14

of $18.4 billion, operating costs of #3.3 billion, and a
$1.2 billion capital investment could be realized.

Bond financing alternatives were explored with an in-
vestigation of tariffs required to offset the port costs.
Table 5 establishes constant tariffs for the first and
second decades of the terminal's operations. Tariffs
of §0.2500 and $0.1870, respectively, are assessed.
Investigations showed average tariffs of $1.26-$1.39/m®
(%$0.20-%0.22/obl).

The impact on the Texas Gulf Coast if a deepwater
terminal is not built is difficult to evaluate. Among a
number of considerations are the following:

1. The projected demand for crude oil could be
satisfied by transshipment or lightering. The projected
Seadock cost savings associated with a deepwater port
would become an added economic burden on the petro-
chemical industry that would undoubtedly be passed on
to the consumer.

2. LOOP might be drastically expanded and tied into
the projected Seadock area by new pipelines, which
would create a shift in economic activities in the Gulf
Coast region.

3. Crude oil demand in the Seadock import area
might not be met, and this would adversely affect one-
third to half of the petrochemical plants in the United
States.

In view of the findings provided in this assessment,
it is recommended that the Texas Deepwater Port
Authority expedite the establishment of the offshore
port. The initial study should be a detailed financial
and operational analysis. The net benefit of the port
would be nationwide and should promote a return to
marine transportation for the United States.
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Time-Based Multicriteria Evaluation

Model of User Charges

Robert W. Meyer, National Marine Service, Inc., St. Louis

The results of a study conducted to develop a model of waterway user
charge impacts and test the model on a case study region are summarized.
The model developed is a Markov decision theory model with an im-
plied transition period of five years. The transition probabilities were es-

timated subjectively based on a state space defined by change in freight
traffic movement. Reward estimates were based on multiple criteria such
as change in shipping costs and change in equity. The rewards were de-
veloped from a variation on the rank-based expected-value method of



evaluation. These were also produced subjectively based on the results
of previous studies. The input on the upper Mississippi River case study
site was processed by a Markov decision theory computer program.
Considerable sensitivity analysis on rewards and transition probabilities
was done. In the majority of cases, the alternative of no user charge was
favored. In certain periods of high growth in freight traffic, a low-level
fuel tax was favored. The case study results themselves are not as signifi-
cant as the problem structuring that was accomplished and the introduc-
tion of time and nonmonetary criteria into the evaluation process.

A review of the history of transportation in the United
States reveals that one of the distinguishing features
crossing nearly all modes has been the need for govern-
ment assistance in establishing and maintaining the
transportation network. There has not been sufficient
incentive in the private sector to build and maintain
transportation facilities on a national scale. Reasons
for this include the economies of scale necessary to make
transportation facilities attractive to the private firm,
the jointly reinforcing nature of the provision of trans-
portation facilities and economic growth, and the usual
lag between investment and profitability. These factors
have joined to make transportation systems investments
undesirable to the private firm, at least in the infancy of
a mode.

A controversy that has existed in the freight trans-
portation area for nearly 40 years is that of user charges
for users of the inland waterway system. The contro-
versy has been particularly strong in the past five
years; legislation has been introduced in Congress to
enable the recovery, by various means, of the federal
investment in facilities as well as federal expenditures
on operations and maintenance. Many studies have
been done by various agencies and organizations on dif-
ferent aspects of user charges. This paper addresses
the need for evaluation of longer-term and noneconomic
impacts of inland waterway user charges. It focuses
primarily on the development of a planning model that
can be used to investigate various forms of user charges
as they affect a transportation system and a national
economy that demonstrate considerable uncertainty.

PROBLEM PARAMETERS

The development of a model of the effects on freight
transportation caused by the imposition of various forms
of waterway user charges requires model parameters
that are broader than the inland waterway system itself.
To model the public perspective adequately, the model
must include the effects of policies on water, rail, truck,
and pipeline transport. The geographic range of the
model could be either the entire country or a major river
basin. For planning purposes, the time horizon should
be 10 or 20 years.

MARKOV DECISION THEORY

The case study model is the Markov decision theory
model. It is similar in some respects to the dynamic
programming model. The states are parametric de-
scriptions of the system under study. There also exists
the concept of a transition. The probability of going from
state i to state j in one stage is called a transition proba-
bility. A matrix of transition probabilities exists for
each alternative solution for the system proposed by the
analyst. The transition period may be 1 s or 10 years,
depending on the system being modeled.

In a similar way, the reward to the decision maker
for each possible transition is described in a matrix.
For each alternative there exists a reward matrix. The
Markov model solution is known as a policy vector. It
arrays the optimal alternative to pursue contingent on
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the present state of the system. There are several ex-
cellent sources on Markov decision theory and its ap-
plications (1-4).

CASE STUDY ANALYSIS
Study Area

The area selected for case study analysis is the upper
Mississippi River, which runs for 1375 km (852 miles)
from Minneapolis to Cairo, Illinois (at the mouth of the
Ohio River). Most of the 26 locks and dams on the reach
between Minneapolis and St. Louis (see Figure 1) have a
single lock chamber. Minimum channel depth is 2.7 m
(9 ft), and channel width is 91-106 m (300-350 ft).

The following data on freight transport on the upper
Mississippi are taken from statistics of the American
Waterways Operators, Inc. (5). The section of the upper
Mississippi between Minneapolis and St. Louis carried
more than 57 million t (63 million tons) of cargo in 1975.
Net tonnage on that same section of the upper Mississippi
grew from nearly 23.6 million t (26 million tons) in 1968
to more than 57 million t in 1975, The principal com-
modities carried in 1975 were grains and petroleum
products, which constituted almost 62 percent of the
tonnage. Towing industry costs on the upper Mississippi
are estimated to be 1.85 mills/t -km (2.7 mills/ton-mile).
This is 0.3 mills more than costs on the lower Missis-
sippi, principally because of delays caused by locking
and the need to limit tows to 10 to 12 barges.

The upper Mississippi represents one link in the
40 300-km (25 000-mile) inland waterway system in the
United States. It was selected as a basis for case study
analysis of user charge policies for several reasons:

1. It has two major sections that have characteris-
tics similar to those of most other inland waterways.

The section above St. Louis has many locks and suffers
from capacity problems at Locks and Dam 26. The sec-
tion below St. Louis is free flowing and operates at rela-
tively low cost.

2. The upper Mississippi handles a spectrum of com-
modities. The grain and petroleum commodities that
are important on the upper Mississippi form a large per-
centage of all traffic on the inland waterways.

3. Interms of modal competition, there exists con-
siderable parallel rail trackage with excess capacity (g).

4. Preliminary impact data for various user charge
schemes were available from the U.S. Department of
Transportation (DOT) (7-9) and others (10, 11).

Alternatives for Case Study

This section presents the alternatives that were selected
for analysis by the case study model. The two most
commonly mentioned and studied forms of waterway user
charges are the fuel tax and the segment toll. The lock-
age fee is commonly considered in conjunction with either
of these. Studies by both DOT and CACI, Inc. (7,12),
consider systemwide fuel taxes and segment-specific
ton-kilometer tolls in their analyses. The study by the
Iowa DOT (10) deals with a combination fuel tax and lock-
age fee. The Tennessee study (11) considers a full range
of lockage fees with and without congestion tolls, license
fees, segment tolls, and fuel taxes.

Since the studies by the U.S. DOT and CACI develop
preliminary levels of some impacts on the upper Mis-
sissippi case study area, it was decided to use both fuel
taxes and segment tolls as alternatives. Further, to
provide a range for each type of alternative, recovery
levels of 50 and 100 percent of waterway operation,
maintenance, and rehabilitation costs were chosen. To
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provide a baseline of comparison, the alternative of no
user charges is also included. These alternatives are
given below:

Recovery
Alternative  Type Level (%)
1 Segment toll 100
2 Segment toll 50
3 Fuel tax 100
4 Fuel tax 50
5 None 0

Figure 1. Upper Mississippi River
case study area.
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State-Space Formulation

As discussed earlier, one of the central concepts of the
Markov model is that of the states of the system. For
the purposes of this case study, the states need to be
able to reflect the behavior of the freight transportation
system in response to various alternative user charge
policies. The states should also portray realistic levels

of change in the system over the transition period chosen.

On this basis, the transition period was set at five years,
and a single state parameter of change in freight traffic
tonnage carried was chosen. This parameter is a good
measure of the health of the freight system and the eco-
nomic health of the nation as a whole. Freight traffic
moves in response to manufacturing activity. Currently
about half of the nation's gross national product (GNP)
consists of goods (as opposed to services). GNP itself
is perhaps the best known measure of national economic
health. In this context, freight traffic is an excellent
state parameter.

The definition of freight traffic is restricted here to
rail and water. The various growth and decline rates
were chosen to be reasonable for a five-year period.
Between 1968 and 1973, waterway tonnage grew by
roughly 5 percent (5). The five-year transition period
represents a reasonable period for the perturbations
caused by policy changes to settle out of the system.
The states are given below:

Change in
Freight Tonnage
State (%)

1 0
2 +5
3 +10
4
5

-5
-10
The 5 and 10 percent rates of growth and decline provide
a reasonable balance of possible freight system activity
over a five-year period.

Estimation of Transition Probability

Given the system states defined above, the next task was
to develop a logical and consistent process whereby the
state transition probabilities p,, could be estimated for
each alternative. To provide some sensitivity analysis,
two sets of transition probabilities were estimated for
each alternative. The first set reflects general low eco-
nomic growth for both the nation and the study area, and
the second set assumes relatively high economic growth
conditions. If they were related to the GNP, these state-
ments would represent a 5 percent decline in real GNP
for the low economic growth set and a 5 percent rise in
real GNP for the second set of transition probabilities.
The actual process of estimating the transition probabil-
ities was subjective; quantitative and qualitative guide-
lines were applied that were consistent with underlying
economic assumptions.

Transition Probabilities for Low
Economic Growth

The basic assumption that underlay the estimation of the
transition probabilities for conditions of low economic

growth was that the system would tend to move toward a
decline in freight traffic carried and that probabilities of

moving toward an increase in freight traffic would be low.

Another assumption relevant to the system is that the
system tends to have an "inertia" that results in smaller
probabilities for transitions that imply large changes in
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traffic carried. A practical rule of implementation was
that the combined probabilities of ending up in a state of
no growth, low growth, or high growth (state 1, 2, or 3)
did not exceed 0.45. The table below gives an example
of this for low economic growth transition probabilities
for alternative 1:

State o
sate 1 2 3 4 5
1 0.20 0.10 0.05 0.4 0:25
2 0.5 0.10 0.10 0.15 0.15
3 0.5 0.10 0.10 0.15 0.15
4 0.2 0.05 0.05 0.45 0.25
5 0.1 0.05 0.05 0.35 0.45

By summing the first three elements in each row, we ob-
tain the probability of going to a period of equilibrium,
low growth, or high growth. These sums range from 0.2
for starting in state 5 to 0.35 for starting in state 1. In
moving from one alternative to the next, the assumption
was that, the higher the effective user charge was, the
higher shipping costs would become. Based on this,
higher recovery rates resulted in less freight traffic and
probabilities that increasingly leaned toward low decline
and high decline (states 4 and 5) in cargo carried.

Transition Probabilities for High
Economic Growth

Transition probabilities for high economic growth were
estimated by using assumptions similar in concept but
opposite in effect to those for the low economic growth
transition probabilities. The combined probabilities of
ending a transition in a state of no growth, low decline,
or high decline (state 3, 4, or 5) were limited to 0.45.
This works in a fashion similar to that of the example
given earlier for transition probabilities of low growth.
Again, since alternatives implied higher shipping costs,
the probabilities of ending in a state of no growth, low
decline, or high decline increased. The system inertia
previously discussed was also assumed. These tran-
sition probabilities and the system rewards for the al-
ternatives (developed below) are used to develop the
case study results.

REWARD ESTIMATION
Overview

The general method of reward estimation is the technique
of the rank-based expected value. It is particularly use-
ful in evaluation situations in which multiple criteria are
appropriate. It provides a way to combine criteria for
different types, units, and levels of precision and thus
produce relative scores for the alternatives evaluated.
The application used here uses as alternatives the pos-
sible ending states given a particular starting state.
These alternative ending states are rated on a fixed
scale with regard to the specific criteria being con-
sidered. The relation to the other user charge alterna-
tives is also considered.

Criteria

The criteria selected for the estimation of system re-
wards represent a broad range of national policy issues
and attempt to capture the major potential impacts of al-
ternative user charge policies. They have all been iden~
tified in other reports on user charges.
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Figure 2. Reward estimation process.
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Change in Freight Shipping Costs

Change in freight shipping costs attempts to capture the
change that results from different user charge policies.
Based on impact estimates for the upper Mississippi
study area in the DOT study (9), segment tolls raise
shipping costs more than fuel taxes at the same recovery
level. Obviously, higher recovery levels would cause
sharper increases than lower recovery levels. In addi-
tion; declining freight traffie; seen-through-state tran-
sition, results in higher shipping costs because of the
high fixed investment characteristic of both waterway
and rail.

Change in Energy Use

The key factor in energy use is the energy efficiency ad-
vantage of waterways over rail (19, Q). In using this
concept, those alternatives and state pairs that imply
more traffic being carried receive relatively lower rat-
ings. These results are supported in the CACI study (1_2).
Change in Cargo Carriage Safety

Safety in the transportation of hazardous commodities

relates to the amount of such types of cargo carried and
the safety characteristics of the mode by which the{ are
carried. In general, accident studies and reports (14, 1_5_)
find that ratings for safety decline with increasing traffic
and with diversion of traffic to rail, which historically
has higher accident rates and rates of population ex-
posure (14).

Jobs

One possible impact of various user charge policies is
the impact on jobs in industries whose cost structures
are changed by higher shipping costs. The Tennessee
study (11) estimated job losses attributable to various
recovery levels and methods. In general, higher re-
covery levels and segment tolls receive lower ratings
with respect to jobs. In the context of state change,
lower freight traffic levels also imply fewer jobs in
manufacturing and distribution.

Equity

Some of the key rationales that support the imposition of
user charges are based on economic principles. Fore-
most among those highlighted by Johnson and Berger (16)
is equity. The equity argument is that any cost recovery
treats waterway users on a more equitable basis with the
railroads, which provide their own rights-of-way.

Environmental Factors

Several types of environmental factors may be con-
sidered. Problems with dredge spoils are somewhat
independent of the user charge policy (1_0). Production
of air pollutants and noise in urban areas are somewhat
sensitive to water-rail modal split.(17). Damage to
wildlife habitats can be caused by disposal of dredge
spoils, and herbicides used on rail rights-of-way may do
damage (17). The ratings on the environmental factor
decline with situations that imply increasing freight traf-
fic. Since waterways have a slight advantage in environ-
mental effects, situations that dictate increasing rail
modal shares receive lower ratings. The ratings could
be set by using these two rules.

The process of estimating rewards is shown in flow-chart
form in Figure 2. When the general specifications given
in the previous section were used, the ending states were
relative to the beginning state, the other possible ending
states, and themselves under different alternatives. The
ratings were made on a scale of 10 to allow more precise
ordering of the relative values than a simple ranking
would allow. In the case in which one alternative was
twice as desirable as the next best alternative, its rating
could be twice the rating of the next best alternative.
This allows more use of the analyst's knowledge of the
systems involved. Simple ranking would mask these dif-
ferentiations. The criteria weights reflect the relative
importance of the criteria from various perspectives.
The score for each ending state is computed as follows:

6
Score ik = D) TimixWam 1
m=1

where

score ijk = reward for alternative k of going from
state i to state j,
I = rating of the jth ending state for the m



criterion beginning in state i for alterna-
tive k, and
W, = criterion weight for the mth criterion.

The weight is multiplied by the rating for each ending
state and for each criterion. The scores are summed
for each ending state. The score for ending state j as-
sociated with base state i and alternative k can be seen
to be the r,, element of the reward matrix for the kth
alternative.

Results

The reward-estimation process described above was used
to produce four sets of reward estimates. The differ-
ence was in the criteria weights used. In the first set of
rewards, all criteria received equal weights. This func-
tions as a baseline. The weights for alternative 1 are
given in the table below:

State === B
State 1 2 3 4 5
1 4.17 3.83 3.83 4.0 4.0
2 3.83 3.83 3.67 3:33 3.67
3 4.0 3.5 3.5 2.83 3.17
4 4.67 35 312 3.5 3.5
5 4.83 3.17 3.0 4.0 2.83

The second set of reward estimates assumes a hier-
archy of criteria weights. At the top, energy and safety
each receive a weight of 0.25, which reflects their prom-
inance as national issues. At the next tier, shipping
costs, jobs, and environmental criteria receive weights
of 0.15. Finally, equity receives a weight of 0.05.

The third set of reward estimates stresses a national
economic policy emphasis on reducing inflationary pres-
sures and unemployment. Shipping cost and jobs criteria
receive weights of 0.25, equity receives a weight of 0.05,
and all other criteria receive weights of 0.15.

The final set of reward estimates reflects a policy
emphasis on equity and environmental concerns which get
weights of 0.25 each. These have at times been domi-
nant national policies. Shipping cost receives a weight
of 0.05. All other criteria receive weights of 0.15.

Results of Application of Markov Model

The alternatives, transition probabilities, and rewards
are now brought together in the Markov model analysis
of user charge policies for the upper Mississippi case

study area. The various analysis runs, their results,

and the significance of the results are discussed.

Analysis of Problem Combinations

Earlier, two sets of transition probabilities were de-
veloped to represent scenarios for low and high eco-
nomic growth for the study area. In addition, four sets
of rewards were estimated under different weighting
schemes for the reward criteria. Bringing these to-
gether results in eight possible combinations of transi-
tion probabilities and reward estimates. A summary of
these combinations is given below:

Transition Probability Reward Estimate

Low economic growth
Low economic growth
High economic growth
High economic growth
Low economic growth
Low economic growth
High economic growth
High economic growth

Uniform criteria weights

Emphasis on energy and safety
Uniform criteria weights

Emphasis on energy and safety
Emphasis on equity and environment
Emphasis on shipping cost and jobs
Emphasis on equity and environment
Emphasis on shipping cost and jobs
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Computational Results

The Markov solution maximizes the test quantity
q} + Bpf,v} for each state of the system over all alter-
natives. In all eight of the cases cited in the table above,
the process closed on three or fewer iterations. The re-
sult of each iteration is a policy improvement summary
in which, for each state, the maximized test quantity and
the associated optimal alternative are shown. The resuts
tell the analyst, in effect, if the system is in state 1,
implement alternative K;; if the system is in state 2, im-
plement alternative K»; and so on for all states.

The iteration summaries and results for the first sce-
nario—low economic growth transition probabilities and
uniformly weighted rewards—are given below:

Best Test
Iteration State Alternative Quantity
1 1 5 6.067
2 5 5.999
3 5 6.103
4 5 6.484
5 5 6.109
2 1 5 6.169
2 5 6.080
3 5 6.137
4 5 6.567
5 5 6.171

Clearly, alternative 5—the no user charge policy—dom-
inates throughout. The policy vector solution values
show the relative value of starting in various states.
These values, which are given below, relate to the orig-
inal rating scale of 10 used for the reward process:

Optimal
State Alternative Value
1 5 6.169
2 5 6.080
3 5 6.137
4 b 6.567
5 B 6.177

The second scenario analyzed included low economic
growth transition probabilities, but the rewards empha-
sized safety and energy use. Again, alternative 5 was
selected as the optimal alternative for each of the five
states. Results indicate that the associated value in the
policy vector solution is highest for states 4 and 5, the
states of 5 and 10 percent decline in tonnage. This is
reasonable since alternative 5 is the only one that does
not increase the costs of freight haulage. The value of ‘
not imposing the user charge would logically seem to be
higher in a period of decline than in a growth period.
Since waterway transportation generally performs better
than rail in the cargo safety and energy efficiency areas
and since these criteria are emphasized, the choice of a
no user charge alternative is reasonable.

The third scenario included the high economic growth ‘
transition probabilities and uniform criteria weights for
rewards. Alternative 5, the no user charge policy, was
chosen across all five possible starting states. Results
show that the state values are lower than those for sce-
nario 1 except for states 4 and 5. This indicates that,
when there have been previous period declines in freight
traffic, it is more important not to have user charges
under conditions of high economic growth than under con-
ditions of low economic growth.

The fourth case study analyzed was that of high eco-
nomic growth transition probabilities with an emphasis
on energy and safety reward criteria. The results follow
the others in that alternative 5 is unanimously chosen.
The state values are higher than they are for scenario 3
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partly because of the tendency toward higher growth
in the transition probabilities and because of the criteria
emphasized.

The fifth scenario analyzed used low economic growth
transition probabilities and emphasized equity and en-
vironmental criteria. Results indicate that the no user
charge alternative (alternative 5) dominates except when
the system is in state 3—high growth in freight traffic.
In this circumstance, the moderate recovery level fuel
tax is indicated. This can be interpreted to mean that
the harmful effects of a fuel tax will be relatively insig-
nificant in a period of high freight traffic growth.

The sixth scenario again used low economic growth
transition probabilities bul emphasized considerations
of shipping cost and jobs. As might be expected from
the discussions of reward estimation, the no user charge
alternative was selected for each state of the system,

The seventh scenario analyzed used high economic
growth transition probabilities and emphasized concerns
of equity and the environment. As in scenario 6, when
equity and environmental factors are emphasized, user
charge alternatives are moure likely to be favored. As
is seen in the table above, the moderate recovery level
fuel tax (alternative 4) is chosen when the system is in
state 1, a no-growth condition. An interpretation of this
is that, since freight traffic levels typically rise with
high economic growth transition probabilities, the mod-
erate fuel tax would not be a great burden to that growth.

The last scenario examined used high economic growth
transition probabilities and emphasized shipping costs
and jobs. The no user charge alternative dominated here
as it did in scenario 6. The results seem to be insensi-
tive to the type of transition probabilities used.

Summary of Computational Results

The computational results above clearly show the domi-
nance of the no user charge alternative under the pre-
scribed conditions and assumptions. However, alterna-
tive 4, the fuel tax at a 50 percent recovery level, came
reasonably close to being chosen throughout the analysis.
When equity and environmental factors were emphasized,
alternative 4 was chosen but usually under conditlons that
favored growth in freight traffic. These conditions would
also tend to ameliorate some of the detrimental job-
related consequences of a tax scheme. Even when not
optimal, alternative 4 was close enough that it could have
been chosen over the no user charge alternative for rea-
sons external to the analysis. The other alternatives
were much less desirable under all conditions.

To some extent, the results achieved are determined
by the definition of states, reward criteria, transition
probability assumptions, and criteria weights. The ob-
ject here is to demonstrate the utility of using this struc-
tured approach to evaluating user charge policies that
account for monetary and nonmonetary criteria, a rea-
sonable time frame, and uncertainty. The application to
the upper Mississippi data demonstrates that this type of
analysis can be used for a particular river segment. In
addition, it can be expanded to examine policy options at
the national level.

CONCLUSIONS

The principal objective of this work was to analyze a
current and somewhat controversial issue in transporta-
tion policy by developing a pragmatic and sound modeling
format and applying this modeling format to a case study
area. At the outset, this model was designed to respond
to the need for a planning model that encompassed an
adequate time frame, was capable of handling various

types of decision criteria, and was able to deal ade-
quately with uncertainty. The model developed here ac-
complishes these three results. In addition, it synthe~
sizes the variety of impacts of potential user charge
mechanisms and other related issues in a logical and
structured manner. In this sense, it allows the decision
maker more power in reducing the weight of rhetoric and
increasing the weight of objectivity.
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