CHAPTER

Speed, Travel Time,
and Delay Studies

v —

10.1 Introduction

Speed, travel time, and dclay are all related measures commonly

used as indicators of performance for traffic facilities. All relate

to a factor that is most directly experienced by motorists: How

; -long does it take to get frOm AtoB? Motorists have the obvious

desire to complete their trip in the minimum time consistent

** with safety. The performance of a traffic facility is often
- described in terms of how well that objective is achieved.

- are, however quite dlfferent Speed measurements are mosi|
often taken at a point (or a short segment) of roadway under :
- conditions of free flow. The intent is to determine the spees

In the Highway Capacity Manual [1], for example, E

average travel speed is used as a measure of effectiveness for

arterials, for two-lane rural highways, and for more extensive.
facility evaluations. Control delay is the measure of effective-
ness for signalized and STOP-controlled intersections.

. Whereas freeways use density as a-primary measure of effec-

tiveness, speed is an important component of the evaluation of
freeway system operation.

Thus traffic engineers must understand how to measure
and interpret data on speed, travel time, and delay in ways
that yield a basic understanding of the quality of operations
on a facility and in ways that directly relate to defined
performance criteria. Speed is also an important factor in
evaluating high-accident locations as well as in other safety-
related investigations.

Speed is inversely related to travel time. The reasons and
locations at which speeds or travel times would be measured
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that drivers select, unaffected by the existence of congestion
This information is used to determine general speed trends, 1

help determine reasonable speed limits, and to assess safely.,
Such studies are referred to as “spot speed studies” because th |

focus is on a designated “spot,” or location, on a facility.
Travel ime must be measured over a distance. Although

spot speeds can indeed be measured in terms of trave] time!

over a short measured distance (generally < 1,000 ft), mod
travel-time measurements are made over a significant lengthe!

- a facility. Such studies ‘are generally done during times ¢
" congestion specifically to measure or quantlfy the extent and

causes of congestion.

In general terms, delay is a portion of total travel time-

Itis a portion of travel time that is particularly identifiable an

unusually annoying to the motorist. Delay along an arterid

for example, might include stopped time due to signals
midblock obstructions, or.other causes of congestion.

At signalized and STOP-controlled intersections, del?
takes on more importance because travel time is difficult ¢
define for a point location. Unfortunately, delay at intersectio®*
specifically signalized intersections, has many differe?
definitions, and the traffic engineer must be careful to use me#
urements and criteria that relate to the same delay definitio®
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some of the most frequently used forms of intersection delay
nclude the following:

« Stopped-time delay—the time a vehicle spends
stopped waiting to proceed through a signalized or
STOP-controlled intersection.

« Approach delay—adds the delay due to decelera-
tion to and acceleration from a stop to stopped time
delay.

o Time-in-queue delay—the time between a vehicle
joining the end of a queue at a signalized or STOP-
controlled intersection and the time it crosses the
STOP line to proceed through the intersection.

o Control delay—the total delay at an intersection
caused by a control device (either a signal or a STOP-

sign), including both time-in-queue delay plus delays _

due to acceleration and deceleration.

Control delay was a term introduced in the 1985 Highway

Capacity Manual [2], and it is used as the measure of effec-

tiveness for signalized and STOP-controlled intersections.
Along routes, another definition of delay. may be
applied: Travel-time delay is the difference between the actual

iravel time traversing a section of highway and the driver’s
expected or. desired travel time. It is more of a philosophical
approach because there are no clearly accurate methodologies

for determining the expected travel time of a motorist over a
given section of highway. For this reason, it is seldom used for
assessing congestion along a highway segment.

Because speeds are generally studied at points under -

conditions of free flow and travel times and delays are gen-
erally studied along sections of roadway_under congested
conditions, the study techniques for each are quite different,
as discussed in Chapter 8. Although sharing many similar
clements, the analysis of data and the presentation of results
also differ somewhat. ‘

10.2 Spot Speed Studies

Spot speed studies are conducted to.document the distribu-
tion of vehicle speeds as they pass a point or short segment
of the roadway. Because the traffic engineer is interested in
conducting spot speed studies under conditions of free
flow (i.e., observed speeds are not impeded by volume and
density conditions), they are generally not conducted when
volumes are in excess of 750 to 1,000 veh/h/In on freeways
or 500 veh/h/ln on other types of uninterrupted flow
facilities.

10.2.1 Speed Definitions of Interest

When the speeds of individual vehicleszare measured at a
given spot or location, the result is a distribution of speeds
because no two vehicles will be traveling at exactly the same
speed. The results of the study, therefore, must describe the
observed distribution of speeds as clearly as possible. Several
key statistics are used to describe spot speed distributions:

* Average or time mean speed: The average speed of all
vehicles passing the study location during the period
of the study.

* Standard deviation: In simplistic terms, the standard
deviation of speeds is the average difference between
observed speeds and the time mean speed during the
period of the study.

* 85th percentile speed: The speed below which 85%
of the vehicles travel.

* Median: The speed that equally divides the distribution
of spot speeds; 50% of observed speeds are higher than
the median; 50% of observed speeds are lower than the
median.

» Pace: A 10-mi/h increment in speeds that encofn-
passes the highest proportion of observed speeds (as
compared with any other 10-mi/h increment).

- The desired result of a spot speed study is to determine

~ each of these measures and to determine an adequate mathe-
‘matical description of the entire observed distribution.

10.2.2 Uses of Spot Speed Data

The results of spot speed studies are used for many different
purposes by traffic engineers, including:

* Establishing the effectiveness of new or existing
speed limits or enforcement practices.

* Determining appropriate speed limits for application.

* Establishing speed trends at the local, state, and
national level to assess the effectiveness of national
policy on speed limits and enforcement.

* Specific design applications determining appropriate
sight distances, relationships between speed and
highway alignment, and speed performance with
respect to steepness and length of grades.

* Specific control applications for the timing of “yellow”
and “all red” intervals for traffic signals, proper
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placement of signs, and development of appropriate illustrated using a comprehensive sample applicatig,
signal progressions. throughout. Figure 10.1 represents™a typical set of field dy,
« Investigation of high-accident locations at-which from a spot speed study taken at location of interest op
speed is suspected to be a contributing cause to the major arterial. The data are collected as frequencies of obge. ;
accident experience. vances in predefined speed groups. This method of field da |

summary is very much related to the statistical analysis lhali
This list is illustrative. It is not intended to be complete because will be applied. ?

there are myriad situations that may require speed data for acom- Because the observed speeds form a distribution, the, |
plete analysis. Such studies are of significant importance and are will eventually be described in terms of a continuoy
among the tasks most commonly conducted by traffic engineers. distribution function. The mathematical characteristics of 4

continuous distribution do not allow for the description of th:
probability of any distinct value occurring—in a continuous

10.2.3 Analy3|s of Spot Speed Data function, one discrete speed is one value in a distribution with
an infinite number of such values. In more practical terms, s’
The best way to present the analysis of typical spot speed continuous distribution cannot describe the occurrence ota,
data is by example. The discussions of this section are speed of exactly 44.72 mi/h. It can, however, describe the !
-
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‘ Figure 10.1: Field Data for an Illustrative Spot Speed Study
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ccurrence of a speed in the range of 44.7 to 44.8 mi/h.
“herefore, the statistical analysis of speed data is based on
Be pumber of observed values within a set of defined
peed ranges. o

The data shown in Figure 10.1 use speed groups that are
 mi/h in breadth. This is a practical value that is quite typical,
jthough 1 mi/h groups are also used if the sample sizes are
arge enough. For statistical reasons that are explained later,
peed groups of more than 5 mvh are never used. The number
f speed groups defined must relate to the expected range of
he data and to the number of speeds that will be observed and
ecorded. For example, defining 15 speed groups and collect-
ng only 30 speeds would be illogical because there would
yly be an average of two observations per group. In general,
{ is customary to collect from 15 to 20 speeds for each
lefined speed group. This does not imply that each group
vould have 15 to 20 observations; rather, the total number of

Frequency Distribution Table

The first analysis step is to take the data of Figure 10.1 and
reformat it into the form of a frequency disteibution table, as
illustrated in Table 10.1. This tabular array shows the total
number of vehicles observed in each speed group. For the
convenience of subsequent use, the table includes one speed
group at each extreme for which no vehicles were observed.
The “middle speed” (S) of the third column is taken as the
midpoint value within the speed group. The use of this value
is discussed in a later section.

The fourth column of the table shows the number of
vehicles observed in each speed group. This value is known as
the frequency for the speed group. These values are taken
directly from the field sheet of Figure 10.1.

In the fifth column, the percentage of total observations
in each speed group is computed as: '

)bservation's will be sut.’ﬁc_:ient to define the undgrlying distri- % = 1 OOE o
yution and its c_harac.tensuc_s. _ N
Table 10.1: 'F'r‘e'qﬁency Distribution Table for Dlustrative Spot Speed Smdy
Speed Group o o |
Lower Upper Middle Observed % Freq. Cum %
Limit " Limit | SpeedS "Freq. in in Group Freq - o
(mi/h) (mi/h) (mi/h) Groupn | (%) %y | oS n$*"
R 34 33 S0 0.0% 00% | 0 0
c34 0 36 35 5 1.8% 18% | 175 6,125
36 | 38 37 s 1.8% 35% 185 6,845
38 | 40 39 . 7 2.5% 60% 273 10,647
40 | a2 a1 | 13 46% | 106% 533 21853 .
) 4 43 21 7.4% 18.0% 903 38,829
44 46 45 33 11:7% 297% | 1485 | 66825
6 48 47 46 16.3% 45.9% 2,162 101,614
48 - 50 49 62 21.9% 67.8% 13,038 148,862
50 52 51 37 13.1% 80.9% 1,887 96,237
52 54 53 24 8.5% 89.4% 1,272 67,416
4 | 56 . 55 14 4.9% 94.3% 770 42,350
56 .58 57 - 9 3.2% 97.5% 513 29,241
58 60 59 5 1.8% 99.3% 295 17,405
60 62 61 2 0.7% 100.0% 122 7442
62 64 63 0 0.0% 100.0% 0 0
283 100.0% ' 13,613 661,691

..j\!l percents computed to two decimal places and rounded to one; this may cause apparent “errors” in cumulative percents due to rounding.

Computations rounded to the nearest whole number.
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where: n; = number of observations (frequency) in speed
group i
N = total number of observations in the sample

For the 40-42 mi/h speed group, there are 13 observations
in a total sample of 283 speeds. Thus the percent frequency is
100*(13/283) = 4.6% for this group. The cumulative percent
frequency (cum %) is the percentage of vehicles traveling at or
below the highest speed in the speed group: '

cum% = 100( >n; / N) (10-2)
I-x .

where: x =consecutive number (starting with the lowest speed
group) of the speed group for which the cum %
frequency is desired

For the 40-42 mi/h speed group, the sum of the frequen-
cies for all speed: groups having a high-speed boundary of
42 mihor less is found as 13 + 7 + 5 + 5 + 0=30. The cum %
frequency is then 100 * (30/283) = 10.6%.

_ The last two columns of the frequency distribution table
. are simple multiplications that will be used in subsequent
‘computations:

‘Frequency and Cumulative Frequency
Distribution Curves

The data in Table 10.1 are used tn plot two curves that lend a. ,

visual impact to the information: (1) a Frequency Distribution

Curve and (2) a Cumulative Frequency Distribution Curve. .

These are illustrated in Figure 10.2 and plotted as follows:

* .Frequency distribution curve. For. each speed

group, the % frequency of observations within the
group is plotted versus the middle speed of the
group (S). '
* Cumulative frequency distribution curve. For each
speed group, the % cumulative frequency of observa-
tions is plotted versus the higher boundary of the

speed group.

Note that the two frequencies are plotted versus different
speeds. The middle speed is used for the frequency distribu-
tion curve. The cumulative frequency distribution curve,
however, results in a very useful plot of speed versus the per-
cent of vehicles traveling at or below the designated speed.
For this reason, the upper limit of the speed gmup is used as
the plotting point.

- Measures of dispersion include the 85th and 15th percentk|

In both cases, the plots are connected by a smooth cury
that minimizes the total distance of points falling above |
line and those falling below the line (on the vertical axis)
A smooth curve is defined as one without any breaks in
slope of the curve. The “best fit” is done approximately (by
eye), generally a lightly sketched curve in freehand. A Frenc
curve may then be used to darken the line. Some statisticy
packages plot such a line automatically.

It is also convenient to plot the frequency distributio
curve directly above the cumulative frequency distributioy
curve, using the same horizontal scale. This makes it easierty
use the curves to extract critical parameters graphically
Figure 10.2 also illustrates the graphic determination of
several key variables that help describe the observed distribu-
tion. These parameters are defined and their determination
explained in the sections that follow.

Common Descriptive Statistics

Common descriptive statistics may be computed from the dai
in the frequency distribution table or determined graphicall
from the frequency and cumulative frequency distribution
curves. These statistics are used to describe two importan
characteristics of the distribution:

. * Central tendency: Measures that describe the approx
imate middle or center of the distribution.
. Dispersion: Measures that describe the extent to wh1ch
data spreads arormd the center of the distribution.’

Measures of central tendency mclude the average o
mean speed, the median speed, the modal speed, and the pac

speeds and the standard deviation.

‘The Mean Speed: A Measure of Central Tendency Tk

average or mean speed of a distribution is usually easily foundi
as the sum of the observed values divided by the number ¢!
observations. In a spot speed study, however, individual valuet :
of speed are not recorded; rather, the frequency of observation
within defined speed groups is known. Computing the me#
speed requires the assumption that the average speed within!
given speed group is the middle speed, S, of the group. This l‘
the reason that speed groups of more than 5 mi/h are nev'!
used. This assumption becomes less valid as the size of
speed groups increases. For 2 mi/h speed groups, as in
illustrative study, the assimption is usually quite good. If th*
assumption is made, the sum of all speeds in a given spe
group may be computed as:

n;S;
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/here ;= frequency of observations in speed group i

S middie speed of speed group i

he sum of all speeds in the distribution may then be found by

ddmg this product for all speed groups:
>onsS;
i

‘he mean or average speed is then computed as the sum
livided by the number of observed speeds:

2 nS;

N

(10-3)

=1
Il

vhere: ¥ = average speed for the sample observations, mi/h
N = total sample size

For the illustrative study data presented in Figure 10.2 and
Table 10.1, the average or mean speed is:

_Bes o
X = 283 4* mi

where Zn;S; is the sum of the next-to-last column of the
frequency distribution table of Table 10.1.

The Median Speed: Another Measure of Central
Tendency The median speed is defined as the speed that
divides the distribution into equal parts (i.e., there are as many
observations of speeds higher than the median as there are lower
than the median). It is a positional value and not affected by the
absolute value of extreme observations.

The difference between the median and mean is best
illustrated by example. Three speeds are observed: 30 mi/h,
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40 mi/h, and 50 mi/h. Their average is (30 + 40 + 50)/3 =
40 mi/h. Their median is also 40 mi/h because it equally
divides the distribution, with one speed higher than 40 mi/h
and one speed lower than 40 mi/h. Another three speeds are
then observed: 30 mi‘h, 40 mi/h, and 70 mi/h. Their average is
(30 + 40 + 70)/3 = 46.7 mi/h. The median, however, is still

"40 mi/h, with one speed higher and one speed lower than this

observation. The mean is affected by the magnitude of the
extreme observations; the median is affected only by the
number of such observations.

Because individual speeds have not been recorded in the
illustrative study, however, the “middle value” is not easily
determined from the tabular data of Table 10.1. It is easier
to estimate the median graphically using the cumulative

frequency distribution curve of Figure 10.2. By definition,

the median equally divides the distribution. Therefore, 50%

- of all observed speeds should be less than the median. This

is exactly-what the cumulative frequency distribution curve
plots. If the curve is entered at 50% on the vertical axis, the

median speed is found, as illustrated in Figure 10.2. For

the illustrative study: - . _
Psp=48.0 mi/h

-where Py is the median or 50th percentile speed.

‘The Pace: Another Measure of Central Tendency The pace

is a traffic engineering measure not commonty used for other
statistical analyses. It is defined as the 10-mi/h-increment in

speed in which the highest percentage of drivers is observed. It -
" is also found graphically using the frequency distribution curve

of Figure 10.2. The solution recognizes that the area under the
frequency distribution curve between any two speeds
approximates the percentage of vehicles traveling between those
two speeds, where the total area under the curve is 100%.

The pace is found as follows: A 10-mi/h template is scaled

from the horizontal axis. Keeping this template horizontal, place

an end on the lower left side of the curve and move slowly along

the curve. When the right side of the template intersects the right -

side of the curve, the pace has been located. This procedure iden-

" tifies the 10-mi/h increment that intersects the peak of the curve;

this contains the most area and, therefore, the highest percentage
of vehicles. The pace is shown in Figure 10.2 as:

43.5—-53.5 mi/h

The Modal Speed: Another Measure of Central
Tendency The mode is defined as the single value of speed
that is most likely to occur. Because no discrete values were
recorded, the modal speed is also determined graphically from
the frequency distribution curve. A vertical line is dropped

from the peak of the curve, with the result found on the
horizontal axis. For the illustrativestudy, the modal speed i

49.2 mi/h

The Standard Deviation: A Measure of Dispersion T
most common statistical measure of dispersion in a distributiop
is the standard deviation. It is a measure of how far data Spreads
around the mean value. In simple terms, the standard deviatioy
is the average value of the difference between individual
observations and the average value of those observations,
Where discrete values of a variable are available, the equation
for computing the standard deviation is:

{10-4)

where: s = the standard deviation
' x; = observation i
x = average of all observations
N = number of observations-

The difference between a given data point and the -
average is a direct measure of the magnitude of dispersion.
These differences are squared to avoid positive and negativ
differences canceling and summed for all data. points. They

are then divided by N— 1. One statistical degree of freedoms

lost because-the mean of the distribution is known and used
to compute the differences. If there are three numbers‘and i
is known that the differences between the values and the
mean for the first two are “3” and “2,” then the third or las
difference must be “—5,” because the sum of all-differénces
must be zero. Only the first “N — 17 observations of differ

~ ences are statistically random. A square root is taken of the

results because the values of the differences were squaredtt

begin the computation. '
Becauz_se’discrete values of speed are not recorded

Equation 10-3 is modified to reflect group frequencies:

which may be manipulated into a more convenient form,
follows:
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where all terms are as previously defined. This form is most
convenient because the first term is the sum of the last column
of the frequency distribution table of Table 10.1. For the
lustrative study, the standard deviation is:

*
691 — 283 48.1*
5= \[66 ! = 4.96milh

183 — 1

Most observed speed distributions have standard devia-
iions that are close to 5 mi/h because this represents most
driver behavior patterns reasonably well. Unlike averages and
other central speeds, which vary widely from location to
location, most speed studies yield similar standard deviations.

The 85th and 15th Percentile Speeds The 85th and 15th
percentile speeds give a general description of the high and
low speeds observed by most reasonable drivers. It is
generally thought that the upper and lower 15% of the
distribution represents speeds that are either too fast or too
slow for existing conditions. These values are found
graphically from the cumulative frequency distribution curve
of Figure 10.2. The curve is entered on the vertical axis at
values of 85% and 15%. The respective speeds are found on
the horizontal axis, as shown in Figure 10.2. For the
illustrative study, these speeds are:

Pgs =527 mi/h
P|5 =43.7 mi/h

Thé 85th and 15th percentile speeds can be used to
roughly estimate the standard deviation of the distribution,

although this is not recommended when the data are available - -

for a precise determination:

Pgs — Pys

= (10-6) -

2

where all terms are as previously deﬁned For the illustrative
spot speed study: '

= 52.7 — 437 — 4Smih
2

In this case, the estimated value is relatively close to the
actual computed value of 4.96 mi/h.

The 85th and 15th percentile speeds give insight to both
the central tendency and dispersion of the distribution. As these
values get closer to the mean, less dispersion exists and the
stronger the central tendency of the distribution becomes.

Percentage Vehicles Within the Pace The pace itself is a
measure of the center of the distribution. The percentage of

vehicles traveling within the pace speeds is a measure of both
central tendency and dispersion. The smaller the percentage
of vehicles traveling within the pace, the  greater the degree of
dispersion in the distribution.

The percentage of vehicles within the pace is found
graphically using both the frequency distribution and
cumulative frequency distribution curves of Figure 10.2. The
pace speeds were determined previously from the frequency
distribution curves. Lines from these speeds are dropped
vertically to the cumulative frequency distribution curve.
The percentage of vehicles traveling at or below each of these
speeds can then be determined from the vertical axis of the
cumulative frequency distribution curve, as shown. Then:

% Vehicles under 53.5 mi/h = 87.0%

% Vehicles under 43.5 mi/h = 14.0%
% Veh between 43.5 and 53.5 mi/h = 73.0%

Even though speeds between 34 and 62 mi/h were
observed in this study, over 70% of the vehicles traveled at
speeds between 43.5 and 53.5 mi/h. This represents expected
traffic behavior with a standard deviation of approximately
3 mi/h. s :

Usmg the Normal Distribution in the Analy5|s
of Spot Speed Data

Most speed distributions tend to be statistically normal

. (i.e., they can be reasonably represented by a normal distribu-

tion). Chapter 7 contains a detailed descnpnon of the normal
dnsmbutlon and its properties that should be revnewed in

' conjunctlon with. this section. -

If observed speeds are assumed to be normally distrib-
uted, then several additional analyses of the data may. be con-
ducted. Recall that the standard notation x:N[40,25] signifies
that the variable “x” is normally distributed with a mean of “40”
and a variance of “25.” The standard deviation is the square root
of the variance, or “5” in this case. Recall also that a value of “x”
on any normal distribution can be converted to an equivalent
value of “z” on the standard norial dlsmbutlon where ZN[0,1]:

Xi — K
o

% = (10-7)

where: x; = a value on any normal distribution x:N[u, %]
= the true mean of the distribution of values x;

o=the true standard deviation of the distribution of
values x;

z; = equivalent value on the standard normal distribution
ZN[0,1]
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In practical terms, the true values, u and O are
unknown. What results from a spot speed study are estimates
of the true mean and standard deviation of the distribution
based on a measured sample, x and s. A table of values of the
standard normal distribution is included in Chapter 7 and
used in the analysis of the illustrative data.

Precision and Confidence Intervals When a spot speed
study is conducted, a single value of the mean speed is
computed. For the illustrative study of this chapter, the mean
is 48.1 mi/h, based on a sample of 283 observations. In effect,
this value, based on a finite number of measured speeds, is
being used to estimate the true mean of the underlying
distribution of all vehicles traversing the site under
uncongested conditions. The number of such vehicles, for all
practical and statistical purposes, is infinite. The measured
value of X is being used as an estimate for u. The first
statistical question that must be answered is: How good 1s this
estimate? :

In Chapter 7, the- standard error of the mean, E, was
introduced and defined. If a variable x is normally distributed:

xN[s, 67

~itcanbe shown:that the distribution of sample means (of a set

of means with a constant sample size, n) is also normally

 distributed, as follows:

: “~.;;}v[ﬁ,(”2/ gl

. Assume that 100 speed observations had an avérage value

of 50 mi/h. The speeds are then-arranged in 10 groups of 10
speeds, and 10 separate averages are computed (one for
each group). The average of the 10 group averages would
still be 50 mi/h because the mean of the distribution of sam-
ple means is the same as the mean of the original distribu-
tion. The standard deviations, however, would be different
because the grouping and averaging process significantly
reduces the occurrénce of extrgme values. For example, in a
distribution with an average speed of 50 mi/h, it is conceiv-
able that some observations of 70 mi/h or more would be
obtained. However, at the same site, it is highly unlikely
that the average of any 10 observed speeds would be
70 mi/h or higher.

The standard error of the mean, E, is simply the standard
deviation of a distribution of sample means with a constant
group size of n:

E=s\Vn (10-8)

“given by the term 1.96 E. For the illustrative spot speed study

where: E = standard error of the mean

s = standard deviation of thi€ original distribution g of
individual values

n = number of samples in each group of observation\f

The characteristics of the normal distribution are also dj;
cussed in Chapter 7. These characteristics, together with e
standard error of the mean, can be used to quantify the quality ¢
the sample estimate of the true mean of the underlying distriby-
tion. In effect, the entire illustrative spot speed study (with i
sample size of 283 values) is considered to be a single point ong

distribution of sample means, all with a group size of 283
Assuming a normal distribution, it is known that 95% of all vil-°

ues lie between the mean =+ 1.96 standard deviations; 99.7%
all values_lie between the mean 3-3.00 standard deviations. Thy
it is 95% certain that the sample mean (48.1 mi/h) is within the

range of the true mean +1.96 standard deviations. The standai-
- deviation is, in this case, the standard error of the mean. Ther

X=p+196E = p=%+ 1.96E (109

95% of the time. The percentage is referred to as the confi
‘dence interval, whereas the precision of the measurement s

E 4% . 0.295mi/h
= ——="= (295mi/h .
V283 . o
p = 48.1 + 1.96(0.295) = 48.1 £ 0.578

= 47522 — 48.678mi/h

‘Rounding off the vaiues, it can be stated that we are 95%§.
confident that the true mean of the underlying speed distributior

lies between 47.5 and 48.7 mi/h. For a 99.7% confidence leve!
: !
X=p+3.00E = pu=%+3.00E
u=48.1 +3.00(0.295)
p=48.1+0.885
p=47.215 —48.985 mi/h

Again rounding off these values, it can be stated that #!
are 99.7% confident that-the true mean of the underlyin
speed distribution lies between 47.2 and 49.0 mi/h.

These statements provide a quantitative description of ¢
precision of the measurement and the confidence with whit
the estimate is given. Note that as the confidence Jew!
increases, the precision of the estimate decreases (i.€., the ran¥
of the estimate increases). Given that speeds are normal!
distributed, we can be 100% confident that the true mean spefé
lies between 48.10 mi/h £ 00,

Such a statement is useless in engineering ter™
Because spot speed studies represent a sample of measi®
ments selected from a virtually infinite population, the aver®'

(1000

—_
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qn never be measured with complete precision and 100%
onfidence. The most common approach uses the 95% confi-
ence interval to compute the precision and confidence of the
)mple mean as an estimator of the true mean of the underly-

10 distribution.

stimating the Required Sample Size  Although it is useful
, know the confidence level and precision of a measured
ymple mean after the fact, it is more useful to determine what
ymple size is required to obtain a measurement that satisfies a
redetermined precision and confidence level. Given that the
recision or tolerance (e) of the estimate is the + range around

16 mean:

95% : e = 1.96E = 1.96( */\/n)

99.7% : ¢ = 3.00E = 3.00(*/\/n)

hese equations can now be solved for (he'sample size, n. To
btain a desired precision with 95% confidence:

n= 3'8;”2 (10-11)
e : ,

0. obtain a desired pre‘cisi_dn with_99.7_% confidence:

N

. (10-12)

.te

here all variables are as prevnously defmed

Consider the following problem: How many speeds must

:collected to determine the true mean speed of the underlying
stribution to within-1.0 mi/h with 95% confidence? How do
e results change if the tolerance is changed to iO 5 mi/h and
e confidence level to 99.7%?

The first problem is that the standard deviation-of the

stribution, s, is not known because the study has not yet '
:en conducted. Here, practical use is made of the knowledge -

at most speed distributions have standard deviations of

iproximately 5.0 mi/h. This value is assumed, and the results’

¢ shown in Table 10.2.

A sample size of 96 speeds is required to achieve a toler-
ance of £1.0 mw/h with 95% confidence. To achieve a tolerance
of £0.5 mi/h with 99.7% confidence, the required sample size
must be almost 10 times greater. For most Traffic engineering
studies, a tolerance of +1.0 mi/h and a confidence level of 95%
are quite sufficient.

Before and After Spot Speed Studies

In many situations, existing speeds at a given location should
be reduced. This occurs in situations where a high accident
and/or accident severity rate is found to be related to exces-
sive speed. It also arises where existing speed limits are being
exceeded by an inordinate number of drivers.

Many wraffic engineering actions can help reduce
speeds, including lowered speed limits, stricter enforce-
ment measures, warning signs, installation of rumble
strips, and others. The major study issue, however, is to
demonstrate that speeds have indeed been successfully
reduced.

This is not an easy issue. Consider the following sce-
nario: Assume that a new speed limit has been installed at a
given location in an attempt to reduce the average speed by
5 mi/h. A speed study is conducted before implementing the

" reduced speed limit, and another is conducted several months

after the new speed limit is in effect. Note that the “after”

- study is normally conducted after the new traffic engineering

measures have been in effect for some time. This is done so
that stable driver behavior is observed, rather than a transient
response to something new. It is observed that the éveréoe
speed of the “after” study is 3.5 mi/h less than the average A
speed of the “before” study. Staustlcally these two questions
must be answered:

» Is the observed reducuon in average speeds real?

* Is the observed reductlon in average speeds the
intended 5 mi/h? '

Although both questions appear to have obvious answers,

~ they in fact do not. There are two reasons that a reduction in

Table 10.2: Sample Size Computations Illustrated

Tolerance Confidence Level
¢ (mifh) 95% 99.7%
10 3.84(5)2 _—
n= (,.é)z) n= (:)_(0))2 =225
0.5 ’ _ 3.84(5)> s o 9.0(5) o
(0.5)° (05)?
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average speeds could have occurred: (1) the observed 3.5-mi/h
reduction could occur because the new speed limit caused the
true mean speed of the underlying distribution to be reduced; (2)
the observed 3.5-mi/h reduction could also occur because two
different samples were selected from an underlying distribution
that did not change. In statistical terms, the first is referred to as
a significant reduction in speeds, and the latter is statistically not
significant.

The second question is equally tricky. Assuming that
the observed 3.5-mi/h reduction in speeds is found to be
statistically significant, it is necessary to determine whether
the true mean speed of the underlying distribution has
likely been reduced by 5 mi/h. Statistical testing will be
required to answer both questions. Further, it will not be
possible to answer either question with 100% certainty or
confidence.

Chapter 7 introduced the concepts and methodologies
for before-and-after testing for the significance of observed
differences in sample means. The concept of truth tables was
also discussed. The statistical tests for the significance of
observed differences have four possible results: (1) the actual
difference is significant, and the statistical test determines
that it is significant; (2) the actual difference is not signifi-
cant, and the statistical test determines that it is not signifi-
cant; (3) the actual difference is significant and the statistical
test determines that it is not significant; and (4) the actual dif-

that it 1s significant. Thé first two outcomes result in an accu-

rate assessment of the situation; the last:two represent erro-- . |
‘neous results Tn statistical terms, outcome (4) is referred to -
~asa Type I, or @ éfror; outcome (3)is referred to as a Type 11,

or Berrar..

making a Type I error. In this case, it will appear that the
problem (excessive speed) has been solved, when in fact
it has not been solved. This may result in additional acci-
dents, injuries, and/or deaths before the “truth” becomes
apparent. If a Type Il error is made, additional effort will be
expended to entice lower speeds. Although this might
involve additional expense, it is unlikely to lead to any
negative results.

The statistical test applied to assess the significance of
an observed reduction in mean speeds is the normal approxi-
mation. As discussed in Chapter 7, this test is applicable as
long as the “before” and “after” sample sizes are more than or
equal to 30, which will always be the case in properly con-
ducted speed studies. To certify that an observed reduction is
significant, we wish to be 95% confident that this is so. In
other words, we wish to ensure that the chance of making a
Type 1 error is less than 5%.

_ (Chapter 7) is used to find the probability that a value equalt
or less than z4 occurs when both sample means are from the

, . - . . : “same underl distribution. Then: '
ference is not significant and the statistical test determines ymg !

In practical terms,’ the trafﬁc engmeer must av01d A

The normal approximation is applied by converting tf;
observed reduction in mean speedscfo a value of z on the stz

dard normal distribution:
(x;i—X)—0
Zd = ——————
Sy

2 2

St 52

— + ——

sy = N, N, (10-13),

where: z;= standard normal distribution equivalent to
observed difference in sample speeds

x; = mean speed of the “before” sample, mi/h
X, =mean speed of the “after”” sample, mi/h

Sy= pooled standard deviation of the distribution of
sample mean differences

* 5y = standard deviation of the ‘before” sample, mif
= standard deviation of the “after” sample, mi/h
“Ny= sample size of the “before” study (must be = 3

N, = sample size of the “after” study (must be = 3} -

" The standard normal distr_ibufibn table of Table 73

-~ If Prob (z < zg) = 0.95, the observed reductlon 1n'

o - speeds is statistically significant.

* If Prob (z < z4) < 0.95, the observed reductionin
speeds is not statistically significant.

;
!

In the first case, it means that the observed differencein

sample means would be exceeded less than 5% of the tim:. _

assuming that the two samples came from the same underly
ing distribution. Given that such a value was observed, tht
may be interpreted as being less than 5% probable that the.
observed difference came from the same underlying distribt
tion and more than 95% probable that it resulted from?:
change in the underlying distribution. i
Note that a one-sided test is conducted (i.c., we are tes:
ing the significance of an observed reduction in sampt.
means, not an observed difference in sample means). If
observations revealed an increase in sample means, no stat’
tical test is conducted because it is obvious that the desir®’
result was not achieved. :
If the observed reduction is found to be statistically sit| i
nificant, the second question can be entertained (i.e., was e 1
target speed reduction achieved?). This is done using only
results of the “after” distribution. Note that from the nor™

[

]
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Jistribution characteristics, it is 95% probable that the true
mean of the distribution is:

u=x+1.96F

If the target speed lies within this range, it can be stated
that it was successfully achieved.

Consider the following results of a before-and-after
spot speed study conducted to-evaluate the effectiveness of a
qew speed limit intended to reduce the average speed at the
jocation tO 60 mi/h:

Before Results After Results

65.3 mi/h X 63.0 mi/h
5.0mi/h Ry 6.0 mi/h

50 N 60

A normal approximation test is conducted to determine
whether the observed reduction in sample means is statistically

significant: | ,

Step 1:  Compute the pooled standard deviation.
Sy = S0 + E‘= 1.05mi/h" -

- Step2: Compute z4.

(653 -630) -0
a 105

z =219 .

Step 3: Determine the prob (z < 2.19) from Table 7.3.
Prob (z < 2.19) = 0.9857

Step 4:  Compare results with the 95% criteria.

As 98.57% > 95% the results indicate that the observed
reduction in sample means was statistically significant.
Given these results, it is now possible to investigate

whether or not the target speed of 60 mi/h was successfully

achieved in the “after” sample. The 95% confidence interval
for the “after” estimate of the true mean of the underlying
distribution is:

E = 6/V60 = 0.7746

k= 63.0 £ 1.96(0.7746)

p =630+ 152

p = 61.48 — 64.52mi/h

Because the target speed of 60 mi/h does not lie in

this range, it cannot be stated that it was successfully
achieved.

In this case, although a significant reduction of speeds was
achieved, it was not sufficient to achieve the target value of
60 mi/h. Additional study of the site would be undertaken and
additional measures enacted to achieve additional speed reduction.

The 95% confidence criteria for certifying a significant
reduction in observed speeds should be well understood. If a
before-and-after study results in a confidence level of 94.5%, it
would not be certified as statistically significant. This decision
limits the probability of making a Type I error to less than 5%.
When we state that the observed difference in mean speeds is
not statistically significant in this case, however, it is 94.5%
probable that we are making a Type II error. Before expending
large amounts of funds on additional speed-reduction measures,
a larger “after” speed sample should be taken to see whether or
not 95% confidence can be achieved with an expanded database.

Testing for Normaicy: The Chi-Square
Goodness-of-Fit Test

Virtually all of the statistical analyses of this section start with the
basic assumption that the speed distribution can be mathemati-
cally represented as normal. For completeness, it is therefore
necessary to conduct a statistical test to confirm that this assump-
tion is comrect. As described in Chapter 7, the chi-square test is
used to determine whether the difference between an observed
distribution and its assumed mathematical form is significant.
For grouped data, the chi-squared statistic is computed as:

: (n; — f)?
P=3 N _f

10-14
27 (10-14)

. where: = chi—squaréd statistic

n; = frequency o_f observations in speed group i
= theoretical frequency in speed group i, assuming
that the assumed distribution exists
"'NG = number of speed groups in the distribution

. Table 10.3 shows these computations for the illustrative
spot speed study. Speed groups are already spéciﬁed, and the
observed frequencies are taken directly from the field sheet of
Figure 10.1.

For convenience, the speed groups are listed from highest
to lowest. This is to coordinate with the standard normal distri-
bution table of Chapter 7, which gives probabilities of z < z4
The upper limit of the highest group is adjusted to “infinity”
because the theoretical normal distribution extends to both
positive and negative infinity. The remaining columns of
Table 10.3 focus on determining the theoretical frequencies, f;
and on determining the final value of y’.
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Table 10.3: Chi-Square Test for Normalcy on Illustrative Spot Speed Data

Average Speed = 48.10 mi/h Standard Deviation = 4.96 mi’/h Sample Size:: 283

Speed Group Upper
Limit Prob.

Upper | Lower | Observed | (Std. Prob. of Theoretical | Combined | Combined

Limit | Limit | Frequency | Normal) | z < z; [ Occurrencein | Frequency | Groups Groups 7

(mi/h) | (mi/h) n 2d Table 7.3 Group f n f Group
00 60 2 00 1.0000 0.0082 2.3206
60 58 5 240 | 0.9918 0.0146 4.1318 7 6.4524 0.0465
58 56 9 200 | 09772 0.0331 9.3673 9 9.3673 0.0144
56 54 14 1.59 | 0.9441 0.0611 17.2913 14 17.2913 0.6265
54 52 24 1.19 0.8830 0.0978 27.6774 24 27.6774 0.4886
52 50 37 0.79 | 0.7852 0.1372 38.8276 37 38.8276 | 0.0860
50 48 62 0.38 0.6480 0.1560 44.1480 62 44.1480 7.2188
48 46 46 —0.02 0.4920 0.1548 43.8084 46 43.8084 0.109,
46 44 33 —0.42 0.3372 0.1339 37.8937 33 37.8937 | 0.6320
44 42 21 —0.83 0.2033 0.0940 26.6020 21 26.6020 1.1797
42 40 13 -1.23 0.1093 0.0577 16.3291 13 16.3291 0.6781 -
40 38 7 -1.63 0.0516 0.0309 - 8.7447 7 8.7447 0.3481
38 36 3 -2.04 | 0.0207 0.0134 3.7922 10 5.8581 | 2.9285
36 34 5 -2.44 | 0.0073 0.0073 2.0659 B

Total 1.0000 283 283 283 [14.3574
r=143574

Degrees of Freedom=12—3=9

The theoretical frequencies are the numbers of observa--

~ tions that would have occurred in the various speed groups if -
the distribution were perfectly normal. To find these values,
the probability of an occurrence within each speed group

must be

determined from the standard normal . table of

Chapter 7. This is done in columns 4 through 7 of Table'10.3,
as follows: _

1.

The upper limit of each speed group (in mi/h) is

converted to an equivalent value of z on the standard

normal distribution, using Equation 10-8. This com-

putation is illustrated for the speed group with an

upper limit of 60 mi/h:

60.00 — 48.10
4.96

Note that the mean speed and standard deviation of
the illustrative spot speed study are used in this
computation.

Z«): ___2.40

Each computed value of z is now looked up on the
standard normal table of Chapter 7. From this, the

probability of z < 'zd is found and entered inld

‘column 5 -of Table 10.3.
... Consider the 48 to 50 mi/h speed group in Tabl

10.3. From column 5, 0.6480 is the probability of
speed <50 mi/h occurring on a normal distribution: |
0.4920 is the probability of a speed <48 mi/h occur |
ring. Thus the probability of an occurrence between!i
48 and 50 mi/h is 0.6480 — 0.4920 = 0.1560. T,
probabilities of column 6 are computed via sequer :
tial subtractions as shown here. The result is thfjf
probability of a speed being in any speed group |

assuming a normal distribution. i

. The theoretical frequencies of column 7 are found;

by multiplying the sample size by the probability
an occurrence in that speed group. Fractional result:
are permitted for theoretical frequencies. :

. The chi-square test is valid only when all values of /¥

theoretical frequency are 5 or more. To achieve this, thf |
first two and last two speed groups must be combind
The observed frequencies are similarly combined.
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6. The value of chi-square for each speed group is
computed as shown. The computation for the 40 to
42 mi/h speed group is illustrated here:

(m —fF _ (13- 16.3291)

2 —
i fi 16.3291

X.

= 0.6787

These values are summed to yield the final value of %
ior the distribution, which is 14.3574.

To assess this result, the chi-square table of Chapter 7 is
used. Probability_values are shown on the horizontal axis of
he table. The vertical axis shows degrees of freedom. For a
chi-square distribution, the number of degrees of freedom is
the number of data groups (after they are combined to yield

theoretical frequencies of 5 or more), minus 3. Three degrees .

of freedom are lost because the computation of ¥ requires

that three characteristics of the measured distribution be

known: the mean, the standard deviation, and the sample size.
Thus, for the illustrative spot speed study, the number of
degrees of freedom is 12 — 3=9. ' S :

The values of 12 are shown in the body of chi-square

table. For the illustrative data, the value of 12 lies between the

abulated values of 11.39 (Prob=0.25) and 14.68 (Prob=0, 10).
“Note also that the probabilities shown in table represent the
probability of a value being greater than ‘or equal to ¥
" Interpolation is used to determine the precise probability level

associated with a value of 14.3574 on a chi-square distribution

with 9 degrees of freedom: -

 Value . Probability .
13900 = 025
143574 - P

146800 . 0.10.

p = Prob(y2 = 14.3574)
14.6800 — 143574
14.6800 — 11.3900

=0.10 + (0.15) = (.1147

From this determination, it is 11.47% probable that a
value of 14.3574 or higher would exist if the distribution were
statistically normal. The decision criteria are the same as for
other statistical tests (i.€., to say that the data and the assumed
mathematical description are significantly different, we must
be 95% confident that this is true). For tables that yield a
probability of a value less than or equal to the computed
Statistic, the probability must be 95% or more to certify a
significant difference. This was the case in the normal approx-
imation test. The corresponding decision point using a table
with probabilities greater than or equal to the computed

o

statistic is that the probability must be 5% or less to certify a
significant statistical difference. In the case of the illustrative
data, the probability of a value of 14.3574 or greater is
11.47%. This is more than 5%. Thus the data and the assumed
mathematical description are not significantly different, and
its normalcy is successfully demonstrated.

A chi-square test is rarely actually conducted on spot
speed results because they are virtually always normal. If
the data are seriously skewed or take a shape obviously
different from the normal distribution, this will be relatively
obvious, and the test can be conducted. It is also possible to
compare the data with other types of distributions. A
number of distributions have the same general shape as the
normal distribution but have skews to the low or high end of
the distribution. It is also possible that a given set of data
can be reasonably described using a number of different
distributions. This does not negate the validity of a normal
description when it occurs. As long as speed data can be
described as normal, all of the manipulations described
here are valid. . , '

If a speed distribution is found to be not normal, then
other distributions can be used to describe.it, and other statistical
tests can be performed. These are not covered in this text, and
we refer you to standard statistics textbooks.

10.3 Travel-Time Studies

Travel-time studies involve significant lengths of a facility '
or group of facilities forming a route. Information on the.
travel time between key points within the study area is
sought and is used to identify those segments in need of
improvements. Travel-time studies are often coordinated
with delay observations at points of congestion along the
study route. e

Travel-time information is used for many purposes,
including the following:

. To‘identify problem locations on facilities by virtue
of high travel times and/or delay.

« To measure arterial level of service, based on average
travel speeds and travel times.

* To provide necessary input to traffic assignment
models, which focus on link travel time as a key
determinant of route selection.

* To provide travel-time data for economic evaluation
of transportation improvements.

* To develop time contour maps and other depictions of
traffic congestion in an area or region.
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10.3.1 Field Study Techniques

Because significant lengths of roadway are involved, it is
difficult to remotely observe vehicles as they progress
through the study section. The most common techniques for
conducting travel time studies involve driving test cars
through the study section, while an observer records elapsed
times through the section, and at key intermediate points
within the section. The observer is equipped with a field

_sheet pre-defining the intermediate points for which travel

times are desired. The observer uses a stop-watch that is
started when the test vehicle enters the study section, and
records the elapsed time at each intermediate point, and
when the end of the study section is reached. A second stop-
watch is used to measure the length of midblock and inter-
section stops. Their location is noted, and if the cause can be
identified, it is also noted. '

- To maintain some consistency of results, test-car drivers
are instructed to use one of three driving strategies: .

1." Floating Car Technique: In this technique, the test-
 car driver is asked to pass as many vehicles as pass
the test car. In this way, the vehicle’s relative posi-
tion in the traffic stream remains unchanged, and the
test car approximates the behavior of an average
vehicle in the traffic stream. '

2. Maximum Car Technique: In this procedure, the
driver is asked to drive as fast as is safely practical in
the traffic stream, without ever exceedmg the design
speed of the facility.

3. Average Car Technique: The driver is instructed to
drive at the approxlmate average speed of the traffic
. Stream.

The floating car and average car techniques result in esti-
mates of the average travel time through the section. The
floating car technique is generally applied only on two
—lane highways, where passing is rare, and the number of
passings can be counted and balanced relatively easily. On a
multilane freeway, such a driving technique would be diffi-
cult at best, and might cause dangerous situations to arise,
as a test vehicle attempts to “keep up” with the number of
vehicles that have passed it. The average car technique
yields similar results with less stress applied to the driver of
the test vehicle.

The maximum car technique does not result in measure- '

ment of average conditions in the traffic stream. Rather, the
measured travel times represent the lower range of the distri-
bution of travel times. Travel times are more indicative of a

- passage is noted along with the license plate number. The

_ - this technique. Samplmg is quite difficult, as. it is vmuall\
- impossible to record every license plate and time. Assume

" across three locations is 0.50 X 0.50 X 0.50 = 12.5%. Also.:

15th percentile speed than an average. Speeds computed frop,
these travel times are approximately indicative of the g5y
percentile speed.

It is important, therefore, that all test car runs in a givep
study follow the same driving strategy. Comparisons of traye|
times measured using different driving techniques will pg
yield valid results.

Issues related to sample size are handled similarly (o
spot speed studies. When specific driving strategies ar
followed, the standard deviation of the results is somewhy
constrained, and fewer samples are needed. This is impor-
tant. As a practical issue, too many test cars released int
the traffic stream over a short period of time will affect its
operation, in effect altering the observed results. For mos
common applications, the number of test car runs that wil
yield travel time measurements with reasonable confidence
and precision ranges from a low of 6-10 to a high of 5.
depending upon the type of facility and the amount of
traffic. The latter is difficult to achieve without affecting
traffic, and may require that runs be taken over an extended
time period, such as during the evening peak hour over
several days. N ‘

Another techmque may be used to collect travel times.
Roadside observers can record license plate numbers
vehicles pass designated points along the route. The time of

detail of delay information at intermediate points is lost wit

that a sample of 50% of all license plates ls_ﬂrecorde_d_ al;
every study location. The probability that a license plat
match occurs at two locations is 0.50 X 0.50, or 0.25 (25%)-
The probability that a license plate match occurt

as there is no consistent driving strategy among drivers if
the traffic stream, many more license plate matches ar
required than test-car runs to obtain similar precision an
confidence in the results.

In some cases, elevated vantage points may be availabk
to allow an entire study section to be viewed. The progresst
individual vehicles in the traffic stream can be directl!
observed. This type of study generally involves videotapir?
the study section, so that many, or even all, vehicle traw"z
times can be observed and recorded. ':

An alternative to the use of direct observation is
equip the test vehicle with one of several devices that plot¢
speed vs. distance as the vehicle travels through the IC":
section. Data can be extracted from the plot to yield ched | '
point travel times, and the locations and time of stopp‘?d.‘
delays caii be determined. '
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The sample data sheet of Table 10.4 is for a seven-mile
cection of Lincoln Highway, which is a major suburban mul-
ilane highway of six lanes. Checkpoints are defined in
erms of mileposts. As an alternative, intersections or other
known geographic markers can be used as identifiers. The
clapsed stopwatch time to each checkpoint is noted. Section
Jata refer to the distance between the previous checkpoint
und the checkpoint noted. Thus, for the section labeled MP
16. the section data refers to the section between mileposts
16 and 17. The total stopped delay experienced in each sec-
iion is noted, along with the number of stops. The “special
qotes” column contains the observer’s determination of the
cause(s) of ‘the delays noted. Section travel times are
computed as the difference between cumulative times at
wccessive checkpoints.

In this study, the segments ending in mileposts 18 and 19
display the highest delays and therefore the highest travel
iimes. If this is consistently shown in all or most of the test
runs, these sections would be subjected to more detailed study.

Table 10.4: A Sample Travel-Time Field Sheet -

Because the delays are indicated as caused primarily by traffic
control signals, their timing and coordination would be exam-
ined carefully to see if they can be improved. Double parking
is also noted as a cause in one segment. ﬁrking regulations
would be reviewed, along with available legal parking supply,
as would enforcement practices.

10.3.2 Travel Time Along an Arterial:
An Example of the Statistics
of Travel Times

Given the cost and logistics of travel-time studies (test cars,
drivers, multiple runs, multiple days of study, etc.), there is
a natural tendency to keep the number of observations, N,
as small as possible. This case considers a hypothetical
arterial on which the true mean running time is 196 seconds
over a three-mile section. The standard deviation of the
running time is 15 seconds. The distribution of running

Site: Lincoln Highway
Recorder: William McShane

Run No. 3
Date: Aug 10, 2002

‘Start Location: Milepost 15.0
Start Time: 5:00 PM

Per Section
Cum. Dist. , ) Section |.
~Along | Cum Stopped | Travel | -
Route | Trav.Time | Delay | No.of | . Time.. | - Special
Checkpoint | . (mi). - | (min:sec) | Stops | (min:sec) | - Notes
MP 16 10 | 135 | 00 0 1:35
MPI7T | .20 3:05 | - 00 0 1:30
MPI8 | - 30 5:50 426 3 0:45 Stops due to
o ' ' signals at:
MPI17.2
MP175
: : , , : MP18.0
MP 19 40 7:50 46.0 4 2:00 Stops due to
' signal MP18.5
and double °
parked cars.
MP 20 50 9:03 0.0 0 HE.
MP 2] 6.0 10:45 6.0 1 1:42 Stop due to
' School bus.
MP 22 70 12:00 0.0 1:15
Section 1.0 88.6 12:00
Totals
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times is normal. Note that the discussion is, at this point,
limited to running times. These do not include stopped
delays encountered along the route and are not equivalent to
travel times.

Given the normal distribution of running times, the
mean running time for the section is 196 seconds, and 95% of
all running times would fall within 1.96(15) = 29.4 seconds of
this value. Thus the 95% interval for travel times would be
between 196 — 29.4 = 166.6 seconds and 196 + 29.4 =225:4
seconds. The speeds corresponding to these running times
(including the average) are:

i 3600s
5= ™, = 479 mi/h
2545 h
3mi 3600s
=2, = 55.1mi/h
Sav 196s h . l
C . 3mi 3600
5= 2~ 64.8mih
27 166665 h.

‘Note that the average of the two 95% confidence interval

. limits is (47.9 + 64.8)/2 = 56.4 mi/h, not 55.1 mi/h. This dis-
“crepancy is due to the fact that the running times are normally .
“distributed and are therefore symmetric. The resulting running
“speed distribution is skewed. The distribution of speeds, which

_ are inverse to running times, cannot be normal if the running

times are normal. The 55.1 mi/h value is the appropriate aver-

 age speed, based on the observed average running time over the
. :three-mile study section.

So far, this discussion considers only the Tunning

times of test vehicles through-the section. The actyyt

travel-time results of 20 test-car runs are illustrated j,
Figure 10.3.

This distribution does not ook normal. In fact, it is ng
normal at all because the total travel time represents the sum of
running time (which is normally distributed) and stop time
delay that follows another distribution entirely. Specifically, i
is postulated that:

Probability of Duration of
No. of Signal Stops Occurrence Stops
0 0.569 Os
1 0.300 - 40s
2 0.131 ' 80s

The observations of Table 10.4 result from the combi-
nation of random driver selection of running speeds
and signal delay effects that follow the relationship jusi
specified. _ _ . -

The actual mean travel time of the observations it
Figure 10.3 is 218.5 seconds, with a standard deviation of
38.3 seconds. The 95% confidence limits on the average ar:

2185 + 1.96(38.3/V20) = 2185 + 1679
201.71 - 235.29s

Number of Observations

—

1

11

{ 150 160 170 180 190 200 210 220 230 240 250 260 270 280+
Travel Times (sec) '

Figure 10.3: Histogram of Hypothetical Travel-Time Data for 20 Runs over a 3-Mile Arterial Segment
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The speeds associated with these average and limiting
(avel times are:

e 3mi . 3600s — 45.9mi/h
235295  h
Imi 36005
= * = 494 mifh
S = J185s . h m
3mi 36005
= * = 53.5mifh
2% 0171k m

Another way of addressing the average travel time is to
dd the average running time (196 seconds) to the average
lelay time, which is computed from the probabilities just

oted as:
d,, = (0.569*0) + (0.300%40)
+ (0.131*80) = 22.5s
"he avelﬁge travel time is then expected to be 196.0 + 22.5=

18.5s, which is the same average obtained from the
istogram of measurements.

03.3 Overriding Default Values: Another
Example of Statistical Analysis
of Travel-Time Data

igure 10.4 shows a default curve calibrated by a local high-
nay jurisdiction for average travel speed along four-lane
rierials within the jurisdiction. As with all “standard”
alues, the use of another value is always permissible as long
s there are specific field mcasurements to ]usufy replacing
e standard value.

Assume that a case exists in which the default value of
travel speed for a given volume, V, is 40 mi/h. Based on
three travel-time runs over a two-mile section, the measured
average travel speed is 43 mi/h. The analysts would like to
replace the standard value with the measured value. Is this
appropriate?

The statistical issue is whether or not the observed
3 mi/h difference between the standard value and the meas-
ured value is statistically significant. As a practical matter (in
this hypothetical case), practitioners generally believe that the
standard values of Figure 10.4 are too low and that higher
values are routinely observed. This suggests that a one-sided
hypothests test should be used.

Figure 10.5 shows a probable distribution of the random
variable ¥ = Zt/N, the estimator of the average travel time
through the section. Based on the standard and measured
average travel speeds, the corresponding travel times over
a two-mile section of the roadway are (2/40) * 3,600 = 180.0s
and (2/43) * 3,600 = 167.4 s. These two values are formu-
lated, respectively, as the null and alternative hypotheses, as
illustrated in Figure 10.5. The following points relate to
Figure 10.5:

* Type I and Type II errors are equélized and set at 5%
(0.05).

* From the standard normal table of Chapter 7, the
value of z; corresponding to Prob. (z < z4) = 0.95
(correspondmg to a one-sided test with Type I and 11
errors set at 5%) i is 1.645.

* The difference between the null and altérnate
hypotheses isa Lravel nme of 180.0 — 167.4 = 12.6,
noted as A.-

s The standard deviation of travel times is known to be
280s. © '

Average
Travel
Speed
(mi/h)

% 4ol

‘}l Volume (veh/h)

l
‘ Figure 10.4: Default Curve Specified by Agency (Illustrative)
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5% or 0.05

Null hypothesis of 40 mi/h (180 s over 2 miles)

', ™1800  Travel Time (s)
A=126 :

A2=631AR2 =63

5% of 0.05 _

Alternative hypothesis of 43 mi/h -
(167.4 s over 2 miles) C

1674

Travel Time (s)

Flgure 10.5: Testing the Default (Null Hypothes:s) Agamst the Proposed Altemauve Hypothesns

From Figuré 10.5, for the difference between the default
~ and alernative hypotheses to be statistically Signiﬁcant, the
~ value of A/2 must be equal to or larger than l 645 Umes the
o .‘standard error for travel times, or: :

A/2>1645</\/X1)

63> 1.645( 28 / V3 ) = 26.6

Obviously, in this case the difference is not significant, and the

“measured value of 43 mi/h cannot be accepted in place of th

default value. This relationship can, of course, be solved for\.

8,486

N= A2

~using the known value of the standard deviation (281-§
Remember that A is stated in terms of the difference in rravl
times over the two-mile test course, not the difference it:
average travel speeds. Table 10.5 shows the sample siz

Table 10.5: Required Sample Sizes and Decision Va]ues for the Acceptance of Various Alternative

Hypotheses
Alternative Decision Point

Default Value - Hypothesis Required Sample | (Average Travel Speed) |
(Average Travel Speed) | (Average Travel Speed) Size Y ‘
(mi/h) (mi/h) N (mi/h) :

40 ) 2115 40

40 43 =54 41.4

40 4 =32 419
40 45 =09 424 |

|
|
|
1
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quirements for accepting vanous alternative average travel
ceds in place of the default value. For the alternative
ipothesis of 43 mi/h to be accepted, a sample size of
186/(12.6)* = 54 would have been required. However, as
ustrated in Figure 10.5, had 54 samples been collected, the
rernative hypothesis of 43 mi/h would have been accepted
Jong as the average travel time was less than 173.7 s (i.e.,
¢ average trave] speed was greater than (2/173.7) * 3,600 =
5 mi/h. Table 10.5 shows a number of different alternative
ipotheses, along with the required sample sizes and decision
jints for each to be accepted. .

Although this problem illustrates some of the statistical
alyses that can be applied to travel-time data, you should
amine whether the study, as formulated, is appropriate.
would the Type 11 error be equalized with the Type I error?
oes the existence of a default value imply that it should not?
jould an alternative value higher than any measured value
er be accepted? (For example, should the alternative
ipothesis of 43 mi/h be accepted if the average travel speed
om a sample of 54 or more measurements is 41.6 mi/h,
hich is gredter than the decision value of 41.5 mi/h?)

Given the practical range of sample sizes for most travel-
time studies, it is very difficult to justify overriding default values
for individual cases. However, a compendium of such cases—
each with individually small sample sizes—can and should moti-
vate an agency to review the default values and curves in use.

10.3.3 Travel-Time Displays

Travel-time data can be displayed in many interesting and
informative ways. One method that is used for overall traffic
planning in a region is the development of a travel-time
contour map, of the type shown in Figure 10.6. Travel times
along all major routes entering or leaving a central area are
measured. Time contours are then plotted, usually in
increments of 15 minutes. The shape of the contours gives an
immediate visual assessment of corridor travel times in various
directions. The closer together contour lines plot, the longer
the travel time to progress amy set distance. Such plots can be
used for overall planning purposes and for identifying corri-
dors and segments of the system that require improvement.

Figure 10.6: A Travel-Time Contour Map

(Source: Used with permission of Prentice-Hall Inc, from Pline, J., Editor, Traffic Engineering Handbook, 4th Edition, Institute of

Transportation Engineers, Washington DC, 1992, p. 69.)

PALO ALTO

i an
SANJOSE

Travel Time Contour

ninunEem = 15 minutes
smsann! = 30 minutes
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Elapsed Time (in minutes: seconds)

.m “ .
PR O 0O !
§ 3 .e Q 4
5 E ol "
2 k8 z> z4A %S
e o< o= 0o < TS
2 00 (_.m l_.<O om
U L wQ w2 =0

Figure 10.7: A Plot of. Elapsed Time Versus Distance

Transportation Engineers, Washmgton DC, 1992 )

Distance (ft)
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(Source; Used with permlsslon of Prentice-Hall Inc, from Pline, J Edltor Traﬁic Engmeerzng Handboak 4th Edmon Institute of '

Travel time albng a route can be depicted in different
ways as well. Figure 10.7 shows a plot of cumulative time
along a route. The slope of the line in any given segment is
speed (ft/s), and stopped delays are clearly indicated by ver-
tical lines. Figure 10.8 shows average travel speeds plotted
against distance. In both cases, problem areas are clearly
indicated, and the traffic engineer can focus on those sec-
tions and locations experiencing the most congestion, as
indicated by the highest travel times (or lowest average
travel speeds). -

10.4 Intersection Delay Studies

Some types of delay are measured as part of a travel-time
study by noting the location and duration of stopped periods

during a test run. A complicating feature for all delay studief
lies in the various definitions of delay, as reviewed earlier i
the chapter. The measurement technique must conform to
delay definition.

Before 1997, the primary delay measure at intersec
tions was stopped delay. Although no form-of delay is ez
to measure in the field, stopped delay was certainly the €2
iest. However, the current measure of effectiveness for si¢
‘nalized and STOP-controlled intersections is total conir®
delay. Control delay is best defined as time-in-queue del?
plus time losses due to deceleration from and acceleratio*
to ambient speed. The 2000 Highway Capacity Manual [\
defines a field measurement technique for control del2"
using the field sheet shown in Figure 10.9.

The study methodology recommended in the High#
Capacity Manual is based on direct observation ¢
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HOV DIRECTION OF TRAVEL
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Figure 10.8: Average Travel Speeds Plotted Versus Segments of a Route

(Source:-Used with permnssnon of Prentice-Hall Inc, from Pline, J., Editor. Traffic Engineering Handbook, 4lh Edmon lnsmute of
Transportation Engmeers Washington DC. 1992.) A

vehicles-in-queue at frequent intervals and requires a mini-

mum of two observers. The following should be noted:

The method is intended for undersaturated flow
conditions, and for cases where the maximum queue
is about 20 to 25 vehicles.

The method does not directly measure acceleration-
deceleration delay but uses an adjustment factor to
estimate this component.

4. Observers must make an estimate of free-flow

speed before beginning a detailed survey. This is
done by driving a vehicle through the intersection
during periods when the light is green and there
are no queues and/or by measuring approach
speeds at a position where they are unaffected by
the signal.

Actual measurements start at the beginning of the red

The method also uses an adjustment to correct for phase of the subject lane group. There should be no
errors that are likely to occur in the sampling process. overflow queue from the previous green phase when
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INTERSECTION CONTROL DELAY WORKSHEET

Analyst Intersection

Agency or Company "
_Date Performed reaType  OCBD O Other
Analysis Time Period Analysis Year

. . Inpiit Initial Parameters i ,
Number of Lanes, N - Total Vehicles Arriving V1
Stopped Vehicle Count Vgop
Survey Count Interval /; Cycle Length D (s)
Input Field Data T i
Clock Cycle Numbezj of Vfllnicles u; Queue
Time | Number ount Interva

1- 2 3 4 h) 6 7 8 9 10

Total

‘ Figure 10.9: ‘Field Sheet for Signalized Intersection Delay Studies :
| (Source: Used with permission of Transportation Research Board, Highway Capacity Manual, 4th Edition, Washington DC, p. 16-173)

measurements start. The following tasks are performed by car length of queued vehicles that have not yet starte

the two observers: to move.
; Observer 1 ' * At intervals between 10 seconds and 20 seconds, &
; number of vehicles in queue are recorded on the
« Keeps track of the end of standing queues for each ' sheet. The regular intervals for these observations shoUF
cycle by observing the last vehicle in each lane that be an integral divisor of the cycle length. Vehicks “‘5
stops due to the signal. This count includes vehicles queue are those that are included in the queue of stopp:

that arrive on green but stop or approach within one vehicles (as just defined) and have not yet exited I



\
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|
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intersection. For through vehicles, “exiting the intersec-
tion” occurs when the rear wheels cross the STOP line;
for turning vehicles, “exiting” occurs when the vehicle
clears the opposing vehicular or pedestrian flow to which
it must yield and begins to accelerate.

« At the end of the survey period, vehicle-in-queue counts
continue until all vehicles that entered the queue during
the survey period have exited the intersection.

bserver 2

« During the entire study period, separate counts are
maintained of vehicles arriving during the survey
period and of vehicles that stop one or more times
during the survey period. Stopping vehicles are
counted only once, regardless of how many times

_they stop.

For convenience, the survey period is defined as an

ateger number of cycles, although an arbitrary length of time
e.g., 15 minutes) could also be used and would be necessary
/here an actuated signal is involved.

‘Each column of the vehicle-in-queue counts is summed; -

1e column sums are then added to yield the total vehicle-in-
ueue count for the study period. It is than assumed that the
verage time-in-queue for a counted vehlcle is the timie interval
etween counts. Then:

2V

T

To =\ L+ £0.90 (10-15)
here: Ty = average time-in-queue, s/veh
I; = time interval between time-in-queue counts, s
EV,»q = sum of all vehicle-in-queue counts, vehs

Vr=total number of vehicles arriving during the
study period, vehs

0.9 = empirical adjustment factor

he adjustment factor (0.9) adjusts for errors that generally
:cur when this type of sampling technique is used. Such
rors usually result in an overestimate of delay.

A further adjustment for acceleration/deceleration
‘lay requires that two values be computed: (1) the average
imber of vehicles stopping per lane, per cycle, and (2) the
oportion of vehicles arriving that actually stop. These are
‘mputed as:

Vsrop

= 10-16
Vsie = NN, (10-16)

where: Vs;c = number of vehicles stopping per lane, per
cycle (veh/In/cycle)

Vstop = total count of stopping vehieles, vehs
N, = number of cycles included in the survey
N = number of lanes in the survey lane group

v
Fis = 20 (10-17)

T

~where FVS§ = fraction of vehicles stopping

other variables as previously defined

Using the number of stopping vehicles per lane, per
cycle, and the measured free-flow speed for the approach in
question, an adjustment factor is found in Table 10.6.

The final estimate of control delay is then computed as:

d=Ty + (FVS*CF) (10-18)

- where: d = total control delay, s/veh

CF = correction factor from Table 10.6
other variables as previously defined

Table 10.7 shows_z-lffacsim'i.leof a ﬁeld sheet, sumrﬁa- .

rizing the data for. a survey on a signalized intersection

approach. The approach has two lanes, and the signal cycle

length is 60 seconds. Ten: cycles were surveyed, and the
vehicle-in-queue count interval is 20 seconds.

The average time-in-queue is computed usmg
Equation 10-15:

(. 132 :
= == ) £ 0.90 = 19.8s/veh
T (20*12())*090 - 1985fveh

To find “the appropriate correction factor from
Table 10.6, the number of vehicles stopping per lane per cycle

s computed using Equation 9-16:

Vyc= Tﬁ = 3.75vehs
Using this and the measured free-flow speed of 35 mi/h, the
correction factor is +5 seconds. The control delay is now esti-
mated using Equations 10-17 and 10-18:
15

FVS = — =0.625
120

d =198 + (0.625 * 5) = 22.9s/veh

A similar technique and field sheet can be used to meas-
ure stopped time delay as well. In this case, the interval counts

—
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Table 10.6: Adjustment Factor for Acceleration/Deceleration Delay __

e

Vehicles Stopping Per Lane,
Free-Flow Speed Per Cycle (Vsi.c)
(mi/h) <7 vehs 8-19 vehs 20-30 vehs
<37 +5 +2 -1
s +7 +4 +2
B +9 +7 +5

(Source: Used with permission of Transportation Research Board, Highway
Capacity Manual, 4th Edition, Washington DC, 2000, Exhibit A16-2, p. 16-91.)

Table 10.7: Sample Data for a Signalized Intersection Delay Study

Number of Ve‘hic.lesin Queue
Clock Time Cycle Number +0s +20s +40s

5:00 PM . 1 4 7 5
5:01 pM: 2 6 6 5
5:02 PM 3 3 5 5
5:03pM 4 2 6 4
5:04pM - 5 5 3 3
5:05 pm 6 5 4 5
5:06 pPM 7 6 8 4
5:07 M 8 3 4 3
5:08 PM 9 2 4 3.
5:09 pm 10 4 3 5

Total _ 40 5_0 ‘42

Zti =132 vehs V1 =120 vehs Vstop =75 FFS =35 mi/h

include only vehicles stopped within the intersection queue
area, not those moving within it. No adjustment for accelera-
tion/deceleration delay would be added.

10.5 Closing Comnients

Time is one of the key commodities that motorists and
other travelers invest in getting from here to there.
Travelers most often wish to minimize this investment by
making their trips as short as possible. Travel-time and
delay studies provide the traffic engineer with data con-
cerning congestion, section travel times, and point delays.
Through careful examination, the causes of congestion,
excessive travel times, and delays can be determined gmd

traffic engineering measures developed to amelioralt
problems. A ' :

- -Speed is the inverse of travel time. Althongh traveler:
wish to maximize the speed of their trip, they also wish tode
so consistent with safety. Speed data provide insight int
many factors, including safety, and are used to help time traF
fic signals, set speed limits, locate signs, and in a variety of
other important traffic engineering activities.
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209, Transportatien Research Board, National Science Jtem Study Study
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Speed
Standard 48mih 5.3 mih
roblems Deviation
Sample Size 120 108

.1. Consider the spot speed data here, collected at a
rural highway site under conditions of uncongested
flow: (@) Were the rumble strips effective in reducing

average speeds at this location?

(b) Were the rumble strips effective in reducing

Number of Vehicles © average speeds to 40 mi/h?
Speed .Gf oup Observed 10-3. The following data were collected during a delay study
(mi/h) N) on a signalized intersection approach. The cycle length
15-20 0 of the signal is 60 seconds. :
20-25 4 ~ (a) Estimate the time spent in queue for the average
25-30 9 - vehicle. ‘
30-35 18 . ' (b) Estimate the average control delay per vehicle on
35-40 35 _ i, this approach.
4045 . [ 42 :
45-50 - 32 ' S _ “ :
©50-55 20 E ~ Clock | Cycle | Number of Vehicles in Queue .
55-60° 9 , Time .| Number | +0s | +15s-| +30s | +45s
60-65 0 - 9:00 aM 1 3 4 2 4
' - 9:01 am - 2 1 1 2 3 3
‘ 9:02am | 3 4 3. 3 4
| (@ Plot the frequency and. cumulatlve frequency L ggi AM g (2) ? ‘ g ;1
| ~ curves for this data.. - - : L=t i Al
, - 9105 am 6 2 1. 1 2
(b Determme the median speed, the modal speed the " 9:06 AM 7 4 3 4 3
. pace, ‘and the percentage of vehicles in the pact from 9-07 AM 8 5 - 5 6 4
’ 1 - the curves, and show how each was found. - 9:08am | 9 2 3 4 3
(c) Compute the mean_ and standard deviation of the 3(1)3 m : }(l) : (]) g g % .
speediiiution N onam| 12 |1 | o0 ! 0.
(d) What are the confidence bounds of the estimate of o12am | 13 2 2 ] 2
the true mean speed of the distribution with 95% 9:13 AM 14 2 3 ) 2
confidence? With 99.7% confidence? ' " 9:14 AM 15 4 3 3 3
(e) Based on the results of this study, a second is to . Note: Vy =435 vehs; Vyop =305 vehs; FFS = 35 mifh.223.

be conducted to achieve a tolerance of + 0.8 mi/h
with 95% confidence. What sample size is

required? 10-4. A series of travel time runs are to be made along an

(f) Can this data be adequately described as “normal?” arterial section. Tabulate the number of runs required to

2. A before-and after speed study was eonducted to deter- estimate the overall average travel time with 95% con-
mine the effectiveness of a series of rumble strips fidence to within £2 min, £5 min, £10 min, for stan-
installed approaching a toll plaza to reduce approach dard deviations of 5, 10, and 15 minutes. Note that a

speeds to 40 mi/h. 3 x 3 table of values is desired.

|
|
1
|
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10-5. The results of a travel time study are summarized in the
table that follows. For this data:

(a) Tabulate and graphically present the results of the

travel time and delay runs. Show the average travel

speed and average running speed for each section.

(b) Note that the number of runs suggested in this Probley,
(5) is not necessarily consistent with the resuls of
Problem 10-3. Assuming that each vehicle makes five
runs, how many test vehicles would be needed {
achieve a tolerance of +3 with 95% confidence?

ErinBlvd  Recorder: XYZ Summary of 5 Runs
Cumulative Cumulative Per Section
Checkpoint Section Length Travel Time
Number (mi) - (min:sec) Delay (s) No. of Stops
l N —_ — —
2 1.00 2:05 10 1
3 2.25 4:50 30 1
4 - 350 - 7:30 25 1
5 4.00 9:10 42 2
6 425 - 10:27 47 1
7 5.00 11:54 - 14 1




