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INTRODUCT ION

A. Problem Statement

This paper deals with a simulation technique for developing the
trip length frequency distribution (abbreviated TLFD).

The trip length frequency distribution is related to the development of
F-Factors (the traveltime factors) which expresé the effect that spatial
separation exerts on trip interchangel. In the gravity model calibration

2

procedure”, the development of a well accepted set of F-Factors involves

an iterative process of comparison between the actual and calculated

TLFD3. The calculated TLFD is an output of the gravity model calibration

4

process . The actual TLFD is derived from the trip table using the
Origin-Destination (0-D) survey datas. Without this actual TLFD (i.e.,
without the 0-D survey), the development of F-Factors can not be done.
There are two typical situations where the gravity model calibration
for trip distribution is conducted with no 0-D information for F-Factor
development. One is the calibration of future tfip interchanges and the
other is the calibration for some small urban areas where the comprehensive
0-D survey is too costly to ohtain.6 For the former case, the existing
F-Factors at the base year are used for the calibration of future trip
interchanges. This assumes: that F-Factorsiremain constant over time
and will not be affected by the future improvement of transportation
service, the increasing travel demand, or the changing patterns of land
use development7. For the latter case, the entire travel study is based
upon the synthesis of other cities' information, a method called the
synthetic travel study techniqueg.» The basisiof synthesizing the
F-Factors is that cities having similar physical pafterns have similar

9

spatial separation effects”.



However, neither of these two assumptions stated above is considered
adequate. The constancy of F-Factors over time is contrary to the basic
transportation planning principles!o The current synthetic method for
F-Factors is naive and lacks theoretical supportlz. Consequently, it is
technically necessary to simulate a proper TLFB which is capable of reflecting

the existing or future travel patterns for the development of Factors.

B. The Objective and Scope of the Study

The objective of this paperiis to develop a systematic procedure for
simulating the TLFD which is capable of reflecting the changing impact of
urban future and existing structure upon travel patterns. In this paper,
analyses are restricted to the home-based work trip. Other trip purposes
such as shopping, social, and non-home based tfips are beyond the scope
of study.

The applicability of the simulation model developed in this paper,
which is primarily based on Voorhees' research on work trip length, is
designed for small urban areas. The sample data are collected from those

cities with population under 100,000.

€. Contents

Part One presents a background review of (a) the gravity model theory
and definitions of its_parameters? (b) the iterative process of F-Factor
deve}oﬁment in the model calibration procedure, and {c) the definition of
TLFD and its characteristics.

Part Two is the model development. Through an analysis of Voorhees'
research on work trip length, a model to simulate the small city's TLFD

is developed. This simulation model is developed on the basis of the following.

hypotheses: ‘ !



(a) The variation of TLFD is highly associated with the level of urban

(b)

(c).

transportation service, the city size and the land-use locational
pattern.

The TLFD can be described in terms of its mean (average trip length)
and its variance. These two parameters can be estimated, according
to Voorhees regression ana]y;is, by the size of city population and
the average network speed.

The gamma distribution was introduced in Voorhees' paper to be the
mathematical model for simulating the entire distribuiton of trip
length. By taking the estimated mean and variance as the input para-
meters of the gamma density function, the calculated gamma distri-

bution was found to fit the actual TLFD very well.

Part Three-tests the simulation model developed in Part Two. The

model test consists of the following works:

(a)

(b)

Testing the statistical credibility of using the gamma distribution
as the mathematical model for TLFD simulation.
Equation generation for approximating the parameters of the gamma

density function through regression analysis.

The simulation model is demonstrated for the city of Lawrence, Kansas. !

Using the generated equations, the mean and variance for the Lawrence

area are approximated. These two estimated values are then used as the

parameters in the calculation of the gamma density function.



PART ONE: BACKGROUND REVIEW

A. The Gravity Model Theory

The gravity model applies the Newtonian gravitational principle
for the problem of urban trip distribution. Essentially, this model
theorizes that the frequency of trip movement from zone i to zone j is
directly proportional to the relative attractiveness of zone i aﬁd
inversely proportional to some function of distance (or travel time)

1 . 12 . . .
separating zone i from zone j ©. This statement can be written in

13,

mathematical form as follows

X
PiA'/ti'
T,. = 3y (1.1)

1)

ét X

=1 A1t

where Tij = trip movement from zone i to zone j;
Pi = trips produced by zone i;
Aj = trips attracted by zone j;
tij = travel time (or distance) from zone i to zone j;
X = a constant exponent; and
X § oo

1/t:: = the friction factor or the traveltime function.

According to the gravity model theory, a trip produced at one
zone will be pulled to the other zone when outside attractiveness exists.
If such outside attractiveness comes from more than one zone, the
pfobability of making a trip to a particular zone is determined by the

combinad a=ffect of spatial friction between zones and the relative



attraction of that destination zone competing with other possible zones.
By multiplying 1/P_ through both sides of (1.1), the probability of
i

trip making from zone i is derived as follows:

T.. A./t,. _
Py = _H - T U (1.2)
Pi L X
= K lee.
=1 3!
where P(Tij) = the probability of making a trip from zone i to zone j.
Note n
2. A./t.. = constant; and
TR N
Jj=1
n
>, T.. =P
j=1 4 !
0 as Aj — 0
Hence P(Tij) flAj . t55) ! (1.3)
1 as A./th, —y A/t
IR oy a7t
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Several assumptions are made under the gravity model theory .

They are:

(1) The gravity model is universally applicable to every zone in the
urban area regardless of the socio-economic conditions which vary
among zones.

(2) Traveltime functions are assumed to be applicable for each pair of
zones regardless of the special geographical circumstances (i.e.,
circumferential or corridor distribution).

(3) Trip length disfributions (by trip purposes) remain constant throughout

.the urban area (i.e., the exponent is independent of geographic location).



(4) Distance (or travel time) between zones remains constant and can be
accurately determined for the particular time (day, year, etc.) period

chosen.

B. Parameters of the Gravity Model Formula
There are 4 parameters in the gravity model formula.
(1) P; and A
These two variables are measures of trip production and attraction on
the zonal level. Usually the number of trips produced or the number
of trips attracted by each traffic zone are related to the use of the
land and to the socio-economic characteristics of the people who make
trips]5
The gravity model distributes trips from production zone to attraction
zone, while the other travel models in use distribute trips from
origin zone to destination zoneTSTo distinguish their differences,
it is first necessary to class all trips as home based or nonhéme based.
Home based trips always have one end at the residence of the trip maker.
Nonhome based trip have neither end at the residence of the trip maker.
Home based trips are always produced by the zone of residence of the
trip maker whether the trip begins or ends in that zone. Home based
trips are always attracted at the non?residential end of the trip.
While nonhome based trips are always produced by the zone of origin
and attracted by the zone of destination.
(2) Inter-zonal Travel Time, ti;
in the early development of gravity model, straight line distance

between zonal centroids was used for measuring the spatial friction

between two points. However, it was later found that the impact of



the spatial friction would be much accurately reflected if measured
by travel time. This is because the friction between two points in
an urban area may vary depending upon the modes, topographical situa-

tion, and the level of transportation service involved.

(4) Traveltime function
In the past; many arguments had been brought up about the true value
of the constant x in the traveltime function. The hiStoricai evo-
Tution of this constant can be generally divided into three stages.

In the early nineteen sixties, Voorhees contended that the expcnent
varies with trip purposesl7. In general, the more important the
activity, the smaller the value of the exponent. That is to say,

the travel time would be a less restrictive factor for an activity
which people are compelled to do. For example, a person has relatively
less freedom to choose the location of a job than the location of

the grocery store —Vone would go farther for work than for shopping.
This phenomenon is reflected in the traveltime function by varying

the exponent. For instance, to describe the trave!time function of

a given trip purpose which is less restrictive, a smaller value of

the exponent may be assigned so the value of l/t?. becomes larger.

4

A few years later, VoorheesAconciuded another fact that the exponent
may not be constant as the travel time increaées18. This is especially
true when terminal time (additional traveltime such as the walking

time from parking lot to office) is not taken into ac;ount; In addition,
reszarch has revealed that the effect of spatial separation upon trip-

making has a certain connection with the topographical barriers in

an urban area19. The real reason(s) which cause the fluctuation of



the traveltime function are still unknown. However, it is widely
" " ; " X

recognized that the simple traveltime function, 1/t", does not

represent the real effect of spatial separation upon trip-making

which varies from city to city.

At the present time, the traditional traveltime function is replaced
by some empirical values called the F-Factors. By substituting

1/t with Fjj, Equation (1.1) becomes to the following form:
I

PiAF,.
Tpo=_ 1M1 (1.4)
1]
n
2+ AgFi)
J—
where Fij = f(tij)’ expresses the effect that spatial separation

exerts on trip interchange.
These friction factors are derived through an iterative process of
comparison between the actual and the calculated TLFD which will be

discussed next.

C. The lterative Process of F-Factor Development

The procedure for gravity model calibration is an iterative processzo.
The current result at any stage is the basis of adjustment for the next
trial. iteration continues until all the results meet some acceptance
criterion. As stated earlier, F-Factors are a set of empirical values ugéd
for expressing the effect of spatial friction upon trip interchange.

These empirical factors are developed, in the gravity model calibration

procedure, through the following iterative process:

8 '



First, let all the friction factors (F-Factors in absolute value) be
equal to 1.021. Then input these initial F-Factors along with other
parameters into the gravity model calibration program for the first trial.
The results of such a trial are: (1) an estimated trip table {i.e., an
N x N matrix representing the trip interchanges of every pair of zones in
the area ) and (2) a calculated trip length frequency distribution (TLFD).
TLFD expresses the distribution of the relative trip-making frequency
on various trip lengths ( in increments of one-minute travel time).

It will be further discussed below%.

The second step of F-Factor development is to compare the calculated
TLFD with the actual TLFD (i.e., the relative frequency distribution based
on the 0-D surveyed data). This compérison would provide a mean to measure
the difference between the estimated and the actual probability of trip-
making of various trip length. Thus, it is also an indicator for the
adjustment of F-Factors. The mathematical expression of such adjustment

is as follow522:

TLFD e
F adj.m F used, m * ’ (1.5)
TLFD act,m
where F adl.m = the F-Factor adjusted for the trip length of m minutes;
= the F-Factor used in the preceding trial;
used,m

TLFD cal,;m = the TLFD calculated; and

TLFD the actual TLFD.

act,m

The new set :of F-Factors is /then used in the next calibration of
g s

the gravity model‘program. Other parameters such as zonal trip production,

trip attraction and the minimum path traveltime (tij) between all zones

et

b

4
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remain as previously déscribed for use in the second calibration. This
second calibration results in another estimate of trip interchanges and
a new TLFD. Then it begins another comparison between the calculated and
the actual TLFD for the adjustment of F-Factors.

This iterative process continues until the comparison of TLFD meets
the acceptance criterion. In general, the acceptance criterion requires
that the discrepancy between the actual and the calculated TLFD should

23

not exceed ¥ 3%°7

The final, accepted F-Factors are used in the final calibration

of the gravity model formula.

C. Definition and Characteristics of TLFD
By definition, the TLFD expresses the probability (or relative fre-

quency) distribution of the trips of various lengths in an area%hThat is

TR = Py = (1) - (1.5)

where TLFD f=m: the relative frequency of the trips lasting m
minutes; and

P(T)t=m = the probability of making a tiip lasting m minutes.

TLFD can be graphed as a histogram with one-minute intervals of
trave! timz on the abscissa and the probability of trips of each
length on the ordinate. r‘ It can be tabulated by sorting the trip table
into sevaral groups, in which the interzonal traveltime (tij) of all trip

movements in a given group are the samezs_ The following example may

10



facilitate the understanding of TLFD tabulation procedure.

let 86T =
i

be the sum of the elements of the

™Mo
TMs
-

1

nxn trip table, T.

T” . . T]n
T2] - T2n
T=1.
T s . . T
nl nn

Also let z)Ti, i denote the sum of those trip interchanges all having

Js

the same trip length, m minutes. For instance

if iw. = £

12 23 = t56 = t76 = m,

then AT m=Tia* 723 + T56 + T76

“.If there are g groups of bTij m (i.e., m=1,2,...,q) in the whole
L]

area, the sum of all q groups should equal the total number of trips.
That is
> aT,. =

ij,m :

q n n |
T., =8T (1.6)
m=1 i= =1

1 =1

By definition, the probability of areawide trip-making at the m interval

of trip length is as follows:
P(T) = AT "= TLFD . (1.7)

t=m ij,m / erT t

1



The mean of the distribution defined in (1.7) is the arithmatic mean

as foilow526:

q
L = “E,]( m * ATij,m) /76T (1.8)

where L = the mean of TLFD, termed as the average trip length

in minutes. i

The second parameter of the TLFD is the variance. By definition, variance
27
is a measure of the dispersion of the frequency distribution from the mean .

The mathematical expression of the variance of TLFD is stated as follows:

q —_ .
VAR=Z(m-TL)2x(AT..)/9T ! (1.9)
1j,m .
m=1 !
The average trip length and the variance are the parameters of TLFD.
The distribution of TLFD is usually described in terms of these two
quantitlesﬁ In Figure 1, sample distributions of TLFDs are shown for
selected means and variances. Through wide observation, TLFD appears to

28 .

be an unsymmetric, bell-shaped curve.

The actual TLFD which ‘is usually generated from the 0-D trip table-
represents the actual urban trip-making pattern. The adjustment procedure
of F-Factor development discussed previously can not be made without:it.
lt: is the purpose of this paper to develop a mathematical model to

simulate an actual TLFD for small urban area.

1z - "



% of work trips

20

city TL VAR
ldaho Falls | 5.28 6.38
Salem, Oreg.| 10.80 11.32
16 Idaho Falls
Sioux City | 12.63 L4, 10
12 -~
\Salem, Oregan
//—--\H’\
8 \ %
.
\ g
_ N\ sioux City
\
i \ \
0 -
0 8 16 24 32
traveltime (min.)
FIGURE 1 Selected TLFDs
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PART TWO: MODEL DEVELOPMENT

To develop a mathematical model for TLFD simulation, it is essential to
understand the factors which cause the variation of trip length and

to provide some quantifiable means to measure the variation.

A. The Factors Associated in the Variation of TLFD

Generally speaking, the frequency distribution of trips with
vqrious lengths may depend on the effects of the following facfors:
(1) level of transportation service, (2) city size, and (3) land-use
" patterns, The frequencies of trips of a given length may be determined
by the level of transportation service which is usually characterized by
the average network speed. It is conceivable that a city will have a
shorter average trip length than a similar city with inferior transportation
service because the latter needs longer travel times to move people for the
same distance than the former. The average trip length may also be affected
by the city size which is usually indicated by the city population or by
the travel demand volume. Furthermore, the shape of the trip length
distribution curve may vary from one city to another depending upon the
land-use patterns. For instance, the work trip length may be decreased by
developing a large job-oriented center which is closer to some denser
residential areas. |

It is possible that the final variation of TLFD is determined by
the combined effects of these éhree factors. For example, while the average
trip length is decreased by increasing the network speed, the decentralized
housing development may cause an increase of the average trip length,.
Therefore, it is necessary to measure these joint effects upon the variation

of TLFD with some quantifiable means.

14



B. The Functional Relationships Between TLFD and Urban Factors

The following analyses are the reviews of Voorhees' research on
work trip Iengthzg. The variation of TLFD, in Voorhees' study, was
measured in terms of its mean and variance.
(1) Urban Structure and TLFD

In Voorhees' research, urban structure is measured by the work trip
opportunity distribution30. To some extent, the meaning of urban structure
defined by Voorhees is related to the.10cational patterns of urban land use.
The work oppoftunity distribution is the frequency distribution of separa-

31

tions (travel times) between homes and jobs The advantages of using the
work obpoftunity distribution to measure the urban structure are two-fold;'
First, the changes in the city structure can be dynamically determined.
Figure 2 shows the change in work opportunity distributions in Washington,
D.C. between 1948 and 1955 with no substantial change in the speed of the
transportation network. Second, the work opportunity distribution was

highly associated with the TLFD. Thus, it provides the chance to measure

the relationship between urban structure and TLFD based on their parametric
relationships ﬁith work opportunity distribution.

To measure the relationﬁhip between work trip length and city struc-
ture, VYoorhees firgt demonstrated the direct relationship Between zoﬁal
work opportunity distribution and the typiéal declining residential density.
pattern from the CBD. Voorhees stated the simple fact that the zone close
to the job place has shorter average length of work~trip opportunity dis-
tribution (thus greater opportunity to work) than those zones farther away?2
This is shown in Figure 3 in which comparisons of zonal job opportunity
distribution were made among three zones (Zone A, B and C) having different
trave! distances from the CBD of the Washington, D.C. metropolitan area.
i
15
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FIGURE 2 Work Opportunity Distribution In
Washington, D.C. 1948/1955

(From Alan M. Voorhees' Factors In Work
Trip Lengths, HRB Record 141, pp. 24-26)
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Comparing these three zones' TLrDs, Figure 4 shows a close match between
TLFD and work opportunity distribution with respect to their curve shape
and dispersion from the mean. Voorhees found that the average trip length
increases as the average work opportunity length increasesB? This conclusion
is demonstrated in Figure 5 as the resuit of the analysis.

The total trip pattern that is produced in a metropolitan area is
the composite of all of the opportunity distributions in various sections of
the urban areaB? Therefore, it is not surprising that some kind of relation-
ship between TLFD and work opportunity distribution may be found on the
urban areawide level. Figure 6 shows the overall work opportunity distri-
butions for three cities that have quite marked differences in their phy-
sical and socio-economic structures. In Erie, the mean job-home travel time
is 20 minutes; in Detroit, these work-trip opportunities vary largely around
L0 minutes; and in Seattle-Tacoma, the work-trip opportunity distribution
seems to be almost flat. It is not surprising, therefore, that we may find
the cities of Seattle and Tacoma with the longest actual work trip length
and Erie with the shortest TL because of their difference in struture.
Figure 7 shows that the average work trip length increases as the mean of
the work opportunity distribution increases in several cities. Combined
with a result of Voorhees' simulation stud?, this relationship is stated

in the mathematical form as follows:

=1k 03 (2.1)
where TL = the average trip length of TLFD, in minute;
o = the mean of the work opportunity distribution; and
k = constant.

18
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o0 = the mean of work opportunity distribution
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average work trip length ( TL )
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mean of work opportunity distribution ( °)

FIGURE 7 The Functional Relationship Between Average Trip
Length and the Mean of Work Opportunity Distribution

Source: Alan M. Voorhees and Salvatore J. Bellomo,
Factors and Trends in Trip Lengths, National
Cooperative Highway Research Project 7-4, 1969.
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(2) Network Speed and Trip Length

An important finding in Voorhees' study was that trip length in miles
(e.g. the actual length of a trip measured by distance) for a constant
urban form is proportional to approximately the 0.75 power of the change
in network speed3$ This conclusion was from a simulation analysis on
some hypothetical cities obtained by holding other factors as constant.

However, this simulated result was somewhat inconsistent with the
real travel phenomena. The historical data available on trip length in
several cities indicated that the trip length in miles increased according
to the 1.5 power of the change in network speed. The difference between
the 0.75 power and the 1.5 power must reflect the amount of change that
was a result of the change in the urban structure, where the cities
tended to spread out. In addition, while the average work-trip length in
minutes for Washington, D.C. metropolitan area increased since 1948, there

was no substantial concurrent change in network speed. Therefore, the

trip-length change was caused primarily by the change of urban structure.

(2) Population Size and Trip Length
Usually the travel demand volume is measured in proportion to the
size of urban population.in Voorhees' study, regression analysis was
performed to examine the effect of population size upon the average
36

trip length (in minute) in data obtained for 23 cities The developed

equation was as follows:

Loge TL = -0.025 + 0.19 Log_POP (2.2)
!

i TC = ¢°0-025 4p0-19 (2.3)

21



where TL = the average trip length of TLFD in minute;
POP = city population; and
e = base of natural logarithms, e=2.8171...

Equation (2.3) shows that TL is approximately related to the fifth root
of the city population. About 90% of Voorhees' observations covered the
urban population size of 100,000 to 10,060,000. The standard error of the
regression coefficient was 0.026, and the coefficient of determination, RZ,
was 0.71. Voorhees was not satisfied with the statistics shown, and contended
that the size of city population did not contribute significantly to the
explanation of variation in trip length in minutes.

In Voorhees' analysis, changes in population alone may not always affect
the average trip length. The main reason is that increases in trip length
associated with higher populations would be offset if some of the population
growth occured at higher densities3? In other words, growth did not extend

the urban area, and instead the growing population filied in previously

unused land.
L
{

However, it is not to be concluded that population is a bad indicator |
of changes of trip length. It is a matter of how the sample data are collected.
Inconsistency would appear in the case that, with the same rate of population
growth, a2 city with a centralized land-use development would have an average
trip length inevitably smaller than the average trip length of the city with
decentralized develobment. The inconsistency can be eliminated if the popu-
lation data are collected from those cities which have the same pattern of

urban land-use development.

22



C. Gamma Function: A Mathematical Model For TLFD Simulation

Previous analyses have identified the relationships between TLFD and
some urban factors and measured these relationships in terms of the changes
of average trip length. However, to simulate the whole relative frequency
distribution of trip-making of various lengths, it is important to consider
not only the mean but the dispersion from the mean (standard deviation).
Furthermore, it is also important to look for a mathematical modei.which
can accurately describe the complete picture of TLFD, i.e.: it is essen-
tial to find out if TLFD is exponentially distributed, normally distributed,
or distributed according to other probability laws.

One of the most important accomplishments of Voorhees' research in
work trip length was the application of the gamma density function for

TLFD simulation. In Voorhees study, the probability of making trips of

38
a given length, t, is stated in the following equation:
(?IQ - UAR)/VAR5 -(TL/VAR) t
f(t) = K (t ) - (e ) (2.4)
where f(t) = the relative frequency (or probability) of trip-making
in each incremental 1-minute travel time, t;
K: = a normalizing constant which makes the area under the
curve equal to unity (or 100 percent);
e = the base of natural logarithms;
TL = the average trip length, or the mean of TLFD; and

VAR = the variance of TLFD.

The gamma distribution expressed in Equation (2.34) which was used in

Voorhees' simulation model is different from the common form. The following
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is a brief review of the gamma distribution and mathematical derivation

from the common form into Voorhees' expression.

The gamma distribution is a well-known probability distribution.
The gamma function, denoted T~ , is a mapping of the interval (0, co )

into itse]f39 and is defined by

oo

™ (x) = g 7 et de (2.5)

(]

One of the important characteristics of gamma function is its recursive

property which follows from (2.5) by integration by partsl'o. That is
T (x+ 1) =x T (x) for every x = 0 (2.6)

By definition,

(1) - r’ & i = )
o
Hence @) =1-- (1) =1
™3) =2 1™ (2) = 21
and k) =(k=1 - (k-1 =(k-1) (2.7)

Furthermore, using the change-of-variable technique, the following
integration can be verifiedm. Let a > 0 and b >0 be real numbers.

Then, letting z = t/b we get

o0 oo
g g2l o"t/b 4 o 43 g 271 &% 4z = b2 T (a) (2.8)
[e] Q
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A two-parameter family of density function can be defined as follows

for a, b>0
a-1 e-t/b

t t>0
b% 1~ (a)
f(t) = | (2.9)
0 t £0
Let us consider (2.9) when t > 0. It is known that the mean and

variance of the gamma distribution are related to the parameters a and b

by the following relationships:

ab = TL
2
and ab = VAR
Hence 9. 9 __?
ab? (a - 1) a“bc - ab TL - VAR
a-1-= abz = - =
ab VAR
ab ab TL
“t/b = —(t/b) = -(—=) *t=-(—) "t
ab ab? VAR

Substituting into {(2.9), a revised form of gamma density function is
stated as follows:
1
b2 I~ (a)

£(t) ta~l e—t/b

]

(TL2- VAR) /VAR - FTL/VAR
& f ) (e (TL/VAR) ¢

) (2.10)

25



0. The TLFD Simulation Model

Based on previous analyses, the TLFD for small wurban areas is
simulated by the flow diagram shown in Figure 7. The simulation model
is a simple, straight forward process. After the necessary data are
gathered, the first step Is to simulate the parameters of TLFD, the
mean and variance. This can be done by utilizing their functional rela-
tionships with factors such as population size and network speed. Through
regression analysis, a best fitting curve {or straight line) can be derived
The mean and wariance are then approximated by these eguations with the
necessary input from the study area. These approximated Tigures are
then Tnput into the gamma density function for calibrating the simulated
TLFD.

In the development of those equations for approximating the mean and
variance, it is necessary to be careful about the selection of the indepen-
dent #ariah]efi}. In Voorhees' study, the average trip length and varlance
were estimated by thelr functional relationships with the city population
size and the mean of TLFD rnspe:tival?.a To some extent, Voorhees was not
satisfied with the equations developed. The hypothesis that trip length
increases as the total area population grows was not Fully accepted in his
regression analysis.

Howsver, population size 15 still selected In this paper as the only
independant wariable for approximating the average trip length in small
urban areas. This decision is made on the basis of the following assumptions:

{1} Voorhees' observation regarding the population growth and tendency

to higher density use (discussed in page 22 ) will not have signi-
ficant effect im small wrban areas, and

(2) By taking the samplifg strategy that population data are collected

from those cities which have the similar pattern of land use,
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the inconsistency would be eliminated.

In view of these considerations, it is very important that each city
should develop its own equations for estimating the average trip length
and the variance. The accuracy of this simulation model is largely dependent
upon the data sampling strategy and the statistical analysis in equation

development.
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PART THREE: MODEL TESTING

To test the simulation model developed in Part Two, some analyses

of real data have been conducted and consist of the following works:

(1) Testing the statistical validity of the gamma distribution
as the model for simulating the TLFD.

(2) Regression analysis for the functional relationship between
average trip length and small city's population.

(3) Regression analysis for the functional relationship between

variance and average trip length.

Simulation of the 1970 city of Lawrence's home-based work TLFD by
the gamma density function was conducted for demonstration purpose. According
to the 1970 census, Lawrence, Kansas had a population of 48,700, and had

92 internal trafflic zones with a maximum inter-zonal traveltime of 25 minutes.

(1) Testing the Statistical Validity of the Gamma Distribution as the

Model for Simulating the TLFD

Before the simulation is carried out, it Is Important to make sure
the gamma distribution is the right mathematical model. To examine the
statistical validity, a comparison between the actual TLFD and the simulated
TLFD by this model was made. This Is done by comparing the observed TLFD
from seven small cities with the calculated gamma distribution using the
actual mean and variance from each original TLFD as the input parameters
of the gamma density function.

As shown in a series of histograms (Figure 8 through Figure 15),
all sevan cities' TLFDs are closely matched with the calculated gamma

distribution. 90% of the observations have only + 1.5% of discrepancies
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TABLE 1

Gamma Distribution Vs. TLFD

Data Source: Salem, Oregan

B S— —

Travel Garmma TLFD Difference
Time S %
1 0.000 0.000 0.000
2 0.008 0.072 0.064
3 0.134 1.065 0.931
4 0.751 2,206 1,455
5 2,307 '3.859 1.552
6 4,847 4.555 -0.292
7 7.834 5.543 o =2.291
B 10.452 6.495 -3.957
9 12,044 10.057 -1.987
10 12,364 11.630 ~0.734
11 11,559 12,775 1.216
12 10,003 10.057 0.054
13 8.114 10.147 2,033
14 6.228 7.708 1.480
15 4,558 6.747 2.189
16 3.200 2.650 -0.550
17 2.167 2.484 0.317
18 1.420 1.141 -0.279
19 0.905 0.517 -0.388
20 0.562 0.072 -0.490
21 0.341 0.148 -0.193
22 0.202 0.072 - -0,130
Mean 10.76 10.80
Variance 10.86 11.32
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TABLE 2

Gamma Distribution Vs. TLFD

Data Source: ldaho Falls, itdaho

- — ——— .

Travel Gamma TLFD Difference
time > - 2
1 1,966 0.000 -1.966
2 8.881 7.716 . -1.165
3 15.220 11.851 -3.369
4 17.538 13.183 ~4.355
5 16.260 16.872 0,612
6 13.138 15.813 2.675
7 +9.654 11.677 2.023
8 6.617 8.830 2.213
9 4.302 6.097 1.795
10 2.682 3.847 1.165
11 1.616 2.032 0.416
12 0.947 1.011 0.064
13 0.542 0.636 0.094
14 0.304 0.147 -0.157
15 0.168 0.152 -0.016
16 ’ 0.091 0.087 -0.004
17 0.049 0.043 -0.006
18 . 0.026 0.005 -0.021
Mean 5.27 5.28
Variance 6.33 6,38

—— v —— o o o T o —— — v . e et e e
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TABLE 3

Gamma Distribution Vs. TLFD

Data Source: Sioux City, lowa

Travel Gamma TLFD Difference
time % [ %

1 0.216 0.000 -0.216
2 0.993 0.000 -0.993
3 2,155 - 0.520 -1.635
& 3.436 2.550 -0.886
5 4.627 5.550 0.923
6 5.599 4,950 ~0.649
7 6.295 6.820 0.525
8 6.705 7.380 0.675
9 6.853 8.080 . 1.227
10 6.780 8.150 1.370
11 6.534 9.190 T 2.656
12 6.162 8.170 2.008
13 5.706 7.610 1,904
14 5.202 4,840 -0.362 -
15 4,680 4,680 0.000 -
16 4.161 3.620 -0.540
17 3,662 1,620 -2.042
18 3.194 1,210 ~1.984
19 2.763 ‘ 1.090 -1.673
20 2.373 1,140 -1.233
21 2.025 1.270 -0.755
22 1.717 0.710 -1.007
23 1.449 _ 1.330 -0.119
24 1.216 0.540 ~-0.676
25 1,016 0.770 -0.246
26 0.846 0.830 -0.016
27 0.701 1.590 0.889
28 0.579 1.560 0.981
29 0.477 1.120 0.643
30 0.391 0.810 0.419
31 0.320 0.740 0.420
32 0.261 0.410 0.149
33 0.213 0.370 0.157
34 0.173 0.260 0.087
35 0.140 0.290 0.150
36 0.113 0.120 0.007
37 0.091 0.020 -0.071
38 0.073 © 0.040 -0.033
39 0.059 0.020 -0.039
40 0.047 0.010 -0.037
Mean 12,57 12.63
Variance 42.22 44,10




TABLE &4

Gamma Distribution Vs. TLFD

———

Data Source: Hutchinson, Ks.

e e e e o et B s

Travel Gamma TLFD Difference
time % | Y
1 0.002 0.000 -~0.002
2 0.125 0.000 ~-0.125
3 1.003 1.187 0.183
4 3.345 1.429 ~1.916
5 6.891 6.134 ~0.757
6 10,468 10,095 -0.373
7 12,888 15.959 3.071
8 13.604 18.114 . 4,510
9 12,768 12.641 -0.127
10 10.922 7.889 -3.033
11 8.669 8.401 -0.268
12 6,467 4,873 -1.594
13 4,580 4,747 0.167
14 3.103 2.606 -0.497 °
15 2,024 1.955 -0.069
16 1,277 1.354 0.077
17 0.782 0.987 0.205
18 0.467 0.754 0.287
19 0.272 0.419 0.147
20 0.156 0.135 -0.021
21 0.087 0.140 0.053
22 0.048 . 0.074 0,026
23 0.026 0.042 0.016
24 0.014 0.037 0.023
25 0.007 0.014 0,007
26 0.004 0.005 0.001
27 0.002 0.005 0.003
28 0.001 0.005 0.004
Mean 8.98 8.98

"Variance 9.53 9,53
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TABLE 5

Gamma Distribution Vs. TLFD ;

Data Source: Champaign-Urbana, Illinois |

——— i — —— —— — - ——

Travel Gamma TLFD Difference
time 9 4 1
1l 0.000 0.000 0.000
2 0.001 0.000 -0.001
3 0.016 0.123 0.107
4 0.142 0.055 -0.087
5 0.621 1.375 0.754
6 1.751 2.258 0.507
7 3.633 3.449 -0.184
8 6.023 4,928 ~1.095
9 8.415 8.288 -0.127
10 10.273 10.238 ~=0,035
11 11.242 11.032 -0.210
12 11.242 10.740 -0.502
13 10.422 10.552 0.130
14 9,058 8.072 -0.986
15 7.447 8.349 0.902
16 5.833 6.331 0.498
17 4.379 4,470 0.091
18 3.165 3.655 0.450
19 2,213 2.887 0.374
20 1.501 1.338 -0.163
21 0.991 ' 0.824 -0.167
22 0.638 0.594 ~0.044
23 0.402 0.418 0.016
24 0.248 0.209 -0.039
25 0.150 0,071 -0.079
26 0.089 0.031 -0.038
27 0.052 0,028 -0.024
28 0.030 0.015 -0.015
29 0.017 0.000 -0,017
30 0.010 0.009 -0.001
Mean 12.55 12.55
Variance 13.23 13.27
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TABLE 6

Gamma Distribution Vs. TLFD t

Data Source: Fayetteville-Springdale, Ark. j

Travel Gamma TLFD Difference
time y i 4 ’
1l 0.051 0.900 0.849
2 0.728 2.200 1.472
3 2.635 0.958 -1.677
4 5.450 4,893 -0.577
5 8.296 4,915 =3.381
6 10.403 9.453 -0.950
7 11.411 9.632 -1.779
8 11.350 15.615 ) 4.265
9 10.476 12,771 2,295
10 9.115 11.626 2.511
11 7.562 8.514 0.952
12 6,031 6.194 0.163
13 4,653 4,020 -0.633
14 3.490 1.868 -1.622
15 2.555 1.157 -1.398
16 1.832 1.117 -0.715
17 1.289 ' 0.761 -0,528
18 0.892 0,611_ -0.279
19 0.608 0.543 -0.065
20 0.409 0.652 0.243
21 0.272 0.357 0.085
22 0.179 ' 0.462 0.283
23 0.117 0.319 0.202
24 0.075 0.225 0.150
25 0,048 0.124 0.076
26 0.031 0.064 0.033
27 0.019 0.078 0.059
28 0.012 : 0.013 0.001
29 0.008 0.007 -0.001
Mean - 8,99 8.99
Variance 14.00 . 14.06

- ot —— i . o — - -
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TABLE 7

Gamma Distribution Vs. TLFD

Data Source: Boise, ldaho

II%EEI Garma TLFD Difference
Z %
1 0.001 0.000 -0.001
2 0.043 0.000 -0.043
3 0.366 1.769 1.403
4 1.349 0.659 -0.690
5 3.147 2.731 -0.416
6 5.496 3.854 - =1.642
7 7.859 6,075 . -1.784
8 9.710 7.446 ~2.264
9 10.728 9.639 -1.089
10 10.853 10.140 -0.713
11 10.224 9,704 -0.520
12 9.081 8.415 -0.666
13 7.677 8.718 1,041
14 6.222 8.055 1.833
15 4,863 6.945 2.072
16 3.683 . 5.705 2.022
17 2,713 4,152 1.439
18 1.950 2.608 0.659
19 1.371 1.524 0.153
20 0.945 0.741 -0,204
21 0.640 _ 0.545 ~-0.095
22 0.427 0.290 -0.137
23 0.280 0.134 -0.146
24 0.182 0.093 -0.089
25 0.116 0.050 -0.066
26 0.074 0.017 -0.057
Mean 10.98 11.00
Variance 14.60 14.95

-— - —_ -
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between the relative trip frequencies and the gamma function values (Table 1
through Table 7). The largest difference was 4.51 which corresponds
to only 1% of the total observations.

The possibility of using a statistical method such as the chi-square
test of goodness of fit for testing the model had been considered. However,
the chi-square test requires a frequency distribution rather than a
probability distribution (i.e. TLFD is shown by percentage form in most

cases)hk. Therefore, it can not be used in this type of comparison.

(2) The Functional Relationship Between TL and Population Size

To estimate the relationship between the size of urban population
and the average trip length, regression analyses were conducted with some
observed data from 13 selected citieshs. Two mathematical functions, linear
and logarithmic, were tried in the regression analysis to find the best-
fitted line.

In linear form, the developed equation was as follows:
TL = 3.494 + 0.0001 POP (3.1)
The developed equation which used the logarithm form was as follows:

'Loge TL = -5.355 + 0.6889 Log,POP

or TL = &75+355 . pop0- 6889 (3.2)

These two equations are represented graphically by the regression
lines shown in Figure 16 and Figure 17.

Through a series of statistical analysis and evaluation, Equation
(3.2) is considered better than (3.1) for approximating the average trip
length. These statistical analyses are presented as follows:
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Let all the statistics in the linear equation be denoted with a

superscript '"*'", and let " # " denote all the statistics in the

logarithm equation.

(a) Standard error of estimate, Sy .

SY % is the statistic measuring the dispersion of the observed Y

. .. b6 .
from the regression line . As result of each regression analysis,

they are
* a . )] _
S = 1.2526 ; S = 0.1311
Y.X Y. X
]
(Log, sy.x = 0.1311 )

It is known that approximately 68.3% of observations would be expected
to fall within one Sy.x from the regression line; 95% within two
Sy.x; and 99% within three Sy.x . To obtain an uniform comparison
of these statistics from different forms of equations (e.g. linear vs.

non-linear), the coefficients of variation are calculated by dividing

Sy.x with the observed mean. They are

£ K 4} =
SY.X 7Y = 0.1297 ; SY.X /Y = 0,0586

It is obvious that smaller error of estimating the dependent-variable

TL is expected by Equation (3.2) than by (3.1). -

(b) Standard error of regression coefficient, Sb
This statistic indicates the range of the independent variable's
cusfficient of the developed equation from the true regression

47

ccefficient

7

5k

= 0.00002 3 Sg = 0.11245
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Associated with the coefficients shown in Equation (3.1) and (3.2),
an error of tZOZ (the ratio between Sb and the coefficient of the
independent variable) from the true regression coefficient is expected in

" + & i .
the linear equation and about =16% error is expected in the logarithm form.

Coefficient of determination, R2

This statistic represents the measurement of the degree of association
. . L .

between the dependent and independent variable 8. The value of this

statistic ranges from zero to +1.0. The larger the absolute value

of R, the higher degree of association.

7':2 ﬂ
R” = 0.8689 . RZ = 0.8794

R2 is relatively high in both equations, and gz is somédwhat higher.
t-test
The t-value is a statistic used to test the significance of the estimated
coefficient from the true regression coefficienth? Based on the
Student's t distribution, the t-test is done by comparing the derived
t value with a table value at n-1 degrees of freedom and.with a given
level of significance. The decision rule is to reject the null hypothesis
(B' = 0 where B' is the hypothesized true coefficient) if the observed
t-value is equal to or greater than the table value in a two-tailed
testS? The calculated t-value of each regression analysis is

£ = 5.8217 $ t¢ = 6.1267
whiie the table value is found to be 3.106 at 12 degrees of freedom
with 395% confidence interval. Hence, the alternative hypothesis that

regression coefficient is statistically significant is accepted.
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In Voorhees' research, the TL in large metropolitan areas were
estimated approximately by the fifth root of population size. The devel-
oped equation was not considered to be significant because the offset
effect of population growth in inner vacant land instead of outward
spatial expansion. However, through consistent data sampling, it is
proved that the average trip length in small urban areas can be estimated

by population alone.

(3) The Functional Relationship Between‘?rland Variance

A regression analysis for estimating ihe relationship between
the average trip leéngth and the variance of TLFD was also made. The
logarithmatic equation which generated the best-fitted curve between

TL and variance is shown below:

Log_ VAR = -0.6494 + 1.4341 Log_ TL

e-O. 6}494 . '.FI':] .431”

or VAR = (3.3)

This equation is represented graphically by the regression’'line shown
in Figure 18.

The statistical evaluation was generally acceptable. The standard
error of estimate was 0.4487. About 68.3% of observations would fall
within one S?_X above or below the observed mean. The standard error
of regression coefficient was 0.6078; abuut 39% error from the true
regressicn coefficient is expected. The coefficient of determination,

Rz, was 2.7258, showing a falrly high degree of association between the
dependert and independent variables. In the t-test, the alternative hypo-

thesis was accepted at alpha level of 0.1.
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Some additivnal tasks were done to demonstrate how the simulation
model works after the equations for approxihating the mean and variance -
have been developed.

The average trip length and the variance of the TLFD for the home-
based work trips in the Lawerence, Kansas study area were estimated by

Equation (3.2) and (3.3) respectively. The estimated TL and variance are

TL = 8.267 (minutes),
VAR = 10.8

Taking these two estimated values as the input parameters in Equation

(2.4), the gamma distribution was calculated as follows:

£(6) = K (¢(8-267°-10.8)/10.8y . (,(-8.267/10.8))

0 <t £ 25
The simulated TLFD is shown in Table 19. Although comparison with the

actual TLFD was not conducted because lack of the 1970 Lawerence 0-D

information, it is believed that the simulated TLFD is reasonable.
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TABLE 8

Gamma Distribution
as the
Simulated TLFD

Lawerence, Kansas

— e e . - -———

Traveltime Gamma Function Gamma
Values #** 4

1 0.5 0.040

2 8.7 0.754

3 35.1 3.044

4 75.6 6.558

5 115.4 10,017

6 141.8 12.311

7 150.0 13,021

8 142.2 12,339

9 123.9 10.753

10 101.0 8.770

11 78.1 6.780

12 57.8 : 5.015

13 41.2 3.574

14 28.4 2.468

15 19.1 1.658

16 12.5 1.088

17 8.1 0.699

18 5.1 0.441

19 3.2 0.274

20 1.9 0.167

21 1.2 0.101

22 0.7 0.060

23 0.4 0.036

24 0.2 0.021

25 0.1 0.012
Totala 1152.2 100.0

Mean § 8.267

Variance 10,752

o O —— . et e e ot

f
‘

*% Constant K = 1.0
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CONCLUSION

The simulation model developed in this paper provides two findings.
One is that the population size can be used as the independent variable
for estimating the average trip length for small urban areas. The other
is that the gamma distribution fits the TLFD very well and thus can be
used as the model for simulating the TLFD.
For further research, the following considerations may be necessary:
(1) To simulate the TLFD of other trip purposes {e.g. non-home based
trips), the relationship between the average trip length and
some other variables such as labor force and retailing floor area
may be generated for better approximation.
(2) To a great extent, the accuracy of this simulation model depends
upon the proper approximation of the mean and the variance of TLFD.
More checking devices in addition to what have been provided in

Part Three may be necessary.

From a broader view, simulation of the TLFD is not merely for the
purpose of developing the F-Factors in the gravity model calibration process.
The relationship between TLFD and the urban structure would provide, more
importantly, armechanism for decision-making in transportation planning;

It may provide the answer to thé problem of how and where the development
of housing, shopping centers and other job-oriented land uses-should be so
that the average trip length for work can be minimized. It may also answer
the prcblem of how to optimize the locatiénal distribution of urban travel
demand sco that people would travel faster and more efficiently. These

can not bz answered until a comprehensive understanding of the urban

growth impact upon this travel phenomenon is reached.
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ABSTRACT

This paper deals with a simulation technique for developing the
trip length frequency distribution. Part One reviews the general
background of the gravity model in which definition of trip length
frequency distribution and the iterative procedure of developing the
traveltime function are discussed. Part Two is the model development.
Factors assocliated in the variation of TLFD such as the level of
transportation service, city size and land-use patterns are analyzed
with some quantifiable means. Voorhees' research on work trip length
was reviewed, by which the gamma distribution was introduced and used
as the mathematical model for simulating the trip length frequency
distribution. Part Three tested the statistical validity of the model
which included the test of comparing the actual TLFD with the simulated
TLFD for seven small cities and regression analysis for developihg
the mathematical equation to generate the input parameters of the

gamma density function, mean and variance.

The simulation model developed in this paper provides two findings.
One is that the population size can be used as the independent variable
for estimating the average trip length (the mean of TLFD) for small urban
areas. The other is that ;he gamma distribution fits the TLFD very wetll

and thus can be used as the mathematical model for simulating the TLFD.



