 | 1.9700 | Do not reject Ho | Conclude no significant change in delay
in right lane before to after.
Approach 1.3203 1.2237 1.3506 | 1.9949 | Do not reject Ho | Concludeno si gnificant changein delay
on approach before to after.
Normalized Queue
Left 0.9622 0.8588 1.1397 | 1.9944 | Do not reject Ho | Conclude no significant changein
queue in left lane before to after.
Middle 0.9607 0.8977 0.7484 | 1.9700 | Do not reject Ho | Conclude no significant changein
queue in middle lane before to after.
Right 0.5954 0.8060 -2.2524 | 1.9700 Reject Ho Conclude that the right lane

experienced a significant increase in
queue length after lane assignments
changed to shared turns.

Approach 0.8011 0.7856 0.4083 | 1.9700 | Do not reject Ho | Conclude no significant change in
g}-/%all approach queue length before to
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Analysisof CLASTOD Operations. Hollister Mid-Day

A brief summary of the results at Hollister during the Mid-Day peak hour is as follows:

. All three days of after data were combined into one data set for comparison to the
before data.

. No lane balance existed before CLAS changed indications from double-right to
shared-right. The opportunity for right-turn-on-red before lane use created
significantly lower queues and delays in the right lane. The change to shared
operations did not alleviate this lane imbalance.

J Delays and queues significantly increased after the change to shared-right turn
operations, both in the rightmost lane, and for the overall approach.

The frontage road approach has three lanes, with CLAS controlling right turn movement.
Typica hourly turning movement traffic volumes for the before and after period are:

Movement Before After

Left Turn 236 (16%) 248 (18%)
Straight 787 (53%) 790 (56%)
Right Turn 466 (31%) 372 (26%)
TOTAL 1489 (100%) 1410 (100%)

Once the queue and delay information was normalized, each set of before and after queue
and delay data was tested for fit to a normal distribution using the chi-square test. All groups of
normalized data exhibited qualities of the normal distribution. The after set of data was then
checked for uniformity among the different days of data collection. The statistical results are
presented in Table9. The average delays and queuesfor all three after TOD change data sets were
found to be statistically the same; therefore, al three dayswere grouped to represent after conditions
for the remaining analyses.
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Normalized Delays on Approach Normalized Queues on Approach
Date | Mean F Faic Test Conclusion | Date | Mean F F.i | Test Conclusion
2/98 | 1.5639 | 0.5646 | 3.0603 | Do not reject Ho | 2/98 | 0.8881 | 0.3292 | 3.0603 | Do not reject Ho

4/98 | 1.4937 | Conclude all three days of after data | 4/98 | 0.9073 | Conclude all three days of after data

collection have statistically same collection have statistically same
average vehicle delay. Can group all average approach queue length. Can
3 daystogether for after data. group all 3 days for after data.

6/98 | 1.4536 6/98 | 0.8658

Queues and Delays Across Lanes

Thenext stepintheanaysiswasto test for the differencesin delaysand queuelengths across
lanes to determine if lane imbalances existed either before or after changes in lane assignment.
Statistical results are summarized in Table 10 (detailed statistical output is shown in Appendix B).
The statistical analysis revealed that before delays were significantly lower in the right lane than
either the left or middielanes. After the lane assignments were changed, the delays experienced in
the right lane increased to the level where they were not statistically different than those in the | eft
and middle lanes. However, the left lane experienced significantly lower delays than the middle

Lane | Mean | F | Feit | Test Conclusion | Lane | Mean | F | Ferit | Test Conclusion
Normalized Delays Before Normalized Queues Before
Left | 42293 | 12.4320 | 3.0564 Reject Ho Left 0.9193 | 36.9789 | 3.0564 Reject Ho
Middle | 5.0735 | Conclude at least one of the lanesis Middle | 1.0952 | Conclude at least one of the lanesis
different. Fisher’sLSD indicated the different. Fisher’'sLSD indicated the
right lane has sdg?nlfl cantly lower delay right lane has significantly lower
than left or middle. gueues than left or middle.
Right | 2.5642 Right | 0.4862
Normalized Delays After Normalized Queues After
Left | 47634 | 3.7724 | 3.0168 Reject Ho Left 0.8865 | 11.5984 | 3.0168 Reject Ho
Middle | 5.9010 | Conclude at least one of the lanesis Middle | 1.1156 | Conclude at least one of the lanesis
different. Fisher’sLSD indicated the different. Fisher’sLSD indicated the
middle lane has significantly higher middle lane has significantly higher
delay than the left Tane. gueues than left or right.
Right | 5.0419 Right | 0.9142
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The queues before were significantly lower in the right lane, and after the lane assignment
was changed, queues in the right lane balanced with those in the | eft lane, with significantly longer
gueues in the middle lane. Lane balance did not occur before or after the change from double to
shared turns.

Queues and Delays Before and After CLASTOD

Themost important comparison of the analysiswasto determineif the TOD lane assignment
change significantly improved operations at each study approach. The results of the analysis are
presented in Table 11. The statistical analysis reveaed that while the average delays increased for
the entire approach from beforeto after, theleft lane and middlelane did not experience asignificant
increasein delay. Delaysdid significantly increasein the right lane from before to after when lane
assignments were changed. The analysis also revealed similar results for average queue lengths,
whereby the average queue lengths increased on the combined approach and on the right lane, but
no significant queue length increase was experienced on the left and middle lanes. Queue lengths
and delays increased on the overall approach and the right lane because of the additional vehicles
in queue in theright lane. The full-time opportunity for right-turn-on-red was taken away by the
shared-turn configuration, and additional delay was experienced by vehicleswaiting in queueinthe
right lane—enough, in fact, to significantly increase the average delay on the entire approach.

t-Test for differences between delays and queues pre/post TOD implementation (Ho: means before and after are same)

Lane Mean Before | Mean After | t | Lot | Test Conclusion Comments
Normalized Delay
Left 4.2293 4.7634 -1.5463 | 1.9723 | Do not reject Ho | Conclude no significant change in
delay in left lane before to after.
Middle 5.0735 5.9010 -1.6618 | 1.9723 | Do not reject Ho | Conclude no significant change in
delay in middlelane before to after.
Right 2.5642 5.0419 -3.3022 | 1.9723 Reject Ho Delay significantly increased from
before to after in right lane.
Approach 1.2505 1.6003 -3.7177 | 1.9723 Reject Ho Delay significantly increased from

before to after on‘approach.

Normalized Queue

Left 0.9193 0.8865 0.6860 | 1.9723 | Do not reject Ho | Conclude no significant change in
queuein left lane before to affer.
Middle 1.0952 1.1156 -0.2603 | 1.9723 | Do not reject Ho | Conclude no significant change in
queue in middle lane before to after.
Right 0.4862 0.9142 -5.5934 | 1.9723 Reject Ho Queue significantly increased from
before toafter in right lane.
Approach 0.8114 0.9304 -3.0253 | 1.9723 Reject Ho Queue significantly increased from

before to after on approach
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Analysisof CLASTOD Operations. West 34" PM Peak Hour

A brief summary of the results at West 34th during the PM peak hour is as follows:

. All three days of after data were combined into one data set for comparison to the
before data.
. A lane balance was not indicated before or after CLAS lane use indication was

changed from double-left to shared-left turns. The |eft lane experienced less delay
and shorter queues than middle and right lanes in both instances.

J Queues decreased significantly on the entire approach when lane use was changed
to shared-turn indications. Delays decreased for the left lane and for the total
approach. However, the associated reduction in delay was not statistically
significant.

The frontage road approach has three lanes, with CLAS controlling right turn movement.
Typical hourly turning movement traffic volumes for the before and after period are:

Movement Before After

Left Turn 565 (28%) 474 (21%)
Straight 1326 (66%) 1663 (75%)
Right Turn 121 (06%) 88 (04%)
TOTAL 2012 (100%) 2225 (100%)

Once the queue and delay information was normalized, each set of before and after queue
and delay data was grouped and tested for fit to a normal distribution using a chi-squaretest. All
groups of normalized data exhibited qualities of the normal distribution. The after set of datawas
then checked for uniformity using the ANOV A procedure. Statistical resultsare presented in Table
12. When all data sets of normalized data were grouped, the entire distribution did not exhibit the
gualities of the normal distribution. Fisher’s test of least significant difference was used to
determine which of the after data collection days were statistically different. The data collected
during June 1998 was found to be significantly different than datafor February and April 1998. As
aresult of these findings, data from the June 1998 data collection period were excluded from the
after data set used in subsequent analyses.
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Normalized Delays on Approach Normalized Queues on Approach
Date [ Mean F Faic Test Conclusion | Date | Mean F F.i | Test Conclusion
2/98 | 0.8575 | 6.5997 | 3.0681 Reject Ho 2/98 | 0.8450 | 9.1482 | 3.0681 Reject Ho
4/98 | 0.8441 | Conclude all three days of after data | 4/98 | 0.7831 | Conclude all three days of after data
collection do not have statistically collection do not have statistically
same average vehicle delay. Fisher’s same average queues. Fisher's LSD
LSD test indicates June ‘98 data test indicates June ‘ 98 data
significantly different. Do not use significantly different. Do not use
June’98 data in after analysis. June’98 data in after analysis.
6/98 | 0.6829 6/98 | 0.6547

Queues and Delays Across Lanes

Thenext stepintheanalysiswastotest for thedifferencesin delaysand queuelengthsacross
lanesto determineif laneimbalances exist. The statistical resultsare summarizedin Table13. The
statistical analysis reveaed that there was no significant difference in delay among lanes before or
after TOD lane assignment changes. However, the left lane during before conditions experienced
significantly lower queue lengths than the middle and right lanes, indicating that motorists were not

fully utilizing the left l1ane.

able ANOVA Test for Equal Mean Queue and Delay: West 34" PM Peak Hour
(F-test for differences between queues and delays by lane and approach; Ho: means are equal)
Lane | Mean | F | Feit | Test Conclusion | Lane | Mean | F Ferit | Test Conclusion
Normalized Delays Before Normalized Queues Before
Left | 3.1409 | 1.1833 | 3.0664 | Do not reject Ho Left 0.8228 | 8.5184 | 3.0664 Reject Ho
Middle | 2.3882 | Conclude all three lanes experience Middle | 1.0214 | Conclude at least one of the lanesis
statistically the same average vehicle different. Fisher’sLSD indicated the
delay. left lane has significantly lower
gueues than middle or right.
Right | 2.7325 Right | 1.0624
Normalized Delays After Normalized Queues After
Left | 2.6469 | 1.6191 | 3.0316 | Do not reject Ho Left 0.7721 | 3.8923 | 3.0316 Reject Ho
Middle | 2.5072 | Conclude all three lanes experience Middle | 0.8425 | Conclude at least one of the lanesis
statistically the same average vehicle different. Fisher’sLSD indicated the
delay. left lane has significantly lower
gueues than middle or right.
Right | 2.8175 Right | 0.8983
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After lane assignments were changed, the left lane experienced significantly shorter queue
length than theright lane, but no significant difference was shown between theleft and middlelanes.
The analysisaso showed that no significant difference in queue lengths existed between the middle
and right lanes. A lane balance was not achieved for after conditions because the average queue
length in the middle and right lanes were significantly higher than those in the | eft lane.

While no significant differencesin delay were evident before or after the lane assignments
changed, the average queue lengths did exhibit a lane imbalance before lane assignments were
changed. After lane assignments changed to a shared-turn configuration, a queue shift seemed to
occur since it was found that the left lane had no significant difference in average queue length than
the middie lane.

Queues and Delays Before and After CLASTOD Changes
Themost important comparison of thisresearch wasto determineif the TOD laneassignment

change significantly improved operations at each study approach. The results of the analysis are
presented in Table 14.

t-Test for differences between delays and queues pre/post TOD implementation (Ho: means before and after are same)

Lane Mean Before | Mean After t torit Test Conclusion | Comments
Normalized Delay
Left 3.1409 2.6469 0.8225 | 2.0117 | Do not reject Ho | Conclude no significant change in delay
in |eft lane before to after.
Middle 2.3882 2.5072 -0.7698 | 1.9788 | Do not reject Ho | Conclude no significant change in delay
in middle lane before to after.
Right 2.7325 2.8175 -0.4258 | 1.9788 | Do not reject Ho | Conclude no significant change in delay
in right lane before to after.
Approach 0.8730 0.8608 0.2608 | 1.9788 | Do not reject Ho | Conclude no significant change in delay

on approach before to after.

Normalized Queue

Left 0.8228 0.7721 0.7879 | 1.9788 | Do not reject Ho | Conclude no significant change in
queue length in left lane before to after.
Middle 1.0266 0.8425 4.0363 | 1.9790 Reject Ho Queue significantly decreased from
before to after in middle lane.
Right 1.0624 0.8983 3.1245 | 1.9788 Reject Ho Queue significantly decreased from
before to after in right lane.
Approach 0.9711 0.8236 3.7850 | 1.9788 Reject Ho Queue significantly decreased from
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Theanalysisindicated areduction in delay for the left lane and total approach, although not
statistically significant. However, queue lengths did significantly decrease on the approach and in
themiddleandright lanes. Eventhough queuesdid decrease, no significant changein average queue
length was observed for the |eft lane after the lane assignment change.

LANE USE VIOLATIONS

Direct comparison of safety at each frontage road approach studied was not viable given the
time lag associated with accident information (one year or more). However, someinsight could be
gained from an examination of lane use violations before and after the lane assignments were
changed, as these represent traffic conflicts. It isassumed that if lane assignments are not suitable
for agiven set of traffic conditions, there would be a tendency for some motorists to violate those
lane assignments to shorten their individual timein queue. On the contrary, if lane assignmentsare
appropriate, motorists will not tend to violate the lane assignment to gain advantage in the queue
since arelative balance will occur. Table 15 summarizes peak hour violations for each day of data
collection.

Table15. | aneUse Violations:. Before and After CLASTOD Implementation
| Beforel 2/98| 4/98| 6/98 IBeforei 2/98| 4/98| 6/98

Mangum Mid-Day Peak Hour Hollister AM Peak Hour
Cycles/Hour 44 42 43 42 Cycles/Hour 51 40 40 41
Vehicles 2,137| 2,225( 2,256 2,182 Vehicles 1,210| 1,115| 1,135] 1,116
Violations 46 7 14 12 Violations 10 0 0 0

Violation/Cycles 1.045]| 0.167| 0.326] 0.286| Violation/Cycles 0.196]| 0.000| 0.000| 0.000
Violation/Vehicles| 0.021] 0.003| 0.006| 0.006 || Violation/Vehicles| 0.008( 0.000| 0.000]| 0.000

Hollister Mid-Day Peak Hour West 34™ PM Peak Hour
Cycles/Hour 60 60 60 60 Cycles/Hour 51 52 51 40
Vehicles 1,473| 1,442( 1,462| 1,606 Vehicles 1,505( 1,410| 1,400| 1,416
Violations 48 5 1 3 Violations 26 2 0 7

Violation/Cycles 0.800| 0.083| 0.017| 0.050(f Violation/Cycles 0.510| 0.038] 0.000| 0.175

| Vidlation/Vehicles| 0.0331 00031 0.0011 0.002] Violation/\Vehicles] 00171 00011 0.000( 0.005
Note: Violations/Vehicles represents the ratio of total violations per peak hour demand.




At each study frontage road approach, violations decreased after the lane assignments were
changed. Before the lane assignment change, during double-turn operations, the violation was a
through movement in "must turn” lane. The violation after the lane assignment change was aright
or left turnfromthemiddlelane. It wasexpected that viol ationswould decrease with these changes.
Violations did decrease significantly at each study approach, indicating fewer vehicle conflicts and
asafer operation. This may imply that even though statistical reductionsin delays and queues may
not be seen for each approach beforeand after thelane assignment changed, driver expectationswere
not violated by using the shared-turn configurations at these approaches.
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4.0 FINDINGS AND CONCLUSIONS

The goal of this study was to assess the effectiveness of using the CLAS signsinstalled on
the westbound frontage road of US 290 to optimize lane use on a TOD basis. Data collection for
before and after conditions was undertaken during several periodsfrom October 1995 to June 1998.
Thedatacollectedincluded automati c vehicle counts, manual turning movement counts, and manual
and video recorded demand studies, saturation flow studies, and queue studies. An analysis of
candidate intersections for TOD based changes was undertaken, and it was recommended that the
lane use assignments for the Mangum (Mid-Day peak period), Hollister (AM and Mid-Day peak
periods), and West 34" (PM peak periods) be changed from double-turn to shared-turn lane
assignments. These changes were implemented February 3, 1998. Queue, saturation flow, and
traffic demand data collection were completed during the first, ninth, and 17th weeks after the
change. Following completion of the study and analyses, it was found that the Hollister AM peak
period queue and delay data were unusable and were deleted from this report.

SUMMARY OF FINDINGS

Datacollected inthefield werethen reduced, and delays and queues were cal cul ated on a per

cyclebasis. Statistical comparisons revealed the following:

. Mangum Mid-Day. Delays decreased in the left and middle lane, as well asfor the
overall approach, although these changes were not statistically significant. During
permitted doubleright turn operation (before), alaneimbal ance existed (Ieft lane and
middle lane queues were significantly higher than queuesin right lane). After the
lane assignment was changed to the shared-turn configuration, a lane balance
occurred. The increase in average queue length in the right lane after may be
attributed to eliminating the full-time opportunity for right-turn-on-red and the
additional queue due to an occasional vehicle blocking the right lane right-turn-on-
red movement.

. Hollister Mid-Day. Both queuelengthsand delaysincreased on the overall approach
(and theright lane) because of the additional vehiclesin queueintheright lane. The
full-time opportunity for right-turn-on-red was removed by the shared-turn
configuration, and additional delay was experienced by vehicleswaiting in queuein
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the right lane—enough, in fact, to contribute to a significant increase in the average
delay on the entire approach.

Statistical analysis revealed that during operations as a double right turn approach
(before), delays were significantly lower in the right lane than either the left or
middle lanes. After the lane assignments were changed, delays in the right lane
increased to the level wherethey were not statistically different than thosein the left
and middlelanes. However, theleft lane experienced significantly lower delaysthan
the middie lane.

Queues before were significantly lower in the right lane, and after the lane
assignment was changed, queuesin theright lane balanced with those seen in the | ft
lane, with significantly longer queues in the middle lane. A lane balance did not
occur before or after the change from double to shared-turns.

. West 34" PM. The statistical analysis revealed no significant change in delays
occurred on the approach (or on any onelane) before or after the change from double
left turn to shared left turn operation. However, queue lengths did significantly
decrease on the approach (as well asthe middle and right lanes). The average queue
lengthsdid exhibit alaneimbal ance beforelane assignmentswere changed; however,
after lane assignments changed to a shared-turn configuration, a queue shift seemed
tooccur. Theleft lane had no significant differencein average queue length than the
middle lane.

. All Locations. CLASviolations(prohibited movement) decreased significantly from
before to after the lane use changes were implemented.

CONCLUSIONS
Conclusions made from the findings of this study are as follows:

1 The CLAS concept was installed along the westbound frontage road with the
anticipation of being used for both incident management and time-of-day operation.
Benefits of using CLAS for recurring (TOD) demand management for the three
intersections studied were mixed. While showing reduced delays and queuing in
some locations and improved lane balance in some cases, the improved lane balance
was sometimes countered by increased delays, especially at right turn CLAS
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applications. The anticipated, statistically significant reductions in total approach
delay were not observed at the three locations studied.

2. Operational characteristicsand impactsof CLASoperation differ for doubleleft turn
and doubleright turn applications(i.e., permitting through vehiclesinaright lane has
adiffering impact than through vehiclesin aleft lane) because of the relationship to
the ability to turnright onred. Thiswouldimply use of alower threshold (e.g., right
turning percent of approach traffic) for eliminating permitted double right turn
operations than would be used for eliminating double left turns.

3. Where a clear operational benefit (either a reduction of delay or queuing) is not
indicated for the use of CLAS in permitted double-turn operation, shared operation
should be considered since it resultsin alower number of violations.

4. Conclusionscan only bedrawn fromthe analysisof thethree CL A Slocations studied
and the range of operational characteristics these intersections represent. The
primary anticipated benefits of CLAS—reduced approach delay and reduced
queuing—weregenerally not foundto be statistically significant at thethreelocations.
However, the application of CLAS for TOD operation should not be discounted for
locationswith differing demand and vehicleturning characteristics. Thestudy of the
prototype (left turn) CLAS instalation (5) found significant operational
improvements from use in TOD operation at IH-10/Voss in Houston. Additional
study is needed to assess those demand characteristics and the threshold conditions
for implementation of CLAS TOD operations.

RECOMMENDATIONS

1 Additional evaluation of TOD operation on frontage roads at other locations is
needed to assessdemand characteristicsand threshold conditionsfor implementation
of CLAS TOD operations.

2. A unique network technology (Echelon LonWorks), which transmitted sign control
dataover thesigns power lineswasincorporated inthe design of CLAS. Useof the
power lines for data transmission created deployment and maintenance problems.
Both TxDOT and its contractor recommend that thistechnol ogy not be designedinto
future CLAS projects and that conventional data communications methods be used
instead.
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APPENDIX A. ANALYSISOF DAILY TRAFFIC OPERATIONS
AND RECOMMENDATIONSFOR TOD
LANE ASSIGNMENT CHANGES

SELECTION OF LOCATIONSFOR DAILY TRAFFIC OPERATIONS

One advantage of the CLAS system isthat it can be used to manage space (or the allowable
turning movements) during different time periodswhich have different turning movement demands.
Thisanalysis used turning movement counts, lane distribution counts, and queue studiesto develop
a schedule for pre-timed operation of the US 290 CLAS system. These data also provided the
description of before conditions for the evaluation of CLAS operations.

Turning movement counts for each of the CLAS intersections were used to examine the
possible lane distribution patterns for each time period (AM, Mid-Day, and PM peaks). Table A-1
summarizes this analysis. The average number of vehicles expected per cycle was computed for
each movement. To account for the reduced capacity caused by turning vehicles, the left-turning
vehicleswereweighted by 1.05 (Highway Capacity Manual reduces capacity of left turnsby afactor
of 0.95—the weighting increases the space [or time] allotment for left-turning vehicles) and right
turns were weighted by 1.18 (1/0.85 or the relative time aright turning vehicle occupies).

For instance for Mangum AM, a cycle length of 80 seconds results in 45 cycles per hour.
If there are 202 left-turning vehicles, you could expect an average of 4.48 |eft-turning vehicles per
cycle. Sinceit isknown that turning vehicles take additional time to turn as compared to through
vehicles, the 4.48 vehicles per cycle is multiplied by the factor of 1.05. This gives about 4.7
equivalent vehicles per cycle that turn left, with 4.4 vehicles through, and 6.8 equivaent turning
vehicles turning right (262 total right turns/45 cycles/0.85). This technique is used to provide a
relative measure of how much more time aturning vehicle requires compared to athrough vehicle.

An example of how the lane configurations were determined for this study follows. For
example, for the Mangum AM (possible double right), there are (on average) 4.7 vehicles turning
left, 4.4 through vehicles, and 6.8 vehiclesturning right. Since the left turns must share alane with
through moving vehicles, it is assumed that, on average, alane balance would occur. The average
vehiclesin the left two lanes (4.6 vehicles) are compared to the average right turn arrivals per cycle
(6.8). If the average right turns were greater than the average left and through shared volumes, a
double right turn configuration was recommended. This configuration also insures the right lane
would beavailableat all timesfor right-turn-on-red. At doubleleft turnintersections, if the average
right and through movement arrivals exceeded the right turn arrivals, a through configuration was
recommended. Under this procedure, only Mangum Off-Peak, Hollister AM and Off-Peak, and
West 34th PM would use the three through lane configuration.



Table Al. LaneDistribution Analysis

INTERSECTIONSWITH DOUBLE RIGHT CONFIGURATIONS

Movement Volume Vehicle/Cycle
(LT+RT Adjusted)

L T RG RR RTotal L T R L+T Avg. Config.
202 200 262 4.7 4.4 6.8 4.6 DBL
387 555 332 6.8 9.3 6.5 8.0 THRU
250 871 174 437 611 5.8 19.4 16.0 12.6 DBL

L T RG RR RTotal L T R L+T Avg. Config.

79 286 271 18 6.4 7.1 4.1 DBL

63 606 533 11 10.1 10.5 5.6 DBL

65 992 733 75 808 15 22.0 21.1 11.8 DBL

L T RG RR RTotal L T R L+T Avg. Config.

26 438 293 0.6 9.7 1.7 5.2 DBL

44 511 513 0.8 8.5 10.1 4.6 DBL

28 1074 556 296 852 0.7 23.9 22.3 12.3 DBL

L T RG RR RTotal L T R L+T Avg. Config.
279 414 221 6.5 9.2 5.8 7.9 THRU
204 527 277 4.2 10.2 6.3 7.2 THRU

67 832 226 252 478 1.6 18.5 12.5 10.0 DBL

L T RG RR RTotal L T R L+T Avg. Config.
281 52 202 74 13 5.9 4.3 DBL
292 71 419 6.0 14 9.6 3.7 DBL
133 875 347 245 592 3.5 21.9 17.4 12.7 DBL

L T RG RR RTota L T R L+T Avg. Config.

0 94 448 0.0 21 11.7 1.0 DBL

0 236 801 0.0 3.9 15.7 2.0 DBL

2 396 1271 537 1808 0.0 8.8 47.3 4.4 DBL

Movement Volume

Vehicle/Cycle
(LT+RT Adjusted)

T

RG RR

L

T

R

135
9.7
13.1

9.1
115
30.8

14
53
17.9

L

T

R

7.8
81
20.7

3.7
3.7
19.5

0.3
05
3.2

L

T

R

56
86
192

17.0
7.0
14.9

12.8
9.8
16.1

15
17
5.0

RTotd

L

T

R

NOTE: C=cyclelength
L = left turn
T = through

182
275
474 1012

RG = right-turn-on-green
RR = right-turn-on-red

538

75
6.0

Config. = turn configuration

0.8
0.6
24

4.8
54
26.5

THRU = shared-turns

DBL = doubleturns
R =right turn



The recommended TOD operation for use in this study is summarized as follows:

Antoine, Bingle, Fairbanks/North Houston, Beltway 8/Senate, Jones, Eldridge, and
FM 1960 would continue to operate in permitted double-turn configuration 24 hours
aday, seven days per week.

Mangum would operate in permitted double right turn configuration from 6:00 am.
to 11:00 am. and 2:00 p.m. to 6:00 am. on weekdays and operate in the basic
shared-turn configuration from 11:00 am. to 2:00 p.m. Mangum would operatein
double right turn configuration 24 hours on Saturday and Sunday.

West 34" would operate in permitted double |eft turn configuration from 6:00 am.
to 2:00 p.m. on weekdays and operate in the basic shared-turn configuration from
2:00 p.m. to 8:00 p.m. West 34" would operate in double left turn configuration
from 8:00 p.m. to 6:00 a.m. on weekdays and 24 hours on Saturday and Sunday.

Hollister would operate in permitted double right turns from 2:00 p.m. to 6:00 am.
on weekdays and operate in the basic shared-turn configuration from 6:00 am. to
2:00 p.m. Hollister would operate in double right turn configuration 24 hours on
Saturday and Sunday.






APPENDIX B. RESULTSOF STATISTICAL ANALYSES

TESTSFOR NORMALITY AND UNIFORMITY

Because after datawas collected on three different daysfor the violation portion of the study, it was
necessary to group these three days of data to complete the mgjority of the analysis (testing for
changesin delays and queues).

Test for Normality

For each data set, the mean and standard deviation were cal culated and used to devel op an expected
distribution. Theobserved frequency wasthen checked for goodness-of-fit to thenormal distribution
using the chi-square (X?) test. Chi-square tests compare how well a set of data matches a
distribution. The null hypothesis for the chi-square test was:

Ho: the observed data set fits the normal distribution
H1: the observed data set does not fit the normal distribution

Level of significance = 0.05.
Reject null hypothesisif X?, o ver > Xuitica

Test for Uniformity

Each data set used should represent typical traffic operations, not those influenced by external
influences (freeway incidents, etc.). Any data sets found to be possibly affected by external
influences should not be grouped with data found to be typical. If found to be atypical, data sets
would not be grouped with data found to be typical for a given study approach.

The analysis of variance (ANOVA) test was performed on the grouped set of after data for each
study approach. The null hypothesis for this test was:

Ho: the normalized means for queues (or delays) observed on different days are equal
H1: the normalized means for queues (or delays) observed on different days are not equal

Level of significance = 0.05.
Reject null hypothesisif Fyened > Faitica

The F test identified only if one of the data collection dates was significantly different. 1f Ho could

beregected, Fisher’ sLeast Significant Differencetest was used to find which datawere significantly
different.
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Table B1. Chi-square test for delay normality: Mangum Mid-day Before

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency  Obs Freq. Chi Square
0.2 0.0130 0
0.4 0.0336 0
0.6 0.0760 1
0.8 0.1504 9.026 7 8 0.117
1.0 0.2621 6.700 8 8 0.252
1.2 0.4055 8.602 10 10 0.227
1.4 0.5629 9.449 9 9 0.021
1.6 0.7109 8.879 14 14 2.953
1.8 0.8299 2
2.0 0.9117 4
2.2 0.9599 3
24 0.9841 0
2.6 0.9945 1
2.8 0.9984 0
3.0 0.9996 0
3.2 0.9999 17.338 0 10 3.106
3.4 1.0000
3.6 1.0000
Degrees of Freedom = 4 Observed Chi Square = 6.676
Number of Observations = 60 Table Value Chi Square = 9.488
Test Conclusion= Do not reject Ho
Table B2. Chi-square test for delay normality: Mangum Mid-day After
Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency Obs Freq. Chi Square
0.2 0.0151 0 ‘
04 0.0405 0
0.6 0.0933 16.789 12 12 1.366
0.8 0.1848 16.472 21 21 1.245
1.0 0.3179 23.953 36 36 6.059
1.2 0.4800 29.188 25 25 0.601
1.4 0.6456 29.805 31 31 0.048
16 0.7873 25.504 17 17 2.836
1.8 0.8889 18.288 15 15 0.591
20 0.9499 10.989 10 10 0.089
2.2 0.9807 5.533 8 8 1.100
2.4 0.9936 2
26 0.9982 1
28 0.9996 1
3.0 0.9999 1
3.2 1.0000 0
3.4 1.0000 0
3.6 1.0000 3.480 0 5 0.664
Degrees of Freedom = 8 Observed Chi Square = 14.599
Number of Observations = 180 Table Value Chi Square = 16.507

Test Conclusion= Do not reject Ho
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Table B3. Chi-square test for queue normality: Mangum Mid-day Before

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency Obs Freq. Chi Square

0.2 0.0093 0

0.4 0.0583 1

0.6 0.2157 12.942 11 12 0.069

0.8 0.4982 16.951 22 22 1.504

1.0 0.7817 17.008 16 16 0.060

1.2 0.9406 7

14 0.9904 2

1.6 0.9991 0

1.8 1.0000 0

2.0 1.0000 1

2.2 1.0000 0

24 1.0000 0

2.6 1.0000 0

2.8 1.0000 0

3.0 1.0000 0

3.2 1.0000 0

34 1.0000 0

3.6 1.0000 13.099 0 10 0.733

Degrees of Freedom = 2 Observed Chi Square = 2.365
Number of Observations = 60 Table Value Chi Square = 5.991

Test Conclusion= Do not reject Ho

Table B4. Chi-square test for queue normality: Mangum Mid-day After

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency Obs Freq. Chi Square

0.2 0.0109 0

04 0.0655 11.792 8 8 1.220

0.6 0.2337 30.268 37 37 1.497

0.8 0.5225 51.989 59 59 0.945

1.0 0.7995 49.852 45 45 0.472

1.2 0.9477 26.684 21 21 1.211

1.4 0.9919 7

1.6 0.9993 1

1.8 1.0000 2

2.0 1.0000 0

2.2 1.0000 0

2.4 1.0000 0

26 1.0000 0

2.8 1.0000 0

3.0 1.0000 0

3.2 1.0000 0

3.4 1.0000 0

3.6 1.0000 9.415 0 10 0.036

Degrees of Freedom = 4 Observed Chi Square = 5.382
Number of Observations = 180 Table Value Chi Square = 9.488

Test Conclusion= Do not reject Ho
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Table B5. Chi-square test for delay normality: Hollister AM Before

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency Obs Freq. Chi Square

0.2 0.0062 0

0.4 0.0359 0

0.6 0.1358 3

0.8 0.3455 17.622 19 22 1.088

1.0 0.6196 13.977 11 1 0.634

1.2 0.8428 11.386 11 11 0.013

1.4 0.9562 3

1.6 0.9920 3

1.8 0.9991 0

2.0 0.9999 1

22 1.0000 0

24 1.0000 0

26 1.0000 0

2.8 1.0000 0

3.0 1.0000 0

3.2 1.0000 8.015 0 7 0.129

3.4 1.0000

3.6 1.0000 ,

Degrees of Freedom = 2 Observed Chi Square = 1.863
Number of Observations = 51 Table Value Chi Square = 5.991

Test Conclusion= Do not reject Ho

Table B6. Chi-square test for delay normality: Hollister AM After

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency  Obs Freq. Chi Square

0.2 0.0029 0

0.4 0.0060 0

0.6 0.0118 0

0.8 0.0218 0

1.0 0.0384 0

1.2 0.0641 3

1.4 0.1015 12.181 9 12 0.003

1.6 0.1527 3

1.8 0.2186 14.049 12 15 0.064

20 0.2984 9.579 13 13 1.222

22 0.3894 10.914 12 12 0.108

24 0.4868 11.698 14 14 0.453

26 0.5851 11.794 13 13 0.123

2.8 0.6783 11.184 10 10 0.125

3.0 0.7615 9.977 8 8 0.392

32 0.8312 3

34 0.8863 14.979 3 6 5.382

36 0.9272 4.906 6 6 0.244

3.8 0.9557 2

4.0 0.9745 2

42 0.9861 2

44 0.9928 3

4.6 0.9965 8.317 1 10 0.340

Degrees of Freedom = 7 Observed Chi Square = 8.117
Number of Observations = 120 Table Value Chi Square = 14.067

Test Conclusion= Do not reject Ho
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Table B7. Chi-square test for queue normality: Hollister AM Before

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency ObsFreq. Chi Square

0.2 0.0044 0

0.4 0.0812 1

0.6 0.4300 21.930 25 26 0.755

0.8 0.8518 21.511 20 20 0.106

1.0 0.9882 3

1.2 0.9998 2

14 1.0000 0

1.6 1.0000 0

1.8 1.0000 0

20 1.0000 0

22 1.0000 0

24 1.0000 0

2.6 1.0000 0

2.8 1.0000 0

3.0 1.0000 0

3.2 1.0000 0

34 1.0000 0

3.6 1.0000 7.559 0 5 0.866

Degrees of Freedom = 1 Observed Chi Square = 1.728
Number of Observations = 51 Table Value Chi Square = 3.841

Test Conclusion= Do not reject Ho

Table B8. Chi-square test for queue normality: Hollister AM After

Grouped Grouped
Expected Observed Category
Range Prob. Frequency  Frequency Obs Freq.  Chi Square

0.2 0.0036 0

0.4 0.0201 0

0.6 0.0780 9.364 7 7 0.597

0.8 0.2163 16.589 17 17 0.010

1.0 0.4399 26.835 38 38 4.646

1.2 0.6852 29.440 31 31 0.083

14 0.8678 21.906 13 13 3.621

1.6 0.9599 4

1.8 0.9914 6

2.0 0.9987 2

2.2 0.9999 2

24 1.0000 0

26 1.0000 0

2.8 1.0000 0

3.0 ~1.0000 0

3.2 1.0000 0

3.4 1.0000 0

3.6 1.0000 15.866 0 14 0.219

Degrees of Freedom = 4 Observed Chi Square = 9.175
Number of Observations = 120 Table Value Chi Square = 9.488

Test Conclusion= Do not reject Ho
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Table B9. Chi-square test for delay normality: Hollister Mid-day Before

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency Obs Freq. Chi Square
0.2 0.0081 0
0.4 0.0257 0
0.6 0.0681 1
0.8 0.1511 7.704 4 5 0.949
1.0 0.2831 6.732 11 11 2.707
1.2 0.4539 8.715 11 11 0.599
1.4 0.6340 9.181 7 7 0.518
1.6 0.7883 7.870 7 7 0.096
1.8 0.8959 5
2.0 0.9570 1
22 0.9852 2
24 0.9958 0
2.6 0.9990 2
2.8 0.9998 0
3.0 1.0000 0
3.2 1.0000 10.797 0 10 0.059
34 1.0000
3.6 1.0000
Degrees of Freedom = 4 Observed Chi Square = 4.928
Number of Observations = 51 Table Value Chi Square = 9.488

Test Conclusion= Do not reject Ho

Table B10. Chi-square test for delay normality: Hollister Mid-day After

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency Obs Freq. Chi Square
0.2 0.0018 0
0.4 0.0067 0
0.6 0.0206 0
0.8 0.0541 7.787 5 5 0.998
1.0 0.1205 9.570 7 7 0.690
1.2 0.2302 15.795 24 24 4.262
1.4 0.3806 21.654 25 25 0.517
1.6 0.5518 24.658 25 25 0.005
1.8 0.7138 23.322 18 18 1.215
2.0 0.8410 18.322 15 15 0.602
2.2 0.9241 11.956 10 10 0.320
24 0.9691 6.480 6 6 0.036
26 0.9893 2
2.8 0.9969 4.007 3 5 0.246
3.0 0.9992 0
3.2 0.9998 1
3.4 1.0000 0
3.6 1.0000 0
3.8 1.0000 0
40 1.0000 0
42 1.0000 0
4.4 1.0000 0
46 1.0000 0
48 1.0000 0
5.0 1.0000 0
5.2 1.0000 0.448 0 1 0.678
Degrees of Freedom = 9 Observed Chi Square = 8.890
Number of Observations = 144 Table Value Chi Square = 16.919

Test Conclusion= Do not reject Ho
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Table B11. Chi-square test for queue normality: Hollister Mid-day Before

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency Obs Freq. Chi Square

0.2 0.0006 0

0.4 0.0144 0

0.6 0.1308 6.670 6 6 0.067

0.8 0.4759 17.602 23 23 1.656

1.0 0.8418 18.660 15 15 0.718

1.2 0.9805 4

1.4 0.9991 3

1.6 1.0000 0

1.8 1.0000 0

2.0 1.0000 0

2.2 1.0000 0

2.4 1.0000 0

26 1.0000 0

2.8 1.0000 0

3.0 1.0000 0

3.2 1.0000 0

3.4 1.0000 0

3.6 1.0000 8.068 0 7 0.141

Degrees of Freedom = 2 Observed Chi Square = 2.582
Number of Observations = 51 Table Value Chi Square = 5.991

Test Conclusion= Do not reject Ho

Table B12. Chi-square test for queue normality: Hollister Mid-day After

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency Obs Freq. Chi Square

0.2 0.0003 0

0.4 0.0070 0

0.6 0.0680 9.795 8 8 0.329

0.8 0.3008 33.525 35 35 0.065

1.0 0.6725 53.513 54 54 0.004

1.2 0.9215 35.866 32 32 0.417

1.4 0.9914 9

16 0.9996 3

1.8 1.0000 0

20 1.0000 0

22 1.0000 0

24 1.0000 0

26 1.0000 0

238 1.0000 0

3.0 1.0000 0

3.2 1.0000 0

3.4 1.0000 0

3.6 1.0000 11.301 0 12 0.043

Degrees of Freedom = 3 Observed Chi Square = 0.858
Number of Observations = 144 Table Value Chi Square = 7.815

Test Conclusion= Do not reject Ho
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Table B13. Chi-square test for delay normality: West 34th PM Before

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency Obs Freq. Chi Square

0.2 0.0006 0

04 0.0117 0

0.6 0.0952 2

0.8 0.3631 16.977 11 13 0.555

1.0 0.7287 16.088 19 19 0.527

1.2 0.9416 10

1.4 0.9943 1

1.6 0.9998 1

1.8 1.0000 0

2.0 1.0000 0

22 1.0000 0

24 1.0000 0

2.6 1.0000 0

2.8 1.0000 0

3.0 1.0000 0

3.2 1.0000 11.936 0 12 0.000

3.4 1.0000

3.6 1.0000

Degrees of Freedom = 1 Observed Chi Square = 1.082
Number of Observations = 44 Table Value Chi Square = 3.841

Test Conclusion= Do not reject Ho

Table B14. Chi-square test for delay normality: West 34th PM After

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency Obs Freq. Chi Square

0.2 0.0081 0

0.4 0.0542 0

0.6 0.2105 26.941 31 31 0.611

0.8 0.4983 36.845 41 41 0.469

1.0 0.7871 36.962 35 35 0.104

1.2 0.9449 20.194 15 15 1.336

14 0.9917 3

1.6 0.9993 2

1.8 1.0000 0

2.0 1.0000 1

22 1.0000 0

24 1.0000 0

26 1.0000 0

2.8 ~1.0000 0

3.0 1.0000 0

32 1.0000 0

34 1.0000 0

36 1.0000 7.057 0 6.000 0.158

Degrees of Freedom = 3 Observed Chi Square = 2.678
Number of Observations = 128 Table Value Chi Square = 7.815

Test Conclusion= Do not reject Ho
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Table B15. Chi-square test for queue normality: West 34th PM Before

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency ObsFreq. Chi Square

0.2 0.0000 0

0.4 0.0002 0

0.6 0.0118 1

0.8 0.1485 3

1.0 0.5700 25.081 24 28 0.340

1.2 0.9186 15.339 11 11 1.227

14 0.9955 5

1.6 0.9999 0

1.8 1.0000 0

2.0 1.0000 0

2.2 1.0000 0

24 1.0000 0

2.6 1.0000 0

2.8 1.0000 0

3.0 1.0000 0

3.2 1.0000 0

34 1.0000 0

3.6 1.0000 3.580 0 5 0.563

Degrees of Freedom = 1 Observed Chi Square = 2130
Number of Observations = 44 Table Value Chi Square = 3.841

Test Conclusion= Do not reject Ho

Table B16. Chi-square test for queue normality: West 34th PM After

Grouped Grouped
Expected Observed Category
Range Prob. Frequency Frequency Obs Freq.  Chi Square

0.2 0.0040 0

04 0.0431 1

0.6 0.2176 27.858 29 29 0.047

0.8 0.5616 44.021 53 53 1.831

1.0 0.8621 38.475 28 28 2.852

1.2 0.9786 14.902 12 12 0.565

1.4 0.9985 4

16 1.0000 0

1.8 1.0000 1

2.0 1.0000 0

2.2 1.0000 0

2.4 1.0000 0

26 1.0000 0

2.8 1.0000 0

3.0 1.0000 0

3.2 1.0000 0

3.4 1.0000 0

3.6 1.0000 2.743 0 5 1.858

Degrees of Freedom= 3 Observed Chi Square = 7.153
Number of Observations = 128 Table Value Chi Square = 7.815

Test Conclusion= Do not reject Ho
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Table B17. ANOVA test for queue: Mangum Mid-day After

SUMMARY

Groups Count Sum Average Variance

Feb-98 60 457114 0.7619 0.0707

Apr-98 60 47.0273 0.7838 0.0536

Jun-98 60 48.6683 0.8111 0.0723

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 0.0732 2 0.0366 0.5582 0.5732 3.0470
Within Groups 11.5982 177 0.0655

Total 11.6713 179

Test Conclusion: Do not reject Ho, conclude means are same

Table B18. ANOVA test for delay: Mangum Mid-day After

SUMMARY

Groups Count Sum Average Variance

Feb-98 60 70.3159 1.1719 0.2431

Apr-98 60 73.5874 1.2265 0.1938

Jun-98 60 76.3575 1.2726 0.2343

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 0.3049 2 0.1524 0.6813 0.5073 3.0470
Within Groups 39.6021 177 0.2237

Total 39.9070 179

Test Conclusion:

Do not reject Ho, conclude means are same
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Table B19. ANOVA test for queue: Hollister AM After

' SUMMARY

Groups Count Sum Average Variance

Feb-98 40 39.7874 0.9947 0.0586

Apr-98 40 44,4828 1.1121 0.1176

Jun-98 40 41.4578 1.0364 0.1205

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 0.2832 2 0.1416 1.4316 0.2431 3.0738
Within Groups 11.5736 117 0.0989

Total 11.8568 119

Test Conclusion: Do not reject Ho, conclude means are same

Table B20. ANOVA test for delay: Hollister AM After

SUMMARY

Groups Count Sum Average Variance

Feb-98 40 93.2038 2.3301 0.4865

Apr-98 40 100.6974 2.5174 0.6831

Jun-98 40 97.2914 2.4323 0.7967

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 0.7039 2 0.3519 0.5369 0.5860 3.0738
Within Groups 76.6877 117 0.6555

Total 77.3915 119

Test Conclusion: Do not reject Ho, conclude means are same
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Table B21. ANOVA test for queue: Hollister Mid-day After

SUMMARY

Groups Count Sum Average Variance

Feb-98 52 46.1815 0.8881 0.0985

Apr-98 52 47.1814 0.9073 0.0415

Jun-98 40 34.6333 0.8658 0.0311

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 0.0390 2 0.0195 0.3292 0.7201 3.0603
Within Groups 8.3494 141 0.0592

Total 8.3884 143

Test Conclusion: Do not reject Ho, conclude means are same

Table B22. ANOVA test for delay: Hollister Mid-day After

SUMMARY

Groups Count Sum Average Variance

Feb-98 52 81.3214 1.5639 0.4251

Apr-98 52 77.6716 1.4937 0.1917

Jun-98 40 58.1444 1.4536 0.1262

ANOVA

Source of Variation SS df MS F “P-value F crit
Between Groups 0.2913 2 0.1457 0.5646 0.5699 3.0603
Within Groups 36.3778 141 0.2580

Total 36.6692 143

Test Conclusion: Do not reject Ho, conclude means are same
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Table B23. ANOVA test for queue: West 34th After

SUMMARY Fisher's LSD: 0.103

Groups Count Sum Average Variance Diff. from 2/98  Diff. from 4/98

Feb-98 43 36.3361 0.8450 0.0913 0.0620

Apr-98 43 33.6715 0.7831 0.0282 0.0620

Jun-98 43 28.1510 0.6547 0.0134 0.1904 0.1284
Jun-98 significantly different

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.8106 2 0.4053 9.1482 0.0002 3.0681

Within Groups 5.56825 126 0.0443

Total 6.3932 128

Test Conclusion: Reject Ho, conclude at least one of the means are different

Table B24. ANOVA test for delay: West 34th After

SUMMARY Fisher's LSD: 0.121

Groups Count Sum Average Variance Diff. from 2/98  Diff. from 4/98

Feb-98 43 36.8734 0.8575 0.1119 0.0134

Apr-98 43 36.2954 0.8441 0.0530 0.0134

Jun-98 43 29.3650 0.6829 0.0196 0.1746 0.1612
Jun-98 significantly different

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.8120 2 0.4060 6.5997 0.0019 3.0681

Within Groups 7.7508 126 0.0615

Total 8.5628 128

Test Conclusion:

Reject Ho, conclude at least one of the means are different




TEST FOR DIFFERENCESIN QUEUES AND DELAYSACROSSLANES:
BEFORE AND AFTER CONDITIONSINDEPENDENTLY

For each data set, the mean and standard deviation were cal culated and used to test whether the mean
valuesfor queuelength and average delay were equal acrossall laneson an approach, in other words,
to answer the question: "Does a queue imbalance exist?' An ANOVA procedure was used to test
this question. The null hypothesis for the ANOVA test was:

Ho: themean valuesof normalized average delay (or normalized average queue length) for all lanes
on the approach are equal

H1: themean valuesof normalized average delay (or normalized average queuelength) for al lanes
on the approach are not equal

Level of significance = 0.05
Reject null hypothesisif Fyened > Faitica

The F test identified only if one of the data collection dates was significantly different. If Ho could

be rejected, Fisher's Least Significant Difference test was used to find which lane(s) was
significantly different.
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Table B25. ANOVA test for delay: Mangum Mid-day Before

SUMMARY

Groups Count Sum Average Variance

normdL 60 299.2508 49875 19.5103

normdM 60 273.9372 4.5656 6.6669

normdR 59 223.7941 3.7931 20.3330

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 43.5943 2 21.7971 1.4085 0.2473 3.0473
Within Groups 2723.7693 176 15.4760

Total 2767.3636 178

Test Conclusion: Do not reject Ho, conclude means are same

Table B26. ANOVA test for queue: Mangum Mid-day Before

SUMMARY Fisher's LSD: 0.222

Groups Count Sum Average Variance Diff. from L Diff. from M

normgL 60 57.7334 0.9622 0.4540

normgM 60 57.6409 0.9607 0.1899 0.0015

normgR 59 35.1261 0.5954 0.2047 0.3669 0.3653

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 5.3012 2 2.6506 9.3553 0.0001 3.0473

Within Groups 49.8652 176 0.2833

Total 55.1663 178

Test Conclusion: Reject Ho, conclude at least one of the means are different

Fishers LSD conclusion:  Right Lane queue significantly lower than queue in middle and left lanes.

note: normdL=normalized delay left lane normglL=normalized queue left lane
normdM=normalized delay middle lane normgM=normalized queue left lane

normdR=normalized delay right lane normgR=normalized delay right lane
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Table B27. ANOVA test for delay: Mangum Mid-day After

SUMMARY

Groups Count Sum Average Variance

normdL 180 763.4354 4.2413 4.8915

normdM 180 770.3971 4.2800 14.0774

normdR 180 820.9334 4.5607 82.4038

ANOVA -

Source of Variation SS df MS F P-value F crit
Between Groups 10.9415 2 5.4707 0.1619 0.8506 3.0125
Within Groups 18145.7137 537 33.7909

Total 18156.6552 539

Test Conclusion: Do not reject Ho, conclude means are same

Table B28. ANOVA test for queue: Mangum Mid-day After

SUMMARY

Groups Count Sum Average Variance

normgL 180 154.5815 0.8588 0.1207

normgM 180 161.5911 0.8977 0.3608

normgR 180 145.0756 0.8060 0.4481

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 0.7634 2 0.3817 1.2319 0.2926 3.0125
Within Groups 166.3936 537 0.3099

Total 167.1570 539 .

Test Conclusion: Do not reject Ho, conclude means are same

note: normdL=normalized delay left lane normgL=normalized queue left lane

normdM=normalized delay middle lane
normdR=normalized delay right lane -

normgM=normalized queue left lane
normgR=normalized delay right lane
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Table B29. ANOVA test for delay: Hollister AM Before

SUMMARY

Groups Count Sum Average Variance

normdL 51 162.0029 3.1765 1.8252

normdM 51 182.5790 3.5800 3.9207

normdR 51 120.8827 2.3702 29.9167

ANOVA -

Source of Variation SS df MS F P-value F crit
Between Groups 38.6972 2 19.3486 1.6276 0.1998 3.0564
Within Groups 1783.1316 150 11.8875

Total 1821.8288 152

Test Conclusion: Do not reject Ho, conclude means are same

Table B30. ANOVA test for queue: Hollister AM Before

SUMMARY Fisher's LSD: 0.128
Groups Count Sum Average Variance Diff. from L Diff. from M
normqlL 51 41.4220 0.8122 0.0573

normgM 51 38.6656 0.7581 0.0577 0.0540

normgR 51 15.8341 0.3105 0.1304 0.5017 0.4477
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 7.7360 2 3.8680 47.2849 0.0000 3.0564
Within Groups 12.2704 150 0.0818

Total 20.0064 152

Test Conclusion: Reject Ho, conclude at least one of the means are different

Fishers LSD conclusion:

note:

Right Lane queue significantly lower than queue in middle and left lanes.

normdL=normalized delay left lane
normdM=normalized delay middle lane
normdR=normalized delay right lane

normgL=normalized queue left lane
normgM=normalized queue left lane
normgR=normalized delay right lane




Table B31. ANOVA test for delay: Hollister AM After

SUMMARY Fisher's LSD: 1.614
Groups Count Sum Average Variance Diff. from L Diff. from M
normdL 120 1283.8607 10.6988 43.6886

normdM 120 1247.5024 10.3959 39.1938 0.3030

normdR 120 514.8781 4.2907 9.6422 6.4082 6.1052
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 3137.2070 2 1568.6035 50.8601 0.0000 3.0210
Within Groups 11010.4227 357 30.8415

Total 14147.6296 359

Test Conclusion: Reject Ho, conclude at least one of the means are different

Fishers LSD conclusion: Right Lane delay significantly lower than delay in middle and left lanes.

Table B32. ANOVA test for queue: Hollister AM After

SUMMARY Fisher's LSD: 0.186
Groups Count Sum Average Variance Diff. from L Diff. from M
normqgL 120 169.5319 1.4128 0.4822

normgM 120 157.7781 1.3148 0.5075 0.0979

normqR 120 85.7812 0.7148 0.2460 0.6979 0.6000
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 34.2664 2 17.1332 41.5962 0.0000 3.0210
Within Groups 147.0459 357 0.4119

Total 181.3123 359

Test Conclusion:

Fishers LSD conclusion:

note:

Reject Ho, conclude at least one of the means are different
Right Lane queue significantly lower than queue in middle and left lanes.

normdL=normalized delay left lane
normdM=normalized delay middle lane
normdR=normalized delay right lane

normglL=normalized queue left lane
normgM=normalized queue left lane
normgR=normalized delay right lane
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Table B33. ANOVA test for delay: Hollister Mid-day Before

SUMMARY Fisher's LSD: 1.16
Groups Count Sum Average Variance Diff. from L Diff. from M
normdL 51 215.6940 4.2293 2.9322

normdM 51 258.7481 5.0735 9.7539 0.8442

normdR 51 130.7757 2.5642 7.3773 1.6651 2.5093
ANOVA .

Source of Variation SS df MS F P-value F crit
Between Groups 166.2855 2 83.1427 12.4320 0.0000 3.0564
Within Groups 1003.1676 150 6.6878

Total 1169.4531 152

Test Conclusion: I-Rg'ect Ho, conclude at least one of the means are different

Fishers LSD conclusion: Right Lane delay significantly lower than delay in middle and left lanes.

Table B34. ANOVA test for queue: Hollister Mid-day Before

Queue

SUMMARY Fisher's LSD: 0.165
Groups Count Sum Average Variance Diff. from L Diff. from M
normgL 51 46.8844 0.9193 0.0641

normgM 51 55.8561 1.0952 0.2219 0.1759

normgR 51 24.7971 0.4862 0.1204 0.4331 0.6090
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 10.0196 2 5.0098 36.9789 0.0000 3.0564
Within Groups 20.3215 150 0.1355

Total 30.3411 152

Test Conclusion: Reject Ho, conclude at least one of the means are different

Fishers LSD conclusion: Right Lane queue significantly lower than queue in middle and left lanes.

note: normdL=normalized delay left lane normgL=normalized queue left lane

normdM=normalized delay middle lane normgM=normalized queue left lane
normdR=normalized delay right lane normgR=normalized delay right lane
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Table B35. ANOVA test for delay: Hollister Mid-day After

SUMMARY Fisher's LSD: 0.971
Groups Count Sum Average Variance "Diff. from L Diff. from M
normdL 144 685.9304 4.7634 5.0394

normdM 144 849.7420 5.9010 9.1927 1.1376

normdR 144 726.0271 5.0419 26.0343 0.2784 0.8591
ANOVA.

Source of Variation SS df MS F P-value F crit
Between Groups 101.2670 2 50.6335 3.7724 0.0238 3.0168
Within Groups 5758.1135 429 13.4222

Total 5859.3805 431

Test Conclusion: Reject Ho, conclude at least one of the means are different

Fishers LSD conclusion:  Middle lane delay significantly higher than left lane delay

Table B36. ANOVA test for queue: Hollister Mid-day After

Queue

SUMMARY Fisher's LSD: 0.117
Groups Count Sum Average Variance DIff. from L Diff. from M
normgL 144 127.6511 0.8865 0.0940

normgM 144 160.6398 1.1156 0.2327 0.2291

normgR 144 131.6438 0.9142 0.2555 0.0277 0.2014
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 4.5022 2 2.2511 11.5984 0.0000 3.0168
Within Groups 83.2640 429 0.1941

Total 87.7662 431

Test Conclusion:
Fishers LSD conclusion:
note:

Reject Ho, conclude at least one of the means are different

Middle Lane queue significantly higher than queue in right and left lanes.
normdL=normalized delay left lane normgL=normalized queue left lane
normdM=normalized delay middle lane normgM=normalized queue left lane
normdR=normalized delay right lane normgR=normalized delay right lane
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Table B37. ANOVA test for delay: West 34th PM Before

SUMMARY

Groups Count Sum Average Variance

normdL 44 138.1992 3.1409 15.1725

normdM 44 105.0825 2.3882 0.3484

normdR 44 120.2316 2.7325 0.3155

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 12.4928 2 6.2464 1.1833 0.3096 3.0664
Within Groups 680.9652 129 5.2788

Total 693.4580 131

Test Conclusion: Do not reject Ho, conclude means are same

Table B38. ANOVA test for queue: West 34th PM Before

SUMMARY Fisher's LSD: 0.141
Groups Count Sum Average Variance Diff. from L Diff. from M
normqgL 44 36.2032 0.8228 0.1924

normgM 44 44,9433 1.0214 0.0374 0.1986

normgR 44 46.7474 1.0624 0.0248 0.2396 0.0410
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 1.4456 2 0.7228 8.5184 0.0003 3.0664
Within Groups 10.9463 129 0.0849

Total 12.3919 131

Test Conclusion: Reject Ho, conclude at least one of the means are different

Fishers LSD conclusion:

note:

Left Lane queue significantly lower than queue in middle and right lanes.

normdL=normalized delay left lane
normdM=normalized delay middle lane
normdR=normalized delay right lane

normgl.=normalized queue left lane
normgM=normalized queue left lane
normgR=normalized delay right lane
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Table B39. ANOVA test for delay: West 34th PM After

Delay

SUMMARY

Groups Count Sum Average Variance

normdL 85 224.9829 2.6469 1.3541

normdM 85 213.1081 2.5072 0.8677

normdR 85 239.4838 2.8175 1.5819

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 4.1057 2 2.0529 1.6191 0.2001 3.0316
Within Groups 319.5163 252 1.2679

Total 323.6221 254

Test Conclusion: Do not reject Ho, conclude means are same

Table B40. ANOVA test for queue: West 34th PM After

SUMMARY Fisher's LSD: 0.102
Groups Count Sum Average Variance Diff. from L Diff. from M
normgL 85 65.6321 0.7721 0.0827

normgM 85 71.6089 0.8425 0.0706 0.0703

normgR 85 76.3515 0.8983 0.1083 0.1261 0.0558
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 0.6789 2 0.3395 3.8923 0.0216 3.0316
Within Groups 21.9772 252 0.0872

Total 22.6561 254

Test Conclusion: Reject Ho, conclude at least one of the means are different

Fishers LSD conclusion:

note:

Left Lane queue significantly lower than queue in middie and right lanes.
normdL=normalized delay left lane
normdM=normalized delay middle lane
normdR=normalized delay right lane

normglL=normalized queue left lane
normgM=normalized queue left lane
normgR=normalized delay right lane




TEST FORDIFFERENCESIN QUEUESAND DELAYSBEFORE AND AFTERTIME-OF-
DAY LANE ASSIGNMENT CHANGES

For each data set, the mean and standard deviation were cal culated and used to test whether the mean
values for queue length and average delay were equal across all lanes on an approach or for each
individual lane. Thet-test was used to determineif asignificant changewasfound in delay or queue
length from before to after TOD implementation. The data setsweretested for equal variances and
the appropriate t-test carried out. The null hypothesis for the t-test was.

Ho: the mean values of normalized average delay (or normalized average queue length) for all lanes
on the approach are equal for before and after conditions

H1: the mean values of normalized average delay (or normalized average queue length) for all lanes
on the approach are not equal for before and after conditions

Level of significance = 0.025 («/2 for atwo-tailed t-test)
Reject null hypothesisif t e > toitica
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Table B41.
t-Test: Two-Sample Assuming Equal Variances
Delays on Approach

Table B45.

t-Test: Two-Sample Assuming Equal Variances
Queues on Approach

Before After Before After
Mean 1.3203 1.2237 Mean 0.8011 0.7856
Variance 0.2529 0.2229 Variance 0.0654 0.0652
Observations 60 180 Observations 60 180
Pooled Variance 0.2304 Pooled Variance 0.0652
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 238 df 238
t Stat 1.3506 t Stat 0.4083
P(T<=t) one-tail 0.0890 P(T<=t) one-tail 0.3417
t Critical one-tail 1.6513 t Critical one-tail 1.6513
P(T<=t) two-tail 0.1781 P(T<=t) two-tail 0.6834
t Critical two-tail 1.9700 t Critical two-tail 1.9700
Test Conclusion: Do not reject Ho Test Conclusion: Do not reject Ho
Table B42. Table B46.
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances
Delays Left Lane Queues Left Lane

Before After Before After
Mean 4.9875 4.2413 Mean 0.9622 0.8588
Variance 19.5103 4.8915 Variance 0.4540 0.1207
Observations 60 180 Observations 60 180
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 69 df 70
t Stat 1.2571 t Stat 1.1397
P(T<=t) one-tail 0.1065 P(T<=t) one-tail 0.1291
t Critical one-tail 1.6672 t Critical one-tail 1.6669
P(T<=t) two-tail 0.2130 P(T<=t) two-tail 0.2583
t Critical two-tail 1.9949 t Critical two-tail 1.9944
Test Conclusion: Do not reject Ho Test Conclusion: Do not reject Ho
Table B43. Table B47.
t-Test: Two-Sample Assuming Equal Variances t-Test: Two-Sample Assuming Equal Variances
Delays Middle Lane Queues Middle Lane

Before After Before After
Mean 4.5656 4.2800 Mean 0.9607 0.8977
Variance 6.6669 14.0774 Variance 0.1899 0.3608
Observations 60 180 Observations 60 180
Pooled Variance 12.2404 Pooled Variance 0.3184
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 238 df 238
t Stat 0.5477 t Stat 0.7484
P(T<=t) one-tail 0.2922 P(T<=t) one-tail 0.2275
t Critical one-tail 1.6513 t Critical one-tail 1.6513
P(T<=t) two-tail 0.5844 P(T<=t) two-tail 0.4550
t Critical two-tail 1.9700 t Critical two-tail 1.9700
Test Conclusion: Do not reject Ho Test Conclusion: Do not reject Ho
Table B44. Table B48.
t-Test: Two-Sample Assuming Equal Variances t-Test: Two-Sample Assuming Equal Variances
Delays Right Lane Queues Right Lane

Before After Before After
Mean 3.7931 4.5607 Mean 0.5954 0.8060
Variance 20.3330 82.4038 Variance 0.2047 0.4481
Observations 59 180 Observations 59 180
Pooled Variance 67.2135 Pooled Variance 0.3885
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 237 df 237
t Stat -0.6241 t Stat -2.2524
P(T<=t) one-tail 0.2666 P(T<=t) one-tail 0.0126
t Critical one-tail 1.6513 t Critical one-tail 1.6513
P(T<=t) two-tail 0.5331 P(T<=t) two-tail 0.0252
t Critical two-tail 1.9700 t Critical two-tail 1.9700
Test Conclusion: Do not reject Ho Test Conclusion: Reject Ho

Ho: mean before - mean after = 0

H1: mean before - mean after unequal to 0
use two-tailed test

reject Ho if abs val tcalc > tcrit

Tables B41-B48. t-Test results for Queues and Delays - Mangum Mid-day
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Table B49.
t-Test: Two-Sample Assuming Equal Variances
Delays on Approach

Before After
Mean 0.9045 2.4266
Variance 0.0835 0.6503
Observations 40 120
Pooled Variance 0.5104
Hypothesized Mean Difference 0
df 158
t Stat -11.6689
P(T<=t) one-tail 0.0000
t Critical one-tail 1.6546
P(T<=t) two-tail 0.0000
t Critical two-tail 1.9751
Test Conclusion: Reject Ho
Table B50.
t-Test: Two-Sample Assuming Equal Variances
Delays Left Lane
Before After
Mean 3.1933 10.6988
Variance 2.1543 43.6886
Observations 40 120
Pooled Variance 33.4365
Hypothesized Mean Difference 0
df 158
t Stat -7.1094
P(T<=t) one-tail 0.0000
t Critical one-tail 1.6546
P(T<=t) two-tail 0.0000
t Critical two-tail 1.9751
Test Conclusion: Reject Ho
Table B51.
t-Test: Two-Sample Assuming Equal Variances
Delays Middle Lane
Before After
Mean 3.4434 10.3959
Variance 2.8111 39.1938
Observations 40 120
Pooled Variance 30.2132
Hypothesized Mean Difference 0
df 158
t Stat -6.9279
P(T<=t) one-tail 0.0000
t Critical one-tail 1.6546
P(T<=t) two-tail 0.0000
t Critical two-tail 1.9751
Test Conclusion: Reject Ho
Table B52.
t-Test: Two-Sample Assuming Unequal Variances
Delays Right Lane
Before After
Mean 2.6573 4.2907
Variance 37.3300 9.6422
Observations 40 120
Hypothesized Mean Difference 0
df 46
t Stat -1.6224
P(T<=t) one-tail 0.0558
t Critical one-tail 1.6787
P(T<=t) two-tail 0.1116
t Critical two-tail 2.0129
Test Conclusion: Do not reject Ho

Ho: mean before - mean after = 0

H1: mean before - mean after unequal to 0
use two-tailed test

reject Ho if abs val tcalc > terit

Table BS3.
t-Test: Two-Sample Assuming Equal Variances
Queues on Approach

Before After
Mean 0.6206 1.0477
Variance 0.0296 0.0996
Observations 40 120
Pooled Variance 0.0823
Hypothesized Mean Difference 0
df 158
t Stat -8.1525
P(T<=t) one-tail 0.0000
t Critical one-tail 1.6546
P(T<=t) two-tail 0.0000
t Critical two-tail 1.9751
Test Conclusion: Reject Ho
Table B54.
t-Test: Two-Sample Assuming Equal Variances
Queues Left Lane
Before After
Mean 0.8074 1.4128
Variance 0.0656 0.4822
Observations 40 120
Pooled Variance 0.3793
Hypothesized Mean Difference 0
df 158
t Stat -5.3832
P(T<=t) one-tail 0.0000
t Critical one-tail 1.6546
P(T<=t) two-tail 0.0000
t Critical two-tail 1.9751
Test Conclusion: Reject Ho
Table B5S.
t-Test: Two-Sample Assuming Equal Variances
Queues Middle Lane
Before After
Mean 0.7486 1.3148
Variance 0.0617 0.5075
Observations 40 120
Pooled Variance 0.3975
Hypothesized Mean Difference 0
df 158
t Stat -4.9191
P(T<=t) one-tail 0.0000
t Critical one-tail 1.6546
P(T<=t) two-tail 0.0000
t Critical two-tail 1.9751
Test Conclusion: Reject Ho
Table B56.
t-Test: Two-Sample Assuming Equal Variances
Queues Right Lane
Before After
Mean 0.3187 0.7148
Variance 0.1490 0.2460
Observations 40 120
Pooled Variance 0.2221
Hypothesized Mean Difference 0
df 158
t Stat -4.6045
P(T<=t) one-tail 0.0000
t Critical one-tail 1.6546
P(T<=t) two-tail 0.0000
t Critical two-tail 1.9751
Test Conclusion: ﬁeject Ho

Tables B49-B56. t-Test results for Queues and Delays - Hollister AM
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Table B57.
t-Test: Two-Sample Assuming Equal Variances
Delays on Approach

Table B61.

t-Test: Two-Sample Assuming Equal Variances
Queues on Approach

Before After Before After
Mean 1.2505 1.6003 Mean 0.8114 0.9304
Variance 0.1906 0.3834 Variance 0.0354 0.0662
Observations 51 144 Observations 51 144
Pooled Variance 0.3335 Pooled Variance 0.0583
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 193 df 193
t Stat -3.7177 t Stat -3.0253
P(T<=t) one-tail 0.0001 P(T<=t) one-tail 0.0014
t Critical one-tail 1.6528 t Critical one-tail 1.6528
P(T<=t) two-tail 0.0003 P(T<=t) two-tail 0.0028
t Critical two-tail 1.9723 t Critical two-tail 1.9723
Test Conclusion: Reject Ho Test Conclusion: Reject Ho
Table B58. Table B62.
t-Test: Two-Sample Assuming Equal Variances t-Test: Two-Sample Assuming Equal Variances
Delays Left Lane Queues Left Lane
Before After Before After
Mean 4.2293 47634 Mean 0.9193 0.8865
Variance 2.9322 5.0394 Variance 0.0641 0.0940
Observations 51 144 Observations 51 144
Pooled Variance 4.4935 Pooled Variance 0.0863
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 193 df 193
t Stat -1.5463 t Stat 0.6860
P(T<=t) one-tail 0.0618 P(T<=t) one-tail 0.2468
t Critical one-tail 1.6528 t Critical one-tail 1.6528
P(T<=t) two-tail 0.1237 P(T<=t) two-tail 0.4935
t Critical two-tail 1.9723 t Critical two-tail 1.9723
Test Conclusion: Do not reject Ho Test Conclusion: Do not reject Ho
Table B59. Table B63.
t-Test: Two-Sample Assuming Equal Variances t-Test: Two-Sample Assuming Equal Variances
Delays Middle Lane Queues Middle Lane
Before After Before After
Mean 5.0735 5.9010 Mean 1.0952 1.1156
Variance 9.7538 9.1927 Variance 0.2219 0.2327
Observations 51 144 Observations 51 144
Pooled Variance 9.3381 Pooled Variance 0.2299
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 193 df 193
t Stat -1.6618 t Stat -0.2603
P(T<=t) one-tail 0.0491 P(T<=t) one-tail 0.3975
t Critical one-tail 1.6528 t Critical one-tail 1.6528
P(T<=t) two-tail 0.0982 P(T<=t) two-tail 0.7949
t Critical two-tail 1.9723 t Critical two-tail 1.9723
Test Conclusion: Do not reject Ho Test Conclusion: Do not reject Ho
Table B60. Table B64.
t-Test: Two-Sample Assuming Equal Variances t-Test: Two-Sample Assuming Equal Variances
Delays Right Lane Queues Right Lane
Before After Before After
Mean 2.5642 5.0419 Mean 0.4862 0.9142
Variance 7.3773 26.0343 Variance 0.1204 0.2555
Observations 51 144 Observations 51 144
Pooled Variance 21.2009 Pooled Variance 0.2205
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 193 df 193
t Stat -3.3022 t Stat -5.5934
P(T<=t) one-tail 0.0006 P(T<=t) one-tail 0.0000
t Critical one-tail 1.6528 t Critical one-tail 1.6528
P(T<=t) two-tail . 0.0011 P(T<=t) two-tail 0.0000
t Critical two-tail 1.9723 t Critical two-tail 1.97233021
Test Conclusion: Reject Ho Test Conclusion: Reject Ho

Ho: mean before - mean after = 0

H1: mean before - mean after unequal to 0
use two-tailed test

reject Ho if abs val tcalc > tcrit

Tables B57-B64. t-Test results for Queues and Delays - Hollister Mid-day
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Table B65.
t-Test: Two-Sample Assuming Equal Variances
Delays on Approach

Table B69.

t-Test: Two-Sample Assuming Equal Variances
Queues on Approach

Before After Before After
Mean 0.8730 0.8608 Mean 0.9711 0.8236
Variance 0.0435 0.0738 Variance 0.0269 0.0527
Observations 44 85 Observations 44 85
Pooled Variance 0.0635 Pooled Variance 0.0440
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
df 127 df 127
t Stat 0.2608 t Stat 3.7850
P(T<=t) one-tail 0.3973 P(T<=t) one-tail 0.0001
t Critical one-tail 1.6569 t Critical one-tail 1.6569
P(T<=t) two-tail 0.7947 P(T<=t) two-tail 0.0002
t Critical two-tail 1.9788 t Critical two-tail 1.9788
Test Conclusion: Do not reject Ho Test Conclusion: Reject Ho
Table B66. Table B70.
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Equal Variances
Delays Left Lane Queues Left Lane
Before After Before After
Mean 3.1409 2.6469 Mean 0.8228 0.7721
Variance 15.1725 1.3541 Variance 0.1924 0.0827
Observations 44 85 Observations 44 85
Hypothesized Mean Difference 0 Pooled Variance 0.1198
df 47 Hypothesized Mean Difference 0
t Stat 0.8225 df 127
P(T<=t) one-tail 0.2075 t Stat 0.7879
t Critical one-tail 1.6779 P(T<=t) one-tail 0.2161
P(T<=t) two-tail 0.4149 t Critical one-tail 1.6569
t Critical two-tail 2.0117 P(T<=t) two-tail 0.4322
Test Conclusion: Do not reject Ho t Critical two-tail 1.9788
Test Conclusion: Do not reject Ho
Table B67.
t-Test: Two-Sample Assuming Equal Variances Table B71.
Delays Middle Lane t-Test: Two-Sample Assuming Equal Variances
Before After Queues Middle Lane
Mean 2.3882 2.5072 Before After
Variance 0.3484 0.8677 Mean 1.0266 0.8425
Observations 44 85 Variance 0.0370 0.0706
Pooled Variance 0.6919 Observations 43 85
Hypothesized Mean Difference 0 Pooled Variance 0.0594
df 127 Hypothesized Mean Difference 0
t Stat -0.7698 df 126
P(T<=t) one-tail 0.2214 t Stat 4.0363
t Critical one-tail 1.6569 P(T<=t) one-tail 0.0000
P(T<=t) two-tail 0.4429 t Critical one-tail 1.6570
t Critical two-tail 1.9788 P(T<=t) two-tail 0.0001
Test Conclusion: Do not reject Ho t Critical two-tail 1.9790
Test Conclusion: Reject Ho
Table B68.
t-Test: Two-Sample Assuming Equal Variances Table B72.
Delays Right Lane t-Test: Two-Sample Assuming Equal Variances
Before After Queues Right Lane
Mean 27325 2.8175 Before After
Variance 0.3155 1.5819 Mean 1.0624 0.8983
Observations 44 85 Variance 0.0248 0.1083
Pooled Variance 1.15631 Observations 44 85
Hypothesized Mean Difference 0 Pooled Variance 0.0801
df 127 Hypothesized Mean Difference 0
t Stat -0.4258 df 127
P(T<=t) one-tail 0.3355 t Stat 3.1245
t Critical one-tail 1.6569 P(T<=t) one-tail 0.0011
P(T<=t) two-tail . 0.6710 t Critical one-tail 1.6569
t Critical two-tail 1.9788 P(T<=t) two-tail 0.0022
Test Conclusion: Do not reject Ho t Critical two-tail 1.978819455
Test Conclusion: Reject Ho

Ho: mean before - mean after = 0

H1: mean before - mean after unequal to 0
use two-tailed test

reject Ho if abs val tcalc > terit

Tables B65-B72. t-Test results for Queues and Delays - West 34th PM
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