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SHNICAL ARTICLE,

Cost Engineering Optimum

Seaport Capacity

Dr. Douglas D. Gransherg, PE. CCE, and John P. Basilotto

sing queuing theors to solve

port optimization problems |

can result in large potential
savings by both ports and

shippers. This methodology generally
makes the assumption that minimizing
ship waiting time optimizes the entire

port system. However, this overlooks the
contribution to the system given by the
port itself. There is a fixed cost of facilities
that must be incurred to open a berth at a
port. By minimizing ship waiting time
alone, the current algorithm tends to en-
courage ports to build excess capacity.
When a port's cargo transfer capacity is
idle, the port authority suffers a capital

cost of lost revenue. This article offers an
extension of the existing principles of

queuing theory to include port facilities.

Our algorithm is tested with case study
data from the Port of Galveston, I'X, and

is a promising solution for the operational

analvsis of seaports. The article concludes
that this method of analvsis can be used

to assist in making both port capacity ex-
pansion and reduction decisions.

In French, the word queue means a
line. Queuing theory deals with the for-
mation and operation of lines. By using
the fundamental laws of probability and
statistics, a planner can model almost any
svstem in which a line is formed by using
quening theory. The three basic compo-
nents of a queuing system are:

¢ the arrival of customers (ships in this

case);
o the queue discipline; and
®  custonier scrvice.

[n some cases, these components are
independent of each other, while in oth-

ers, thev are not. For purposes of analysis
and illustration, the components here are

25

assumed to be independent. Random ar-
rivals and scheduled arrivals are the two
primary types of arrival patterns. Schedul-
ed arrivals include patterns in which
some customers arrive carly and others
late. Random arrival patterns are assumed

/

to conform to a Poisson distribution [7]. Tt

is generally possible to solve queuing -
problems that involve random arrivals, :
but it is generally impossible to solve
scheduled arrival problems by exact -

L

methods [4]. Both patterns use the mean

arrival rate of customers as the salient pa-
rameter. This is normally described using :

a customers-per-unit time dimension.
Average ship waiting time is the para-
meter of interest in applving queuing the-
ory to port operation, and it is not affect-
ed by quecue discipline [5]. The number
of servers (usually berths) and their ser-
vice rate are the principal parameters that

describe the servicing of customers. The
service rate is defined as the rate per serv-
er at which customers can be served

while there are customers wanting to be
served. Servicings are usually assumed to
follow an exponential distribution [8 .
However, port operation models also have
used Erlang distributions and constant

service rates |1, 3]. Jones and Blunden

found that the negative exponential distri- -
bution provided the best representation,
when compared to observed data at the

Port of Bangkok. As the number of servers
increases, the difference between the val-
ues predicted by different distribution as-
sumnptions decreases (10, 3]. In practice,
it is best to inake a careful analvsis of the
servicing characteristics before making an
assumption about how service times will
be distributed.

General qucuing formulae can be
broken down into two categories: single

channe] and multichannel. Single chan-
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nel queuing systems involve only one
server, while multichannel svstems have
two or more servers. In both cases, there
is only onc queue. In port operations and
planning, two primary answers are sought
through queuing formulac: mean waiting
time in the queue and the probability that
the system will be idle (no ships wanting
service). Classical queuing system perfor-
mance measures also constitute the
major factors for recognizing and plan-
ning for port congestion and svstem ca-
pacity [12]. These factors include the fol-
lowing:

queue length;

berth occupancy (berth use);

port idle time;

mean turnaround time {waiting time

plus service time, plus other delavs);
and
®* mean waiting time (demurrage
hours)[the detention of a ship during
loading/unloading bevond the sched-

uled time of departure].

The work done by Jones and Blun-
den illustrates the classical approach to
port queuing problems. A port is classi-
fied as either a single channel or multi-
channel system. The appropriate assump-
tions arc made for service at the berth,
and these values are plugged into a series
of equations that seek to optimize the svs-
tem by minimizing the mean waiting
time of ships seeking a berth. The argu-
ment is focused on shipping, and gener-
ally treats the port as a collection of con-
stants. Plumlee [0 put forth an interest-
ing method based on the volume of cargo
that must pass through a port and the
port’s ability to handle that cargo. In cf-
fect, he reversed the analvsis and recog-

nized, for the first time. the capital-inten-
sive commitment that a port authority
must make to increase its capacity. His al-
gorithm combined the costs of demurrage
and idle facilities; thercfore, Plumlee’s al-
gorithm comes the closest to viclding a
fully-optimized svstem. The weakness in
this model is that it treats the cargo vol-
ume and the port’s abilitv to transfer the
cargo as a continuum and does not allow
for tvpical interruptions due to weather,
mechanical breakdowns, and the time it
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takes to prepare to begin unloading/load-
ing cargoes. Therefore, the Plumlee

model tends to cause ports to undersize

their berthing facilities. This creates an
unexpected increase in demurrage costs
to shippers, which make a small port less
competitive.

PROPOSED ALGORITHM

As a result of the inherent weakness-

es of existing analytical techniques, a
fresh approach is needed that not only
provides a method to accuratelv model
port operations but also fully uses the ex-

isting bodyv of knowledge on qucuing at

ports to reduce demurrage costs. Our ap-
proach uses the work of Plumlee to find a
starting point for potential port facility ca-
pacity, and combines the works of Jones
and Blunden, Wadhwa, and Radmilovich
to confirm that the svstem is indeed opti-
mized from both ends. Additionally, as all
of the research to confirm the validity of
queuing applications has been performed
at major ports, the peculiarities of small-
port operation must be studied to validate
the usefulness of this methodology in
identifving quantifiable savings to both
shippers and port authorities by making
the changes indicated by the analvsis.
One peculiar small-port characteris-
tic is sensitivity to cargo tvpes. Because of
their low cargo volumes, the eftort to find
an optimum number of berths can be dri-
ven one wav or the other by the demur-
rage costs for the actual tvpe of cargo that

passes through a small port. The demur-

rage cost varies greatly between cargo
tvpes. The costs quoted ranged from S100
per hour [6] to S100,000 per hour quoted
by a clerk for a major container company.
"To develop a methodology that can be ap-
plied to any given small port, our algo-
rithin extends the work done by previous
authors on calculating typical queuing
parameters, adds the cost of idle facilities
in the port, and computes a demurrage
break-even point with respect to facility
cost, which can be compared to the actu-
al demurrage figures of a port under
analvsis. Knowing the demurrage break-
even point permits the analyst to objec-
tivelv decide which way to round the ac-
tual number of berths provided at the
port.

OQUEUING FORMULAE

- broken down into two categories: single
- channel and multichannel. Single chan-
. nel queuing systems have only one server;
- multichannel systems have two or more
¢ servers. In both cases, there is only onc
- queue. General formulae are available in

the literature for both single and multi-

channel systems.

As is the case with all good things, To, =G e 00
these basic formulae have been modified
to improve their output for specific cases. .
One of the most widely-used modifica-
E =B W)
[4]. It is used for random arrivals and ser- -

' vice times that are independent of each
- other and of queue length. This formula
- uses the ratio of the arrival rate to service
- rate as a parameter and calls it the traffic
- intensity, or utilization ratio (this is not -
- peculiar to this method). This parameter
~is shown below in algebraic form:

tions is the Pollaczek-Khintchine formula

$he
it Np
where

p = traffic intensity;

A = mean arrival rate (ships/day);

1 = mean service rate (ships/day); and
N = number of berths.

(equation 1) :

Po=1-p
where
i P, = probability that the facility is idle.
(equation 2)

The Pollaczek-Khintchine formula

[4] calculates the mean waiting time in

the following form:

o opptl ¥ CF)
Wy="71- p)
where
Wy = mean waiting time; and

& =

times (the ratio of the standard

mean service time, p [4, 9]).
(equation 3)

To fully optimize the system, one
: must minimize the total cost of both idle

port facilities and waiting ships. Equation
4 illustrates this simple relationship. If
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coefficient of variation of service :
=

deviation of the service times to :

. one defines a small port as having only
¢ one or two berths, the problem becomes
General queuing formulae can be :

determining whether doubling the poten-
tial capacity of the port is justified by the
increased cost of idle facilities. Thus, at
the break-even point, the total cost for
waiting ships and the cost of idle facilities

- for one berth, Tec), would equal the same

total cost for two berths, Tc2. The follow-
ing formulae can be used:

(equation 4)
where

(equation 5)

: and

Cix = Cou(1 - py)

where
Tey = total cost for x number of berths (S);

. Cyyy = cost of ships waiting to berth at x

berths ($):

. Cjy = cost of idle facilities at x berths ($);
. D = daily cost for a waiting ship ($/day);
: Wy = annual amount of waiting with x

berths (ship-days/year);

. Cpy = annual facility cost with x berths

($/year); and

1 - py = probability that the facility will be
idle with x berths.

Therefore, at break-even:

Hens=ilic)

and

Cwl # 051 = G2+ Cha.

(equation 6)

Substituting equation 5 into the above

: equation and algebraically solving for D,
¢ we get the following equation for the
¢ break-even ship waiting cost:

(1-p,)Co2-(1-p)Co1
\\"1 g \\':

(equation 7)

This break-even ship waiting cost
(demurrage) is very important to the
analysis, because actual demurrage costs
vary from cargo to cargo. This number
can be compared to the costs of waiting

i)
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for expected high-volume cargoes to pro-
vide a benchmark from which to make
port design and expansion decisions. This
analvsis 1s illustrated below with actual
data from the Port of Galveston’s contain-
er terminal.

GALVESTON CONTAINER
TERMINAL ANALYSIS

Container terminal activity data was
obtained for January 1994 through May
1995. The data showed a fairly constant
level of traffic over the 17-month period.
Table 1 shows a summary of ship visits

erage of 4,204 containers during that pe-

21.74 containers per hour, for an average
of 194 hours cach month. Analvzing the
number of visits per month and the
amount of time each ship spent at the
dock provides the critical queuing para-
meters of arrival rate, A, service rate, p,
traffic intensity, p, and the coefficient of
variation, C. These parameters were es-
tablished on an average monthly basis
and are shown in table 2.

The container terminal contains two
operating berths, so it is classified as a
multichannel queuning system. Using
equation 3 to compute the mean waiting
time for container ships requiring a berth,
one finds that the average ship waits in
the queue for 0.13 davs, or about 3 hours
upon arrival. This is a verv short queuing
time when compared to other major ports
in the world |2, 3, 12]. With a traffic in-
tensity of 0.19, one would expect that the
probability that a berth would be empty
to be 81 percent. This causes an analyst to
ask what would happen if the container
terminal operated with only one berth. To
do so would change the analysis to a sin-
gle channel qucuing system. From equa-
tion 1, the traffic intensitv would double
to 0.38, with a corresponding drop in idle
facility probability to 62 percent. Apply-
ing the single channel average waiting
time equation vields an average queuing
wait of 0.61 davs per ship (about 14.6
hours). The doubling of available facility
use time is achieved with a fivefold in-

29

crease in waiting time for ships requiring

. a berth. It should be noted that 14.6 hours

is still well below the world average for
queuing at a major port [2, 3, 12]. Decid-
ing to mothball one container berth re-
quires a significant financial incentive.
Looking at an analysis of the Board of -
Trustees Galveston Wharves Income State-
ment for 1994 for the Container Terminal .
{11], the applicable facility cost data
shown in table 3 were found.
Dividing the total of fixed and vari-

- able costs by the 8,760 hours in a calen- -
~dar year yields an hourly facility cost of :
- $441.56 for two container berths. Making
a very conservative assumption that moth-
and container throughput for the two i
container berths in the port. The port re-
ceives an average of 12 ship visits per :
month, which requires it to handle an av-

balling one berth would only save one-
half of the variable cost, one finds that the -
hourly facility cost for a single-berth ter- -
minal would be $427.52. Taking the aver- -

- age waiting time for a single-berth termi- -
riod. Its cranes are occupied in transfer- -
ring those containers at an average rate of -

nal of 0.61 days per ship, the two-berth -
terminal waiting time of 0.13 days per -

ship, and the mean arrival rate of 0.40
ships per day, one can calculate the total
number of ship-days that are spent in the
queue as follows.

Average number of ship visits per vear
= (0.40 ships/dav)(365 days/vear)
= 146 ships per vear.

Waiting time with one berth
= (0.61 davs/ship)(146 shipsicar)
= 89 ship-davsivear.

Waiting time with two berths
= (0.13 days/ship)(146 ships/ear)
= 19 ship-dayshear.

As previously mentioned, the opti-
mum size of a port is found when the cost
of ships waiting for a berth is minimized
with respect to the cost of idle facilities at

- the port. In this research, a reliable cost

for container ships waiting for a berth at

Table 1 —Galveston Container Terminal Historical Data

Month/Year Number of Total Crane Transfer Rate
Ships Containers Hours Containers/Hour
JAN 94 13 4,191 196 21.38
FEB 94 17 3973 203 19.57
MAR 94 13 5,034 229 22.01
APR 94 14 4,754 244 19.52
MAY 94 12 4520 196 23.09
JUN 94 13 3,774 180 21.03
JUL 94 15 4267 196 21.74
AUG 94 13 3,800 174 21.81
SEP 94 I 4,435 205 21.58
OCT 94 17 4396 199 22.09
NOV 94 10 3,872 179 21.66
DEC 94 2 3924 183 2141
JAN 95 11 3,864 171 22.63
FEB 95 14 5,419 244 27921
MAR 95 11 3,920 185 21.16
APR 95 12 3,991 167 23.86
MAY 95 9 3,339 146 22.87

Table 2—Queuing Parameters for the Galveston Container Terminal

Parameter Monthly Mean Monthly Standard Deviation
Arrival rate, A [ships per day] 0.40 0.05
Service rate, p [ships per day] 1.04 0.23
Traffic intensity, p 0.19 N/A
Coefficient of variation, C 0.22 N/A
Table 3 —Facility Cost Data

Variable Fixed Total
Subsidies 0 $1,866,514 $1,866,514
Direct expenses $246,059 $97,630 $343.689
Allocated expenses 0 $1,067,447 $1,067,447
Depreciation $590.447 $590,447
Total $246,059 $3,622,038 $3,868,102
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Galveston was not obtained. However,
sufficient information is available to con-
duct a break-cven analysis and solve for
the break-even ship waiting cost. Plug-
ging the data for the Galveston container
terminal into equation 7, the break-even

tvpe of cargo onboard is greater than this
amount, both berths should remain open.

tainer berth.

CARGO-BASED ANALYSIS

A transportation  manager
achieve a balance between the cost of
building and maintaining port facilities
that will sit idle for a percentage of the
vear and the cost of ships waiting for a
place to berth. Plumlee developed an an-
alvtical method for doing just that. While

queuing theory, he attacks the problem of
| g ) P

of various cargoes that must pass through

fixed time period, he then develops a
mathematical model to describe the

queuing problem. Cost functions are ap-
|

plied to the model, and the objective
function is combinatorially optimized to
find the minimum cost situation. This

: U=
ship waiting cost is found to he
S11,588.81 per day, or $482.85 per hour.
[f the actual ship waiting cost due to the

must -

- method uses the following three basic for-
- mulae.

Berth utilization, U:

Th/Rp + Tg/R,
. [ WRC— - Y
HN :

(equation 8)

. Berth requirement time, F, (the number
- of time units that n ships are present):

If the actual ship waiting cost is less than
this value, the port authority should seri-
ously consider putting one berth in moth-
balls and operating with only one con-

. H(m)e"
£ n!

(equation 9)

Average berth requirement 7, (average
number of ships requiring a berth):

_  Tp/Rp + TR,

RN | R

where
H = fixed time period;

¢ N = number of berths;

. Tp = total amount of bulk cargo;

- Tg = total amount of general cargo;
: Rp = average rate of bulk cargo transfer; :
his method uses the basic concepts of

and

. Ry = average rate of general cargo trans-
optimizing port size from a different : {
angle. Rather than calculating mean ar-
rivals and service times in the classical :
manner. Plumlee starts with the amounts

fer.
(equation 10)

It should be noted that Plumlee’s U

© contains customers/day, which are the
a port. Using the cargo transfer rate and a

same units as classical queuing theory’s
p. However, we are reluctant to equate
the two because p is derived by analyzing
the queue; U is derived by analyzing the
capacity of the server. Therefore, it can be
hypothesized that U = 1 - p. A number of
previous authors define p as “berth occu-

Table 4— Cargo-Based Analysis of Galveston Container Terminal

pancy” [4], “utilization ratio” [3], and
“utilization factor” [7]. All three present
queue-based arguments, thus it must be
assumed that the naming of p is merely
an accident of language and therefore
mathematically unrelated to Plumlee’s U.

Applying Plumlee’s formulae to the

- Galveston container terminal and ac-

counting for the fact that the only units of
cargo handled are containers, the formu-
la for berth use, U, and average berth re-
quirement can be simplified, as shown
below:

Te/Re

s (v

(equation 11)
and

e TR,
H
where
T, = annual number of containers pass-
ing through the port; and
R, = average rate of container transfer.
(equation 12)

Taking the mean monthly number of
containers found at Galveston (4,204)

- and multiplying that number by 12

months will yield T, equal to 50,448 con-
tainers per year. R, was found to average
21.74 containers per hour in the previous
analysis. By taking the break-even ship
waiting cost and dividing it by 24 to con-
vert it to an hourly cost ($482.85/hour),
we have sufficient input to complete the
analysis using Plumlee’s methodology.
Table 4 shows the results of this analysis.

The analysis shows potential annual
combined savings of $760,000, which

Number of | Number of an- | Annual hours | Cost of idle | Cost of waiting | Annual hours Cost of idle | Cost of waiting
ships present | nual hours n | berths are idle berths ships @ berths are idle berths @ ships @
ships are with one berth | @ $427.52/hr $482.85/hr with two berths $441.56/hr $482.85/hr
present $ $ $ $
one berth one berth two berths two berths
n F
0 6,754 6,754 2,887,646 13,509 2,982,478
1 1,756 1,756 none none 3 512 775,444
2 228 228 110,234 457 none none
3 20 20 9,554 40 9.554
4 1 1 621 3 621
Totals 8,760 $2,887,646 $120,409 7,520 $3,757,922 $10,175
Combined $3,008,055 Combined $3,768,097
Costs Costs
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would scem to point to the need to con-
sider mothballing one berth. One must
remember that under the assumptions
made in this studv, the port authority
would only have an actual direct savings
on the order of $120,000. Once a facility
is built, its capital cost in many ways be-
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Erratg—

Patrick B. Mitchell
was incorrectly
listed in the July issue as a
new CCC;

he is actually a new CCE.
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