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The objective of this research was to determine the
relationship between home-interview type of O-D survey
sampling rates and the error that can be expected in
volumes accumulated from a survey. The data ana-
lyzed were taken from the home-interview phase of

the 1957 Phoenix-Maricopa County traffic study.

Tnasmuch as individual zone-to-zone movements
have insufficient volume to be reliable indicators,

a method called "trip tracing' was employed to ac-
cumulate individual zone-to-zone trip volumes for
statistical study. By this method, trips are traced
across the survey area in a straight line between ori-
gin and destination and accumulated in %-mi sections of
a grid system superimposed over the survey area. An
electronic computer was utilized for the trip-tracing
procedure and for much of the statistical computations
required for the study.

The trip data from the Phoenix-Maricopa survey
were systematically sampled to provide l/g, 1/s, and Yo
subsamples of the original 1-in-15 dwelling-unit sample.
The expanded results of the original survey and each of
the subsamples were individually processed through
the trip tracing program. This procedure provided the
data necessary to determine the accuracy that could be
expected in any volume due to sampling.

The results indicate that the accuracy of accumulated
trip volumes is considerably less than the accuracy pre-
dicted by a purely theoretical approach. However, the
results agree qualitatively with theory in that the accuracy
of trip volumes varies with the square root of sample
size and very nearly with the square root of the volume.
The results of this research should allow the selection
of a sample rate commensurate with the funds available
and the degree of accuracy required.

@TRAVEL BY individuals has the characteristic of being habitual. Furthermore,

the travel habits of different individuals are similar for the many types of trips gener-
ally made. For these reasons, sampling procedures, such as the home-interview type
of O-D survey developed by the Bureau of Public Roads, can be used to determine travel
information for a metropolitan area.

The accuracy of information developed from a home-interview survey, and indeed
from any type of sampling procedure, is to an important degree dependent on the
sampling rate used. Sampling rates employed in O-D surveys have usually been based
on population and area. In a large, densely populated area a smaller sampling rate is
used than in a small, less densely populated area. The sampling rate determined is
based, predominantly, on the number of interviews needed to provide a reliable repre-
sentation of the over-all travel in the city. The zone-to-zone movements developed,
however, have been used to present a picture of travel desires and to aid in the location
of needed transportation facilities.

The results of an O-D survey are also accumulated on, or assigned to, proposed
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highway facilities for design considerations. How accurate are these accumulated
values that have been expanded from the survey sample to represent average daily
movements? The purpose of this study was to determine the relationship between the
home-interview type of O-D survey sampling rates and the accuracy of volumes that
are accumulated therefrom.

Measures of the accuracy of accumulated volumes have been determined for various
sampling rates and predictive equations developed for determining the sampling rate
needed for a desired accuracy at any volume. Because sample rate affects the accuracy
of volumes used for design purposes, an estimate can be made of the frequency that
facilities so designed will be loaded beyond capacity or conversely, the frequency that
such facilities will have more lanes than are actually required.

SOURCE OF DATA

The data used for this study were developed from the home-interview phase of the
1957 Phoenix-Maricopa County, Ariz., traffic survey.

The survey area covered 225 sq mi and contained a population of 397, 000 persons.
Of this, the City of Phoenix occupied 36.3 sq mi and included 192, 500 persons. The
survey area was divided into 135 zones, which were smaller in area in the downtown
section of Phoenix and larger in the outlying areas.

The sample rate used in the home-interview phase of the O-D survey was 1 in every
15 dwelling units, or 6.67 percent. This rate resulted in a total sample of 8, 743 dwell-
ing units. The trips analyzed were those having both origin and destination within the
survey area. All trips, regardless of mode of travel, were considered. The total ex-
panded number of internal trips was 839, 398. Separated by mode, it was as follows:

Automobile drivers 548, 439
Automobile, truck and taxi passengers 233,536
Bus passengers 57,423

The survey personnel had checked the expanded household data against the 1950 de-
cennial census and the 1953 special census with satisfactory results. Also the ex-
panded travel data had been compared with two screenline ground counts made during
the survey. The survey data accounted for 89.3 percent of the vehicles crossing the
screenlines from 6 a.m. to 10 p. m. on an average weekday.

METHOD OF STUDY

Individual zone-to-zone movements obtained from a home-interview type of O-D
survey cannot be used as the basis for sound conclusions regarding sample size due
to the predominance of small volume movements between many zones (1). Any sample
gize, within the limits of economic feasibility, would be too small to produce accurate
expanded values for these small movements; but the individual zone-to-zone movements
do not necessarily have to be accurate if their summation reasonably represents travel
accumulations throughout a city.

A method referred to as trip-tracing (1), has provided the means for determining
and checking distribution of travel throughout an area. By this method zone-to-zone
movements are traced across a city in a straight line between origin and destination.
After the equation of the straight line between the two zones is obtained, the points of
intersection of this line with previously established gridlines are determined. The
volume of trips being traced is added to volumes previously accumulated, for other
zone-to-zone movements, at the section of the gridline being crossed. After all zone-
to-zone movements have been similarly traced across the city, the result is the ac-
cumulated number of trips per section of gridline.

The length of the sections of gridline, in which the volumes are accumulated, is
chosen in accordance with the size of the accumulations desired. K large accumulated
volumes are desired, large sections are used, and vice versa.

A grid system was superimposed over the Phoenix-Maricopa County traffic study
area (Fig. 1). The southwest corner of the city was designed as origin of the rectangu-
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Figure 1. Design of grid system.

lar coordinate system. North-south gridlines were placed at 2, 3, 4, 5, 5.5, 6, 7, 8,
9, 10, 12, and 14 mi from the origin and east-west gridlines at 4, 6, 7, 8, 8.3, 9, 10,
11, 12, 13, and 15 mi from the origin. The closer spacing of gridlines was at the more
densely populated part of the study area. Each gridline was broken into Ya-mi sections
for volume accumulation purposes. The north-south gridlines were 17 mi long and the
east-west lines, 16 mi long. This resulted in 1,520 /4a-mi sections (17 mi x 4 sections
per mile x 12 gridlines) + (16 mi x 4 sections per mile x 11 gridlines). The volumes
accumulated on the %-mi sections ranged from 0 to 35, 000 trips.

Features of the procedure that have been described are as follows:

1. The result of the trip-trace accumulation is a spatial distribution of trips through-
out the city representing the travel desires of the population. The trips are traced in
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such a manner that each zone-to-zone movement is made by the most desirable path—
a straight line.

2. Long trips are weighted more heavily than short trips because more gridlines
are crossed. This is analogous to a long trip using more of a road network than a
shorter trip.

3. The resulting accumulation of trips presents a picture of travel analogous to
accumulations of trips on a street system.

The trip-tracing procedure is too lengthy for manual computation methods. 1t is,
however, readily adaptable to computation on an electronic computer of medium size.
Therefore, a computer program was developed to trace the Phoenix-Maricopa County
trips across the study area. Computer programs were also developed to handle the
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Figure 2. Generalized electronic computer flow chert for tracing trips across a grid
system.
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various statistical computations that were necessary for this study. A simplified flow
chart of the trip-tracing program is shown in Figure 2. Generally, the following com-
putations are carried out:

1. From the coordinates of the two zones being handled, determine the equation of
the straight line passing between them.

2. Determine, to the nearest quarter of a mile, the points of intersection of the
line and the north-south and east-west gridlines.

3. Add the number of trips being traced to the volumes previously accumulated in
computer memory slots representing the 1, 520 Ya-mi sections.

All of the internal Phoenix-Maricopa County home-interview trip cards, representing
the expanded results of the 1-in-15 dwelling-unit sample, were processed through the
trip-tracing program to determine the spatial distribution of trips throughout the sur-
vey area. The original deck of cards was then sorted by sample number into 2 one-half
subsamples, each representinga 1-in-30 dwelling-unit sample. Each one-half sub-
sample was then separately run through the computer to determine the spatial distri-
bution of the two 1-in-30 dwelling-unit samples. Similarly, the original deck was sys-
tematically stratified by sample number into 3 one-third subsamples, and 10 one-tenth
subsamples, and each subsample processed through the trip-tracing program.

STATISTICAL PROCEDURE

Running of the total Phoenix-Maricopa County traffic survey data resulted in ac-
cumulated average daily volumes, in the 1,520 /-mi sections, ranging from 0 to
35, 000 person-trips. Similarly, each of the subsamples processed through the trip-
tracing program resulted in accumulated volumes in each section. It should be noted,
that, as each subsample zone-to-zone movement was traced, the volume was expanded
to represent actual movement. For example, as each one-third subsample trip card
was processed, the trip factor on the card was multiplied by 3.

The data resulting from the trip-tracing program were analyzed by comparing, on
a %-mi section basis, the expanded subsample accumulations against the total sample
accumulations. It was not, however, considered practical to report the error for each
section. Instead, the 1, 520 Y-mi sections were stratified into 15 volume groups, and
the individual errors were accumulated and summarized for each volume group. Such
a process produced, for each of the three subsamples tested, 15 errors and the aver-
age volume at which the error occurred. The range, the number of sections, and the
average volume at each volume group are given in Table 1. The sections of gridline
were stratified into volume groups in accordance with the volumes accumulated in the
sections from the expanded total sample.

The summarization of results, per volume group, for each subsample consisted of
determining the differences in volumes accumulated per section from the original sample
and the subsample, squaring the differences and accumulating the results of the squar-
ing. The resulting summation was then divided by the number of sections in the volume
group and the square root of the quotient taken. The result of this procedure is the
root-mean-square error (RMS error) of the subsample as compared with the total sam-
ple. The equation for determining this error is:

i=n
2 (Vss - Vs)' (1)

i=

RMS error =

in which
RMS error = root-mean-square error
Vgg = volume accumulated in section i from subsample

Vg = volume accumulated in section i from total sample
n number of sections in volume group
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TABLE 1
VOLUME GROUP SUMMARY

Volume Volume Group Range Number of Sections = Mean Volume
Group (Average Daily Person Trips) Having Volumes of Group®
No. Within Range® (Average Daily
Person Trips)
1 000.1 - 199.9 268 91.1
2 200.0 - 399.9 88 283.2
3 400.0 - 599.9 69 486.7
4 600.0 - 799.9 45 682.0
5 800.0 - 999.9 50 893.3
6 1,000.0 - 1,499.9 80 1,244.5
(f 1,500.0 .-~ 1,999.9 56 1,763.4
8 2,000.0 - 2,499.9 58 2, 257.4
9 2,500.0 - 3,499.9 86 2,998.6
10 3,500.0 - 4,499.9 62 4,001.4
11 4,500.0 - 5,499.9 42 5, 020. 9
12 5,500.0 - 17,999.9 67 6,759.3
13 8,000.0 - 9,999.9 41 8,961.8
14 10, 000.0 - 14,999.9 34 12,401.3
15 15, 000 and over 28 21, 689. 9

! The number of sections does not equal 1,520 because some sections did not have any
trips traced across them.
? The mean volume was determined from the total sample.

The RMS error is comparable, statistically, to the standard deviation of a group of
values around their mean. For example, if the RMS error for a one-third subsample
volume compared with the original sample volume is 50 person-trips, one would make
little error by assuming that two-thirds of the expanded volumes obtained from the
subsample would lie within 50 person-trips of the total sample volume.

RMS errors were developed for each subsample. That is, a RMS error was devel-
oped for each of the one-half subsamples, for each of the one-third subsamples, and
for each of the one-tenth subsamples. Little is gained by reporting and analyzing each
subsample error. Therefore, a mean error was determined from the 3 one-third sub-
samples, from the 2 one-half subsamples, and from the 10 one-tenth subsamples.

A RMS error was computed for each volume class, and the "percent root-mean-
square error' was determined by dividing the numerical error by the average volume
of the volume class being considered. The results of the one-third subsample com-
parison are given in Table 2.

RESULTS

The results of the trip-tracing program and the statistical procedure used are the
percent root-mean-square (percent RMS) errors for the one-half, the one-third, and
the one-tenth subsamples, each measured against the total Phoenix-Maricopa County
sample. These results are given in Table 3 for each volume group.

As was to be expected, the percent RMS error for any particular volume group is
invariably greatest for the smallest subsample rate, and vice versa. For example,
for an average volume of 1, 763 trips, volume group number 7, the percent RMS error
for the one-half subsample is 15. 3; for the one-third subsample, 23.5; and for one-
tenth subsample 49.4. In addition, the percent RMS error, for each subsample, de-
creases as the volume increases. These decreases in percent RMS error, as volume
increases, approximately follow a straight line if plotted on logarithmic paper.

It should be understood that the one-half subsample errors are in reality the percent
RMS errors between a 1-in-30 and a 1-in-15 dwelling-unit sample. Likewise, the
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one-~third subsample rate is actually a 1-in-
g 45 dwelling-unit sample and the one-tenth
subsample a 1-in-150 dwelling-unit sample,
PENEDEREEH] the error in each case being measured

against the 1-in-15 sample.
The values given in Table 3 can be used
in the following manner. I it is desired
y to estimate trips from a home-interview
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TABLE 3

PERCENT ROOT-MEAN-SQUARE ERROR OF SUBSAMPLE VOLUME
AS MEASURED AGAINST TOTAL SAMPLE VOLUME

Percent Root-Mean-Square Error of Subsample Volume

Volume Measured Against Total Sample Mean Volume of Group
Group One-Half One-Third One-Tenth
No. Original Sample Original Sample Original Sample
1 67.5 84.7 193.0
2 41.4 56.8 120.7
3 28.4 45.8 88.2
4 27.6 41.9 80.2
5 23.1 32.6 67.17
6 18.0 26.6 55.7
7 15.3 23.5 49.4
8 13.4 20.7 45.0
9 14.2 17.7 36.6
10 11.7 16.4 33.8
11 10.2 14.1 29.0
12 9.3 12.1 26.4
13 6.7 9.6 21.4
14 5.4 8.0 18.5
15 3.8 8.0 16.0
in which

o? = variance

The percent RMS errors computed for this study, as mentioned previously, are
statistically comparable to the standard deviation of a group of values about their
mean. Therefore, an equation for relating percent RMS errors, comparable to Eq. 2
is:

2 _ 2 2
Ess-o ~ Fass * Fsoo (3)

in which
percent RMS error of subsample volume measured against
true volume
percent RMS error of subsample volume measured against
total sample volume
Es- o = percent RMS error of total sample volume measured against

true volume

1}

An equation for estimating the error for a sample from the error found for another
independently selected sample is:

_ N
Ess-o - Es-o —_— (4)
N
88
in which
Ns = number of interviews taken in original survey
NSs = number of interviews represented in subsample

Assuming that this is an acceptable approximation to the situation being considered
and substituting Eq. 4 into Eq. 3:
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N
S E? = E? + E?
Nss §-0 s8-8 s-0
or
El
2 _ ss-8
E s-0o N_-N
s ss
N
ss
therefore,
Ess—s
E =358 (5)

Considering Eq. 5 for determining the percent RMS error between the total sample
volume and the actual volume from the error determined from the one-tenth sub-
sample, Eq. 5 then becomes:

e V4 1 s V/ T2
s-0
Ng ) 101
TN,
or, E1/10-s
Bso =3 ©

Likewise, the equations for determining the error of the total sample from the one-
half and one-third subsample errors are:

E
1/2-
E - 128 _ E)/9-s M

§-0 /\/T—
g -l13-s _ Eiss

(8)
-0 /—2— 1.41

Eqs. 6, 7, and 8 were used to determine independent estimates of the percent RMS
errors in the total sample volumes, measured from the actual volume, from the one-
tenth, one-half, and one-third subsample errors, respectively. If each of these in-
dependent calculations produced consistent estimates of the RMS error for the 1-in-15
sample, it appears reasonable to assume that other sampling rates would be equally
consistent. These independent estimates of the error in the total sample are given
in Table 4.

A comparison of the estimated percent RMS errors of the 1-in-15 dwelling-unit
sample, for each volume group, shows little variation. The mean of the three estimates
was, therefore, determined and plotted on logarithmic paper (Fig. 3). A least-squares
fit determined from the points is also shown in Figure 3. The equation of the developed
line is:

percent RMS error of 1-in-15 629. 0
dwelling-unit sample = 0. 4854 (9)
volume

The coefficient of correlation developed is approximately one, indicating an almost
perfect functional relationship between the two variables considered. In other words,
the variation in percent RMS error is explained almost entirely by the variation in
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ESTIMATED PERCENT ROOT-MEAN-SQUARE ERROR OF ORIGINAL SAMPLE
VOLUME AS MEASURED AGAINST POPULATION VOLUME

Volume Estimated Percent Root-Mean-Square Error from
Group No. One-Half Sample One-Third Sample One-Tenth Sample Mean
1 67.5 59.9 64.3 63.9
2 41.4 47.3 40.2 43.0
3 28.4 32.4 29.4 30.1
4 27.6 29.7 26.7 28.0
5 23.1 23.1 22.6 22.9
6 18.0 18.8 18.6 18.5
7 15.3 15.9 16.5 15.9
8 13.4 14.7 15.0 14.4
9 14.2 12.6 12.2 13.0
10 11.7 11.6 11.3 11.5
11 10.2 10.0 9.7 10.0
12 9.3 8.6 8.8 8.9
13 6.7 6.8 7.1 6.9
14 5.4 5.7 6.2 5.8
15 3.8 5.7 5.4 5.0
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volume. Because this is a logarithmic relationship the standard error of estimate for
the line is a constant percent of the estimated value rather than a constant percent er-
ror. The error, which is 5.65 percent of the estimated values, means that at a volume
of 1, 000 trips, the standard error is about 1. 2 percent (5. 65 percent x 21 percent) and
at 10, 000 trips the standard error is about 0.4 percent (5. 65 percent x 6. 8 percent).

Eq. 4 can be used, in the following form, for determining the relationship between
percent RMS error and volume for any sample rate:

Ei0=E1/15-0 AN (10)

Ei- o = error of any sample i

E 1/15-0 = error of 1-in-15 dwelling-unit sample

in which

Ni = number of times the sampling rate of survey i is less than
1in 15. For example, if 1-in-60 rate is used, N would be
4. X the rate was 1 in 5, N, would be 1/3.

Ifa 1-in-1 sample were taken, every person in the city interviewed once, the equation
for determining percent RMS error would be:

629.0 x / N;

percent RMS error = —0.485%

volume
in which
Ni =1/15
therefore
percent RMS errorfor 1-in-1  _ 162.4 (11)
dwelling-unit sample - 0.43884

volume

It should be noted that the error for a 1-in-1dwelling-unit sample is correctly not zero,
because a 1-in-1 sampling rate is not a 100 percent sample for determining average dally
traffic during the survey period. Every person in a city would have to be interviewed
about his travel for every day during the survey in order to obtain the universe of travel
for that period.

Eq. 11 can be used for determining the equation for percent RMS error at any sample
rate. Simply multiply Eq. 11 by the square root of the denominator of the sample rate
ratio used. For example, ifa 1-in-30 home-interview sample rate is used, multiply
Eq. 11 by the square root of 30. Figure 4 shows predictive lines for estimating percent
RMS errors for volumes between 100 and 100, 000 person-trips per day for various
sampling rates.

COMPARISON OF RESULTS

A theoretical approach to the problem of estimating the accuracy of various sample
sizes relies on the estimation of the standard deviation in volumes determined from the
samples. The theory states that the expected deviation (o) is expressed as follows:

a 7/ (volume) x { percent sample \ x 1- percent sample
100 100

Inasmuch as the probable volume (V) is equal to the volume obtained from the sur-
vey times the sample rate:

o i/ (volume) x (percent sample) X (1 percent sample)
v 1000 T 100

(volume) x ( percent sample )

100
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or

percent ¢ = 100 / (100 - percent sample)
‘(volume) x (percent sample)

A comparison of the errors predicted by the preceding theory with the relationship
developed in this paper is given in Table 5 for various volumes and sample sizes. It
can be seen that the observed root-mean-square errors are from 1.7 to 1.9 times as
great as the error predicted by theory. This difference may be due to nonsampling
errors such as response and coding errors. For example, a study made in Cincinnati,
Ohio, shows that the respondent reports too few trips in some cases and too many trips
in other cases.

TABLE 5
COMPARISON OF OBSERVED ERRORS AND THEORETICAL SAMPLING ERRORS

Observed Theoretical Observed Error
Sample Rate Error Sampling Error Theoretical Sampling

(%) Volume (%)?! (%) Error
1 100 171.31 99.50 1.7
1, 000 55. 64 31.46 1.8

10, 000 18. 07 9.95 1.8

100, 000 5.87 3.15 1.9

3 100 98.91 56. 87 1.7
1,000 32.21 17.98 1.8

10, 000 10.43 5.69 1.8

100, 000 3.39 1.80 1.9

4 100 85.65 48.99 1.7
1, 000 27. 82 15.49 1.8

10, 000 9.04 4,90 1.8

100, 000 2.94 1.55 1.9

5 100 76. 60 43.60 1.8
1, 080 24.90 13.80 1.8

10, 000 8.10 4.36 1.8

100, 000 2.62 1.38 1.9

10 100 51.50 30.00 1.7
1,000 16.70 9.50 1.8

10, 000 5.43 3.00 1.8

100, 000 1.76 0.95 1.9

! This is the percent root-mean-square error as developed in this paper.
? This is the theoretical percent standard deviation error.

As Table 5 shows, the observed error is almost two times as great as the theoreti-
cal error. This means that in order to maintain a desired degree of accuracy, it is
necessary to increase the sampling rate to almost four times the rate indicated by the
theoretical standard deviation computation.

USE OF RESULTS

The curves plotted in Figure 4 have been developed for total person-trips and can be
utilized to determine the sample rate to be used when desiring an estimate of volume
with a desired degree of accuracy. For example, if it is desired to estimate an aver-
age daily volume at the 10, 000 person-trip level, and be within 8 percent of the true
value 95 percent of the time, from Figure 4 at volume equal to 10, 000 and percent RMS
error equal to 4 percent (8 percent = 2 for 95 percent confidence), it is found that a
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Figure 4., Relation of percent root-mean-square error and volume for various dwelling |
unit semple rates.

1-in-5sample should be taken. Similarly, the curves can be used to estimate the error
in accumulated volumes after the results of an O-D survey are obtained. For rates
not plotted, Eq. 11 would be used in the following form:

Dwelling-unit 1,624

sample rate =
in percent (percent RMS error) (volume 0.4884)

(12)

For the problem explained, a dwelling-unit sample rate of 20. 4 percent would resuit
from the use of Eq. 12 indicating that 1 out of every 5 dwelling units should be inter-
viewed.

More often than not, the highway engineer is interested in the number of vehicle-
trips rather than the number of person-trips—vehicle-trips being the figure used for |
highway design purposes. Therefore, the question is: Can the curves developed for \
person-trips be used as an indicator of error for vehicle-trips? |

The volume of automobile vehicle-trips throughout a city is less than the volume of ‘
person-trips, but is similarly distributed. The errors, if developed between the sub-
samples and total sample for automobile vehicle-trips, should not, therefore, be any |
different from the errors determined for all person-trips. That is, a percent RMS ‘
error for 10, 000 automobile vehicle-trips should be no different from the error de- |
termined for 10, 000 person-trips. The curves presented in Figure 4 and the equations
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developed can therefore be used for total person-trips, automobile vehicle-trips, bus-
passenger trips, truck- and taxi-passenger trips, and automobile passenger-trips. The
results of this study can also be applied to any home-interview type of O-D survey be
cause accumulation of trips and not individual zone-to-zone movements are being com-

pared.
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