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INTRODUCTION

This paper investigates the use of a minimum cost scheduling algorithm to estimate
network economies of scale in trucking operations. The technique offers a promising
alternative to the econometric methods used in the past to estimate cost curves for
various categories of trucking operations. The fundamental problem with statistical
cost estimation is that controlled scientific experiments cannot be undertaken to
verify the specification of the cost equation and to minimise coefficient errors due
to covariation. Statistical goodness of fit measures are at best inconclusive arbiters
of alternative specifications. Furthermore, data constraints severely limit the range
and efficacy of available explanatory variables.

The deregulation of trucking has exacerbated these econometric problems by
reducing the quality of cost data available and by largely invalidating the assumption
of an exogenously determined, regulated output. This assumption was used to
resolve supply/demand identification issues in most pre-deregulation cost analyses.
Since different firms can now charge different prices, we can no longer assume that
every variation in the cost data is due to variations in supply. As the number of
shipments (or ton-miles) is often used as a proxy for firm size, price competition may
cause pre-deregulation econometric cost analysis methods to over-estimate economies
of scale. A high tariff firm faces a reduced demand; on balance this should increase
average costs, as fixed costs are spread over fewer shipments. The reverse is true for
a cut rate firm of similar physical size (overhead staff, number of trucks, yard space,
and so on).

A cost-minimising vehicle scheduling algorithm makes it possible to give direct
consideration to the economies that result from the interaction of network topology
and demand. This approach is inherently disaggregate, and the operations research
techniques used to determine the optimal schedule must be consistent with the
characteristics of the trucking services being modelled. Lack of available data
sometimes limits the usefulness of this method. The characteristics of all shipments
made during an appropriate scheduling time frame must be collected, even if they are
spread over a number of firms operating in a competitive environment. Optimal
scheduling algorithms also require a complete matrix of inter-district over-the-road
travel times.
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However, when these data sets are available, as in the piggy back trailer
operations analysed in this paper, optimal scheduling supports orthogonalised cost
simulations which determine theoretical network economies of scale with a clarity
that cannot be obtained with traditional econometric methods. This simulation
technique is also used to construct tests of sensitivity with respect to trip length and
other topological aspects of the observed trailer movements, to give insight into the
economies of scale in more generalised short haul truckload operations.

A brief review of the literature

Past research on cost functions describing trucking operations has been motivated by
three fundamental concerns: regulatory issues revolving around the existence of
economies of scale, comparative cost studies of various transport modes, and studies
of actual or potential growth in productivity. The intense debate over trucking
deregulation in the United States has focused most of the past academic studies on
the deregulation aspect of trucking cost analysis. These studies have tended to
concentrate on econometric analyses of aggregate cost and output statistics, collected
primarily by the United States Interstate Commerce Commission (ICC).

Early studies tended not to find appreciable economies of scale in trucking
operations (Roberts, 1956). The more sophisticated computational techniques made
possible by the advent of the computer tended to reverse these findings in studies
conducted after 1965 (Emery, 1965; Warner, 1965; Ladenson and Stoga, 1974; and
Koenker, 1977). These findings of significant economies of scale, however, were
based on highly aggregated data in terms of the service characteristics of the trucking
firms included. Independent variables were limited to averages of length and weight
of haul, or of the proportion of truckload to total freight.

Later studies (Chow, 1978, and Spady and Friedlaender, 1978) tended to find
constant returns to scale for major segments of the trucking industry. This result
derived from recognition of the heterogeneous nature of the trucking industry, the
inclusion of factors relating to the size of the service network and the quality of
service provided, and the use of more sophisticated (translog) functional forms. The
findings of economies of scale in previous studies were viewed as economies of
density, that is, the savings that accrue from moving a larger amount of traffic over
a fixed route system or network. However, a subsequent study did find some
evidence of network economies in less-than-truckload services (Wang and
Friedlaender, 1984).

McMullen (1987) compared log-linear regression results for data sets collected
before and after deregulation. From these regressions, she concluded that parameter
value changes imply that the economic environment has changed after deregulation,
and that pre-deregulation data may be inappropriate for estimating economies of
scale in a post-deregulation environment. Grimm, Corsi and Jarrel (1989) also
compared costelasticities calculated from data collected before and after deregulation,
but by using translog methods. Their study found statistically significant scale
economies in post-deregulation general freight truckload operations (but not in other
segments of the industry that were studied). They attributed this result to data

aggregation problems, but some of the apparent economies may be explained by
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incorrect cost model specification, as their study, like that of McMullen, does not
consider post-deregulation supply/demand identification issues.

Primarily on the basis of pre-deregulation cost data, truckload shipments are
thought to lack appreciable economies of scale, though data and methodological
problems have severely limited traditional econometric cost analyses of truckload
freight movements.

AN OPTIMAL VEHICLE ROUTEING MODEL
OF PIGGYBACK DRAYAGE

Over the last quarter of a century, many American railroads have successfully
implemented piggyback trailer operations. This service involves moving the truck
trailer on arailroad flatcar for the long-haul portion of shipment, with localised truck-
based pick-up and delivery through intermodal transfer yards at the origin and
destination ends of the shipment. The drayage portion of a piggyback operation may
be described as truckload (TL) service operated out of a central depot (or train yard)
to or from widely dispersed points throughout a regional service area. In Chow's
classification scheme, this would be considered “truckload, short haul, extensive
coverage” (Chow, 1978, p. 389).

The piggyback operations analysed in this paper occurred on a large railroad
operating out of a centralised yard in a densely populated portion of the Northeastern
United States. This railroad operated in a wholesale mode; that is, only railroad
service was provided. Most piggyback drayage was arranged by the shipper or by a
third party shipping agent. The only eligibility requirement at the time of data
collection was that the trucking firm and driver be registered with the railroad police
for security and insurance purposes.

Trailer movements were collected through kerbside interviews with drivers,
conducted at the yard gate. Each inbound and outbound driver was asked to identify
his origin or destination, company affiliation, and the length of stay at the shipper's
loading dock. This information, together with the clock time of entering or clearing
the gate, was recorded on a survey form. For scheduling purposes, the piggyback
service region was divided into 816 districts (minor civil divisions) averaging about
12 square miles (31 sq. km.) in size. The origin and destination of each trailer
movement were coded to the appropriate district.

The 300 trailer movements collected during the day of the survey were distributed
among 47 individual drayage firms, who used about 150 drivers. The top quartile of
companies in terms of volume accounted for about two thirds of the trailer
movements. The largest carrier performed about 13 per cent of all movements.Most
trailer movements, perhaps 90 per cent, occurred between 7.00 am and 7.00 pm. The
hourly distribution of outbound trailers tended to peak between 11.00 am and 12.00
noon. Inbound trailers had a small peak at about 10.00 am and a larger peak in volume
just before 5.00 pm. The largest peak hour, outbound just before noon, accounted for
about 9 per cent of all trailer movements. Most drivers indicated that the trailer pick-
up or delivery time was preset in accordance with the shipper's demands. Spatially,
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the trailer movements tended to follow the patterns of freeway access to commercial
and industrial development around the yard, with no single predominant direction.
The average trip length of trailer movements was about 41 minutes or 22 miles (35
km.).

A piggyback drayage scheduling algorithm

The piggyback scheduling algorithm takes the form of optimal network circulations.
This differs from more usual formulations of origin/destination network flows,
primarily because there are no trip sources or sinks. Required trailer deliveries and
possible tractor only connections are incorporated into the network as capacitated
arcs (one-way links with a capacity of one). Network flows result from paths that
form closed loops.

The topological characteristics of piggyback drayage are shown in Figure 1.
These operations may be thought of as primarily trailer movements indicated by the
solid lines in this diagram. The dashed lines indicate possible movements of a tractor
(power unit) without a trailer attached, or “bobtailing” in truck driver jargon. In
general, there are three types of movements:

(a) bobtail from the truck depot D to pick up a trailer at 1 and return to the yard

2,

(b) deliver a trailer from the yard 3 to 4 and then a bobtail return to the truck

depot D,

(c) deliver a trailer from the yard 3 to 4, thence bobtail to 5 to pick up a trailer

and return to the yard 6.
All driver workdays begin and end at the truck depot, though there is also the
possibility of bobtail inter-trailer arcs within the yard (for example 2 to 3). The
feasibility and efficiency of these modes of operation are determined by the temporal
and spatial distribution of trailer movements. A driver work day or tour consists of
asuccession of these movements. The timing of each movement is usually specified
by the shipper, on the basis of his production schedules and the railroad's timetable
of train arrivals and departures. While flexibility in timing may exist for some trailer
movements, for scheduling purposes we only consider the time recorded in the
survey.

The scheduling problem, then, is to develop an efficient set of driver tours
consistent with the shippers' pick-up and delivery times, over-the-road travel times,
and realistic limits on the length of the working day. This is accomplished by
constructing a computerised network containing arcs representative of all trailer
movements and all feasible bobtail connections between trailer movements. Unique
nodes in this network are placed at each end of all trailer movements. These nodes
have both the spatial and temporal aspects of the trailer movements associated with
them. A bobtail arc between a delivery node and a given pick-up node will be
included only if it is possible to reach the shipper's loading dock before the pick-up
or delivery time specified by the shipper, given the timing of the previous load and
probable travel time. This temporal constraint greatly reduces the size of the resulting
network. Direct depot connections representative of a possible new driver are
included for each trailer movement to universalise this option and to prevent the
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FIGURE 1
Hypothetical Example of a Drayage Scheduling Network

temporal constraints from excluding any trailer from service. The travel times
utilised in this analysis were synthesised from the Journey-to-Work data collected
by the US Census in 1980.! Piggyback operations constitute only a very small
proportion of the vehicular travel on any given roadway link. Hence “capacity speed
restraint” is not needed, and interzonal travel times may be viewed as constant.

An optimal or minimum-cost schedule results from the circulations determined
by the following linear programming network flows problem:

n n
Min Y, Y, cijx; 1
i=1j=1
subject to:
n n
ZXH——ZX”:O(i:l,...,n) (2)
k=1 =1
0<x;=<1 3)
where:
Cij = the cost associated with arc (if)
x; = 1if arc (ij) is on the tour, 0 otherwise
n = the number of nodes in the network

1 See Walker (1989) for detailed discussion of the method used to prepare the travel time matrix.
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c;;is set equal to the travel time for bobtail arcs. This is appropriate because time
is the principal determinant of driver wages, the overwhelming aspect of operating
cost. The high collinearity between travel time and distance minimises any distortion
caused by ignoring distance in the objective function. Trailer arcs are given an
arbitrarily large negative value for c;toensure thatall trailer movements are included
in the solution. Constraint (2) is a statement of Kirchhoff's law in circulation form
— the sum of the flows on the arcs out of a node must equal the sum of the flows into
the node. Capacity constraint (3) prevents bobtail or trailer arcs from being serviced
more than once. The integrity of the solution (all arc flows will be O or 1) is also
established by this constraint, because the extreme points determined by its upper
and lower bounds are all integers.? Subtours that exclude the truck depot are pro-
hibited by the temporal ordering of nodes used in the construction of the network.
The number of drivers is determined by the number of non-zero outbound arcs from
the depot. '

This optimal formulation of network flows is mathematically analogous to
transshipment problems commonly solved in manufacturing and warehousing
applications. During the past 30 years a number of computationally successful
solution algorithms have been devised.?> The optimal drayage schedules analysed
herein were prepared by Fulkerson's out-of-kilter algorithm.* This algorithm is
efficient, requiring only a few seconds of computer time to prepare most schedules.

The network formulation of this problem allows intuitive enhancements. The
number of drivers required can be controlled by creating a dummy arc (with an
arbitrarily high capacity) inside the truck depot with an appropriate time penalty.
Since all tours must traverse this arc, this penalty encourages the use of bobtail
linkages both remote from and within the yard.

The disadvantage of the driver penalty is that the resulting tour lengths tend to be
quite long. The incorporation of a tour length constraint changes the mathematical
nature of the problem, so that it cannot be solved by methods using optimal network
flows. No optimising algorithm comparable in computational power to the out-of-
kilter has been devised for the tour-length-constrained problem. Rather than use non-
optimising or heuristic methods of solution, we set the driver penalty to an
appropriately high value to control the personnel requirements. Any resulting tour
exceeding 13 hours was made into two separate driver workdays by splitting at a
convenient point where the original tour crossed the intermodal rail yard. This
approach is realistic because the tours cross the yard many times during the day, at
least on every other trailer movement. The thirteen-hour tour limit was taken from
the work rules governing train engineers serving the yard. Since current drayage
activities are divided among many operating companies, no single set of work rules
applies.

For scheduling purposes, the driver penalty was calibrated at 490 minutes. This
penalty value reproduced within 5 per cent the number of drivers observed in the
survey when we were scheduling the observed allocation of companies' trailers.

A proof of this well known property of linear programming may be found in Gale (1960),p. 154.
See Bradley, Brown and Graves (1978) for a good review of these methods.
See Ford and Fulkerson (1962) pp. 162-169 for an exposition of the algorithm.

> LW
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Prevailing company scheduling practices clearly try to minimise the number of
drivers needed to service the schedule. Different methods of calculating pay and of
penalising undesirable aspects of the schedule typically evolve during the collective
bargaining process. Customisation to any one set of scheduling practices would
probably require adjustment or extensions to the above algorithm. The work hours
reported herein are straight clock time rather than pay hours, which typically involve
a weighted sum of straight and penalised time (for example, overtime, spread
penalties, and so forth). This process mustbe viewed as a model rather than as aliteral
representation of scheduling practices; but these cost and manpower computations
are realistic and consistent with a generalised view of prevailing scheduling practices
in the drayage industry.

SIMULATED ECONOMIES OF SCALE IN PIGGYBACK OPERATIONS

Using the scheduling model discussed previously, economies of scale in piggyback
operations were simulated through a monte-carlo assignment of the observed trailer
movements to a set of hypothetical trucking firms with a given size distribution. For
computational convenience and to orthogonalise the results, these simulations were
conducted with trailers randomly distributed to a given number of equal-sized firms.
After the assignment of trailers, the scheduling model was executed separately for
each hypothetical firm. This experiment was run ten times for each firm size studied;
each trial was based on a different random assignment.

The work hours and number of drivers required to service the schedule were then
tabulated by company and for all trailer movements. This simulation technique gives
insight into both the total man hours and the labour force needed to service the
schedule, and the average requirements per trailer as firm size varies. The standard
deviation of these unit requirements at the level of the firm was also calculated, to
facilitate hypothesis tests on firm-size-related productivity differences.

Resource requirement differences, although more nebulous, may also be cat-
egorised in terms of economic significance. Economic significance relates to the
magnitude of the difference more than its statistical significance. A difference of one
per cent may be statistically significant, but it is of little economic significance
because the implicit economies may be overwhelmed by exogenous factors. Eco-
nomic significance requires the differences to be large enough to influence the
behaviour of decision makers within the firm under study and of those consuming
its products or regulating its activities.

For purposes of evaluating statistical and economic significance, we adopt an
incremental framework based on 1, 5, 10, 15 and 20 equal sized companies (having
on average 300, 60, 30, 20 and 15 trailers per company respectively). This stepwise
approach is consistent with the marginal analysis that underlies much of economic
theory, and may be consistent with the decision process within the firm, which is also
inherently incremental. For statistical significance, we require 95 per cent confidence;
this universally translates to a “t” test statistic of about 1.96, since all comparisons
involve 59 or more degrees of freedom. Economic significance is somewhat



January 1992 JOURNAL OF TRANSPORT ECONOMICS AND POLICY
TABLE 1

Unit Simulated Economies of Scale in Piggyback Drayage Operations

Mean Work Hours Mean Trailers  Mean Work Hours

per Trailer per Driver per Driver
No. of Average No. of
Companies No.of  Schedules Mean S.D. Mean S.D. Mean S.D.
Trailers
1 300.0 10 1.96 0.00 4.48 0.00 8.76 0.00
5 60.0 50 2.26 0.17 3.59 0.39 8.11 0.96
10 30.0 100 2.44 0.22 3.09 0.46 7.54 1.24
15 20.0 150 2.59 0.30 2.81 0.48 7.25 1.45
20 15.0 200 2.64 0.33 2.68 0.51 7.03 1.47

arbitrarily defined as 5 per cent difference in these incremental comparisons,
particularly if this difference is part of a consistent overall pattern of variation.

The resulting unit statistics for the surveyed trailer movements are given in Table
1. As the number of equal-sized companies decreases from 20 to 1 the mean work
hours per trailer served decrease from 2.64 to 1.96, or by about 26 per cent. The
number of trailers moved per driver (and tractor) undergoes an even sharper variation
over this range of company sizes, increasing from 2.68 for 20 companies to 4.48 for
one company, or by about 67 per cent. The work hours per driver also increase, but
at a slower rate — 7.03 to 8.76 hours per driver, or about 25 per cent. The number
of drivers required to service the schedule is 40 per cent less for one company than
for 20 companies. Fundamentally, as additional trailers are served by a firm,
opportunities for cross routeing increase both within the yard and between distant
locations. As aresult, the average length of bobtail arc is reduced and driver layovers
atthe trailer pick-up location become shorter. This accounts for the dramatic increases
in productivity in terms of work hours per trailer and trailers per driver. Work hours
per driver, however, decline at a slower rate because of the inefficiencies implicit in
the schedules of smaller companies.

Table 2 presents a marginal analysis of these unit productivity statistics. The t test
values for stepwise comparisons all indicate statistical significance (> 1.96), except
for the comparisons of 20 with 15 companies in the case of work hours per trailer and
work hours per driver, and of 10 with 15 companies in the case of work hours per
driver. Generally, the smaller the number of companies, the greater the statistical
significance of the incremental comparisons. The percentage differences in the mean
productivity indicators also follow this pattern. The biggest percentage differences
occur between one and five equal companies, and the smallest differences between
15 and 20 companies. The incremental comparisons that failed the t test usually also
have percentage differences below the 5 per cent level needed for economic
significance.

10
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TABLE 2

Marginal Significance Measures of Simulated Economies of Scale
in Piggyback Operations

Number of Companies

1vs.5 Svs. 10 10vs. 15 15 vs. 20
Mean Work Hours per Trailer
T Statistic 5.63 5.12 4.07 1.46
Percentage difference 15.3% 8.0% 6.1% 1.9%
Marginal productivity 0.001 0.006 0.015 0.010
Arc elasticity 0.834 0.852 0.826 0.924
Mean Trailers per Driver
T Statistic -7.08 —6.62 —4.65 -2.45
Percentage difference -19.9% -13.9% -9.1% —4.6%
Marginal productivity -0.004 -0.017 -0.028 -0.026
Mean Work Hours per Driver
T Statistic -2.14 -2.82 —-1.64 -1.42
Percentage difference -7.4% -7.0% -3.8% -3.0%
Marginal productivity -0.002 -0.019 -0.029 -0.044

The “marginal productivity” statistic also shown in Table 2 is calculated as the
difference in mean unit requirements divided by the difference in the number of
trailers served. It is most interesting to note that this statistic has a radically different
pattern of variation over the stepwise comparisons. First, its absolute magnitude is
very small, never exceeding 0.015 hours or about 0.9 minutes of driver time saved
per additional trailer served. In addition, it is strongly subject to diminishing returns
in the range between 1 and 15 equal companies.

The significant economies of scale noted above result from the geometric nature
of the increase in the quantity of trailers served as the number of companies in a
market falls. A reduction in market participants from 20 to 15 companies results on
average in only five more trailers per company per day, while a consolidation from
five to only one company increases the number of trailers served from 60 to 300. This
increase in business activity overwhelms the diminishing returns in marginal
productivity, thereby producing the massive unit cost reductions described above.
When evaluating production efficiencies, we must consider both market share and
marginal productivity.

The arc elasticities shown in Table 2 are roughly equivalent to the elasticity
coefficient obtained from log linear regressions of shipments on cost. They range
from 0.826 to 0.924, depending on the size of the increment of additional trailers.
This indicates much more significant economies of scale than those calculated by

11
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Chow from ICC data. Chow's combined elasticity for all trip length categories of
truckload shipments was 0.9544 if truckload drayage was defined as shipments
weighing more than 5,000 pounds, and 0.9793 if 10,000 pounds was used as the
truckload criterion (Chow, 1978, Table 7-11, p. 350). Neither of Chow's elasticities
was statistically different from 1.0.

Itis important to recognise that these economies of scale refer only to the network
and scheduling aspects of trucking operations. They do not include economies or
diseconomies in marketing, management and finance, vehicle maintenance and so
forth, or any of the other institutional liabilities that go with larger scale, such as
government reporting requirements and the higher probability of unionisation.
Historically, organised labour has increased unit labour costs significantly in cases
where a given service has been concentrated into a few providers, so not all savings
have been passed on to shippers. Furthermore, since the network economies
described above derive from the efficient collection and effective utilisation of
information, a high level of organisational sophistication is needed to exploit them.
This organisational requirement also generates costs that must be balanced against
any simulated economies. However, since most aspects of trucking operations
exogenous to the scheduling activity are also subject to some measure of scale
economies, the net effect of these factors is probably to reinforce rather than diminish
the economies noted above.

These economies resulted from a random allocation of trailers to firms. This is,
in a sense, a worst case allocation. Simulated economies of scale could be reduced
by assigning trailers to companies more efficiently in the multi-firm cases. In an
extreme example, the tours resulting from the optimal schedule of the single
company could be allocated to a number of separate drayage firms. However, this
requires a centralised scheduling authority, which does not now exist in the drayage
market. There is little evidence in the survey data of inter-firm coordination resulting
from market forces. The scheduling algorithm, when executed on the observed
allocation of trailer movements to operating companies, required 152 drivers — an
increase of nine over the 141 drivers required for an equal distribution of trailers to
the 47 firms active on the survey day. This increase, which resulted primarily from
the large number of firms that handled only one trailer on the survey day, indicates
a general lack of inter-firm temporal or spatial coordination of loads.

Such coordination is the responsibility of shipping agents. The disaggregate and
competitive nature of the observed market makes inter-firm coordination unlikely,
even if shippers were prone to co-operate. Most load coordination observed in the
survey resulted from a number of trailers being moved to or from a discrete shipper
location by a single firm: for instance, the transferring of trailers to and from a large
seagoing trailer barge which was in port on the survey day.

Another significant aspect of load coordination is the adjustments to the time of
trailer pick-up or delivery observed in the survey. It is not possible to include this
factorin the simulations through a “time window” (perhaps with a compensatory late
delivery penalty), because the scheduling model utilises conventions of network
construction based on a fixed time of pick-up or delivery to eliminate sub-tours that
do not include the driver depot. These sub-tours would defeat the driver penalty
which is levied at the depot, and this would increase driver requirements to

12
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unrealistic levels. Ad-hoc methods to adjust trailer pick-up or delivery times are
tempting, but they are difficult to construct, because the drayage survey did not
include information on shippers' temporal flexibility.

For this reason, the effect of these time windows on simulated economies of scale
remains somewhat unclear. Temporal flexibility on the part of shippers might
increase simulated scale economies, because the opportunities for its exercise
probably increase with the number of trailers served by a single firm, though a small
firm may also exploit some of these economies if the time window is very large. The
most extreme time window (assuming that trailer deliveries are not delayed to a
subsequent day) is that delivery can be made any time during the survey day. This
reduces the scheduling model essentially to a travelling salesman formulation. In the
process, all layover time, and perhaps part of the deadhead time, are eliminated from
the simulated schedule. One can make a rough estimate of the effect of day-long time
windows on simulated economies of scale by deducting layover times from total
costs and recalculating the economies. If one compares the twenty-company and
one-company simulations on this basis, unit man hour savings are reduced from 26
per cent to about 11 per cent. Therefore, it seems that there is a significant relationship
between quality of service, in terms of precise pick-up/delivery times, and scale
economies.

SENSITIVITY OF SIMULATED ECONOMIES TO CONTRACTUAL AND
TOPOLOGICAL FACTORS

The network underlying piggyback operations may be thought of as infinitely dense,
since there are no formal restrictions on the service area of any drayage company. For
this reason, one might be tempted to view the economies of scale discussed
previously as economies of service density rather than of network scale and
configuration. However, there are significant topological aspects to the scale
economies in piggyback movements that were identified in the drayage survey and
in short-haul truck load operations in general. Furthermore, simulated economies are
influenced by the type of contractual arrangement between trucking firm and driver.
In order to quantify the influence of these contractual and topological factors, we
extend the monte-carlo simulation methods used previously to consider type of
driver contract, average trip length, and the impact of the intermodal yard.

The impact of driver contractual arrangements

The driver penalty discussed previously has a significant impact on the magnitude
of the simulated economies of scale. Large values of this penalty tend to reduce the
number of drivers by stringing together longer work tours via larger layovers and
longer bobtail arcs. A small driver penalty tends to reduce these non-revenue pay
hours by increasing the number of drivers.

Most salaried drivers have a minimum work day of about eight hours. This in the
short run is a high fixed cost compatible with a large driver penalty. The driver
penalty is also related to equipment needs and the associated capital and maintenance
costs, because a tractor must be provided for each driver. From the company

13
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perspective, this capital cost is minimised with the high driver penalty. Most
independent drivers in the United States are subcontractors who provide their own
tractors. These drivers do not generally have a minimum work day; they are
therefore, from the company perspective, a variable cost compatible with a low
driver penalty.

A comparison of the unit measures of economies of scale for high and low driver
penalties (490 minutes and 100 minutes) showed that the lower penalty reduces the
magnitude of the simulated economies of scale by making the smaller companies
somewhat more efficient. Significant economies of scale were still present, however,
since work hours per trailer for the 20 company case (2.37) were almost 22 per cent
higher than for the single company (1.96). A similar, although somewhat magnified,
pattern also existed for mean trailers per driver and work hours per driver. For the 20
company case, trailers per driver were reduced by 16.8 per cent and work hours per
driver by 24.8 per cent. This translates into a significant reduction in economic well
being for the independent driver, who, in all but the single company case which
differed by less than one per cent, would prefer schedules based on the high penalty.
Overall, however, economies of scale are significantly lower in situations where a
lower driver penalty is appropriate because independent drivers are plentiful.

Trip length sensitivity tests

The method used to estimate the influence of trip length on simulated economies of
scale involved multiplying all entries in the census-based travel time matrix by a
constant factor, holding unchanged the time of arrival or departure of the trailer at
the intermodal yard. The monte-carlo simulation series was then rerun for 1,5, 10,
15 and 20 equal-sized companies. This multiplication has the effect of increasing the
size of the service region in a proportional fashion, and thus of reducing the number
of feasible bobtail connections outside the yard and the number of trailers that can
be incorporated into a 13-hour workday.

Multiplicative factors of 2, 4, 6 and 8 were used, which correspond to average
trailer trip lengths of 82, 164,246 and 328 minutes and 44,88, 132 and 176 miles (71,
142, 213, and 283 km.), respectively. According to previous studies, all these trip
lengths would be classified as short haul (less than 200 miles or 322 km.).’ A ten-fold
factor was not feasible because medium length of haul operations must be scheduled
on a multi-day time frame, rather than with the 30-hour clock used in the drayage
model. Furthermore, the medium-length scheduling problem cannot be solved by the
optimal network flows method because of safety-related constraints on tour length
resulting from ICC driver log requirements.

Figure 2 displays the impact of trip length on relative economies of scale in terms
of man hours per trailer. It shows clearly that an increase in trip length significantly
lowers the percentage reductions in man hour requirements as one goes to one from
20 equal-size drayage companies. Over this range of firm sizes, the eight-fold time
factor reduced the unit work hour saving from 25.8 per cent to 7.0 per cent.

5 For instance see Chow (1978) p. 332 or Wang and Friedlaender (1984) p. 269.
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FIGURE 2
The Impact of Average Trip Length on S imulated Economies in Work Hours

The associated ¢ test statistics also showed a significant drop in statistical
significance of the incremental comparisons as trip length approaches medium haul
distances. With an eight-fold expansion in travel time, only the comparison between
one and five companies retained statistical significance. The arc elasticities for the
eight-fold case (0.952 to 0.983) are comparable to Chow's estimates for a composite
of all trip lengths (0.9544 and 0.9793). However, the degree of statistical and
economic significance is also determined by the size of the market. If the total
number of daily trailer movements in the eight-fold case had been 600 or 900 rather
than the 300 observed in the survey, simulated scale economies greater than 7 per
cent would have resulted.

The impact of the intermodal yard

The fact that all observed piggyback trailer movements originate in or are destined
to the intermodal yard clearly enhances the probability that a driver will be assigned
directly to a subsequent trailer movement. This topological aspect of piggyback scale
economies was quantified by randomly generating a non-yard trailer origin or
destination to replace the yard end of the observed movements, while imposing the
surveyed trip length frequency distribution on these synthesised trailer movements.
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The yard start/finish time and non-yard trip end were retained from the survey. The
monte-carlo simulation series was then run for this synthetic pattern of trailer
movements, and the results were summarised and compared with the surveyed trailer
movements.

Overall, the scale economies were reduced from 25.8 to 20.3 per cent as a result
of eliminating the central yard. As in the travel time tests, the greatest impact
occurred with 20 equal operating companies, and the least with one company. The
impact of the elimination of the central yard was roughly equivalent to an 85 per cent
increase in trip length. The absence of the yard also reduced the statistical signifi-
cance of the incremental comparisons, and increased the arc elasticities for almost
all of them. Overall, the yard is clearly a significant factor in producing economies
of scale in piggyback drayage operations.

CONCLUSIONS
Itis very clear that the magnitude of network scale economies in truckload operations
depends on the unique characteristics of the drayage market being considered in
terms of trip length, market size, the existence of terminals, and other topological
factors.

1. Significant network economies of scale exist for the 300 piggyback trailer
movements observed in the drayage survey. Over the range of simulated firm sizes,
these economies exist both in work hours (26 per cent reduction) and in driver
requirements (40 per cent reduction). These economies result from the more efficient
scheduling of drivers made possible by an increase in the volume of trailer
movements.

2. The marginal driver productivity is very small, however, never exceeding a
one-minute reduction in mean work time per trailer for each additional trailer served.
The large simulated economies resulted from the geometric increase in the number
of trailers moved as the number of companies in the piggyback drayage market were
reduced to a single firm.

3. There appears to be a significant trip length variation in truckload scale
economies for short haul operations. The large economies of scale reported herein
resulted primarily from the relatively short average trip length (22 miles or 35 km.)
associated with piggyback trailer movements, although the existence of the central
intermodal yard or terminal was also a contributing factor.

The optimal scheduling simulation method developed in this paper provides a
useful tool for preparing individualised estimates that are needed for informed
management decisions and regulatory policy. With appropriate adjustments to the
scheduling algorithm, this method may also be applied to less-than-truckload
operations.

Date of receipt of final typescript: April 1991
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