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ABSTRACT

Unit cirriers are used in satisfying many current materials handling neede. - A systea

using this kind of car-on—irack hardvare can be extensive and complei, This paper

discusses the values and benefits of simulation as applied to the design of such i

track system. The design of the automatic baggnge handling system for the Seattie-

Tacoms Internationzl Airpoxt is used as an example of such aunit carrier system. Design

requirements include input xates of baggege loading stﬁﬁions and car destination

patterns over & relatively fixed system jeonetty; A simulation model is used to evaluate

overalil performance including empty car availability and minimized network flow.

Design of the trackage controls as weil as tuning of the entire baggage handling

system are aided by use cf che model. The resultsiahow that simulation is a highly-

cont-effective tool for this prcblem.

INTRODUCTION: A unit carrier is defined as
_a vehicle used to transport one or more items

to a certaln destination. In warehouses de-
signed for automated ordar picking, unit carriers
are loaded with several items and déiivet these
to & specific conirol point. 1In institutions
and post office factories individual carriers
or trays are used in & similar manner. Another
common example 1s a passenger elevatoxr. In a
unit carriar system these discrete, individual
vehicles carry an item or items aloug fixed
routes, each relatively independent of the
other vehicles in the system.

In the case of the unit carrier, all
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handling equipment interfaces with the standar-
dized carrier rather thau with the item carried.
This is in contrast to conventional materials
handling hardware Qhere each item moves along a
conveyor system with its position fixed with
respect to other objects. The items interface
directly with the conveyor belt chain or rollers
and with eany control or processing equipment of
the conveyor system.

Unit carriers are particularly useful when
the items are fragile or of nonuniform size or,
in genersl, when they are difficult to handle by
conventional conveyor methods.

Because positive

control as well as ability to remember are



features of the unit carrier desipgn, items can
be processed at greater rates and with more
reliabilicy and safety ihan‘items onr a conveyor
belt.

Accompany ing the advantages of unit carriers
however, are the ﬁroblems associated with the
dramatic increase in the level of complexity
and soﬁhiatication rcquited.. Unlike a contin-
uous proceszing system, the typical unit carrier
system contains a large number of relatively
independeht‘containers traveling to cifferent
destinations threough a network containing branch
poiﬁts and merge pqints. The unit carrvier system
vequizes a supply of available éatriers at
the origin, and a place tc store the carriers not
in use. In order to design such a system, the
control logic must allocate carriers to differ-
ent areas within the network. The result is a
complex track network requiring considerably
more sophisticated dosign techniques than those
required for conventional conveyor gystems.

This paper concerns the use of simulation
in the design of a unit carrier baggage handling
system for the Seattle-Tacoma International
Aieport (1). This baggage system presents pro-
blems which are common to many unit carrier

materials handling system applications.

SEA-TAC BAGGAGE HANDLING SYSTEM - Airport

congestion, due to increasing air travel and
larger aircraft, is becoming increasingly

familiar. Alircraft congestion slows arrivals
and departures. Automobil: congestion and limi-

ted parking facilities are increasingly
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troublesome,  with this addgd traffic and cenges-
tion have come the prcblems of handling larger
quantities of baggage which must be moved quickly
and carefully in ever-increasing volumes, while
minimizing damage, pllferage, or mis-direction,

Currently, most airport terminals handle
baggage by means of well-designed conveyor sya-
tems and ramp vehicles. But for a growing number
of eirports, particularly those of medium and
large aize, these are no longer adequate. Uunit.
carrier systems provide a highly flexible, high-
capacity and high~-quality solution to these
baggage handling problems. Several companies
now produce such carrier systems for this baggage
handling warket (2) (3).

The new Ground Transport Expreass (GTX) sys~
tem at the expanding Seattle—Tacoma International
Adrport involves over 1,000 four-wheeled carriers
(Fig. 1) oparating on an extensive network of
20,000 feet of track and serving some 3500 peak
hour passenge?s (Fig. 2). The track network,
which has 80 switch and merge points, connecté
all of the airlines, including two satellite
terminals and four parking lot check-in stations,
into one unified system. It facilitates check-
in and interalrline transfers.

A typical GTX carrier trip is represented
schematically in Figure 3. A carrier moves to
a loading_position from an adjoining storage line.
1t is loaded with luggage and coded for the pro-
per dastination, The carrier then moves through
the complex track network to the proper dump

station, After discharging the baggage, the



© . primary line.

erpty carrier seeks the nesrest svailable
storage line.

In the Sea-Tac system, baggage onters
the system at passenger check-ic counters in
the main terminal and in the parking lot. It
proceeds by carrier to different luggage sorxrt~
ing areas where the baggage hendling system
automatically sorts it by aivline or, in some
cases, by flight number. The baggage is then
transported by ramp vehicle to the airplanes.
Inter-and intra-airline luggages is alac handled
by the GTX system, although at Sea-Tac, de-
planing luggage is gent by comventional methods
to the baggsge claim area.,

The unit¢ csyrier in the CTX uystéa is a
185 1b. car with a V¥-ghaped pocket formed im
the dody to provide & sccure holdiag place for
almoat any size and ghape of passenger luggege
{Pig. 1). Motive power is suppliied to the car
by nmeans of & friction drive mechanism built
into the track., A probe on the carrier sllows
it to suwitch from oune track tc another upon
cormand., The detailed physical characteristics
of the hardvare of the carrier syatem for the
Sea~Tac Adrport are descridbed in (4).v

‘ Specialized eguipnent sllows cars on

secondary ilines to mavge intc treffic on e
Inclines, declinea, and ver-~
tical 2ifrs sllow for necessary changes 15 ale~
vation. The carrier is capable of dynamically
discherging its baggage Onto a stationary slide‘
or moving belt collection systam.

Carrier traffic 1s controlied by means of

magnetic sengors located at decision pointe alohg
the guideway (5). These sensors intbrrogate 2
memory, fixed to each car, which carries a binary
code indicating the empty or full condition of
This code is entered

the car and its destiration.

at the loeding pointc. After discharge, the meu-

'oty is changed to indicsate an empty carrier,

The system, thea; must manege & larga'
number of independently programmed carriers
operating simultaneocusly, traveling from a large
nurber of origins Eo e large number of deatine-
tions on a network of treck whi?h is constrained
both by cost and by the existing %hyaical track
configuraticn environwent. The syscem must
operate efficientiy under all circumstances and,
in fact, its primary justification is its lower

per-unit cost at both iow and high activity levels.

SYSTEM DESIGN AND AUALYSIS - An acceptable

system must be designed to at least weet the
customer's specificatione, nagaxding baggage
wovement at the Sea-Tac Internstional Alrport,
tvo major flow characteristica were specified:
1, Travel Time - thiz is a measure of the
maxiwum amount of time required for a
bag to travel to itz destination in
the syetem, This includes the tiqn
needed for an eapty carrier to travel
to the check-in station, to be lcaded,
and to travel through the systew.
2, Peax Network ¥iow Rate ~ this rate -
specifiee the nuwbher of bage per minute
that each criginsting station may send

tc each destination undsr peek comditions.



These twe criteria, in turn, ilmply other
cons;raints on the operation of the system. For
example, the ability to handle a certain peak.
number of bags per minute from a cercain faéility
implies that there must always be an adequate

Vsupply of available carriers at that faciiity.
The waximum travel tiwes from point to point
imply that the traffic densities at peak ci =
ditions must not be so large as to prevent the
Qerging of traffic at critical points in the net-
work. The restriction on traffic densities at
certain points implies thatrunnecessaty movement
of empty carriers should be minimized to spééd
the flow of the full carriers through the net~
work.

Any unit carrier aysteﬁ can be designed
wvith enough redundancy to 1nsufe its sattéfac’
tory performance under any circumstances, The;
cost of reduédancy, however, is high. It nay
mean extra elevators, fork trucks, or in the GTX
system, carriers and track. The problem, then,
is to produce a svsten which will meet a spe-
cified gset of performance criteria under anti-
cipated operacing conditions with a minimum of
redundancy, excess capacity, and unnecessary
activity. |

The dasign problem involves finding a way
to relate the system's measures of effectiveness’

to the system's design parameters to allow
weasningful cost-benefit trade-offs to be
examined., For example, a lack of empuy carriers

available at a specific loading area nzy be due

to the system logic, the total aumber of

carriers in the system, the physical track con-

" to produce a preliminary design.
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figuratior, or other aspécta’of the‘system. The
anaiysis and design prohiem'is to relate tﬁe me-
asure of perfogmancé; such as the'availability
of empty carriexs in a pariicular éfea, to a
system désign paraﬁetér such as the total number
of carriers in the system, in order to allow tﬁe
desipgner to 5pﬁreciate the effectéiéf design
changes bn pérfbrmance. |

The design of a dynamic sysiem Eyﬁically
has twe wmajor phases. The firétbphaaebis a
static or steady-state phase; it essentially
asﬁed what th¢ maximum loading conditions are
l1ike, on average, and uses this average loading
This hhase can
use the conventional methods of'analysis much
Tike those used in balanéing asseﬁbly(lines.
Assuming that the éystem nust be able tc operate
ak scgady-state at some maximum rate, thé ca-
pacities of ééch part of the systeﬁ can be
determined from these input rates. This is
really a mass-flow analysis: cars in equals
cars out. |

In the past, this static analysis.has been
sufficlent for many systems. Tuning of the
system wis done by adjustingveither the real
system after 1t was built or an actual physical
model, This tuning correspbnds to the second
majoxr phase of systems analysis and design.
the preliminary design, the second phase inves-~

tigates systém response to dyndmic loading con-

dicions. This dynamic anaiysis deals with the

Using



system response to such factors as random ele-
ments in the loading, system start-up, system
shut-down, or & ;et cross~flow of carriers in
the system. The random nature of arrivals to
to the airport may for short periods trqnsforn
a low sverage demand rate pexr hour to a demand
wall in excess of the deeign criteria. Rapid
start-up may cause temporsry shortages of expty
cars, Certain random loading conditioné ray
atoducg an unbalanced ézoes-flc# of carr;ets
in the‘system,: This can result in shortages of
empty cattietg 1f the control logic daés not
respond adequately to compensate for this flow
condition. Severzl of these conditions may
occur at once, compounding the problem.

More than the conventional static design
:- tools are required to 1nte1113eﬁt1y design for
this kind of system loading. The usual con-
tinuous modeling techniques uzed in many en-

gineering control system design applications

do not allow for probsbilistic inpdts. Queueling

nodels ailoﬁ for certain kinds of random ele~
ments in the mystem but become unmanageable for
large systems.
assumptions often become unrealistic and con~
fining for such problems, and formulation of
quoueing model segments reguira data which are
not alwsys veadily availsble.

Use of snelytic modele requires that the

problem be divided into small components which

can ba dealt with and for which claar raistion- -

ghipe among design vezieblea can be defined.

Analysis ralying entiraly on thece small uniis

In sddition, the queueing theory

may lead to a ;ystem in which each cowmponent is
designed independently. This can reaélz in good
conponent design and poor system design. Op-
timizing asubsystems does not hecessatily optimize -
the total system.

| To cope with such large system pfoblgme,
computer‘siuu;aciqn is regarded as the most coat;
effective tool. Uae qf A computer simulation

model sllows the designer to gain experience with

the aystem as the system design and model avolve.

_He then has a clearer understanding of system pet-'

foruanccﬁbaln;idnshipa while the design process is

still geing on. In this way the designer's un-
dexztanding of the significance of different

measures of effectiveness can guide the progrees

of the design by providing fast, efficient feed-

back a8 changeé in the system gxé nade.

A 5iwui¢tion anglysis uveually has credibility

" mot on1y>with-the designezrs, but also with manage-

ment and decision makers. The manager can ba
shown wvhet the computer is doins,ht each stage of
the process, and the manager ce&n verify that the
computer =ndel does represent the process being

modaled. The model car be coded in as much dotail

- 83 18 necessary to reflect the real system, with-

sut worrying esbout fitting the conastreints of a

particulsr theoretical model. The simulastion

.approack allows axsainatica of the effects of many

differsnt and unugual loadiuge. Control parzaaters
and alternative configurations sre readily changed.
System design than becowmes su iterative process with
the model bqildcr sesxching for the best solution

ia terme of his avolving understanding of the pro-
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~ blem at hand.

SIMULATION PROJECT PLANNING AND

MANAGEMENT : With an iterative design process
for a large system, bproject planning and manage-
ment are criticsl factoxrs. A lack of éareful
planning and iunagément can allow project césu
to become .3?6&&&: théﬂ‘ne‘ceaaaw without signi-~ |
ficantly improving the results. The tendeﬁcy
to include more detail than necessary can An-
__crease data collectioﬁ, model development,
i running,‘and data analysis costa. A model stru-
cture whicb does not take advantaga of system
modulatity can result in higher deveﬁopmesxt.,
‘ tes_ting, validation, and running costs. Poor
choice of a simulation 1ahguage can rxesult :l.i:k
higher model developnent costs or tunning costs,
With these problems 1:: mind, the GTX model was
carefully planned and budgeted.
For the Seza-Tac System, the possible pro-
ject conclusions included the following:
1., Confirming that the original aysten'
design vas satisfactory
2. Revealing that the original designm,
or porticns of it, was unworkable
3. Discovering contrel l&gic changes and
sdditions which would improve system
performance
4. Finding ways of cutting costs without
impairing system performance
Each of these outcomes was valvable, and
each was present iu gome degree. The conbined

value of these results was the value that was

relevant to the develcpment of the project de-

velopment and design.

Based on a preliminary cxamination of the -

~ project a2 & whole, s specified task, a specific

complation date, and limited resources were
aesigned to the effort, Theipz’ojeét design was .

thus controlled bv both available resource inputs

and the requ:lrcd outputs.

The next step in the planuing process was
to allocate the availeble resources zo produce
the desired results. The demands to be piaced on
the model and the inputs 'to the model werz defined.
How tﬁé model would be used and wht;t kinds of ex‘-;
periments would be run were important design con-
siderations. The vesultinyg design stressed sim-
pl:lc:lty of 6utput and modeling, mdular’decigu". '
and testing of moaules prior te usetbly of the
total model. Assgociated with the modular design i
w;m a project plan_with milegtones and zeview -

points. These were importent factors in the

' aconomic as well as design success of the project.

ACTUAL MODEL -~ Héving analyzed the problem
and estsblished the project budget, coumpletion
time and environmment in which the model was to
operate, the final level to consider was the model
itself. One of the most important aspects of any
model planning is the choice of & simulation lang-
uage. The language chosen for nodeling the baggage
handling system was Ceneral Purpose Simulation
Systen (GPSS). This choice was made in order to
reduce nmodel development time at the expense of
somevhat longer runniug times snd larger core
requirezents. It was anticipated that model de-

velopment would be the most expensive and time-~
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connuniné pertion of the project. With discrete
carriexs flowing thr&ugh a network of tracks, this
system was a good spplication for GPSS, which is
criented tovard flow Eype syatems.

For this Laggage handling system, the
system .ometry was fixed (Fig. 2) before the
simulation was initiated. The total baggége
handling system network, consisting of about
four miles of guideway, was divided into five
a&gcecfiona.f E&cﬁ sectibn vas programmed, de-
bugsed, énd'tea;ed independently and ﬁhen thg‘
segments, which}éée tov highly interactive to
glve meaningfui results independently, were
joined into one total system. This modular con-
struction minimized'thé coaﬁ, time, and computer
charges required fof model programming, testing,
and debugging.

Tﬁe design cholces were assumed fixed for
‘such design parameters as number of carriers in
the system, line speeds, and storage bank capa~-
bilities. The latter was largely influenced by
architectural and comstructural considetations.
Therefore, the model was not organized for easy
alteration of these parameters.

Speeds and distances were converted to
delay-times for each piece of equipment (lifts,
inclines, turntables, lines, etc.) fnvolved in
the system. These were grouped intn about 140
line segmeats, easch with the app-ooriate transit
time (Fig. 4). Attempts to mo¢51 randomness in
these transit times were a refinement deemed

unnecesgsary and one that would cowmplicate

debugging and checking of the simulation output.

Hiﬁh‘tb;b‘planning completed, the actual
coding begah;' The Ses~Tac aystem modél,‘éhich,v
contained about 1500 GPSS ststeuents; wus de-
veloped in an elapsed time of two months, and
represented about a three man-momth effort. This' 
included time required te plan th; project, collect
data, build and teat the modules -f the system,
and aseuble the complete model. Then one month
was spent in an iterative process revising both
system and model logic to schieve a reasonably ‘
nstiafacé&ry level of oﬁeratiou.» At this point? -
the simulation could be considered & finished
tool fepresentihg anvoperable system. An |
nddttionni iiﬁé‘months were then epent using this
tool co‘deﬁéloﬁ and refine the logic:of emﬁfy car
coﬁttol. to evaluate cﬁé effects of specific con-~
c:olhmrdﬁare, and toﬁéoik out solutions to prublem
areas. Working with the eimulation was_é great
aid to iﬁaginative innoyations; honever; tﬁe
project time and budget’con~t:sints regulated the
degree to which these could be purguad,

The simulation model, once constructed, was
ugsed to understand the system by asking "what 1f"
questions. Using different rates of baggage
arrivais at different parts of the network, the
response of the system was carefully monitored.
The number of cars im each section wae monitorea,
as was the rate of flow of traffic at critical
points, the availability of empty carriers, and
the crcss-traffic from one section to the other.
The system wes examined during system startup in
the merning, pesk operating levels during the

day, and as the system activity decreased later in

552



the evening, Arrival rates wers changed at
differen® sections of the system to test the
ability of the system to respond to uneven loasding
in various parts of the network. Zach of these
experiments served to provide a deeper under-
standing of the system's performance, and peint
out critical areas .in the system.

Some of the relatively fixed design features
wece changed as the simulation pointed out
probler areas which needed to be corrected. In
most cagses where changes were originally anti-
cipated, the input wag programmed for easy
changes. écntrol logic at each switch was re-
presented by a predefined true-false Boolean
variable, a set of logical conditions which,
when satisfied, cause the carrier to switch.
These Boclean variables evaluated such things
as whether the carrier was loaded and, if so,
its destination. For an empty carrier, the
levels of relative need in vatiqus storages
would influence its path.

The generators which created GPSS trens-

. actions tc represent the arrival of baggage were
controlled by values which could be initialized
or changed at any predetermined time in tae
course of a simulation run to reflect various
system loadings. Destination of the carrier
from various input locations was controlled by
random number generatora which would produce
distributions to mntch predetermined but easily
changed functions. Thus the” system was repre-

sented by a mathematical model including both

the internal system logic and the inputs arriving
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~ at key points in the mnetwork.

from cutaside the system.

The results of the simulation are no more
accurate than the inputs to the simulation. There-
fore data must be gathered or generated with

great care. In the case of the Sea-Tac simulation,
a complete engineering study was conducted prior

te the simulstion (7). Baggage input spectrums
were derived from that veport and from the cus-
tomer specifications. Figure 5 is an example of
the magnitude and distribution of total airport
baggage arrivals used for input data in the
computer simulated system.

With clear measures of cost effectiveness
available, the required level of detail in the
system was initially established. More detail
was added later in the project, but only after it
became clear that the added detail would have
a significant effect on the system performance
For example, it
was initially decided that ail mrrges would be
simulated as working without physical constraints.
when areas were detected where rates were exceeding
equipment capabilities, merge sujpression was
modeled., By adding this detail only at key
points, however, significant costs were avoided

without jeopardizing the project results.

MACRO SUBROUTINE EXAMPLES ~ Exploiting pro-

gram modularity through the use of GPSS MACROS,

or subroutines, further reduced coding and de-
Sugging time and cxcense. Macros used in the
syatem simulation were designed to standardize

and document the modeling of similsxr physical
situations, and provide the basic framework around

which the rest »f the system model was built.



The proposed system of veleasing empty cars
from storage benks was modeled in & macro;
eventually severei different macros were uzed to
reprasent the different methods of ordering cars.
Macros were also programmed for each kiad of
etation, carrier storage queue, and other
facilities which cccurred at several points in
the network, as well as for various injitiation
routines, These macros were then called at the
approprizte point in the program. A discussion

of one of these macros follows, tc illustrate
this capability.

The Load Macro (Fig. 6) describes a portion
of the system where bages are loaded into carriers.
This simplified diagram, in which each symbol
represents one GPSS statment, illustrates the

one-to-one relationship between GPSS statements
and system logic. The macro models the process
of loading empty cars and initiating cells. for
additional cars to be released for loading if
there are both empty cars and more bags waiting.

In the Load macro {Fig. 6) empty cars enter
the loader and occupy the loading facility A.

The car, represented by an GPSS transaction,
then moves inte two successive ASSIGN blocks
which store the number of the origin B and the
number of the destination C in parameters assoc-
iated with the car. The transaction, the car,
then moves into an UNLINK block which removes
one bag from the bag queue D and loads it into the
car.

Having performed these bookkeeping functions

in zero simulated time, the transaction then
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enters the ADVANCE block where it spends the
loading time E (typically 3.7 seconds for a station
rate of 17 cars/min.). When the losding time
has elapsed, the transaciion enters a TEST block
and tests whether or not there are empty cars
waiting to be loaded and bags waiting in the
queue., If this is true, the transaction moves
into the second UNLINK block and releases one
empty car from the storage bank H. If there are
no bags walting to be loaded, or no empty cars
available to be sent out, the transaction goes
to the RELEASE block G. It leeves the loading
facility A, and the transaction repregentiug the

full car leaves the loading ares.

OUTPUTS IN RELATION TO GTX SYSTEM DESIGN -

The philosophy of adding details only where
required was followed in specifying simulation
output. Initially the only output was the standard
GPSS statistics. bnce the model haed been debugged
and verified, it furnished 8 broad overview of
the overall performance of the system. In
addit;on, it provided the ability to examine in
any desired depth of detail the areas of special
concern. As key problem areas in the system
became apparent, additonal tables were added.
Problem areas common to unit cazrier instal-
lations have been addressed previocusly (6) and
determine overall system effectiveness. Certain
of these problems, including excessive line flow
rates, insufficient empty car supply, and overall
system imbalance, were examined in the Sea-Tac

system design. System imhélance can result

from many occurrences, including high activity



within one particular arees or a disprceportionate
number of loaded carriers gent from one station
in the system to another. Beth have the tendency
to deplete certain areas of empty caxs, resulting
in lack of coatainers in thoses aveas &nd causing
high line desnities In other sections. Lack
of empty cars at a check-in area is cne of the
most serious system praoblems. If empty con-
tainers are absent, the airline passenger is
delayed and the airmlane may be detained. This
not c¢nly results in a poor customer relatlon-
ship, but may slso mean additional expense for
the airline. It was a prime design consideration.

One of the primary indications of the
performance of the baggage hendling systen
was the length of the baggage walting quaues.
Baggage waiting queues formed at loading stations
vhen the systen response was such that an in-
sufficient number of emntv -2:13 was available
to handle the rate of baggage arrivals. Figure
7 shows the amount of excess baggage that was
not removed from certain stations under the
baggage input conditions given in Figure 5.
However, @s the system rvesponded and sent the
necessary empty cars to those statiloms, the
baggage waiting queues decreased. Important
variables shown are the amounts of baggage in
the queues and the time it takes for the queues
to ba relieved.

Por a better understanding of why the
system handled or did nct handle baggage in

various areas, it was necessary to study the

availability and movement of the empty carriers.
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Several types of output contributed to tﬁis
enslysis, the most important being the tebulated
conditicne of empty carrier storages (Fig. 8).
Shovm in the figure is the activity of each eupty
car atorage area in the #yskem, including a
number designating each storage and the empty
car capacity for that storage, curreat contents
of empty cars, and the rate of cars cntering the
gtorage at thls particular point in time.

In general, a low ievel in a storage bank
at any given time is not aiwaye significant.
Perhapez no carriers are nseded in a certain
storage during normel running conditions; this is
the case foxr 5T080. Maybe the carriexs needed
are already enroute., Likewise, a moderately
high level could still be dangerously low. In
the case of long tunnels, s number of carriers
may have entered previously and not yet emerged.
Therefore they are not available for immediate
488,

Or, perhaps an inadequate fluw may be -

presently arriving which way cause a future
shortage. The average level over sore small
pericd is more meaningful.

A second measure of empty car avallability
can be uaed. Other tables exist which shcw the
number of carriers in line at the exit of the
storage area. But again, a low level 1is not
necessarily significant. If a cavrier always
arrives just when required, it wili never stay
in the storage, so the number of carriers stopped
and waiting could be smzll even with a large
aumber of carriers enroute. The problems

inherent in these two methods of counting empty



car stcrage contents resulted in a detailed study

of the type of electrical semsors to be installed

et various points in the physical system and their
effect on syatem logic.

Other graphical portrayals help analyze
the condition of critical storages over time.
Figure 9 is one example showing the activity
in the north tunnel bank, the main empty carriexr
reservoir in the north half of the GIX syséem.
The return route from the North Sateliitze
containg 3 storage banﬁ»line for 261 carriers and
a high speed 1line which allows ewuty carriess to.
bypass this storage vhen they are needed immed-
iately elsevhere. The figure shows that more
cars than necessery vere entering the storage
and then immediately ieaving, when in fact they
should have been bypassing the storage altognthet;
Is later simulation runs different control
rethods were employed to reduce this flow.

In order to analyze where the carriers were
going to and coming from, it was necessary tec
study the block counts of activity through each
logic block of the modsl., From these a plot
of traffic density and carrier location dis-
tribution everywhere in the system could be
prepared. Thiz was of great value, particularly
in analyzing traffic at wergeas.

Line flow rate 1s limited by the car
veleocities and by the processing rates of such
equipment as inclinez and elevators. If the

iine density becomes too nigh at the limiting
. speed, merges become bottlenscks.

At merge

points, cers on the secondary track are halted
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in a queue until an adequate gap occurs in the
primary line fo allow merging.n The higher the
flow rate on the primary 1line, the less oppor-
tunity for cars to merge, thereby resulting
Exch holding position

in a.longer waiting line.

in the track requires some specialized hardware

‘to atop, retain, and then advance the carriera

In addition, when the number of positions in the
queue fa3 filled, thg gecondary line must shut
down Qntil the queue is relieved. The nuuber of
queue positions at a merge point is a matter of
eccnomics as well as geometrical restriction.
Minimizing line flow rate minimizes merge pro~
blem;. For example, the traffic demsity was such
that it seemed advigable to add to the model a
simulation of the merge at the output of the north
turnel storage bank, The efforts expended in
simulating this area were also applicable to
developing the actual merge control used in the
physical Sea-Tac system.

Studies of tfaffic deneities alsc pointed
out other problems. Carriers were diverted by
some preceding station or %ogic test before
reaching their required destination, or they were
trapped in & loop. The latter type of probiem is
i1llustrated with the loop shown in Figure 4.
After the first run with one set of logic, it
was noted that there was abnormally heavy traffic
in the lines in this loop. A review of the logic
for switches SWB02 and SWBOS5 revealed an in-
consistency which wan preventing cars from
leaving the loop.

After this was correcied,

traffic was reduced to a reasonable level.



in addition, tables were specified to re-~
cord the origin and destination of all carriers
passing certain points. Fig. 10 gives the
origin table ORB1i for line LNBl1l and the
destination table DEB12 for LNB12. Table ORB11
shows the origins of cere passing on LNBl1l during
a given time; the column Upper Limit indicates
car origih station. Similarly, Table DEB12 gives
the destinations of cars passing on LNB12, the
coiv=n Upper Limit representing the destination
stations, and Observed Frequency indicates the
number of carriers passing through LNB12 destined
for those stations. Destimaticon zerc indicates
an empty cerrier.

A more detailed study of destination and
origin tables aided 1# incating GTX system
“control logic errors and in redesigning workable
control logic. In an initial model rum, .these
tables rerealed that very few of the empty carriere
required on LNB13 came from LNB12 (Fig. 4). Most
empties entered storage bank 70, then left again
on 1NB23 as required. The result was s large
nupber of carriers in dynamic storage, i.e., on
their way into and out of bank 70, rather than
bypassing via LNB12. A set of bypass logic
was devised to prevent the carriers from going
into this loop. Analysis of the effects of the
new logic revealed that under certain circum~
stances it resulted im szerving station 10. Con-
sequently, a reserve level had to be established
for sterage bank 70, below which it could have
priority. All these coansiderations were

eventually integraced into a set of final logic
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which minimized undesirable system responses.

EMPTY CAR MANAGEMENT - Many of these problem

areas are related to each other and are really

- symptome of the overall empty car flow management

problem. The trip of -a full, coded carrier is
deterministic in the sense that the path of
travel is known, and the trip times can be estim—
ated, within certain limits, depending on zystem
traffic levels. However, empty car flow is much
more complicated.k Once the car has bgen»unloaded,
it 48 coded #s empty and sent into the system to
seek a home in an empty car stofageriine. The
car may paes through a ﬁumbe: of swiﬁches‘before
reaching an empty car storage line. |

When ditecting eryty cars, the*switéhea can
be generalized ee either are# switches §t~btarage _
line switches. An area switch allows ché‘catrier
to ﬁove 1ut§ﬁa.particulat Qrea whicﬁ~contains?a~T;'
multitude of storage lines; a storage swit;h ‘
allows the carrier to enter a particular siotége
line (Fig. 11). wﬁen au empty car reaches an
area switch, the switch directs it into either
area A or area B, depending on the relative number
of empty cars in storage in these respective
areas and/or the priority of the cne area over
the other. Afﬁer a carrier 1s in an are#, it
approaches a storage switch (A-1, Pig, 11). If
storage A-1 has room and there are no priority
needs downstream, the car enters. Otherwise
it passes, travelimng on to sﬁitch A-Z,

Another aspect of empty car management

enables certain empty car storage lines to call

for empties when their level becomes critically‘



lov. If the level of empty care in storage A-2
is low, a signal can be sent to storage A-l to
release & certsih number of cars. Upon.reach@ng
switch A-2 these caxs will satisfy the needs of
storage A-Z. Another form of signal can also |
be initiated when storage A-2 is low. The signal
will bleock Switch A-1l, preventing any empties
from entering storage A-1., It may even block the
area switch preventing any empty carriers from
being diverted to area B. Therefore all empties
will go into A-2 until its'needs are met.

Figure 12 i3 a simple model of only a
smalllpart of the overall system. In reality,
there are 39 storage lines scattered throughout
the Sea-Tac installation with capacities ranging
from two carviers to 276. Their placement and
capacities are, like the track itself, subject
to architectural consztraints.

CONCLUSEONS: The Sea-Tac simulation vas
vseful in several ways. It clearly showed that
the static preliminary design alcne was insuf-
ficient for a complex unit-carrier system, and
that simulation was a very heipful tool in design
of dynamic systems. This was demonstrated not
only in an engineering sense, but alsc in an
economic sense--doing the analysis quickly and
at a relatively low cost. The wodular design
approach tc development was a cencral part of
this cost effectiveness. A set of macros was
heveloped and then used extensivaly. In
sddition, building and teating the eutire aystim
in pieces and then avsembiing these saved msany

hours and dollers.
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With this simulation tool available, it
will be comparatively easy in the future to
model similar systems with relatively swall
changes to the design approach.

From an engineering standpoint, the major
resul¢ was a good final design., On a more
specific level, it became clear that the symptoms
by which the system's performance would be
measured wereAall part of empty carrier manage-
ment. - This area could be systematically analyzed
and vorkable sclutions developed.

In designing the GTX system for empty car
management, then, it became evident that:

1. A pricrity must be establisned among

gtorage lines

2. 'The overall capacity of each line must

be set within geometric constraints
3. Operatisg levels and critical levels
must be determined for most storage
lines
4. Depending oa storage lines priorities
and their desired performance parameiers,
the sutomatic call logic must be designed.

These points constitute the controlling
elements of empty car sanagowment. They are
highly interactive, and adjustments &t any one
point mey have far-reaching ramifications
throughout the natwork. Thuas a computer sim-
ulation becomes a necessary part of the design
process in order to develop the best logic system.

In gome csses there 1s not ome best logic.

A perfect control system would have to anticlpate

demand changes chead of time. Varying input of



bags at different stations reasuits in differert

requirements on the system. It is only possible

to set relative priorites on the goals and to
strike a compromise between 'such conflicting
requirements as immediate car availability and
minimum non-essential traffic. However, the
simulation allows the designer to try various
schemes and preciscly monitor their effect
throughout the system while cther parameters
remain constant, an accomplishment which may
never be possible in the real life system.
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ng at Individuai Stations

.
’
.

Number of Bags ‘Aa

Station 2

Station 13

Station 12
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F\GURE 7
Number of Waiting Bags for
input Spectrum of Fig. 5
STORAGE CaPSCIIY  AVERAGE AVERAGE ENTRIES  AVERAGE CURRENT MaxiMun
NUSBER CUNTENTS  UTILIZATION TINE/TRAHE CONTENTS CONTENTS
LNLI? 6 1,374 Ge2291 81 30,343 2 ¢
LNS02 12 3,997 045447 130 74,907 ] 11
CNALS o 3.13% 0,533 146 30.8¢2 2 N
LNALE 7 3.380 044729 142 41,950 ¢ 7
51030 20 18,559 047780 37 491,384 13 20
STods 7 7,900 10000 7 1800.000 7 7
(3 F] [] 5,977 0.9908 ? 493,333 [ ]
57033 ¢ 5,993 0,9988 ‘.7 1561,000 ¢ °
37034 18 17.28¢ 0.9602 25 1244, 4490 18 18
sTuds 28 15,998 05870 3 830,431 16 27
STU36 21 11,384 0.5421 « 443,487 20 20
stc3/ 2¢ 8.605 003649 a® 323,349 14 15
STL4C 13 .77 027487 17 1027.74% ] 13
STLAY ? 8.734 0.9621 18 873,442 7 7
stee2 7 580 0.9400 22 238,384 7 7
STL) 4 6.014 0.0392 <0 270,680 ] ?
STrde ? 8.746 0.,9%9¢ 1?7 713.0%¢ ? ’
STg49 ? 4.626 0.9488 20 498,380 7 7
51050 13 11.270 08669 13 1%60.682 ’ 13
w7081 19 1.2%2 0.0034 ’ 290,333 ) v
»T0%2 33 10,422 043185 28 $92,4%9 ? 14
5T053 19 13.342 047022 1% 1264.000 3 19
STS5e 10 7.004 0,7004 10 1260.600 2 10
Stuet 3u 28.869 0.562) 114 495,833 v 30
sTLel 5 1,074 642140 11 175,727 2 3
S1C20 40 12.016 0.3004 29 855,160 3 20
ST07Y 1% 14,7068 0.9844¢ 33 887,347 14 13
L1078 33 1.265 0.2202 37 383,432 7 9
$T076 14 6,538 0.4870 37 319,084 ¢ s
STU00 261 0.000 040000 ) 0.000 0 0
57081 42 az.c00 1.0000 a2 1900.000 4 2
STU9L 276 107,700 0.3602 138 1425,.843 ;L) 13¢
STOV2 7 7,100 31,0060 7 3800,000 7 ?
57024 2 2,000 1,$000 2 1800.002 2 2
87095 2 2.000 1.7000 2 1800.000 2 ?
57096 5 5,000 1.9000 3 1600.000 ] 5
STC9? 16 1¢.009 1.0000 16 . 1820.000 14 14
PLKS 2 o.389 B.1944 13 ab. 887 i 2
POR3 2 0.306 01528 13 90,000 0 1
PORY 2 04861 0.2503 17 48,789 0 2
[ it 2 0.9%7 04783 3% 490,200 a 2
POR3 2 0.728 0.3839 26 50,388 k] 2
FIGURE 8
Table of Contents of
Empty Car Storages
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TABLE NUMBER ORB11

ENTRIES IN T4BLE HMEAN ARGUNENT STANDARD DEVIATION . UM OF ARGUMENTS
rd) 43,780 31,744 1050,009 NON-®EIGHTED
UPPER OBBERVED PERCENTY CURULATIVE CUMULATIVE MULTIPLE DEVIATION
Lisry FREQUENCY OF TOYAL PERCENTAGE REM4 INDER OF KEaN FROM MEAN
23 L4 37.50 37.9 2.9 0.988 ML)
28 0 0.00 3.5 82,9 0.374 -0.991
27 0 0.00 37,8 é2.9 0.847 ~0.8%4
29 0 0.00 7.8 62,3 0.653 =(,448
34 0 0,00 37.% 2.9 0.709 =0.408
33 n 0.30 37.5 2.3 0.784 -0.33%
3% 0 0.00 37.9 42,8 0.88¢C -0.278
by o 0.90 37.3% 62.9 0.046 «0.24)
- LAY m o Qs0D L AT.R. 628 L GeRa . =QuiBD
43 G 0.00 37.5 2.5 0037 -0.087
48 0 0,00 37.5 2.8 1.08% 0.03%
47 4 0.00 37.8 2.3 1.07¢ 0+392
L1 4 19.87 34,2 43,8 1.420 0.36%
5% i 4.7 58.2 41,7 : 5,468 0.238
%3 2 8.33 66.7 33,3 L.21% 0.294
58 9 0,00 86,7 . 33.3 ‘ 1.807 0,384
s? b 0.00 86.7 33,3 1.303 0.437
e 0 6.00 8%.7 33.3 1.249 0.680
61 e 0.7 46,7 33,3 1.394 0.543
63 & 0+00 §68.7 33.3 - 1.440 0.006
63 n 0,00 86.7 33,3 1:4084% " 0.889
&7 0 0.00 88,7 33.3 21.838 . G732
69 0 0.00 8.7 33,3 1,877 0.78%
73 o 0.00 68,7 33,3 1.669 0,988
75 0 0.00 66.7 33,3 1.744 0.944
77 0 0,00 868.7 33,3 1.7080 1.047
7% v} £.00 66.7 33,3 {.808 1.410
81 8 33,33 100.0 0.0 3,682 1473
REMAINING FREQUENCIES ARE ALl IERD
TaBLE NUMBER DEBL2
ENTRIES IN TABLE MEAN ARGUMENT STANDARD DEVIATION 8UX OF ARGUMENTS
21 2,667 ‘ 8,293 56,000 NON-VEIGHTED
UPPER OBSERVED PERCENT cuMuLATIVE CUMULATIVE MULTIPLE DEVIATION
LiNMl? FREQUENCY OF TOTAL PERCENTACE REMA INDER OF MEaM FROM MEAN
0 12 57.14 $7.4 43,9 0,000 «0.5098
‘ 0 0.00 ’7o1 42.’ 0031’ '0-!35
e 3 14,29 1.4 28,6 3.7%0 0,489
) 2 ?.52 81.0 19.4 ’ i1.428 0,083
¢ 2 ®,52 60.9 e.5 1.960 0.292
9 0 0,00 20.%8 9.5 1:87% 0,444
é 0 6.00 $0.9 2.5 2.250 5630
OVERFLOW, WITH AVERAGE vALUEs 1%.00 '
FIGURE 10

Origin and Destination Tables

FIGURE 11
Simplified Switch Diagram
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