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ABSTRACT

This paper reports on an optimum-seeking approach to
the design of automated storage/retrieval systems.
The method was developed to improve the effectiveness
with which aimulation models of such systema can be
used as design aids. The syatem modeled consists of
several aisles of storage bins, storage retrieval
devices (stacker cranes), closed loop conveyor, work
stations, and input/output buffers to interface with
the conveyor. Since simulation mnodels are only
descriptive in nature, there is no algorithmic way to
proceed toward an optimum design specification.
Starting with an expected value or balanced flow
model, however, the aimulation can be used to develop
a cost effective design. An interactive progran
asailata the designer in developing the expected value
model. From thia point, optimum-seeking rulea or
heuristics are uged in conjunction with the
simulation model to reach a local optimum solution.
Several rules are proposed and evaluated.

INTRODUCTION

This paper reports use of a sgimulation model to
assist in the development of design heuristics for an
automated storage/retrieval/delivery ayatem. Theae
systems consist of several aisles of storage bins,
storage retrieval devices (stacker cranes), a closed
loop conveyor, work stations, and input/output
buffers to interface with the conveyor. Directed by
computer, the stacker cranes retrieve storage bins
from the racks and place them on the buffers to
access the conveyor for delivery to a work atation.
At the work station, parts might be removed for order
picking, replenished, or have asome other activity
performed. The bins are subsequently placed on the
conveyor for return to the storage aisles and
replacenent by the stacker cranes in their original
locations. The control program, is conatantly made
aware of the atatus of all componenta of the ayatem
through sensing devices and interace with the
computer., Thus, all actions can be directed and
monitored by the computer.

These systems are coming into widespread use in both
manufacturing and service settings [4,3]1. Two common
applicationa are! atorage and order picking of amall
parts, and storage and retrieval of patient hospital
records, However, efforts to predict system behavior
before the system is actually constructed have been
neither extensive nor very complete in formulation
{1,2,3,10,111. This paper describes the use of a
simulation model which permits experimentation with
alternate syaten configurationa and operating
policies to provide insight into designs which can be
"fine tuned” through more extensive simulation.

The model was programmed in FORTRAN. A general
purpoae language was chosen over a aimulation
language for two reasona: to maximize the ability to
tranafer the model between computer systems, and to
achieve maximum flexibility in adapting to the real
world through easily made changeasa in the program.
Subsequently, the model was rewritten in GPSS to take
advantage of the iasomorphism of laenguage elements
with real system components. This conversion provided
the opportunity to contrast the programming effort
and running efficiency for the two veraions. These
results have been reported elsewhere [7],

THE_PHYSICAL SYSTEM AND ITS_OPERATION

The phyasical ayatem is depicted in Figure 1. It 1is
comprised of specially deaigned storage racks
arranged in aisles which contain the bina, atacker
cranea which travel horizontally and vertically to a
designated position to atore or retrieve a bin, and a
closed-loop, powered, roller conveyor (with
appropriate crossover and transfer devices) to
transport bins between the storage racks and the work
atations. At each storage rack aiasle and each work
station, sectiona of powered rollers act as input and
output buffers for bina coming off or going onto the
conveyor. Each alsle has both an input and output
buffer section, while each work atation has ite own
input buffer but shares an output buffer with an
adjacent work station.

Under computer control, bina are sgelected and
dispatched to apecific work atations based on the
status of all work stationa. Stacker cranes execute
elther dual commanda (storage of one bin and
retrieval of another on the agame trip), or aingle
commanda (either atorage or retrieval of a bin),
depending on availability of bina and other ayatem
atatus measures. Bins are initially deposited in
output buffers at the enda of the aialea, and then
put onto the conveyor as space becomes available.
Upon reaching a work station, a bin is placed in the
input buffer, and ultimately reaches the last buffer
position, or work position. The required activity
occurs for the bin, and it is then placed on the
output buffer for eventual transfer to the conveyor
and transport to the storage rack aisles for
replacement in the position from which 1t was taken.
If there 18 no room at a astacker or work atation
deatination, the bin ias recycled on the conveyor
until it can be accommodated. ’

Efficient operation of the aystenm hinges on
continuous and accurate information on system status.
For example: which work stations have room at input
buffers to receive a bin, which work station has the
shortest supply of bins, what will be the status of a
work station when a bin dispatched to it arrives, and
how fully utilized is the conveyor,
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Figure 1. Physical Layout of Storage Retrieval System

PROBLE¥_FORMULATION

Design Variablea: The deaign variablea describe the
phyaical configuration of the ayatem and the dynamica
which govern the movement of its componenta. Design

variasblea included in the model are:
o Storage rack dimenaiona: length of aisles,
height of racka, and number of storage
locations, segregated by zones

o Number of stacker cranes: one crane per
alale

o Horizontal acceleration and velocity of
cranes

o Vertical acceleration and velocity of cranes

o Number of input and output buffer poaitions
at each aisle

o Conveyor geometry: shape of conveyor and
location of all system elememts around the
conveyor

o Length of the conveyor

o Speed of the conveyor

o Number of work atationa aituated around the
conveyor

o Number of input buffer positiona at each
work astation

o Number of output buffer positions shared by
each pair of work stations

o Work atation dwell timea: probability
diatributiona for the service timea at all
work atationa

It should be noted that choices for many of these
variables are quite conatrained by available
equipnent optiona.

Operating Policy Variablea: Operating poliecy
variablea are used to control the actions of the
aystem for efficient and effective perforrmance.
Judiciously setting these valuea providea amooth flow
of bina from storage racka to work atationa and back
again. Some of the operating policy variablea
included in the model are:

o 2Zone storage definition for bin locations in
the racka: zones are defined as sets of
atorage locations which have equal crane
travel characteristica

0 Maximum conveyor umtilization: preventa "log
jama” on the conveyor which might preclude
bina from returning from work stationa

o Maximur number of bina deatined for a single
work station: prevents exceeding work
station buffer capacity and possible
recycling of bina

o Maximum number of bina deatined for a aingle
alale! prevents exceeding aiasle buffer
capacity and poaaible recycling of bina
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Although operating policy variables can have a
significant impact on overall ayatem performance, the
focus of this paper ia on the phyaical ayatem design.

Syatem_Performence Measures

Complex systems such az the one modeled here, have
many measures of ayatem performance which could be of
aaaiatance in their design. The model providea the
following set of meaaures which were aelected in
consultation with the system designers/manufacturers.

o Throughput (number of bins per hour
delivered to all work stations): a measure
of system capacity

o Number of bins recycled: an indication of
lack of system component synchronization

o Utilization of stacker cranes by category
(dual commande, single commanda, and idle
tire): a measure of crane efficiency

o Conveyor utilization: a measure of conveyor
conjeation

o Utilization of work stations by category
(bugy, idle, and blocked): a measure of work
atation capacity

o Dollar cost of the system

THE_SIMULATION_ MODEL

The model was initially written in FORTRAN and
developed on & VAX 11/780 aystem. The progran
conaista of a set of functions and subroutines
pernitting running a given configuration for whatever
period of real time the uwaer deairea. Alternatively,
a heuristic rule may be apecified which will run
aeveral ayatem configuratione until 1ita stopping
condition is satisfied. Results can be printed at
regular time intervals specified by the user with a
summary set of results given at the end of the each
run. The model ia designed to run the aystem for an
interval of time elected by the user to achieve
ateady state before accumulation of statiatica
commences.

The model is an event-oriented discrete time
simulation which represents behavior of bins
cireculating through the syatem. Bins are retrieved
from the storage racks. Location is defined by zones
within an aisle and travel times of the stacker are
calculated according to the =zone centroids. Bins
will retain aisle and zone identity throughout the
travel on the loop and will be returned to their
starting locations.

The major eventa that are used in the program are as
follows.

o Bin Arrival at a Work Station

o Work Station Service Completion
o Work Station Belt Try

o Bin Arrival at Stacker

o Stacker Service Completion at Home

o Stacker Service Completion in Aiale

o Stacker Belt Try

o Zero out Statistics

THE_DESIGN PROCESS

An_Expected Value Model

Dur objective is to provide ayatem deaignera with
guidelinea which will aid in the development of
aystema which achieve deaired performance goals at
reasonable cost. These systems are complex and
difficult to deaign becauae of the large number of
design  variables which may be manipulated.
Furthermore, syatem behavior 1s atochaatic. Bin
movement ia a random variable due to the
probabilistic behavior of both work atationa and
atackers.

Asa a atarting point for the deaign of a particular
aystem, we conaider a asimple expected value model
(EVM) which will yield a deaign balanced in bin flow
at the satackers, the work atationa, and on the
conveyor. This  approach ia analogous to the
detérminiaitic models of Kwo (6] for atorage/delivery
conveyora.

S = expected value of atacker capacity
(bins/hr.)

t(s) = expected value of time to execute
a dual cycle (sec./bin)

n = number of atackers

Then S = 3600n/t(a)
For example, a syastem with an expected value of dual
cycle time of 30 secondas and 10 astackers wouldhave a
delivery capacity at the stackers of:

S = (3600 x 10)/30 = 1200 bins/hr.

Work Station Flow Capacity:

Let

W = expected value of work atation
capacity (bins/hr.)

t(w) = expected value of dwell time
at work stations (sec./bin)

n = number of work stations

Then W = 3600m/t(w)
Thua 20 work atations each with an expected value of
dwell time of 60 aeconds would have a delivery

capacity of:

W = (3600 x 20)/60 = 1200 bins/hr.
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Conveyor Flow Capacity

Let
C = capacity of the conveyor (bina/hr.)
¢ = conveyor apeed (inchea/sec.)

1 = bin slot length, or bin length
plua bin separation (inchea/bin)

Then C = 3600c/1

A conveyor speed of 24 inches/sec., in a system using
36 inch bins with a separation of 36 inches between
them could deliver:

C = (3600 x 24)/72 = 1200 bina/hr.

The theoretical .capacity of thia aystem ia then 1200
bina per hour. Thia aagdumes completely determiniatic
behavior of all aystem componenta, 100X utilization
of the conveyor, and 100% dual cycle commands. None
of thease assumptiona hold for real asystems. However,
thia syatex 1ia an appropriate initial design from
which to begin. The expected value model provides
starting values for the design variables: number of
atackers, number of work stations, conveyor speed,
and minimum conveyor length (the sum of the widths of
all stacker aisles and work stations). Using
optimum-seeking rulea in conjunction with the
simulation model, we can then alter various system
componenta to approach the theoretical limit.

It should be emphaaized that the capacities above are
theoretical upper bounda and .cannot be attained by
design, due to the atochaatic nature of the aystenm.
For example, the theoretical belt capacity cannot be
achieved since a bin arriving at a stacker will be
discharged to +to the stacker buffer, and that belt
position will remain empty until occupied by a bin at
a later time. Similarly, 100X dual commanda executed
by the atackera is an unattainable goal.

An interactive program was written to assist the
deaigner in developing the expected value or balanced
ayastem model. Using asucceasive questiona, the program
elicita the deacription of the proposed syatem from
the deaigner. The neceaaary input data are: deaired
throughput or bin flow, asaumed fraction of stacker
commanda which are dual cycle, description of zonea
and probability of accesa, atacker travel times, work
atation dwell timea, bin length, bin aeparation, and
width of atacker aiasleas and work atationa. The design
variablea apecified by the program are: number of
atackers, number of work stationa, conveyor apeed,
and minimum conveyor length.
The wmajor inputs for the illustrative ayatem
described below include!

throughput = 700 bins/hour
dual atacker cycles = 60%
number of 'zones = 1

dwell time = 30 seconda
bin length = 36 inches

bin aeparation = 54 inchea

The expected value or balanced ayatem model produced
by the program ia:

number of atackera = 8

number of work atationa = 8
conveyor speed = 20 inchea/aec.
conveyor length = 4680 inchea

Some_Optimum-seeking huleg

Since there are so many ayatem performance meaaures,
one needs a coherent framework within which to
consider all of them in executing the syatem design.
Indeed, it may not be posaible to optimize all of the
Reasures ailmultaneously. Combining several meaaurea
of performance into one objective function ia
referred to in the literature as the multiattribute

. objective function problem. It is a complex problem,

and not well solved yet. The common alternative to
using such combined objective functiona is to select

.one measure to optimize and constrain the othera to

acceptable rangea. By performing sensitivity
analysis on the constraints, one could readily
determine the cost of altering them to improve the
solution. This is the approach taken here.

The measure of performance selected for use with the
heuristic rules is aystem throughput. Starting with
an expected value model, the simulation model and
heuristic rule progreass toward a design configuration
which satisfies the requirements for throughput. This
approach is adopted as opposed to a large scale
experimental deaign because the .computer cost for
simulating these complex systems is not trivial,

The initial optimum-seeking rules developed involve
only two design variables! number of stackers and
number of work stations. These were chosen since they
were found to have the most impact on throughput
[8]. Also, it was desired to keep the number of
design variables to a mimimum to facilitate
programming and intuitive understanding of the
heuriatic performance. In effect, we are treating a
three dimensional response surface defined by these
two independent variables.

The heuristic rules are contained in a subroutine of
the aimulation model main program, and permit many
iterationa of the simulation, altering the number of
work stations and satackers after each run according
to a rule, and without user intervention.

Four simple rules are discussed and evaluated. All of
them are based on the notion of the ateepeast aacent
of a reasponse surface: three in an unconstrained
fashion, and one conatrained. The direction of
steepeat ascent is usually determined through fitting
a function to the response end using the calculus to
determine slope [12]. However, our problem is so
highly diacretized that saimply observing adjacent
points works equally well.

The firat three optimum-seeking rules deal with an
unconstrained problem which may be described as
follows: starting with the EVM output, f£find a
solution with minimum, or near minimum, stackers and
work stations for which the throughput is equal to or
greater than the design throughput provided to the
EVM model. The laat rule treata a conatrained problem
which adds the vrequirement that the final solution
ashall alac be equal to or leas than aome budgeted
cost. Since coat data ia difficult to obtain, the aum
of atacker and work atation idle time ia uaed aa a
proxy for cost.

nake 9 simulation runs. Compare the EVM run with each
of the other 8 and select the one with the largest
throughput as the center of the simplex for the next
iteration. If this leada to the choice of a
previoualy selected combination of atackera and work
atationa, pick the asecond largest throughput. If more
than one combination is equal to or greater than the
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Figure 2. Syastem Design Simplex

design throughput, select the amallest throughput
which satisfies the deaign requirement.

The atopping conditiona for Rule 1 are:
o design throughput ias attained

o all candidtate designs in the simplex
are lesa than the current deaign by SX or
rore

o a specified number of asimulation runs has
been made

Applying this rule to the illuatrative ayaten
described above yields the results shown in Table 1.

but using a reduced simplex. To economize on the
required number of simulation runs, points numbered
2, 4, 6, and 8 in Figure 2 are not considered. Thus,
each iteration requires a maximum of 5 runs. The
stopping conditions are the same as for Rule 1. The
results of applying this rule are shown in Table 1.

Rule_3 Since most iterations of Rules 1 and 2
;;;E;;ded in the direction of increased numbers of
stackera and work atations, the aimplex was further
reduced to the EVM run and the points numbered 2, 3,
and 4 in Figure 2. This rule was firast presented in
[91. The stopping conditions remain the same aas for
the other two rules. The results of applying Rule 2

are shown in Table 1.

Rule 4 This rule usea the original asimplex of 9
pointa. It treats the conatrained problem described
above, and first examines the idle time of stackers
and work stations before deciding if a candidate
design is acceptable. Basad on past experience with
the model, a combined stacker and work atation
idleneas of 60X was chosen as the maximum acceptable
for a candidate. If this ia exceeded, the next
largest throughput is choaen. An additional atopping
condition for Rule 4 is the situation in which all 8
candidtate designs violate the idleness constraint.
The resulta from thia rule appear in Table 1.

It can be seen from Table 1 that the solutiona
developed by the four rules vary widely in the
characteristica of the ayatems produced as well aas in
the effort required to achieve the aolutiona. The
number of simulation runs vary from 8 to 38, the
system throughput ranges from 702 to 743 bins per
hour, the number of astackers varies from 7 to 12, and
the number of work atationas, which show the least
variability, run from 12 to 14. Rules 1 and 3
produced sonewhat over-deaigned aystens with
throughputs of 730, and 743, respectively. Rules 2
and 4 produced designs with throughputs closer to the
deaign requirment, 707 and 702, reapectively. Also,
Rule 4, which included an idle tine constraint, did
produce the aystem with the least combined idle time:
58%. However, it required more simulation runa than
any other rule to do so.

Baged on the limited experimentation with these rules
thus far, it is not possible to conclude which are
better than others. Rule 2 performed astonishingly
well both in terms of the quality of the solution and
the number of aimulation runa needed to produce it.
However, it surely benefited from a fortuitous
astarting point. Most "hill-climbing" approaches are
very aensitive to both aterting pointa and the nature
of the response surface. Until more is known about
the characteristics of the responae surface for AS/RS
systems, each heuristic rule should be applied uaing
nultiple astarting solutiona. In thia case, points in
the neighborhood of the EVM solution should be
selected.

The idleneas for work astations for designs produced
by any of the rules is conasistently S50% or more.
Should not heuristic rules produce better syatems?
The cause of such high idleneass is the congestion on
the conveyor linking the stackers and work atations.
The utilzation ias 90% or more for all sfour systen
deaigna, The congeation could be alleviated by
increasing the conveyor speed, but the value used is
already near or at the practical nmaximum. It would
appear that it is not possible to efficiently provide

Table 1. Summary of Optimum-seeking Rule Results

No.
Rule of Through- No. of
Runs put

Stacker No. of
Stackers

Work Stn.

Idleness Work Stns. Idleness
27% 14 53%

14% 12 S0%

31x% 14 S1x

5% 14 53%
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a throughput of 700 bins per hour without altering
gome other design attributes which decrease the
transit time from stackers to work stations.

What can we conclude from theae modeat beginninga? It
is clear that heurisitc rules can be applied to lead
.the deaigner from a tentative initial designe toward
nuch improved onea. The conveyor imposea a clear
upper 1limit on throughput. Because of practical
limitations in increasing conveyor apeed, this
probler may require more innovative ayatem designsa,
perhaps uaing rultiple level conveyors  or
“short-circuiting" cross-overs to expedite the flow
of bind in the ayatenm.

CONCLUSION

The work reported thus far on AS/RS systems such as
the one nodeled here, including thia paper,
representa only a modest beginning in the process of
understanding the behavior of these complex ayatens.
To design a truly coat effective ayatem requires a
far more detailed comprehension of deaign variables,
operating policy variablesa, and their interaction on
ayatem performance. The effort reported here |is
continuing in that vein. The current direction
involves the development and evaluation of more
sophisticated optimum-geeking rules which include
more design variables and a more complete responase
surface. The long range goal is to generate universal
design rules which will yield coat effective aystema
without protracted, complex analysia.
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