HARBOUR EXPANSION AND HARBOUR
CONGESTION CHARGES

An application of Nonlinear Programming

By W. H. Chang,* L. S. Lee,* S. J. Yang* and C.G. Vandervoort}

Taiwan, being an island, relies almost exclusively on ocean transport for its export
and import trade.! It is one of the most rapidly developing economies in the world,2
and the harbour system has not been able to maintain the rapid pace. As a result,
harbour congestion is high and there is urgent need for comprehensive planning of
future harbour capacity. But planning is not easy. In the first place, Taiwan is
already served by two major international harbours (Keelung and Kaohsiung);
work for a third major harbour (Taichung) in the central region has started; and
harbour investment therefore will create many changes in the existing flows and
hinterlands. Secondly, once the optimum capacities have been determined, pro-
vision must be made to ensure that the users—intent on suboptimisation—do indeed
use in the optimal fashion a system designed to minimise resource cost. Thirdly,
reductions in import and export costs attributable to the harbour improvements may
cause increases in the future rates of production and consumption in each region,
and therefore in the locational demand for many commodities. Fourthly, the relation
between harbour facility utilisation and cargo handling cost is nonlinear.

This paper describes a useful application of nonlinear programming to the
solution of this problem. The approach was developed by the Transportation
Planning Board of the Ministry of Communications of the Republic of China. The
application assists the harbour planning process in the following ways:

(1) It measures the system-wide benefits of alternative harbour expansion plans.
These benefits are measured as the sum of the reductions in inland transport,
cargo handling, and ship waiting time cost resulting from the harbour
investment.

(2) It identifies the optimal flows through the harbours, and the private and
congestion costs associated with these flows.

(3) It provides quantitative information on the comparative advantages to the
various inland regions likely to result from harbour improvements and
reduced transport costs.

*Economists with the Transportation Planning Board, Ministry of Communications, Taipei, Taiwan.
The authors thank Miss Rosemary Hsu of the Transportation Planning Board for assistance in the
data preparation and analysis.

tSenior associate, Robert R. Nathan and Associates, Inc., Washington, D.C.

1Imports and exports each account for approximately 40 per cent of GNP.

2Exportsincreased 40 per cent last year.
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The first item (1) can show the benefits needed as input to a benefit/cost analysis
of alternative harbour expansion plans. In addition, secondary information supplied
as part of most LP programming packages gives valuable clues on how to put together
better schemes for harbour expansion. '

The optimal flows given by (2) suggest the level and pattern of harbour rate
structures required to realise them, and provide valuable insight into pricing policy
which will lead to efficient utilisation of the three harbours.

(3) is useful to regional planners concerned with how harbour improvements will
affect the spatial patterns of those industries whose location is sensitive to the costs of
imports or exports.

THE MODEL
The selected model was based on nonlinear programming techniques by which,
using the separable programming feature contained in the IBM MPS/360 package,
the nonlinear harbour cost functions could be made linear and solved by conven-
tional LP algorithms.
The formulation of the model proceeds as follows:
Let X = flow from harbour ¢ to inland regionj (i = 1 to m;j = 1 to n).

Cy = inland transport cost from harbour ¢ to inland region j.

D; = demand in inland region j.

Si = cost of ship waiting time and cargo handling in harbour i (harbour

cost)

We wish to minimise the objective function
where the second term is nonlinear.
Subiect to ;XU = D

Xy 20
The distribution portion of this problem is similar to that of the transport problem
with transshipment [1, chapter 16]. However, the objective function contains a
nonlinear term, S;.

Separable programming [2] is a particularly attractive technique for solving this
type of problem, where most constraints are linear and we have only a few nonlinear
constraints. It enables the nonlinear programming problem to be reduced to an
equivalent problem that can be solved by a slightly modified version of the simplex
algorithm of linear programming. The first step is to replace the nonlinear function
by a piecewise linear function. Various techniques can be used for this fairly simple
task; the one used for solving the illustrative example which follows is shown in
Appendix 2.

Using these techniques, we can transform the nonlinear equation for the objective
function into a linear equation. For example, for harbour number 1 the term §;
becomes the linear expression

St =airi+ar+ ... .. “+aur,
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where the r values are special variables and the « values are constant coefficients, as
derived in the Appendix.

Thus, all the equations in the model are nonlinear and the simplex algorithm can
be used. The algorithm must be slightly modified, however, to ensure adherence to
the simple logical restrictions placed on the special variables r;, which are discussed
in Appendix 2. This modification is incorporated into many linear programming
packages.3

ILLUSTRATIVE EXAMPLE

In the discussion to follow, we will illustrate the non-LP technique as applied to a
specific harbour expansion problem in Taiwan: to determine the optimum number of
grain berths in the two existing ports of Keelung and Kaohsiung and in the third
new port of Taichung. The technique is equally applicable to other important
commodity groups which use a special berth, such as containers, scrap iron, and
petroleum. For general cargo the model may need some modifications because, for
Taiwan, general cargo ships can also use non-general cargo berths when available.

The Problem

Taiwan depends almost exclusively on grain imports for its needs. Because of the
rapid growth in income and population, grain imports have been rising at annual
rates exceeding 10 per cent, and this high rate is expected to continue in the future.
For 1973 imports are estimated at 1,201,000 tons of wheat and barley and 2,325,000
tons of soybeans and corn, giving a total of 3,526,000 tons. By 1980, total grain
imports are estimated at 7,200,000 tons.

The existing harbours in Taiwan are hard put to it to accommodate this demand,
and ships have to wait for up to ten days before a berth becomes available. The ship
waiting time costs are passed on to the grain importer through surcharges and higher
ocean transport rates. There are many possible ways of reducing this congestion,
and some of them have already been acted upon. For example, by the middle of 1974
the time-and-space-consuming grain bagging operations in the harbour area will
be phased out and replaced by bulk handling. In addition, small inland transfer
silos will be constructed at strategic locations throughout the country, and additional
railroad rolling stock will be purchased to reduce inland congestion. This will reduce
the backing up of inland transport congestion into the harbour area. Finally, it is
hoped that higher performance can be achieved from the existing grain silos through
replacement of obsolete equipment and the institution of better maintenance.

In addition to these measures, however, additional investment in grain berths is
clearly necessary. Each grain berth involves a significant investment. For example, a
grain berth including a silo which can unload a ship by means of pneumatic suckers
at a rate of 4,000 tons/day and can store 40,000 tons of grain would cost about
NT$800,000,000.4 This does not include the opportunity cost of the scarce harbour
space occupied by the berth and silo.

3See for example IBM: Application Program GH20-0476-2, third edition, July 1971.
4U.S.$1 = NT$38 (New Taiwan Dollar).
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Because of their high cost, it would be very expensive to invest in more than the
“right” number of new grain berths. The right number of berths is defined as that
number which gives the most favourable benefit/cost ratio, measured on a system-
wide basis. The costs in this ratio are not too difficult to determine: conventional
cost analysis techniques can be applied to determine the capital investment, operat-
ing, and maintenance cost associated with each possible investment. Measuring the
benefits, however, is much less straightforward, and it is in this area that the non-
linear programming technique can help.

In measuring the benefits, we will assume that the total imports of grain are
relatively insensitive to the various harbour investment schemes, and that therefore
the expected reductions in transport costs will not generate additional imports. This
is justified because the total of the inland transport and port handling costs is only a
small proportion of the total commodity cost to the consumer. However, and this is
what makes the problem interesting, we must explicitly consider the fact that the
imports through one harbour will be a strong function of the investment in the other
two harbours: that is, the cross elasticities are high. Taiwan is a small island and its
ports are only about 150 km apart, with excellent connections to the inland regions.
Reductions in the cost of importing through one port can therefore cause a significant
diversion of traffic from one or both of the other ports.

Approach

First, Taiwan’s total grain imports were estimated for the years 1976 through
1990. Then an initial estimate was made of the imports for each of 20 inland zones
by assuming that the regional allocation in the future would be the same as for the.
year 1971. The results are shown in Table 1. (As explained later, the program gener-
ates information on how the comparative locational advantage of each zone is
affected by various harbour investment proposals. This information can then be used
by regional planners to modify the initial regional allocation used for Table 1.)
Secondly, costs were developed for each inland transport and handling operation
from the time the ship arrives at the harbour until the grain reaches its final inland
destination (Table 2). Thirdly, using queuing theory, costs were developed for ship
waiting time in each harbour as a function of the average unloading capacity of the
harbour silo and the arrival rate of ships. (As is shown for a specific case in Figure 1,
this relation between utilisation rate and ship waiting time cost is non-linear.)
Fourthly, promising harbour investments were formulated that could conceivably
offer a significant reduction in total transport cost. The ship waiting time cost
function was then made linear, and the problem was formulated into the linear
program illustrated in Figure A-1 of Appendix 2.

Solution

It took 1-41 minutes on the IBM 360-50 to obtain the optimal solution to the
problem for the year 1977. Then, using post-optimal procedures, another 2-16
minutes were required for the solutions for the years 1980 and 1990, and for varying
numbers of grain berths in each harbour. In addition, a considerable amount of
parametric ranging and other sensitivity analysis was carried out within the addi-
tional 2-16 minutes. The computer running time is gratifyingly short and demon-
strates that LP based transport models are practical.
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TaBLE 1

Regional Demand for Grain Imports

Region Year
1976 1980 1990/2000
Metric tons Metric tons Metric tons per year

1. Keelung City 97,246 130,849 326,514
2. . Taipei City 394,328 530,585 1,323,994
3. Taipei Hsien 201,439 271,044 676,349
4. Taoyuan Hsien 520,962 700,976 1,749,179
5. Sinchu Hsien 25,647 34,509 86,113
6. Miaoli Hsien 35,799 48,170 120,200
7. Taichung City 322,195 433,527 1,081,800
8. Taichung Hsien 843,691 1,135,222 2,832,773
9. Nantou Hsien 1,603 2,157 5,382
10. Changhwa Hsien 514,016 691,630 1,725,857
11.  Yunlin Hsien 75,339 101,372 252,958
12. Chiayi Hsien 172,051 231,502 577,678
13. Tainan City 126,634 170,391 425,185
14. Tainan Hsien 370,818 498,951 1,245,057
15. Kaohsiung City 644,390 867,054 2,163,600
16. Kaohsiung Hsien 447,760 602,480 1,503,397
17. Pingtung Hsien 530,045 713,198 1,779,678
18. Taitung Hsien 1,067 1,438 3,588

19. Hwalien Hsien — — —
20. Yilan Hsien 18,167 24,444 60,997
Total 5,343,197 7,189,499 17,940,299

Table 3 shows the grain flows through the three ports for the years 1977 and 1980
resulting from four different port expansion programs. The table shows that the
addition of grain berths to Taichung harbour (program B) is well worth while. For
example, without the Taichung grain berths the total transport cost of distributing
grain is NT$1,240,766,312 for 1977. This cost is given by the LP objective function,
and includes ship waiting time, unloading, storage in the harbour silo, and inland
transport. It represents the true cost to Taiwan‘s economy, as opposed to the costs
as perceived by the shippers, which will be discussed later. If grain berths are added
at Taichung, giving this port an average unloading capacity of 13,500 tons per day,
the total transport cost drops to NT$750,885,257, or a reduction of 40 per cent. This
cost saving, resulting in part (about 25 per cent) from shorter inland transport
distances and in part (75 per cent) from reduced port congestion at the other two
ports, can be used directly as input to a benefit/cost analysis.

The table also shows that doubling the average unloading capacity of the port of
Kaohsiung from 6,000 to 12,000 tons per day (program D) has only a modest
impact on the total transport system cost (assuming that capacity has already been
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TABLE 2

Inland Transport Costs Between Harbours and Inland Zones

Lone Keelung Kaohsiung Taichung
(NT/ton) (N'T/ton) (NT/ton)
1. Keelung City 41-5 580-3 308-4
2. Taipei City 471 543-2 271-2
3. Taipei Hsien 47-1 543-2 271-2
4. Taoyuan Hsien 140-0 4927 220-8
5. Sinchu Hsien 191-1 4416 169-7
6. Miaoli Hsien 235-8 3944 165-0
7. Taichung City 309-0 3212 114-3
8. Taichung Hsien 289-4 339.7 1327
9. Nantou Hsien 394-3 273-4 144-2
10. Changhwa Hsien 3535 279-3 110-5
11.  Yunlin Hsien 399-0 233-8 156-0
12. Chiayi Hsien 439-7 193-1 196-7
13. Tainan City 519-6 1131 276-7
14. Tainan Hsien 486-1 146-7 243-1
15. Kaohsiung City 580-3 426 337-4
16. Kaohsiung Hsien 551-9 456 308-9
17. Pingtung Hsien 406-9 622-8 689-5
18. Taitung Hsien 406-9 622-8 689-5
19. Hualien Hsien 378-6 543-4 398-5
20. Yilan Hsien 180-7 708-6 436-7

Costs include unloading of ship, grain storage, and transport by rail or truck, but exclude ship
waiting time.

increased at Keelung and that there is ample capacity at Taichung). However, a
benefit/cost analysis may still show that this would be desirable.

We examined several harbour investment policies in addition to those listed in
Table 3: for example, the policy of starting Taichung harbour with an average
capacity of only 6,000 rather than 13,500 tons per day, and of expanding Kaohsiung
rather than Keelung. These additional alternatives were easily tested in further
computer runs, and after a reasonable search effort, using what essentially was a
trial and error process assisted by judgement and insight, a good harbour expansion
program was selected. However, since our program, even though initially containing
nonlinearities, was made linear, we could avail ourselves of a much more powerful
search method than trial and error. Mixed-integer programming offers great
advantages for this type of problem, in which the important considerations involve
time phasing (when should a grain berth be introduced ?) and size (how large should
the grain berth be?). Beyond pointing out this possibility, however, the discussion of
mixed-integer linear programming is beyond the scope of this paper.3

In addition to the important optimum harbour flows show in Table 3, the program

SFor details on mixed-integer LP applications see [8], volume 1, page 252.
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output contains a wealth of further data. For example, the information on inland
flow and dual activity, shown in Table 4, is useful in (a) setting the harbour rate
structure (including congestion taxes) so that the optimum flows are realised,
(b) indicating how the harbour hinterlands will change in the future, and (c) pro-
viding insight on how the expected changes in transport costs will affect the com-
parative locational advantage in each inland zone of the grain processing industry,
thereby enabling us to forecast possible changes in land use. Table 4 shows the
solution values for the columns and rows (excluding those related to the special
variables) of the LP for the year 1980. Similar tables (not shown here) were printed
out for the years 1976 and 1990.

The first part of Table 4, labelled “rows”, shows the amount of grain shipped to
each of the inland zones, the amount shipped through each of the ports, the total
transport cost of shipping the grain, and the value of the dual activity.

The total transport cost, as given by the minimum cost objective function, includes
the waiting time of the ships, the cost of unloading and storing the grain, and the cost
of inland distribution by road or rail. In total, this cost is NT$938,913,524. We also

TABLE 4

Solution to LP for the year 1980

Rows Activity Dual activity
Objective function
(min. cost, NT'$) 938,913,524 1
Shipments (tons per year) NTS per ton
to Lone

1 130,849 120-0

2 530,585 125-6

3 271,044 1256

4 700,776 218-5

5 34,509 194-1

6 48,170 189-4

7 433,527 138-7

8 1,135,222 157-1

9 2,157 168-6

10 691,630 134-9

11 101,372 180-4

12 231,502 2211

13 170,391 163-7

14 498,951 197-3

15 867,054 93-2

16 602,480 96-2

17 713,198 1827

18 1,438 485-4

19 1,430 485-0

20 24,444 259-2

Flow through Keelung 1,659,336 785

Flow through Kaohsiung 2,852,074 50-6

Flow through Taichung 2,678,089 244
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TABLE 4—continued

Columns Activity Input cost “‘Reduced cost™*
Flow (tons(year) (NT/ton) (NT/ton)

(harbour, zone)

X L1 130,849 41-5 —
1,2 530,585 47-1 —
1,3 271,044 47-1 —
1,4 700,976 140-0 —
1,5 — 1911 755
1,6 — 235-8 124-9
1,7 —_— 309-0 248-8
1,8 — 289-4 210-8
1,9 — 394-3 304-2
1,10 —_ 3535 297-1
1, 11 — 399-0 297-1
1,12 — 439-7 297-1
1,13 — 519-6 439-4
1, 14 — 486-1 367-3
1,15 —_ 580-3 5656
1, 16 —_ 551-9 534-2
1,17 —_ 660-0 555-8
1,18 1,438 406-9 —
1,19 —_ 3786 4571
1, 20 24,444 180-7 —
2,1 — 580-3 510-9
2,2 — 593-2 468-2
2,3 — 543-2 468-2
2,4 — 492-7 3248
2,5 — 441-6 298-1
2,6 — 394.4 2556
2,7 —_— 3212 2331
2,8 —_ 339.7 233-2
2,9 — 273-4 155-4
2, 10 — 279-3 195-0
2,11 — 233-8 104-0
2,12 — 1931 226
2,13 170,391 1131 —
2, 14 498,951 146-7 —_
2,15 867,054 42-6 —_
2, 16 602,480 456 —_
2,17 713,198 132-1 —
2,18 — 622-8 188-0
2,19 — 543-4 594-0
2,20 — 708-6 500-0
31 —_ 308-4 212-8
3,2 — 271-2 170-0
33 — 271-2 170-0
3,4 — 220-8 26-7
3,5 34,509 169-7 —

*For explanation see page 222.
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TABLE 4—continued

Activity Input cost ““Reduced cost™*
(tons/year) (NT/ton) (NT/ton)
X 3,6 48,170 165-0 —

3,7 433,527 114-3 —
3,8 1,185,222 132-7 —
3,9 2,157 144-2 —
3, 10 691,630 110-5 —
3, 11 101,372 156-0 —
3,12 231,502 196-7 —_—
3,13 — 2767 137-4
3, 14 — 243-1 70-2
3,15 — 3374 268-6
3,16 — 308-9 237-1
3,17 — 417-1 258-8
3,18 — 684-5 2325
3,19 — 398-5 4229

3,20 — 436-7 2019

see that the demands of each inland zone are satisfied by the shipments to each zone.
This occurred quite naturally, since the satisfying of each demand was a constraint
in the linear program. The last three rows in the row section show that Keelung
harbour imports 1,659,336 tons (23 per cent), Kaohsiung harbour imports 2,852,074
tons (40 per cent) and Taichung imports 2,678,089 tons (37 per cent) of grain.

The last column, labelled “dual activity”, is of special interest. Basically, it indi-
cates the differences in competitive locational advantage between the inland zones
and also between the ports. For each commodity it measures the relative delivered
market price in each zone. For example, the dual activity for zone 1 is 120 and for
zone 2 is 125-6, the difference being 5-6. This means that, after competitive equili-
brium is reached and if the importer of the grain pays the full resource cost of distri-
bution (including therefore the harbour congestion costs), the importer in zone 2
would have to charge NT$5:6 per ton more than the importer in zone 1. This
comparative advantage of zone 1 over zone 2 arises from the difference in total
transport cost. And, since both zones import through the same harbour (Keelung),
the difference in total transport cost in this case is all due to the difference in inland
transport cost. Table 2 shows that the transport cost from Keelung to zone 1 is
NT$41-5 per ton, and from Keelung to zone 2 NT$47-1 per ton, the difference being
the aforementioned NT$5-6 per ton.

For zone 1 and zone 13, which import through different harbours, the dual
activities are 120 and 163-7 respectively. Zone 1 has an advantage over zone 13 of
163:7-120 = NT$43-7 per ton. This advantage is accounted for by the differences
in inland transport cost (41-5 for Zone 1 and 113-1 for Zone 2) and in harbour
handling cost (NT'$78-5 for Keelung and NT$50-6 for Kaohsiung), as derived below.
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TABLE 5

Port Investment Impact on Grain Prices by Region, 1980

Average Port Capacity (metric ton|day)

Keelung 3,500 6,000 6,000 6,000
Kaohsiung 6,000 6,000 12,000 12,000
Taichung 13,500 13,500 13,500 0
Lone Relative Delivered Price, NT|ton

1. Keelung City 87 20 20 29
2. Taipei City 93 25 25 35
3. Taipei Hsien 93 25 25 35
4. Taoyuan Hsien 186 118 118 128
5. Sinchu Hsien 135 94 94 179
6. Miaoli Hsien 130 89 89 224
7. Taichung City 79 38 38 297
8. Taichung Hsien 98 57 57 277
9. Nantou Hsien 109 68 68 330
10. Changhwa Hsien 75 34 34 336
11.  Yunlin Hsien 121 80 80 291
12. Chiayi Hsien 162 121 121 250
13. Tainan City 242 101 63 170
14. Tainan Hsien 208 135 97 204
15. Kaohsiung City 171 31 0 100
16. Kaohsiung Hsien 174 34 3 103
17. Pingtung Hsien 261 120 82 189
18. Taitung Hsien 453 385 385 395
19.  Hwalien Hsien 453 385 385 395
20. Yilan Hsien 226 159 159 169

We can check this by calculating the difference, and find that (113-1450-6) —
(41:54-78-5) = 43-7. Thus, the importer located in Zone 1 pays a higher harbour
charge than the importer in Zone 13, but makes up for it by paying a lower inland
transport cost. Table 5 shows the impact of several port investment projects on the
price in the inland zones.

A second interpretation of the zonal dual activities, and one consistent with the
first, is that they give the increase in total system cost if one more ton of grain were
imported into a zone. Thus, if demand in Zone 1 were increased by 1 ton a year,
the total transport cost would increase by 120, or from NT$938,913,524 to
NT$938,913,644. As we shall see presently, this concept is useful in calculating the
economic user charge for facilities where congestion is involved.
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The dual activities related to the harbours, as given in the last three rows of the
“rows” section in Table 4, show the difference in competitiveness between the
harbours. For example, the dual activity of 78-5 for Keelung and 50-6 for Kaohsiung
indicates that the cost of importing through Keelung harbour is NT$27-9 per ton
more than for Kaohsiung. Of course, for many zones the inland transport costs from
Keelung are lower; so importers in these zones will still prefer Keelung over Kaoh-
siung, even though they pay higher harbour costs.

As with the zonal demand rows, there is a second mterpretatmn of the dual
activity of the harbours, and this is that it gives the increase in total transport cost if an
additional ton were imported through a harbour. (Here we assume that this addi-
tional ton would go to an artificial zone with zero inland transport cost.) Thus, if an
additional ton of grain were imported through Keelung, the total transport cost
would go up by NT$78-5, or from NT$938,913,524 to NT$938,913,602-5. Therefore,
the dual activity for each harbour gives the harbour’s marginal system cost measured
at the optimum utilisation level of the system. And, from the point of view of econ-
omic efficiency, this marginal cost (also called marginal social cost) is what the user
of the harbour should pay. These costs are not being paid in Taiwan today, though
several studies [3], [4], [5] have urged that this be done. Only the so-called private
costs are being paid. In other words, the shippers pay only for the waiting times
accumulated by their own shipments, and not for the delay they impose on the
shipments of others. This promotes economic inefliciency; and a surcharge, or
“congestion tax”, should be collecteds to eliminate the difference. This surcharge or
congestion tax would be analogous to charging industrial manufacturers for the
social costs they impose on others through water or air pollution.

In addition to the administrative and political difficulties, a major obstacle to the
implementation of congestion taxes in ports is the technical problem of determining
what the private and marginal social costs are. This paper offers a useful technique
for this purpose. Table 6 shows for each harbour the level of tonnage throughput, the
associated total annual cost, the private cost, the average cost, the marginal social
cost, and what the appropriate congestion tax should be for investment program C.

The first column of Table 6 gives the annual throughput (in tons for the year
1980) of each harbour after equilibrium has been reached. Column 2 gives the annual
cost of ship waiting time at each harbour; and, as indicated earlier, these costs are the
minimum costs. Any decision by the importers to change the flows by selecting a
different harbour from that derived in the solution would increase the total ship
waiting time. (Though this cost might go down for one harbour, the increased
congestion in the other two harbours would cancel the saving.) Column 3 gives the
average cost of ship waiting time in NT$ per ton; this is the cost of ship waiting time
as perceived by each ship operator (also called private cost). It disregards the cost
he imposes on other ships. Thus, at Keelung, a shipowner unloading 10,000 tons of
grain would directly perceive a waiting time cost of 10,000 x29-5 = NT$29,500.
This excludes the waiting time cost incurred by the ships behind him in the queue.
The fourth column gives the marginal social cost in NT$ per ton. This cost includes

6A good description of the need for these congestion taxes is given in [6], especially pages 9-20.
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TABLE 6

Tonnage and Ship Waiting Time Costs Associated with Harbours, 1980
Invesiment Program C

) (2) ©) 4) )

Annual Total annual Average Marginal Congestion
throughput Cost Cost Social Cost Tax

(tons) (NT) (NT/ton) (NT]ton) (NT/ton)
Keelung 1,659,336 48,954,126 29-5 78-5 49-0
Kaohsiung 2,852,074 83,870,944 29-4 50-6 21-2
Taichung 2,678,089 56,585,371 21-1 244 33

Column (3) is (2) divided by (1).
Column (4) is the dual activity of the harbour.
Column (5) is (4)-(3).

the cost imposed on other users of the grain berth. For Keelung, this costis NT$78-5
per ton. Thus, for the ship that unloads 10,000 tons of grain, the total cost imposed
on the system (including that ship) is 10,000 x78-5 = N'T$78,500. Since the ship-
owner only perceives NT$29,500 (his private cost), a congestion tax has to be
charged of 78:5—29-5 = NT$49-0 per ton.

Table 4, which we discussed earlier, also gives the solutions to the columns of the
LP. The columns give the inland flows from each harbour to each destination. For
example, the flow for X 1, 1 (from harbour 1, Keelung, to inland Zone 1, Keelung
City) is 130,849 tons a year. For many of the columns the flow is zero, as no flow
exists between that origin and destination. For these zero flow combinations, a
“reduced cost” is given. The physical meaning of this cost is that it is the amount by
which the input cost (the inland transport cost) would have to be reduced for a flow
over this link to occur. It also measures the increase in total system cost if (say for a
political reason) this link were forced into use for grain transport.

This reduced cost (calculated in a routine fahsion by the LP algorithm) is more
easily understood if we study Table 7, which presents the perceived costs (including
congestion tax) for every possible link. (Table 8 gives the perceived costs for each
link if there were no congestion taxes.) These costs are simply the addition of inland
transport cost plus the average (or private) harbour cost plus the congestion tax. For
example, from Keelung to Zone 1 the entry in Table 7 inclueds inland transport
cost (41-5) plus average harbour cost (29-5) plus the congestion tax in Keelung
(49-0) = NT$120. Similarly, from Kaohsiung to Zone 1 the cost would be
NT$630-9, and for Taichung to Zone 1 the cost would be NT$332:8. Since the
Keelung harbour to Zone 1 cost is the lowest, the LP assigns all flows into Zone 1
to Keelung harbour. The next cheapest way to import into Zone 1 is through
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TABLE 7

Perceived Transport Costs, 1980: Including Congestion Taxes (NTS$)
Cell entries : inland transport cost ++average harbour cost +-congestion tax

Lone Keelung Kaohsiung Taichung Reduced Cost
1 120 630-9 332-8 212-8
2 125-6 593-8 295-6 170
3 125-6 593-9 295-6 170
4 2185 543-3 245-2 26-7
5 269-6 4922 194-1 75-5
6 314-3 445 1894 124-9
7 387-5 371-8 1387 233-1
8 367-9 390-3 157-1 210-8
9 472-8 324 168-6 155-4

10 432-0 329-9 134-9 195

11 477-5 284-4 180-4 104

12 5182 243-7 221-1 22-6
13 598-1 163-7 301-1 137-4
14 564-6 1973 267-5 70-2
15 658-8 932 361-8 268-6
16 630-4 962 333-3 237-1
17 738-5 1827 441-5 258-5
18 4854 673-4 708-9 188-0
19 457-1 594-0 422-9 4571
20 259-2 759-2 461-1 201-9

For example, the perceived cost from Keelung to Zone 1 is the inland transport cost (41-5) plus
average harbour cost (29-5) plus the congestion tax (49-0): total NT $120.

Taichung, at a cost of NT$332-8. Thus, if we were to insist that this link were used,
the first ton could be transported at a cost of NT$332-8 minus the NT$120 saving
that resulted from its removal from the link Keelung harbour to Zone 1. Thus, the
increase in system cost would be 332:8 —120 = NT$212-8, which is the reduced cost.

It is of interest to compare the flows that occur under congestion pricing with
those that would occur without congestion pricing. Table 8 shows the perceived
transport costs for each link excluding congestion taxes. The italicised entries show
which is the cheapest link for each zone. Except for Zone 19, the least-cost links in
Table 8 are identical with the least-cost links in Table 7. Thus, if the harbour
coordinating agency (Provincial Department of Communications in Taiwan) elected
not to impose congestion taxes, the resulting flows would be almost the same. Of
course, the Department would lose a great deal of revenue that could be used for, say,
providing urgently needed additional capacity. Also, and even more important,
there would be a lack of the critical price signals which automatically ration the
limited number of grain berths in the best way.
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TABLE 8

Perceived Transport Costs, 1980: No Congestion Taxes
Cell entries : inland transport cost +average harbour cost

Kone Keelung Kaohsiung Taichung
1 71 609 3295
2 76-6 572-6 292-3
3 76-6 5726 2923
4 169-5 522-1 534-2
5 2206 4710 190-8
6 265-3 423-8 1861
7 3385 350-6 1354
8 318-9 369-1 153-8
9 423-8 302-8 165-3

10 383-0 308-7 131-6
11 428-5 263-2 1771
12 469-2 222-5 217-8
13 549-1 142-5 297-8
14 515-6 176-1 2642
15 609-8 72:0 358-5
16 581-4 750 330-0
17 689-5 161-5 438-2
18 4364 652-2 705-6
19 408-1 572-8 4196
20 210-2 738-0 457-8

For example, the perceived cost from Keelung to Zone 1 is the inland transport cost (41-5) plus
average harbour cost (29-5): total NT$71.

APPENDIX 1

Some notes on the size of the LP

It is characteristic of transport models based on linear programming techniques that
the number of variables and constraints involved can be very large. For large models,
representing a large number of modes and transport nodes, the number of variables
and constraints may easily exceed the capacity of the computer. Also, refinements
in the basic approach, such as adding routines to balance forward and back hauls,
use of mixed-integer programs, or injudicious introduction of detail, may cause
even modest simulations to exceed allowable computing times. However, this is
unlikely to happen if care is taken in the formulation. Our experience in Taiwan
has shown that it is practical to formulate transport problems of significant size, and
involving several commodities and time periods.

Computational time is not sensitive to the number of variables. Only the number
of constraints (everything else being equal) is of importance. However, the clerical
effort of preparing the data input (unless one develops a so-called matrix generator)
is proportional to the number of variables. Therefore it is of interest to show the
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number of variables required to operate the model. For the linear portion of the
model, this number is given by O xD xC x M, where

O = number of origins (ports in our case)

D = number of destinations (inland zones in our case)

C = number of commodities

M = number of transport modes (road, rail, third corridor, air).
In our illustrative example we have 3 ports, 20 inland zones, one commodity (grain)
and two modes (road and rail). Thus the number of variables is 3 x20 x1 x2 = 120.

Note that if we disaggregate grain into the four subcommodities of wheat, barley,
corn and soybeans, the number of variables will be 480, or four times larger. This
shows the advantage of aggregation wherever it is possible. For example, it is often
perfectly legitimate to aggregate the four subcommodities into the single category of
grain, because they are almost indistinguishable from the transport point of view.
This is especially true if bulk handling rather than bag handling techniques are used.

Reducing the number of transport modes is also important. For example, if we
chose to disaggregate the rail mode into, say, the two categories of unit train and
non-unit train, the number of variables would again double. The same thing would
happen if we disaggregated the road mode into 6-ton trucks and 14-ton trucks. In
some cases the increased work may be well worth the effort: in fact, for a commodity
such as “containerised cargo”, the distinction between unit and non-unit trains may
be an essential part of the analysis. Also, since the modal split in our simple illustrative
problem was so obvious, it was possible ex-ante to determine which mode would be
used between each harbour and destination. Where the distance was short, the truck
haul would be cheaper; for longer distances, the rail haul would be cheaper. This
made it possible to reduce the two modes of road and rail into the single abstract
mode of either road or rail, depending on the length of haul, and so to reduce the
number of variables of about 50 per cent.

Linear program algorithms have an upper bound (depending on the type of
computer) with respect to the number of rows: this may be as low as 1,000 rows.
The computer combination in Taipei used for the example program (MPS 360 and
an IBM 360-50 computer) has an upper bound of 2,000 rows. This is large enough
for the solution of significant transport problems, especially in the small island of
Taiwan, where the maximum number of nodes is relatively small.

APPENDIX 2

Linearising the nonlinear objective function

Figure Al shows how §;, the ship waiting time cost in port ¢, varies as a function of
harbour utilisation for each of two harbours A and B. The figure also shows how ;
can be approximated quite closely by a piecewise linear function by dividing the
X-axis into three intervals. Each interval has associated with it a special variable,
7k, for k = 1 through 3, which is subject to the following logical restrictions [7]:

HogKnK!

(2) At most, only one of the special variables may be in the basic solution at

any one time.
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(3) Only the basis special variable may have an intermediate level value
(between 0 and 1). All special variables preceding the basis special variable
must be at their upper limit of 1, while all the following special variables
must be at their lower limit of zero.

For harbour A, the special variable r; identifies and defines the first interval on the
x-axis from 0 to 600,000 tons a year. The second special variable 7, defines the
second interval on the x-axis from 600,000 to 1,000,000 tons. The third interval
covers the range from 1,000,000 to 1,400,000 tons/year. Thus, the 3 special variables
cover the total range of port handling volume from 0 to 1,400,000 metric tons a year,
over which we want to consider the non-linear ship waiting time cost. Any value on
this interval can be expressed in terms of the special variables. For example, the
value on the x interval of 1,200,000 tons a year is expressed in terms of the special
variables, and in accordance with the logical restrictions discussed above, as

x = 600,000 x (1) 400,000 x (1) +-400,000 x (0-50) = 1,200,000

where

rp =1, 7r=1 and r3 = 0-50

We apply a similar sequence of logic to express the values along the y-axis represent-
ing the ship waiting time costs in terms of the special variables. Note that each
interval defined on the x-axis has associated with it an interval on the y-axis. The
x-axis interval associated with the special variable r;, and running from 1,000,000
tons to 1,400,000 tons, corresponds to the y-axis interval from NT$3,000,000 to
NT$10,000,000: a length of NT$7,000,000. Thus, for harbour A the cost function
can be expressed in terms of the special variables as follows:

» = ship waiting time cost = 1,000,000 X (1) 42,000,000 X (r2) +

7,000,000 x (73)
For example, for r; =1, r, = 1, and r3 = 0-75, the ship waiting time cost is
NT$8,250,000.

Therefore, using only linear functions, the non-linear ship waiting time cost can be
approximated and used in a linear program, provided the special variables take
values only in accordance with the logical restrictions. The approximation can be
made as close as desired by increasing the number of special variables, though this
involves a slight increase in solution time. Since the cost functions encountered in
harbour congestion problems are quite smooth, the number of special variables need
not be large. The number required in our experience in Taiwan never exceeded
seven, and averaged about three.

The logical restrictions imposed on the special variable are made part of the linear
programming procedures of MPS/360 [7]. Therefore, as far as the user is concerned,
the non-linear harbour problem has been reduced to a conventional linear program.
He should be careful of one aspect, however: the separable programming feature of
MPS/360 is designed primarily to handle convex functions. If the function is concave,
a local rather than a global optimum may result.

Since our harbour cost functions are convex, we can rest assured that the optimum
is indeed a global one. Fortunately, the cost functions used in transport analysis are
usually strongly influenced by congestion at the higher utilisation levels, and will
therefore be convex over the range of interest. If not, special procedures must be
followed to verify that the optimum is a global one.

227



September 1975 JOURNAL OF TRANSPORT ECONOMICS AND POLICY

TaBLE A-1
Grid and Cost Equation

For harbour A :
Grid E = 0-6ry +0-4r,4+-0-4r3
Cost E = 1r1+2ry+7r3
For example, at 1-2 million tons throughput; r; = 1; 7y = 1; 73 = 05
Grid E = (0-6) (1) +(0-4) (1) +(0-4) (0-5) = 12 million tons
Cost E = (1) (1)+(2) (1)+(7) (0:5) = 6-5 million dollars

For harbour B :
Grid E = 0-8k; 106k, +0-6k3
Cost E = lk1+2k2=7k3
at 1-2 million tons throughput, k] = 1, ky = 2/3, k3 = 0
Grid E = (0-8) (1)+(0-6) (2/3) +(0-6) (0) = 0-8+0-4 = 1-2 million tons
Cost E = (1) (1) +(2) (2/3)+(7) (0) = 1+4/3 = 2-33 million dollars

We show in Table A-1 the equations that have to be added to the LP formulation
to include the linearised objective function. For each harbour one must add a grid
equation, defining the intervals along the tonnage throughput axis (X-axis) for the

harbour, and a cost equation, defining the interval along the waiting time cost axis
(7-axis).

X X X X X X G C R R R G C K K K R
1 1 1 2 2 2 1 1 1 2 3 2 2 1 2 3 H
1 2 3 1 2 3 S
Demands Node 1 1 1 = 1
Node 2 1 1 = .6
Node 3 1 1 = .8
Harbor A Grid E =1 b 4 4 = 0
Cost E a1 2 7 - 0
Harbor B Grid E -1 .8 .6 .6 = 0
Cost E -1 1 2 7 = 0
Objective Function G G ¢ G G G 1 1
(minimize)
Ficure A-2

Tableau for LP simulating a network of 3 nodes and 2 harbours,
and one commodity
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The special variables 71, r,, and 73 for harbour 1, and £, &, and k5 for harbour 2,
are incorporated in the LP as shown in Figure A-2. This figure shows the LP formu-
lation of a simple network of 3 nodes and 2 harbours, and incorporates the linearised
functions shown in Figure A-1. The column variables Xj; are the flow variables
between the harbours i and nodes j. Thus, the variable X23 represents the flow
between harbour 2 and node 3. The column variables G1 and G2 are linked with
the rows representing the grid equations of harbours 1 and 2. Similarly, the column

variables C1 and (2 are linked with the rows representing the cost equations for the
two harbours.
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