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Abstract  Computer simulations have now been ased for over twenty years i model port operations. They have been used as
planning tools for port operations as well as for designing ports. Graphical representation of simulation cutput has been used to
more easily and effectively convey the results to port managers, The focus of this paper 15 on demonstrating that the graphical
representation of simulation ocuipuis is an effective and powerful (ool for debugging and validation of discrete event compuser
model simulations such as that of port operations. The bar chart representation of movements and/or activities of machinery and
ships displaying the important gvent times can show at a glance scheduling errors that may be bard to detect In conventional
debugging technigues. The advantlage of using bar charts representation of outputs for ship movements at a port is illustrated
with examples from simulation of a real-world shipping lerminal. Tracing movements and events in a tabular form can show
many scheduling errors, but close and medculous examination of the data is reguired and some errors can easily be overlooked,
We postulate that there are distinet situations in which it is not easy to validate certain attribuies or parameters using tabuolar
output. Graphical representation of the same data can make obviows those errors that are easy 1o overlook when the data in
tabolar forn. As a reselt of the graphical representation of output daia from our study, few errors that had eluded detection from
the tabular output became apparent. We discuss the software used to produce these charts and its merifs and demerits, We also
explore other software approaches that may be feasible, and endeavour o churacterise situations where graphical representation
of output of discrete event simalations is highly recommended.

usefulness of simulation and is the sublect of another paper
by the asthors [1005]

i. INTRODUCTION

Compuier simulations have been vsed as planning toot for
port operations as well as (ool for designing ports Wadhwa
[1992]. Graphical representation of simulation output has
been used 1o more easily convey the resulls to readers,
Hayuth etal. {1994]. The Department of Civil and Systerns

The port in this study is a single commodity bulk export
terminal. Fhe post has two berths and one shiploader. The
channe! from the open sea o the port 15 13.03 metres deep.
it is a iidal port with maximum predicted spring tde of

Engineering at James Cook University has been involved in
developing port simulation models since 1977, Kenyon and
Wadhwa [1978]. Recently, a simulation model was
developed to ascertain the capacity of a shipping terminal
under different configurations. A nuamber of simulations
have been carried ocut with this model over the past six years
fo assist the port authoritics in achieviag increased
cfficiency and throughput. In a recent request, the port
management asked the university (0 run the model at the
annual throughput expected for the coming year and (o
produce a trace of ship movemen(s, The port management
wanted to use the results o plan staffing levels for the
following year. Bar charts showing major events were
produced 1o represent (he ship movements more casily,
readily and effectively. These charts were directly used in
human resource plamning. The variety of applications of
this model by the port management is a testimony 1o the
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over 7 metres. Ships ranging in size from a DWT of 20,000
twnnes o just over 200,000 tonues call at this port.

The annoal thronghput is currendy at 26.5 million tonncs
e year.

2. SHIP MOVEMENTS AT THE PORT

For the pwrposes of identfication, ships are sequentally
aumbered on amrival to the port. The amrival patlermn is
random. The simulation uses the historical arrival of ships
for many of its inputs, such as cargo type, quantily, inter-
arrivai time, minimum deballasting time, summer draft,
immersion, ei¢, From this and other data such as tides,
weather, mainienance schedules, loading rates, loading
delays, and shiploader travel time, the model calcolates the
occurrence of various events during ship’s stay in the port



‘These include permission to berth, permission to ipad,
completion of loading, and the fime of sailing of a ship.

The capacity of the shiploader and the yard machinery is
quite high. Thus many smaller ships  experience
deballasting delays before completing their foading.  Ships
requiring deep drafts may also experience tidal delays
doring loading. I ihe duration of the tidai delay or
dehallasting delay is predicted 1o be at least 2.5 hours, the
shiploader i3 moved to load the ship at the other berth, It s
brought back to complete foading the frst ship as soon as
the delay is finished. Ships with a loaded draft greater than
channel depth plus the tide at high water minus the required
under-keel clearance may experience a tdal delay before
sailing.  Ships that arc draft restricted have a sailing
window. This is the period i which the tide is high enough
50 that the ship can sail without the risk of grounding.

3, MODEL QUTPUTS AND VERIFICATION
3.1 Model Qutpuis

The model produces an annualised summary of the resulis,
inciuding throughput, number of ships loaded, average
values of* shipment size, turnaround and goeuing Hines,
quese lengths, net and goss loading raws, berth and
shiploader utilisation, shiploader travelling time, delays due
10 weather, tide, debaliasting, indusirial sioppages, and
maintenance, as wel as reporting the surplus capacity and
various other relevant statistics, This sununary, which i3
produced by the model includes formatling code for fraff
typesetiing program so thal the ouiput can readily be
presentad w0 the clients,  The format of the oufput was
prescribesd by the post management to conform to the
existing performance reports produced by the ceniral
computer facility of the shipping lerminal.

3.2 Checking for Correctness of Model Gutputs

The model simulation alse produces a file of culputs W
check the correciness of the model. This file containg many
values that have known ranges and can therefore be used o
verify that these are valid whensver the program is
modified, or the input data is changed. The program also
produces a binary file of the imporiant tines and parameters
for cach ship that is processed by the model, These are

ship number,
berth number,
cargo loaded,
cargo nol loaded due o draft restrictions,
departure dralt,
ship dead-weight,
wheiher the ship departore was restricted by lide,
arrival at anchor, i
pitot on board herthing,
all secure af berth,
permission 1o commence loading,
commencement of loading,
foading ingerrupted
1o complete ship at other bech,
because of deballasting delay,
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ecanse of drafl pestrictions,
loading recommenced
after compieting loading ship at other berth,
after tiddat or debadlasting delay,
Hdal delay before sailing,
sailing time,
start of sailing window,
end of sailing window, and
pilot disembarks ship.

With this extensive record of each ship, varions traces can
be produced to verify that operations were modelled
comrectly. The taces are produced by separaie programs
that reads the ship records and produces (roffithl formatting
code. This code can either be viewed by a previewing
program on an X-tenndnal or printed.

3.3 Recurring Need for Debugping

The mode! was frst developed in 1939 and has been
congistently modified and refined over the last six years as
the requirements of the port masagement have changed.
Some of these chapges have bees minor, bul many have
mvolved significant developmentad effort. As is usually the
case with programming, most changes have caused some
bugs. A significant proportion of tme spent v debugging
has been in identifying the programming errors.  Often
these Sbugs” were not errors as much as the rtesult of
conditions arising that were not envisaged. The program
was originally developed 1o simulate a single berth, single
shiploader, and single rail receival stalion scenario, and has
developed into 2 model that can simolate two berths, two
rail egeival stations and two shiploaders. Furthermore, the
shiploaders are not dedicated w individual berths and ong
ship can be lorded with one or two shiptoaders. The inpul
data has also changed over the model development period.
These changes to date refiect the changes in ship sive
disteibution, ship arrival patterns, and cargo requirements.
Muny “bugs’” that arose came oul of shivations that did not
peenr with daia collecied from carlier periods of the
operations of the terminal.  Sorme of these cases caused
much fime 0 be spent modifying the model o handle the
new situations which resufied from changes in operations,
throughput, or ship size distribution, reflected in the new
data.

3.4 Outpui Formals

The simulation model produced several sumimaries of output
results. These included port performance indicators, berth
statistics, shipioader and other machinery utilisation,
stockpile statistics ete.  The detailed movement of ships
through the port showing cach and every event and activity
of each ship ¢for about 400 ships) was also produced in the
form of tahulated trace 10 assist the managers in planning of
operptions and stalfing,  In general, the port managers
found these reports guite aseful.  However they found the
inbulated rrace somewhat ledious o examine in great detail.
Geaphical  representation  of  oulpuis  was,  therelore,
introduced so as to more easily convey trace ouiput 1o the
port management. 1t was decided o produce bar charls of
evenis of major interest 0 management that were simufaled



by the model. Singe the simulation program was runaing
on 2 UNIX platform and rroff was already being used, it was
decited to use frofffpic o draw the graphics. A “C7
program was written 1o read the file of records produced by
the simulation program and to generate trofffpic code. It
was decided to bave a separale program to genesaie the
graphical output in the same way as the tabulated traces,

4. GRAPHICAL OUTPUT AS A VERIFICATION AND
DEBUGGING TOOL

4.1 Graphical Representation Of Output Shows “Bag™

Along with the request for graphical representation of the
mode! output, the port management also provided more
recent data on port operations. The program for graphical
representation  of simujation ouiput was developed 1o
provide bar charts with the desired layout and format.

The graphical output obiained with the use of new data
showed that one ship was experiencing a deballasting delay
of about 20 hours and a loading time of less than one hour.
This was, obviously, not  correct. Upon  further
investigation it was found that the ship was in this poit fora
wp-up load. The ship bad loaded all but 5,000 tonnes at
another port. The ship did not require the same deballasting
time as a ship which would require to be loaded t© its full
capacity, the latter being a normal ¢ase. Such unusual cases

had not been considered in our model. Conventional testing
and validation techniques used did not make this obvious,
but once noticed with graphical representation of the output,
it was found to exist in the mbulaied output.  These
exceptional cases require an estimate of the debaliasting
time required for partiy-loaded ships. Unfortunaiely, this
information was not available, However, this example has
highiighted the need for adégitional data or different
approach for greating these unusual cases.

4.2 Other Cases

Another recent simulation involved the determination of the
mppact of any reswiction on tug avallability on port
operations. The objectve was to rationalise the use of mgs
at swo adjacent terminals.  Tarlier studies ignored tug
availability, as tugs were not considered o be 2 constraint in
so far as 1o affect any ship movements af the terminal or
cause any delay to the berthing or sailing of ships.
However, with the expansions of berthing facilites and the
desire of rationalisation of operations at the two terminals,
tug availability was now to be introduced as a constraint.

The simuiation program was modified 1o incorporate the tug
constraints and expanded to bandle four berths and four
shipioaders {the combined facilities at two terminals). The
simulation program was subjected W the usaal testing and
calibrations.
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Figure 1: Bar chart showing ship movements for the week begianing Monday 27th March 1995,
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Figure 2: Bar chari showing ship movements for the week beginning Monday 3rd April 1995,
Berth Une Berth Two
Ship Number 32 33
Tide Delay Before Berthing 1.63 0.00
Cargo Loaded 23000 27000

Arrival Anchor

Pilot on Board

Al secure
Permission to Load
Loading Commenced

Loading Recommenced
Loading Ceased Debalasting
Loading Ceased Tidal Del
Loading Recommenced
Loading Completed

Tide Delay Before Sailing
Start Window

Sailed

Stop Window

Loading Ceased To Finish Other Ship

Sat 01-04-95 06.59
SarB1-04-95 16,12
Sat 01-04-95 17.26
Sat 01-04-95 18,42
Sun 02-04-95 06.49

Sun (02-04-85 (937
Wion §3-04-93 06.4%

don 03-04-95 {9.49

Mon 03-04-95 11.19

Sal (144-95 11.39
Sun 02-04-95 07 .49
Sun 02-04-95 (9.04
Sun 02-04-95 10.19
Sun02-04-95 10.37
Sun 02-04.95 16.54
Wvion 03-04.93 10,49

Mon 03-04-05 10,49

Mon (3-04-95 1219

Figure 3: Times and details of ships nnmbers 32 and 33,
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A new bar chart layout was prepared for the four berth
model. The resulis of simulation were representad on the
new bar charts. When the graphical output was examined, 2
few bugs in the model, that had escaped detection, became
apparent in the tug scheduling algorithm. One example that
the graphical representation of the output showed was that if
three ships sailed half an hour apart from each other
{according o current practice), then two new ships would
berth at the same time. This shounld not occur as ships
required tugs for an hour for berthing., Each of these errors
occurred only one or twice a year with the input data used,
but could have occurred more often with different ship
arrival patterns.

As the errors occurred only a couple of times a year, they
would have been bard to detect by cxamining the tabular
trace of the ship movements and would certainly not be
reffected in the summary of output resulis presented w the
pott management,

Another study simulated the more rocent posi operational
data with the cxisting configuration comprising of two
berths and one shiploader travelling between both berths.
The objective of this study was to plan siaffing levels at
higher throughput that was expected in the coming year.
Upon examination of the graphical output, an error was
detected in the model.  This example revealed how
conspicuous the eror appears in the graphical output
compared to the tabular output.  As can be seen from
Figures 1 and 2, ship number 32 {5 experiencing a
deballasting defay, and ship 33 is shown o be waiting for
the shiploader. This sHuation should not occur, as the
shiploader is evidendy available to load ship number 33,
What was actuaily happening is that both ships wee
experiencing deballasting defays.  This was, obviously,
programming error which was immaterial in most cases but
became relevant in case where two ships incur debaliasting
delay simulianeously. Moreover, as can be seen in Figure 2,
as soon as ship number 33 {inishes waiting for the
shiploader, the foading is shown to be completed. "This is
obviously an error.  Upon examination of the code it was
found that the case of two small ships loading and
expericncing long deballasting delays was never envisaged
in the model. This was casily fixed by the addition of five
lines of code.

Figore 3 shows the data for the same two ships, numbers 32
and 33, in tabular form. A careful examination shows that
there are errors with the scheduling of the two ships,
However, the errors are not apparent, especially if taken in
the context of six ships tabled per page, 367 ships processed
per year, and the simulation rum Over DUWMEToUs years.
Examination of cach ship in detail becomes a daunting task
and the errors can easily be overlooked, In this particular
case, the time inferval between loading recommenced and
loading completed cquals zero which, according o the
port's operational rules has o be three hours. This could
have been checked and the error could have been detected.
The problem is in deciding which vasiables from the vast
number are checked and which ones are not. In hindsight it
is easy to see what should have been done.

5 DIGRESSION

The work involved in producing the charts used in these
stadies was extensive, and the effort reguired o make
changes (o the charts was also pot givial. On the other
hand, thorough examination of the wace of ship movements
i tabular form s also a Ume consuming process, and some
errors may still escape detoction.

We postulate that if the trace of the output does not have
many variabies 10 examing, and that the trace is fairly short
then U would probably be guicker o examine the data in
tabular form.  Whereas if there are large volumes of data
and numerous variabies © each item in the wace that need
10 be examined, then it would probably be advantageous
spend the time 0 present the resulis in bar chart form or
some other graphical form. Since the data in chart form
made the resolis of the simelation more understandable 10
port management, the use of graphical represemation is
strongly recommended. Graphical representation acts as a
powerful debugging wol and displays the results of the
simulation very effectively.

6. SOFTWARE TOR DREAWING CIHARTS

The software used in these studies 0 produce the bar charty
is effective, but is not very flexible. Hach time the layout of
the chart reguires to be changed, 1t involves modilying the
program that produces the froff7pic code. This can involve a
few days in modifying “C” code. It also means that the
madeller kas to be familiar with troffpic/thl as well as “C”.
Another problem with this style of code is that i the
programmer is no longer available, the new programmer
has to fearn the code and decipher how the previous
programmer  carried oot the  task J00G  program
documentation can make this task easier, bat this is often
not the case. A further restriction is that these toofs are only
available on the UNIX systems.

The advantage of ihis approach is that # s very effective.
Almost any fornmat is possible, and once set up cormectly,
numerous runs can be made. Processing can be achieved
with littde fuss using a shell seript to systematically process
the output, and prepare the charts.

The wbulated output can also be processed and prepared
using a shell script making it casy o include both types of
representation into reports.

7. BOFTWARE APPROACH

Today muoch modeliing is done on PC's as is evident from
the availability of simulation packages such as AREMA for
the PC. We have made altempls o acgquire a software
package w0 produce graphical representation of simolation
outpsts trace that s more user friendly than froffpic, but
none appear 1o exist, Programs such as Microsaft project,
and Time Line were examined, but were found not o be
sultable. It is believed that if a package that could be used
10 easily produce charts as in Figures 1 and 2 was available,
then bar charts counld gastly be nsed for verification and
debugging purposes,



To make the package user friendly it would need 1o be in the
WYSIWYG formar of most modem word processors and
graphing packages. Ii is eavisaged that the data be entered
in table format, i.e. one row could represent one ship or
other entity being modelled, and that each column be an
event duration,  If an event was not 10 occur for a ship then
it wonld have a duration of zero, Table 1, is an example of
the input table envisaged. It i3 alse conceive that the
software would be able 10 read the data from file in the more
common data formats, i.e., comma delimited text, popular
spreadsheet formats as well as some database formats.

The user would be required 10 specily the background
template of the outpat chart by using a drawing facility

similar o elther xfig, MacDraw, or the piciare facility in
Microsoft Word. The system would have to have provisicn
for specifying the units of time used, and also the start time
andfor date. The hypothetical example in Table 1, would
uses hours a8 the units of doration, The arrival time would,
in this case, be hours from the start of the simulation. Each
column would be given a legend number from which the
software would build a legend. The text associated with the
legend would have to be able to be edited, and as shown in
Table 1, the fill would be the same for colamns with the
same jegend number. In the legend, the user would specify
the fiil characteristics and/or cotour for each legend number
by choosing fOm a pop up meny,

Table 1: Envisaged Input of User-friendly Software.

Legend 1 2 3 <4 4 3 5 )
Ship | Berth | Arrival | Arrival | POB o Start| Loading 1| Tidal| Deballasting {Loading 2] Wauiting | End loading 10
Number| Number to POB:  loading Delayl  Delay for Ioader | Pilot Disembark

1 i i { 3 20 0 ) 0 0 3.5

2 2 19 O 5 9 O 5 3 { 3.5

3 1 26 0.5 6.5 3 0 0 14 5 3.5

4 2 41 3.5 10,5 22 0 0 { 0 5.2
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