Lecture Three
Spot Speed Studies

Introduction
A spot speed study is conducted to determine the characteristics of speeds selected by drivers free
of the limitations imposed by congestion. Thus, they are generally not conducted when volumes
are in excess of 750-1,000 veh/h/In on freeways or 500 veh/h/In on other types of uninterrupted
flow facilities.
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Studies generally seek to measure an average and/or other representative speed and to document
the distribution of speeds that drivers select. Because individual drivers will choose to drive at
different speeds, knowing the average speed, while quite useful, is insufficient to fully understand
underlying characteristics.
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Speed Definitions of Interest

When the speeds of individual vehicles are measured at a given spot or location, the result is a
distribution of speeds, as 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.
There are several key statistics that are used to describe spot speed distributions:
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4+ Average or time mean speed: the average speed of all vehicles passing the study location
during the period of the study, mi/h or kKm/hr. gl ds jul) Jara @ ds pull a3 Jaca gial) gl Janal)
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4+ Standard deviation: in simplistic terms, the standard deviation of speeds is the average

difference between individual observed speeds and the average speed during the period of
the study. 325l <le sl c G Jaa s Clo ull 5 jbaal) Cil a3Y) s § s
Al ) Sﬁédﬁigﬁﬁ\;\&}d\ Jara g il jall 433 4l

4+ 85th percentile speed: the speed below which 85% of the observed vehicles travel, mi/h
or Km/hr. delufas i Aelufsa (53 g sall il yal) (e %A 0 Lgda (B gl Lgiga saedi A A puad)

4+ Median speed: 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, mi/h, or KM/hr. e 53 g jall cile jull (o %0 + (g sbasilly e puad) 2358 anti A1) A e
AslufaS gl delufda o giall (1o JB) %0« 5 Janall (1
+ Pace: a 10 mi/h increment in speeds that encompasses the highest proportion of observed
speeds (as compared with any other 10 mi/h increment).
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The desired result of a spot speed study is to determine each of these measures and to determine
an adequate mathematical description of the entire observed distribution.
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Uses of Spot Speed Data
The results of spot speed studies are used for many different purposes by traffic engineers,
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+ Establishing the effectiveness of new or existing speed limits or enforcement practices.
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+ Determining appropriate speed limits for application. gl dpualiall (g guatll) A8y} o

+ Establishing speed trends at the local, state, and national levels to assess the effectiveness
of the national policy on speed limits and enforcement.
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+ Specific design applications such as determining appropriate sight distances, relationships
between speed and highway alignment, and speed performance with respect to steepness
and length of grades. ..l g de el ¢y A8al) Ay 1) Alse ilaan "Sia Alma dasana’ cililas
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4+ Specific control applications, such as the timing of “yellow” and “all red” intervals for
traffic signals, proper placement of signs, and development of appropriate signal
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+ Investigation of high-accident locations at which speed is suspected to be a contributing
cause to the accident experience. ¢ & 4didy A Adle Ay Eagal) oSkl B g8ail)
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Collection of Spot Speed Data

Much speed data are collected using permanent detector locations. Loop detectors are the most
common form used in these cases. Where no permanent detectors are in place at the desired study
location, a variety of techniques and portable equipment can be deployed. Most such
measurements, however, are made using a hand-held or vehicle-mounted radar “guns” or detectors.
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Because the individual observed speeds will be in the form of a distribution that will have to be
mathematically described, individual speeds are arranged in the form of frequencies of
observations within defined speed groups. Thus, the results are in terms of “this many speeds were
observed between X and Y mi/h,” rather than a listing of individual speeds. This is done as it will
facilitate the statistical analyses and determinations that will be extracted from the data.
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Analysis and Presentation of Spot Speed Data

The best way to present the analysis of typical spot speed data is by example. The discussions of
this section will be illustrated using a comprehensive sample application throughout.

Fig. 1 represents a typical set of field data from a spot speed study taken at a location of interest on
a major arterial. As noted, the data are summarized as frequencies of observances in predefined
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Sunny and Dry
Weather Conditions
June 26,2017
Date and Time
45 mi/h
Posted Speed Limit
SPEED GROUP
Lower Upper
limit limit OBSERVED VEHICLES TOTAL
(mi/h) (mi/h)
>30 32 0
>32 34 pLiis 5
>34 36 W 5
>36 38 W I 7
>38 40 JHE T 111 13
>40 42 T JHT JHT T | 21
>42 H JHTJHE ST T T it 11 33
>44 46 JHE ST M JHT JHE JHT M T T | 46
>46 48 M UM ME LT LT T AT AT JHT T M 65
>48 50 MM MM M W 40
>50 52 MMM M 38
>52 54 FCLL L U 30
>54 56 MMM M 25
>36 58 JUa e 18
>58 60 M 10
>60 62 M 7
>62 64 If 3
>64 66 Il 2
>66 68 0
Roger P Roess
Name
Radar
Method of Collection
Fig. 1. Field Data for an Illustrative Spot Speed Study.

As the observed speeds form a distribution, they will eventually be described in terms of a
continuous distribution function. The mathematical characteristics of a continuous distribution do
not allow for the description of the probability of any distinct value occurring—in a continuous
function, one discrete speed is one value in a distribution with an infinite number of such values.
In more practical terms, a continuous distribution cannot mathematically describe the occurrence
of a speed of exactly 44.72 mi/h. It can, however, describe the occurrence of a speed in the range
of 44.7 to 44.8 mi/h. Therefore, the statistical analysis of speed data is based on the number of
observed values within a set of defined speed ranges.

Q oaibadll ety | jaluall o) gl Ay aladinls lgdia a3 Cpra @) 98 S 83 gua yall e pud) Y M) ylas
b 53al 5 Aad o Aladial) Aoyl 3 painall AN L Saee ciaa Al Chom g 6 aianal) @35l Al )

Ao o Gisia Maaly ) Cheay O el g5l (Sl dlenll Lalill (e il 03¢l Al e a5
ainy ol Aele/die £5A LU £V gl e Ao ull Ciay (Sa Gl gay Jasalls Gelu/aS £,V
B3l de ) il (e e gena (pania 83 gaa pall ail) 220 e de jull il Slaal) Julal)




The data are shown in Fig.1 use speed groups that are 2 mi/h in breadth. This is a practical value
that is quite typical, although a 1 mi/h group is also used if the sample sizes are large enough. For
statistical reasons that will be explained later, speed groups with a range of more than 5 mi/h are
never used. The number of speed groups defined must relate to the expected range of the data, and
to the number of speeds that will be observed and recorded.
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For example, defining 15-speed groups and collecting only 30 speeds would be illogical, as there
would only be an average of 2 observations per group. In general, it is customary to collect 15-20
speeds for each defined speed group. This does not imply that each group would have 15-20
observations; rather that the total number of observations will be sufficient to define the underlying
distribution and its characteristics.
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Frequency Distribution Table
The first analysis step is to take the data from Fig.1 and put it into the form of a frequency
distribution table, as illustrated in Table.1. This tabular array shows the total number of vehicles
observed in each speed group. For the convenience of subsequent use, the table includes a 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.
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Table .1: Frequency
Distribution Table for Illustrative Spot Speed Study

Speed Group No.of

Lower | Upper | Middle | Vehicles

Limit | Limit | Speed, | Observedin % Cum, %

(mih) | (mih) | S(mih) | Group,n Frequency | Frequency nS ns?
>30 3 3 0 0.00 0.00 0.00 0.00
>3) H 3 5 1.36 1.36 165.00 | 544500
>34 36 35 j 1.36 N) 17500 | 612500
>36 38 3 1 1.90 462 25900 | 9,583.00
>38 40 39 13 353 8.15 50700 | 19,773.00
>40 4 4] 2 AN 13.86 861.00 | 3530100
>4 4 43 kX 897 08 141900 | 61,017.00
p 46 45 46 12,50 KARK] 207000 | 93,150.00
>46 48 41 65 17.66 32,99 305500 | 143,585.00
>48 50 49 40 10.87 63.86 1960.00 | 96,040.00
>30 h)) h| 38 10.33 T4.18 193800 | 98.838.00
>52 M 53 30 §.15 8234 1,590.00 | 8427000
>4 56 55 2 6.79 §9.13 137500 | 75625.00
>36 58 51 I8 489 94.02 102600 | 5848200
>38 60 59 10 n 96.74 59000 | 34.810.00
>60 62 01 1 1.90 08.64 2700 | 26047.00
>62 64 63 3 0.82 99.46 189.00 | 11,907.00
>64 66 05 2 .54 100.00 13000 | 845000
>60 08 67 0 0.00 10000 0.00 0.00

368 100,00 17,736.00 | 868,448.00

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
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In the fifth column, the percentage of total observations in each speed group is computed as:
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For the 38—40 mi/h speed group, there are 13 observations in a total sample of 368 speeds. Thus,
the percent frequency is 100x (13/368)=3.53% for this group. The cumulative percent frequency
(cum %) is the percentage of vehicles traveling at or below the highest speed in the speed group:
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Cum% = 10021 — xn;/N) [2]

Where:
x is the consecutive number (starting with the lowest speed group) of the speed group for which
the cumulative percent frequency is desired.
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For the 38—40 mi/h speed group, the sum of the frequencies for all speed groups having a high-
speed boundary of 40 mi/h or less is found as 5+5+7+13=30. The cumulative percent frequency is
then 100(30/368) =8.15% for this speed group.
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The last two columns of the frequency distribution table are simple multiplications that will be used
in subsequent computations.
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Frequency and Cumulative Frequency Distribution Curves S5 ¢l si g sl cliiada
The data in Table.1 are then used to plot two curves that lend a visual impact to the information:
(a) a frequency distribution curve and Ol Cinie aw )l ) dy Jeaall b Gl aadis
(b) a cumulative frequency distribution curve. rleglaall e (5 s il
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These are illustrated in Fig.2, and are plotted as follows:
e Frequency distribution curve. For each speed group, the percent frequency of observations
within the group is plotted versus the middle speed of the group (S).
e Cumulative frequency distribution curve. For each speed group, the percent cumulative
frequency of observations is plotted versus the higher boundary of the speed group.
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Fig.2: Frequency and Cumulative Frequency Curves for the Illustrative Problem.
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Fig. 2. Frequency and Cumulative Frequency Curves for the Illustrative
Problem.

Note that the two frequencies are plotted versus different speeds. The middle speed is used for the
frequency distribution curve. The cumulative frequency distribution curve, however, results in a
very useful plot of speed versus the percentage of vehicles traveling at or below the designated
speed. For this reason, the upper limit of the speed group is used as the plotting point.
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In both cases, the plots are connected by a smooth curve that minimizes the total distance between
points falling above the line and those falling below the line (on the vertical axis). A smooth curve
is defined as one without any breaks in the slope of the curve. The “best fit” is done approximately
(by eye). Some statistical packages will plot such a line automatically.
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It is also convenient to plot the frequency distribution curve directly above the cumulative
frequency distribution curve, using the same horizontal scale. This makes it easier to use the curves
to graphically extract critical parameters.
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Common Descriptive Statistics

Common descriptive statistics may be computed from the data in the frequency distribution table

or determined graphically from the frequency and cumulative frequency distribution curves. These
statistics are used to describe two important characteristics of the distribution:
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e Central tendency: measures that describe the approximate middle or center of the

distribution. LGNS 255 38 50 g (i Y Jana o) il () GulBal) 145 38 pal) Ao 3300
e Dispersion: measures that describe the extent to which data spread around the center of the
distribution. L0 S ue e Gl LS saa dial (Al (uplBall Jadd peadl)

Measures of central tendency include the average or mean speed, the median speed, the modal
speed, and the pace. Measures of dispersion include the 85th and 15th percentile speeds and the

standard deviation. eyl 3 5L 31 ) siall s i o) Jans sin (e 8015 35S el i il e
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Measures of Central Tendency:

Mean, Median, Mode, and Pace

The average or mean speed of a distribution is usually easily found as the sum of the observed
values divided by the number of observations. In a spot speed study, however, individual values of
speed may not be recorded; rather, the frequency of observations within defined speed groups is
known. Computing the mean speed requires the assumption that the average speed within a given
speed group is the middle speed, S, of the group.
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This is the reason that speed groups of more than 5 mi/h are never used. This assumption becomes
less valid as the size of the speed groups increases. For 2 mi/h speed groups, as in the illustrative
study, the assumption is usually quite good. If this assumption is made, the sum of all speeds in a
given speed group may be computed as; G Astaldi © Ga ST s jul) e gana plaii) a3 o 50 130
cile ganal duwllly mﬂmmu-.:\»anu)emdmua\ﬁ\n (K7
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Where:
n;=number of observations in speed group i, and, j ic jull ie gana Craa cilaalial) sae

S;=middle speed of speed group. ; ic i) ic gans o de puall e i) Jan sia

The sum of all speeds in the distribution may then be found by adding this product for all speed
groups: rle pud) cilid J< g ganall 18 ABLly W) (Sas a5l A e pud) £ gana o)
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The mean or average speed is then computed as the sum divided by the number of observed speeds:
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x = YinS;/N [3]

Where:
x=average (time mean) speed for the sample observations, mi/h, and N=total
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For the illustrative study data presented in Fig.2 and Table.1, the average or mean speed is:
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x=17,736368 =48.2 mi/h

Where:
Y. n;S; is the sum of the next-to-last column of the frequency distribution table of Table.1.
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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 is not affected by the absolute value of extreme observations.
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The difference between the median and mean is best illustrated by an example. Three speeds are
observed: 30 mi/h, 40 mi/h, and 50 mi/h. Their average is (30+40+50)/3=40 mi/h.
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Their median is also 40 mi/h, as 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.
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As individual speeds have not been recorded in the illustrative study, the “middle value” is not
easily determined from the tabular data of Table.1. It is easier to estimate the median graphically
using the cumulative frequency distribution curve of Fig.2. By definition, the median equally
divides the distribution. Therefore, 50% of all observed speeds should be less than the median.
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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. This determination is illustrated, along with
other descriptive variables, in Fig.3.
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Fig. 3. Frequency and Cumulative Frequency Curves for the Illustrative
Problem.
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Where P50 is the median or 50th percentile speed.



The pace is a traffic engineering measure not commonly used for other statistical analyses. It is defined as
the 10 mi/h increments in speed in which the highest percentage of drivers is observed. It is also found
graphically using the frequency distribution curve of Fig.3.
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%. ALY il ey gl a8 a2k Ao udl BBl ) Aoy
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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 identifies
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 Fig.3 as 42.5 to 52.5 mi/h.
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The mode is defined as the single value of speed that is most likely to occur. As 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 illustrative

study, the modal speed is 47.0 mi/h. aiad M) a5 5 5 S pacny atnd )5 A yual Byl Al 1 siall i a5
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Measures of Dispersion
The most common statistical measure of dispersion in distribution is the standard deviation. It is a
measure of how far data is spread around the mean value. In simple terms, the standard deviation
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 compyting
the standard deviation is: - e 0 i<y an ¥ Glid) g o jlmal ol aiy) iy A
3k Adaw giall dadl) Jsa il L] (saa) (ule ) oy 5ill 8
Al Claliiall ay G g (5 bl Bl Yl iy i Sy Adapesy
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s= [ (4]

Where:

S =the standard deviation, . _lsall cil a3y
x;=speed measure i, 845l ds yud)

X =average speed, and 4s ) b gia
N=num. of observations. cjalial) s



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 negative differences canceling, and
summed for all data points. They are then divided by N—1. One statistical degree of freedom is lost
because the mean of the distribution is known and used to compute the differences.
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The principle of degrees of freedom can be explained by a simple example. If there are three
numbers and it is known that the differences between the values and the mean for the first two are
“3” and “2,” then the third or last difference must be “—5,” as the sum of all differences must be 0.
Only the first “N — 1" observations of differences are statistically random.

Finally, a square root is taken of the results, as the values of the differences were squared to begin
the computation.
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Because discrete values of speed are not recorded, Equation 4 is modified to reflect group
frequencies: s ganall ) ) 83 (Sl € B ) Alalaa g gl ly (33 yial) e puad) (9 ptad ™) ki

n;(s;—X)?
s= 5 hen
N-1
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Which may be manipulated into a more convenient form, as follows: : Ll dadla jisie a8 ) dstaal)

s= 3

nis?—Nx2
V1 [5]
Where all terms are as previously defined. This form is most convenient, as the first term is the
sum of the last column of the frequency distribution table of Table.1. For the illustrative study, the
standard deviation is:
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S =

661,691—283%48.12 . .. A
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Most observed speed distributions have standard deviations that are close to 5 mi/h, as 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.
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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, as shown in Fig.3. The curve is
entered on the vertical axis at values of 85% and 15%. The respective speeds are found on the
horizontal axis. For the illustrative study, these speeds are:
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P85=54.7 mi/hP15=42.4 mi/h

The 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: ety L. sy 4 A ML 2l g bmall il jadY) Glual (15%) 9 (85t) cile jud) aladin ¢Say
13AA) yaall

Sest = Pgs — Py5 [6]

Where all terms are as previously defined. For the illustrative spot speed study:
Sos=54.7-42.42=6.15 mi/hr

In this case, the estimated value is very close to the actual computed value of 6.14 mi/h.
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The 85™ and 15" percentile speeds give insight into 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. «adilly 43S all 4 il Jhsa Jaai (15%) o (85%) ad
AT 2 g olina cAaghl) Jaa gia (e sl 038 ol 28] aa gl
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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. s ) 5l 2y i) el &) 3l S 0ad b Pace o
4 el Al lf LalS i) g 4y 38 pal) Ao 33l (b (2 Pace (e
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The percentage of vehicles within the pace is found graphically using both frequency distribution and

cumulative frequency distribution curves, as shown in Fig.3. . <y BUS Asie (mPace ded day
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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:
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% vehicles below 52.7mi/h=77.0% vehicles below 42.7 mi/h=16.0

Even though speeds between 32 and 66 mi/h were observed in this study, 61% of the vehicles
traveled at speeds between 42.7 and 52.7 mi/h. The higher this percentage, the more centralized
the data are—that is, tightly distributed around the mean. Lower percentages indicate greater
dispersion. In this case, dispersion is somewhat more than expected. It is generally expected that
about 70% of vehicles will travel within the pace. This correlates to the standard deviation, which
is also somewhat higher than the expected 5 mi/h value, which also indicates greater than the usual

dispersion. - —
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Statistical Analysis of Spot Speed Data 254!l 4 suall 4l jal (Aasy) Jalal)

All the analysis presented to this point is done through simple arithmetic manipulation of the data.
To gain more insight and understanding of the data, it will be necessary to mathematically describe
the data, and then use the mathematical description to conduct additional analysis.
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Because the individual speed data form a distribution, the mathematical description of the data will

be in the form of a distribution function. Such functions define the probability of an occurrence as

the area under a designated portion of the curve. By definition, the area under the entire curve must
be 1.0, or 100%.
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Like many human behavioral characteristics, speed data will most often be in the form of a normal
distribution. The normal distribution has a strong central tendency around a mean value. As the
value moves further away from the mean (on either side), the probability of its occurrence
decreases. On aroad with an average speed of 50 mi/h, there will be many speeds observed between
45 and 55 mi/h. There would be few speeds, however, observed at over 80 mi/h or below 20 mi/h.
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Application: Estimating the Sample Size
Although it is useful to know the confidence level and precision of a measured sample mean after
the fact, it is more useful to determine what sample size is required to obtain a measurement that
satisfies a predetermined precision and confidence level. Equation 7 can be solved for the sample
size, N: 3n 2l (e i) Al ass il 801 5 AE (5 ginsa 2 yn 2l (po 4 (g i I e
da Sey "lae (paaaall A8 5 A8 (5 gie by el o J sandl o slhaall diel) aaa

N ciall aaal V) doledll

e=1.96 E=1.96s/N for 99.7% confidence: e=3.0 E
95% Confidence: N=1.962 s/E?=3.84s%/e? 99.7% Confidence: N=32 [7]

Consider the following problem: How many speeds must be collected to determine the true mean

speed of the underlying distribution to within £1.0 mi/h with 95% confidence? How do the results

change if the tolerance is changed to £0.5 mi/h and the confidence level to 99.7%?
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The first problem is that the standard deviation of the distribution, s, is not known, as the study has
not yet been conducted. Here, practical use is made of the knowledge that most speed distributions
have standard deviations of approximately 5.0 mi/h. This value is assumed, and the results are
shown in Table.3. Al al Al o) G s caslae e m sl o el ol alY) o) o V) A
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Table.3: Sample Size Computations Illustrated

A Confidence Level
Tolerance e

(mi/h) 95% 99.7%
1.0 3.84(5)> 9.0(5)*
n =- — =96 n =- — = 225
(1.0)2 (1.0)2
0.5 3.84(5)> 9.0(5)°
n = =384 n = = 900

(0.5)° (0.5)%

A sample size of 96 speeds is required to achieve a tolerance of £1.0 mi/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 +1.0mi/h and a
confidence level of 95% are quite sufficient.
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Application: Before-and-After Spot Speed Studies

There are many situations in which 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
excessive speed. It also arises when existing speed limits are exceeded by an inordinate number of

drivers. I | b S e e Bl el S L i A i) e il
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There are many traffic engineering actions that can help reduce speeds, including lowered speed
limits, stricter enforcement measures, warning signs, installation of rumble strips, and others. The
major study issue, however, is to demonstrate that speeds have indeed been successfully reduced.
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This is not an easy issue. Consider the following scenario: 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 average speed of the “after” study is 3.5 mi/h less than the average speed of the “before” study.
Statistically, there are two guestions that must be answered:
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Is the observed reduction in average speeds real? ‘et 4s ) hasia & (2B da
Is the observed reduction in average speeds the intended 5 mi/h? buwgia & L galal) (aliady) da
S gaiall Aol 92 ds )
Although both questions appear to have obvious answers, they in fact do not. There are two reasons
that a reduction in average speeds could have occurred:
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(1) the observed 3.5 mi/h reductions could occur because the new speed limit caused the true
mean speed of the underlying distribution to be reduced, or
sl ABial) Ao pual) Ja gla (RS (8 Gap paad) Ao sl 2a (Y (A8 LusfUsa Y, 0) (RUEATY) iaay
(2) the observed 3.5 mi/h reductions could also occur because two different samples were
selected from an underlying distribution that did not change.
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In statistical terms, the first is referred to as a significant reduction in speeds, whereas the latter is
statistically not significant or insignificant. G S Ol Ad) e Ja1 ) by dibasy) Lall) o
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The second question is equally tricky. Assuming that the observed 3.5 mi/h reductions 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—95% is generally considered to be sufficient.
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The statistical tests for the significance of observed differences have four possible results:
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(1) the actual difference is significant, and the statistical test determines that it is significant;
e Al aany laaY) JLIAY) g « S adll (3 A

(2) the actual difference is not significant, and the statistical test determines that it is not
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(3) the actual difference is significant and the statistical test determines that it is not significant;
e Ol Ad] 23y laay) JLEAYI g s (adl) (3

(4) the actual difference is not significant and the statistical test determines that it is significant.
e 4l 223y lany) JLIAYI g ¢ S Gl (adl) (3,0

The first two outcomes result in an accurate assessment of the situation; the last two represent
erroneous results. Abls il o) pAY) Jiay cadagll (580 andl ) s Guial J ol

In statistical terms, outcome (4) is referred to as a Type I or a error, while outcome (3) is referred
to as a Type II or B error. The concept of the truth table is illustrated in Table .4.
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Table 4: A Sample Truth Table.

Statistical Test Results in a
Designation of:

Actual
Difference is: Significant Not Significant
Significant Correct Result Type I or « Error

Not Significant| Type Il or 3 Error Correct Result




In practical terms, the traffic engineer must avoid making a Type | 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 accidents, 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 safety results.
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The statistical test applied to assess the significance of an observed reduction in mean speeds is the
normal approximation. It is called an “approximation” because the distribution of differences in
sample means (coming from the same underlying population) only approximates the normal
distribution when the sample sizes for the “before” and “after” samples are >30. This will always
be the case in properly conducted spot speed studies.
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When two different sample means are observed, the observed difference is normally distributed
when (a) the two samples come from the same underlying population and (b) the sample sizes are
each >30. The difference is a statistic that is distributed as:
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Where:
_ /_y 5
Sy = N1+N2 [8]

sy=standard deviation of the difference in sample means, 4ial) bu sia 8 AL 5 baal) Gl a3Y)
sy=standard deviation of samplel, Liall & jLaal il 23

The normal approximation is applied by converting the observed reduction in mean speeds to a
value of z on the standard normal distribution: Busie 2 Bsalall (alady) Jisads bl cu il ol
el el a il e 7z dad ) cile )
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[9]

e The standard normal distribution table is used to find the probability that a value equal to
or less than z; occurs when both sample means are from the same underlying distribution.
Then: If Prob (z < z;4) > 0.95, the observed reduction in speeds is statistically significant.
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e If Prob (z > z,4) < 0.95, the observed reduction in speeds is not statistically significant.
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In the first case, it means that the observed difference in sample means would be exceeded less
than 5% of the time, assuming that the two samples came from the same underlying distribution.
Given that such a value was observed, this may be interpreted as being less than 5% probable that
the observed difference came from the same underlying distribution and more than 95% probable
that it resulted from a change in the underlying distribution.
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Note that a one-sided test is conducted (i.e., we are testing the significance of an observed reduction
in sample means, NOT an observed difference in sample means). If the observations revealed an
increase in sample means, no statistical test is conducted, as it is obvious that the desired result was
not achieved. Because of this, by convention, the higher speed value, which is usually the “before”
sample, is labeled Sample 1, and the “after” sample is Sample 2.
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If the observed reduction is found to be statistically significant, the second question can be
entertained (i.e., was the target speed reduction achieved?). This is done using only the results of
the “after” distribution. Note that from the normal distribution characteristics, it is 95% probable
that the true mean of the distribution is:
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p=x = 1.96E

If the target speed lies within this range, it can be stated that it was successfully achieved.
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Consider the results of a before-and-after spot speed study, shown in Table 5, conducted to evaluate
the effectiveness of a new speed limit intended to reduce the average speed at the location to 60
mi/h. Gyl A 0 by Jgan B daud gall iy g B A gall de ) Al o il & i) (B
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Table .5: Example Before -After Study of Speed

Before Results After Results
65.3 mi/h X 63.0 mi/h
5.0 mi/h S 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: The pooled standard deviation is computed using Equation 11:
al dilan) A4 13 Liad) b gia (8 B3 gatal) (LAY S 1Y) Le daal o 85 LA 6] ) Ay
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sy=5.0250 + 6.0260=1.05 mi/h

The z,statistic is computed using Equation 9:

z4=(65.3 — 63.0) — 01.05=2.19 standard normal distribution table, the probability of z being less
than or equal to 2.19 is found as:

Prob (z<2.19)=0.9857 As 98.57%>95%, the results indicate that the observed reduction in sample
means was statistically significant. .4sbas) s 53 (S dlad) bac g A B galal) (alBAY) o) ) glidl) juds

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:
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E=6/60=0.7746 L™ Jaugiall %90 AR (5 gina ABaD) Adal) A Y ol plady ciiad 48 dolufas
u=63.0 + 1.96(0.7746) 198 g all mARan)
pu=63.0 £ 1.52

pu=61.48 — 64.52 mi/h

As the target speed of 60 mi/h does not lie in this range, it cannot be stated that it was successfully
achieved. ok Lghidar o5 ad) J gl (Sadld caal) 13 (e @Y A lufaS 1+ Abagiesal) A puad) Y "I LS



In this case, while a significant reduction in 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.
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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 | 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 Il 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
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Application: Testing for Normalcy Using 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 mathematically represented as normal. For completeness, it is, therefore,
necessary to conduct a statistical test to confirm that this assumption is correct. 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:
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Where:
x?=chi-square Statistic, ;is a a slas|
n;=number of observations (frequency) in speed group i, ic . falaa (&)1 S) il s
fi=theoretical frequency in speed group i, assuming that the assumed distribution exists.
Ao pudl gralaa B 4RI () sill) laalial) s
N = the number of speed groups in the distribution. il b ds ) aualaa s3e

Table 6 shows these computations for the illustrative spot speed study. Speed groups are already

specified, and the observed frequencies are taken directly from the frequency distribution table

Table 1).
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For convenience, the speed groups are listed from highest to lowest. This is to coordinate with the
standard normal distribution table, which gives probabilities of z < z;. The upper limit of the

highest group is adjusted to “infinity,

2

as the theoretical normal distribution extends to both

positive and negative infinity. The remaining columns of Table 6 focus on determining the
theoretical frequencies, f;, and on determining the final value of 2.
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Table 6: Chi-Square Test on Sample Data

Fek Growp Upper Limit | Prob,
Upper | Lower | Observed | onSTD |z < zd | Prob.Of | Theoretical | Combined | Combined | Chi-Square
Limit | Limit |Frequency| Normal | (Table |Occurrence | Frequency | Group | Group | Group
(mifh) | (mif) | o d |10 | inGrowp | f n f e
o | 64 2 7 10000 | 0.0051 1.8768

o4 | 62 ] 257 | 0.9%9 | 00071 26128 12 10,0832 | 0.3644
62 | 60 1 225 | 09878 | 00152 | 355936

60 | 58 10 192 {09726 | 00294 | 108192 10 10.8192 | 0.0620
8 |56 18 160 |09432 | 00452 | 166336 18 166336 | 0.1122
% [ 4| 2 127 08980 | 00716 | 263488 | 25 | 26.3488 | 0.06%0
" V) 30 094 | 08264 | 00940 | 3459 30| 3459 | 0.60%
1% 38 062 | 07324 | 01183 | 435344 | 38 | 43534 | 07036
50 | 48 40 029 [ 06141 | 0261 | 464048 | 40 | 464048 | 0.8840
8 | 4 65 <003 | 04880 | 0.I286 | 47.3248 | 65 | 473248 | 6.6015
6 | 4 46 <036 | 0359 | 0111 | 408848 | 46 | 408848 | 0.6400
4 |4 3 068 | 02483 | 00921 | 338928 | 33 | 338928 | 0.0235
£ |40 ) =101 | 00562 | 00661 | 243248 | 2l U8 | 0454
0 | 38 13 -1.34 {0091 | 00416 | 153088 13 15.3088 | 0.3482
B |36 1 -166 | 00485 | 0.0252 | 92736 1 92736 | 03574
3 | M ) -199 | 00233 | 00129 | 474702 10 §.574 | 02370
B o« 5 =231 | 00104 | 00104 | 38272

| 1.0000 | 368.0000 | 368.0000 |368.0000 | 11.6669

The theoretical frequencies are the number of observations 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. This is
done in columns 4 through 7 of Table .6, as follows:
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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 9. The computation for the upper limit of
64 mi/h is illustrated below: _
pby Adlaall aladialy wlll) bl a6l e 7 A8l dagdll ) de gana JSI oY) aad) Jygali ol
tbbaS Aol e T8 Ao aall Glaa 8
764=64—48.26.14=2.57 Note that the mean speed and standard deviation of the illustrative
spot speed study are used in this computation.
Slead 138 A dadlall dad gal) de pud) Al Al (g jbarall il adY) g A paal) Jan gia aladin Ay
2. Each computed value of z is now looked up on the standard normal table. From this, the
probability of z < z, is found and entered into column 5 of Table 6.
S5y (il el Jgaal) 8 71 4y gena dad JS e Gl () o
S dsaadl (e 0 agaall A AAY g 7 < 7, Adlia e
3. Consider the 48-50 mi/h speed group in Table 6. From column 5, 0.6141 is the probability
of a speed <50 mi/h occurring on a normal distribution; 0.4880 is the probability of a speed
<48 mi/h occurring. Thus, the probability of an occurrence between 48 and 50 mi/h is
0.6141-0.4880=0.1261. The probabilities of column 6 are computed via sequential
subtractions as shown here. The result is the probability of a speed being in any speed group,
assuming a normal distribution.
Llaia¥) A NV EVT 0 dgaadl e Tad) Jeaadl (B delufdue 0 vt A Ao ganall oY) B
do pudl Gigan Jlaia) g + o AAE (andal) 2 3gil B Aslufdie O s gban ol B As yud) Eigaal
SV EVT = Aolufdie 00 g EA Gule de pudl Eigaa Adlaia) (B MUl Aslufdse £A G JBI
LA i ge LaS Adlaiad) 7okl cillee A e 1 agend) Lllaia) qilaa aly + V1YY= 0 AAE
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4. The theoretical frequencies of column 7 are found by multiplying the sample size by the
probability of an occurrence in that speed group. Fractional results are permitted for
theoretical frequencies. (Cigaadl Adlaial) diml) ana qipd Juala e ¥ agard) Bl ) Sl sl A
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5. The chi-square test is valid only when all values of the theoretical frequencies are 5 or more.
To achieve this, the first three and last two speed groups must be combined. The observed
frequencies are similarly combined.
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6. The value of the chi-square for each speed group is computed as shown. The computation

for the 40-42 mi/h speed group is illustrated here:
1elaS gadlidelufdua £ 0¥+ As ganall Clual) ) Lolis] grida galaS asa ds juull e gana (XU (518 2 0 A
x?=(n—f;) ?/fi= (21-24.3248)*224.3248=0.4544

These values are summed to yield the final value of x? for the distribution, which is 11.6669.
VA8 LA sl p2 LS a el Ailgdl) Aal) dlauy Al o3 aax aly

To assess this result, a table of the chi-square distribution must be used. It is shown in Table 7.
Probability values are shown on the horizontal axis of the 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 y? 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 14-3=11.
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Table.7: Upper Percentage Points on the Chi-Square Distribution.

The shaded area is equal to a for x7 = y2.

df X0 X oo Xhrs X aso X%oo X300 Xhso X ozs X0 Xhos
1 0.000 0.000 0.001 0.004 0.016 2.T0E 3.841 5024 6635 T.879
2 0010 0.020 0.051 0.103 0211 4605 5.991 T.a78 9.210 10.597
3 0.072 0.115 0.216 0.352 0.584 6.251 T.815 9.348 11.345 12838
4 0.207 0.297 0.484 0.711 1.064 7779 0488 11.143 13.277 14860
5 0.412 0.554 0.831 1.145 1.610 9.236 11.070 12.833 15.086 16.750
[ 0676 0.872 1.237 1.635 2.204 10645 12.592 14.449 16.812 18548
7 0.989 1.239 1.690 2.167 2.833 12.017 14.067 16.013 18.475 20.278
] 1.344 1.646 2180 2.733 3.490 13.362 15.507 17.535 200090 21.955
9 1.735 2.088 2.700 3.325 4.168 14.684 16.919 19.023 21.666 23.589
10 2.156 2558 3.247 3.940 4. 865 15.987 18.307 2().483 23.209 25.188
11 2,603 3.053 3.816 4.575 H.ATS 17.275 19.675 21.920 24.725 26.757
12 3.074 3.571 4.404 5.226 6.304 18.549 21.026 23.337 26.217 28.300
13 3.565 4.107 5.009 5.802 T.042 19.812 22.362 24.736 27.688 29.819
14 4075 4660 5.629 6.571 T.790 21.064 23.685 26.119 29.141 31.319
15 4.601 5.229 6.262 T.261 8.547 22.307 24.996 2T 48R 3.5TS 32.801
16 5.142 5.812 6.908 7.062 0.312 23.542 26206 28.845 32.000 34.267
17 5.697 6.408 T.564 8.672 10.085 24.769 27.587 30.191 33.409 35.718
1= 6.265 T.015 8.231 9.390 L0865 25.989 2% 869 31.526 34.805 37.156
19 6.844 T.633 2007 10.117 11.651 27.204 30.144 32.852 36.191 38.582
20 T-434 H.260 9.501 10.851 12.443 28.412 31.410 34170 37.566 39.997
21 B.034 8807 10.283 11.591 13.240 29.615 32.671 35.479 38.932 41.401
22 B.643 9.542 10.982 12.338 14.041 30.813 33.924 36.T81 40.289 42. 796
23 9.260 10.196 11.689 13.091 14.848 32.007 35.172 38.076 41.638 44.181
24 0_886 L0856 12.401 13.848 15.659 33.196 36.415 39.364 42,980 45.559
25 10.520 11.524 13.120 14.611 16.473 34.382 37.652 40,646 44.314 46.928
26 L1160 12.198 13.844 15.379 17.292 35.563 38.885 41.923 45.642 48.290
27 11.808 12.879 14.573 16.151 18.114 36.741 40.113 43.195 46.963 49.645
28 12.461 13.565 15.308 16.928 18.939 37.916 44.461 48.2T8 50.993
29 13.121 14.256 16.047 17.708 19.768 39.087 ’ 45.722 49.5588 52.336
30 13. 787 14.953 16.791 15,4093 20).599 A0.256 43.773 46.979 50.802 53.672
40 200707 22.164 24.433 26.509 20.051 H1.805 55.TH8 59.342 6G3.601 GG TH6
50 27.991 29.707 32.357 34.764 37.689 G3.167 67.505 T1.420 T6.154 T79.490
60 35.534 37485 40482 43.188 46.459 74.397 T79.082 83.208 RBE.379 091.952
T 43.275 45.442 48 THE 51.739 55.329 85.527 O90.531 95.023 100,425
80 51.172 53.540 57.153 60.391 64.278 96578 101879 | 106.629 | 112.329 .
a0 59.196 61.754 65647 69.126 73.291 107.565 | 113.145 | 118.136 | 124.116 | 128.209
100 GT.328 TO.OG65 T4.222 T7.929 #/2.358 115.498 124.342 129.561 135.807 140.169




The values of y? are shown in the body of Table 7. For the illustrative data, the value of y? lies

between the tabulated values of 10.34(Prob=0.50) and 13.70(Prob=0.25). Note also that the

probabilities shown in the table represent the probability of a value being greater than or equal

toy?. Interpolation is used to determine the precise probability level associated with a value of
11.6669 on a chi-square distribution with 11 degrees of freedom:
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Probability Chi-Square Value
0.50 10.34
P 11.6669
0.25 13.70

P=0.25+(0.50-0.25) (13.70—11.666913.70—10.34)=0.40125

From this determination, it is 40.125% probable that a ¥2 value of 11.6669 or higher would exist
if the distribution were statistically normal. The decision criteria are the same as for other statistical
tests (i.e., 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 approximation test. The corresponding decision point
using a table with probabilities greater than or equal to the computed 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 11.6669 or greater is 40.125%. This is quite a bit more than 5%. Thus,
the data and the assumed mathematical description are not significantly different, and the data’s
normalcy is successfully demonstrated.
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A chi-square test is rarely conducted on spot speed results since 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. There are a number of distributions that have the same general
shape as the normal distribution but have skewed 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 herein 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 the student is referred

to standard statistics textbooks.
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Applications: Other Statistical Tests

The normal approximation is the test generally used to establish a difference or reduction in speed.

It requires that before-and-after sample sizes be 30 or more. Should one or both sample sizes not
meet this requirement, the correct statistical test would use the Students’t-Distribution.
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Note that in all of the applications discussed, the sample standard deviation, s, is used as an estimate
of o, the true mean of the population. The accuracy of this estimate can be evaluated using the F-
Distribution, which is also covered in all standard statistical texts. In practical terms, the estimate
is virtually always statistically adequate.
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