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Freight Flow Distribution: A Comparison of
Distance Versus Delivered Cost
by Gunter P. Sharp®, H. C. David Yu®, Oscar Adaniya® and Paul S. Jones®*®

ABSTRACT

A GRAVITY TRADE MODEL is ap-
plied to selected commodity specific
flows extracted from the Census of
Transportation. Instead of the typical
distance factor used in the gravity
model, there is substituted the delivered
cost of the commodity, estimated from
production plus transportation costs.
This model is used to identify potential
markets for new producers by postulat-
ing an increase in production at the new
origin. The procedure is part of a larger
one to identify freight transportation
improvements that will stimulate eco-
nomic development. The procedure is
currently being implemented for the
Multi-State Transportation Corridor that
extends from Brunswick, Ga.-Jackson-
ville, Fla., to Kansas City, Mo.

I. BACKGROUND

A. Multi-State Transportation
Corridor Study

In previous work [Refs. 1, 2] there is
described an analytical procedure for
jointly identifying economic development
opportunities and the transportation fa-
cilities needed to assure their economic
viability. The approach involves charac-
terizing industry/commodity classes in
terms of inputs of raw materials, direct
labor, indirect labor, energy, capital, and
taxes; and subsequently determining the
costs of producing the commodities at a
number of prospective locations. The
next steps are determining the delivered
costs of the products in their respective
national markets and predicting market-
ing viability. Following are steps to iden-
tify transportation system improve-
ments. The overall procedure is essen-
tially a screening process, with the eco-
nomic evaluations and transportation
improvements being determined in an
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iterative fashion. The procedure is of
general application, but is being demon-
strated with data from the Multi-State,
Multi-Mode Transportation Corridor, an
1100-mile long, 100-mile wide corridor
extending from Kansas City, Mo., to
Brunswick, Ga.-Jacksonville, Fla. More
gftailed results are described in [Ref.

B. Role of the Market Share Model

Determining marketing viability is one
of the crucial elements in the analytical
procedure, for this ste{J leads directly to
the question of feasibility. The transpor-
tation facilities and service improve-
ments will provide benefits to four dif-
ferent groups:

1. Existing users of transportation
facilities within the study area
(origins and/or destinations).

2. Existing users of transportation
facilities outside the study area
who would benefit by using the im-
proved facilities (rerouting flows
through the study area).

3. New industries in the study area
and expansion of existing indus-
tries which can compete effectively
in national markets because of the
better transportation facilities.

4. Secondary economic sectors in the
study area, such as service indus-
tries and suppliers to the “export”
industries in item 3.

It is anticipated that items 3 and 4
would provide the major justification for
any transportation improvements. Ac-
cordingly, it is desirable to have a quan-
titative method for predicting just how
much and which types of industries
would fit into those categories. The gen-
eral approach taken is to examine indus-
tries at the two- and three-digit SIC
level, and to estimate what share of na-
tional markets they miiht capture [Ref.
3). Economic base analysis is then ap-
plied to estimate the secondary effects
for item 4 [Ref. 4].

This paper describes the testing of a
gravity trade model, which is used to es-
timate existing flows. The model is then
applied to yield information about mar-
ket areas for new producing areas.
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II. GRAVITY MODELS OF
FREIGHT FLOWS

A. Review of Some Previous Work
by Others

Black [Ref. 5] was one of the first to
demonstrate the use of a gravity model
to analyze interrefional commodity
flows from multiple origins to multiple
destinations. Using data from the 1967
U.S. Census of Transportation, he ana-
l¥zes flows of 80 separate S-Jigit TCC
classes among the 9 graphic regions
of the continental U.S. Basically, his
model is of the form:

k .k _k
k S, D, F
T =
13 —’Z‘—Hl (1)
L F’
§ 17
where
Tyk = total tons of commodity k pro-

duced in region i and shipped
to region j.

Sk = total shipments in tons of

commodity k from region i.

Dk = total demand (consumption) in
tons of commodity k in region

i

friction factor based on dis-
tance dy;.

Fyk =

From a given region i the shipments to
region j vary directly with Dk, the con-
sumption of commodity k in region j.
The friction factor Fyk varies inversely
with distance, so regions that are near a
producing zone tend to receive propor-
tionally more shipments. The total ship-
ments and total demand values are as-
sumed known for each region. For the
9 x 9 flow matrices the model produces
R2? values between 0.73 and 0.99. Aggre-
gation of the data to 24 groups does not
change these values appreciably. The
major problems in drawing conclusions
from the study stem from the large
(multi-state) zones used and from the
validity of R2 as a test statistic.
O’Sullivan and Ralston [Ref. 6] com-
pare a gravity model with multiple re-
gression and linear programming ver-
sions for the 2-digit SIC class with the
densest flow matrix, class 20, Food and
Animal Products. Flows are based on
1963 and 1967 U.S. Census of Transpor-
tation data for 26 metropolitan areas.
The linear programming model yields
marginally better results than the gravi-
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ty model, and both are substantially
better than the regression model. The
linear programming solution overesti-
mates the major volumes and short dis-
tance movements somewhat, at the cost
of underestimating smaller flows over
longer distances; while the gravity model
errors are more scattered as to type.
All three models use road distance or a
function of it to represent cost, despite
the fact that other modes have different
circuities, and hence distances.

Nijkamp [Ref. 7] also compares a
gravity model with a linear program-
ming model, using data representing all
freight flows among 43 regions in the
Netherlands for 1968. The results are in-
conclusive since he reports only correla-
tion coefficients as goodness-of-fit mea-
sures. Pitfield [Ref. 8] makes a similar
comparison for highway and rail move-
ments of 30 commodity groups among
134 zones in Great Britain in 1972. Of all
the published reports, this one appears
to use the most detailed zone structure,
and a reasonably detailed commodity
classification. The results are inconclu-
sive in selecting among these two types
of models. Rather, if one provides a good
estimate of the flow matrix for a com-
modity, then the other is likely to do the
same, and conversely. The more impor-
tant conclusions of the study deal with
goodness-of-fit measures, discussed in
the following section.

Other relevant work includes that of
Wilson and Senior [Ref. 9], who exam-
ine the relationships between gravity
and linear programming models; and
Pitfield [Ref. 10], who calibrates a Pois-
son-modified transportation problem (al-
lowing sub-optimal routes) to minimize
an appropriate goodness-of-fit statistic.

B. Goodness-of-Fit Measures

Much of the difficulty in judFing the
validity of freight flow models stems
from a lack of understanding of the sta-
tistical behavior of various goodness-of-
fit measures, such as Chi-Square, coeffi-
cient of variation, correlation coeflicient,
ete. [Ref, 8, 11]. For example, the use of
the correlation coefficient is erroneous
because it measures the degree of linear
dependence between two variables, such
as actual flow for an O-D pair and the
estimated flow. If the actual flow is con-
sidered to be a random variable, the es-
timated flow fails to satisfy certain con-
ditions of independence and normality.
since from the gravity model the esti-
mated flow is influenced by the distance
between the zones and the total com-
sumption at the demand zone. Therefore,
one can expect high, but often meaning-
less values for the correlation coefficient.
This fact has been demonstrated with
randomly generated flows [Ref. 11].
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Following the work in [Ref. 8, 11], we
will use the following two goodness-of-
fit measures:

1. Standardized mean absolute error

Y le -1 |
* .
Wy = 11 J 4 2
Ilr
iy 4
2. Standardized root mean square
. tam I @, -1,0% M2
B ™ i) (¢))
T
E} 1j/n
where
Ty = observed flow for O-D pair ij
Py = predicted flow for O-D pair ij

n = total number of O-D pairs.

It should be noted that these are only
goodness-of-fit measures, and not statis-
tical measures from which statistically
valid inferences can be drawn.

C. Delivered Cost as the
Distance Factor

When the friction factor Fyk is a func-
tion of distance in Eqtn. (1), one is mak-
ing the implicit assumption that dis-
tance is the major variable explaining
the distribution of freight flows (apart
from the magnitudes of supplies and de-
mands). From a microeconomic view-
point a more plausible variable would be
the delivered cost of the commodity
[Ref. 3]. Eqtn. (1) then becomes

k _k k k
Tl;. - Sy D; exp (-b Cu) 5
3 X EK (
:)I:Dj exp ( 1j)
where

Cyk = delivered cost of commodity k
in zone j from a producer in
zone i

bk

a calibrated parameter for
commodity k

Here the delivered cost can be produc-
tion cost plus transportation cost, or
production cost plus transport disutility.

For the application described in the
next section, delivered cost was defined
as production cost plus a weighted av-
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erage of transportation cost by modes,
the weights being based on mode split.

the Production Potential
ucing Zone

D. Evalua
of a New

A typical calibration procedure for
the gravity model can be extended to
yield information about the marketin,
viability of a new producing zone. To il-
lustrate this, consider a single iteration
through index ij in evaluating Eqtn. (1),
using Pk for predicted flows:

k .k

k k Df FS.

Pyt S AL ()
EDj Fij

The predicted flows from each supply
zone will always equal the amount of
supply:

3 Pjk = Sk foralli (6)
3

But the same is not true for demands
since Fyk 5¢ 1. So we expect

Y Pyk 54 Dy for many if not all j. (7)
i

To satisfy the constraints for demand,
an attraction factor Ajk can be substi-
tuted for Djk. On the first iteration the
Ajk are set equal to the Djk. Thereafter,
at each iteration, the values are obtained
from:

k ok k
Aj(:rhl) Aj (old) :
EvPij(old)

(8)

A’j‘(new) - aA?(old) + (l—a)A:(tr:lal) 9

with 0<acxi,

At each iteration the new value of Ak is
used in Eqtn. (6) in place of Djk. The
weighting factor a is established by ex-
gegience, with values between 0.3 and 0.8

eing typical. At the end of the calibra-
tion
eter
A,

At this point one can add new zones
with postulated supplies or increase sup-
plies at existing zones and perform one
more iteration. The predicted flows of
the new supplies provide information

gll"ocedure one then has the param-
and the set of attraction factors
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about which markets can be served and
what changes might occur in total de-
mand.

An alternative form of the 5ravity
model can be used to yield slightly dif-
ferent information. If we distribute de-
mand instead of supply, we have

k k k
Py =Dy 54 F:j _ (10)
k _k
S, F
§ 1 71§
In place of (6) and (7) we have
k k
E Piy =Dy for all j (11)
and
k k
JZ Py Sy (12)

Analogous to Ak is a production factor
Bk for each supply zone. This Bk takes
the place of Sk in Eqtn. (10) and is up-
dated in the same manner as shown in

(8) and (9). At the end of the calibra-
tion one has bk and the set of Bk. New

supplies are then added, with those Bk
set at their respective Sk values and the
old supplies retaining their calibrated
Bk values. After performing one itera-
tion, one has predicted flows from the
new supplies. More importantly, one ean
compare predicted flows with the Bk for
both old and new suppliers. This form of
the model is the one used to obtain the
results in the next section.
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III. APPLICATION AND RESULTS
A. Input Data

To test the use of delivered cost in a

vity trade model there were used
Eg:vs for six commodities, shown in Ta-
ble 1. Flows were obtained for a 120-
zone network, described in [Ref. 1].
Flow values were derived from the 1972
U.S. Census of Transportation and Na-
tional Transportation Plan data, using
the procedure described in [Ref. 12].

The estimates of production costs were
obtained using data from the Census of
Manufacturers. Major inputs for each
commodity were determined as follows:
direct labor hours, indirect labor hours,
capital investment, energy, taxes, and
raw material and intermediate inputs
by type. Costs were determined by pro-
ducing region for direct labor, capital
investment, energy, taxes, and major
raw materials. National average costs
were used for the remaining items. Lin-
ear production technology was assumed,
similar to input-output analysis [Ref. 3].
Transportation costs were estimated
with a multi-modal freight network
model [Ref. 13]. Costs by different
mtigites were weighted by existing mode
splits.

B. Program Outline

The model given b}z E¥ns. (10)-(12)
was programmed in FORTRAN and op-
erated on a Cyber 74 (CDC). Fig. 1
shows an outline of the program logic.
The bk parameter is ugdated using the
formula below [Ref. 14]:
bk(new)

(mean predicted trip cost)
bk(old) - (13)
(mean observed trip cost)

TABLE 1

COMMODITIES USED IN ANALYSIS

Matrix Matrix

Commodity SiC Description Size Density*
1 22 Textile mill products 13 x 26 22%

2 23 Apparel 13 x 32 149%

3 24 Lumber and wood products 27 x 49 8%

4 25 Furniture and fixtures 26 x 30 90

5 287 Agricultural chemicals 15 x 42 12%

6 282 Plastic products 22 x 24 11%

*Matrix density represents the percentage of non-tero elements in the matrix of O-D flows., with
flow values being the sum of flows by mode for each O-D pair.
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OUTLINE OF PROGRAM LOGIC

k
Enter 'ru,

initial bk

k
Obtain P:Lj »
C,r, rcl

Yes > Update bk
using Eqtn. (13)

Yes Add new S];,
k
Obtain P:lj
Update Bl;
using Eqtans. (8), (9)
ET = observed mean cost
EP = predicted mean cost
FIGURE 1

The calibration terminated after satisfy- 2. Maximum difference between Sk
ing two criteria: and 3 Pk was less than 10%.
1. Difference between mean pre- i
dicted and observed trip cost was

Two functional forms of the friction
less than 0.5%.

factor were used:

Google
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Form 1:

or Fyk = exp(—bkCyk)

Fyk = exp(—bkdy)

distance version

delivered cost version

and Form 2:

or

x
Fyk = (dy)-b
distance version

k
Fyk = (Cyk)-b

delivered cost version

C. Results for Existing Flows
The test results for existing flows

(14a)

(14b)

(16a)

(15b)

were quite surprising. The distance wver-
sions of the friction factor resulted in
better overall goodness-of-fit measures
than the delivered cost versions. i
was true for the first five of the six
commodities, as shown in Table 2. The
statistic R2 is included here for com-
parison with other studies, but should
not be relied on for meaningful inter-
pretation. No general conclusions can be
drawn about the functional form of the
friction factor.

More detailed examination of the anal-
ysis data revealed another quite unex-
pected result: The model with worse ag-
gregate goodness-of-fit measures had pro-
duction factors Bk that were closer to

their supplies Sik. This phenomenon is

shown in Table 8. The delivered cost ver-
sion consistently yielded production fac-
tors that were closer to the Sk values

TABLE 2

AGGREGATE GOODNESS-OF-FIT MEASURES
FOR EXISTING FLOWS

Commodity 1 2 3 4 5 6
SIC class 22 23 24 25 287 282
Form 1
distance 32;7 127 | 1.72 | 2.20 | 2.26 | 1.8 | 3.00
version My .66 .75 .67 .84 .73 .96
2 78 | 77 .92 .83 .93 .65
delivered Ri. [ 1.53 | 2.67 | 2.47 | 4.29 | 4.3 | 2.00
cost My .83 | 1.00 g3 | 1.43 | 1.10 .85
version R .62 .45 .90 .37 .59 .85
Form 2
distance R [ 1.28 | 1.73 | 1.99 | 2.25 | 1.85 | 3.09
version “:E .71 .75 57 .81 .71 .93
R .73 .77 .93 .83 .93 .63
delivered i:; 1.67 2.58 2.42 4.29 4.46 1.95
cost My .89 | 1.01 72 | 1.3 | 111 .83
version R2 .55 .49 .90 .37 .57 .85

*R? is obtained from Total 8 of !
0 d um Squares less Error Sum of Squares, since this is a nonlinear e

Google
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TABLE 3
PRODUCTION FACTORS VERSUS SUPPLIES,
STANDARDIZED MEAN ABSOLUTE ERROR®
Commodity 1 2 3 4 5 6
Form 1, distance versicn .092 .002 .022 .004 .024 .005
deliv. cost version .023 .000 .000 .000 .008 .044
Form 2, distance version .012 .010 .016 .021 .015 .009
deliv. cost version .000 .000 .000 .000 .000 .112
* Goodness-of-fit measure computed from Z|8: - B‘;[
i

(no. of supply zones) (2 S‘;)
i

for the first five commodities. In fact,
there were eight (out of twelve cases)
when the Bk were exactly equal to the
Sk for the delivered cost model version.

For the sixth commodity, the only one
for which delivered costs yielded better
aggregate fits, the distance versions gave
Bk values closer to the Sk values.

It is somewhat difficult to interpret
the above findings. Checking and re-
check of the runs confirmed the re-
sults. On the surface, it would indicate
that the distance versions of the gravity
model generally give better overall data
fits but require more manipulations of
the calibration parameters, which con-
sist of the exponent bk in the friction
factor and the production factors Bk,

The delivered cost versions, on the other

hand, are often able to give quite good
fits with no adjustment of the Bk, In
other words, in many cases the delivered
cost is a better explanatozg variable for
t:hff flow distribution than distance by it-
self.

The above tends to favor the deliv-
ered cost version for evaluating new pro-
ducing zones. In order to use the dis-
tance version for predicting flows from
new zones, one must know the economic
characteristics of that and all other pro-
ducing zones affect the production factor
Bk for the new zone. But there does not
seem to be any convenient way to deter-
mine how the Bk should vary from the

supply Sik. The delivered cost version re-
uires little or no adjustment of the
k, and hence it appears to be a more
appropriate model.
It is perhaps premature to draw such
conclusions without examining the re-
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sponse surface of the aggregate good-
ness-of-fit measures with respect to bk
and the Bk, The computer program

tends to spend more time adjusting bk,
In one run the value of bk changed grom
1.0 to 0.1 when the convergence crite-
rion for mean predicted and observed
trip cost was reduced from 1% to 0.5%.
Also, the considerable input data on pro-
duction costs need to be scrutinized.

Generally speaking, both the distance
and delivered cost models perform well
when compared with other studies. The
M, e* and Ryg* values are generally

less than those reported by Pitfield [Ref.
8]. Again, it is inappropriate to draw
conclusions here, since the latter study
used a more detailed zone structure. The
R2 values, although meaningless, range
from 0.63 to 0.92 for the distance ver-
sions and from 0.37 to 0.93 for the de-
livered cost versions. CPU times ranged
from b to 40 seconds per run, with 10
seconds being typical (Cyber 74 CDC).
D. Results for Production Potential

The production potential for four new
zones are evaluated for the first com-
modity using the procedure described in
Section II.D. The Sk (and Bjk) values
for each of the new zones was 8et equal
to the average supply for existing pro-
ducing zones. Since no other information
was available concerning the hypothe-
sized production amounts, the values
were set in this manner. The predicted
shipments after one more iteration are
then compared with the calibrated pro-
duction parameters Bk, as shown in
Table 4.

The ratios tend to be less than 1.0 be-
cause the total sugply, with the new
zones, exceeds the existing demand.
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TABLE 4

RATIOS OF PREDICTED SHIPMENT FROM ZONES
VERSUS PRODUCTION FACTORS, COMMODITY 1 (SIC 22)

Supply Form 1
Zone distance v. del. cost v.
1 .43 .38
2 .66 .65
3 .61 .55
4 1.28 1.30
5 1.65 2.01
6 1.23 .72
7 .87 .54
8 .88 .52
9 .90 1.03
10 .78 .58
11 .85 .91
12 .75 .55
13 .66 .43
14% .52 .48
15% .48 .46
16* .48 .46
17% .41 .41

* New Producing zone

Form 2
distance v. del. cost v.
.63 .77
.83 .77
.71 .77
.53 .76
.46 .76
.38 .75
.82 .77
.78 .77
1.10 .77
.64 .76
.84 .76
.85 .77
.70 .76
.48 .77
.45 77
.46 .77
.41 .77

With form 1 the ratios for the distance
version are similar to those for the de-
livered cost version, as applied to exist-
ing zones; there is close agreement be-
tween the two versions when applied to
the four new zones, numbers 14-17. The
ratios for the new zones are lower than
for the existing producing regions, im-
plying that it would be more difficult, all
other factors being equal, to ship the
designated quantities from those than
the corresponding quantities from the
existing zones. Such a conclusion tem-
gers the more optimistic ones in [Ref.
, 3]. Since existing flows are the result
of many factors, however, it would be
wise to experiment with different values
of Sk for the new zones.

The distance version of form 2 yields
ratios that vary considerably from form
1 for existing zones. For the new zones
the results are similar to those of form
1. The anomalous result for the delivered
cost version (all ratios in the range
0.75-0.77) has not been explained yet.

Results for the other five commodities
were similar to those for the first. The
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above analysis indicates the relative
strengths of the new producing regions
and identifies the specific market areas
that can be served. The actual shares of
these markets will be determined from
more detailed market studies. The ad-
vantage of the freight flow model is that
it serves as an effective screening device
for the numerous commodity-producing
zone-market zone combinations that are
possible.

IV. CONCLUSIONS

It is apparent that gravity models
with either distance or delivered cost
in the friction factor can yield adequate
predictions of existing interregional
commodity flows. The distance versions
provide better aggregate goodness-of-fit
measures for five of six commodities
tested, while in the delivered cost ver-
sions less manipulation of the production
factors is needed. This fact indicates
that the delivered cost version is more
easily transferred and applied to new
producing zones. A typical application
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would require one calibration of the ex-
ponent in the friction factor, using data

for existing flows.

Extension of the

model to evaluate the production poten-
tial of new producing zones was also
demonstrated. Future research is indi-
cated in the areas of the response sur-
face of the goodness-of-fit measures, and
in the estimation of actual market
shares.

1.
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