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INCREASED THROUGHPUT BY AISLE ZONING IN END-
OF-AISLE ORDER PICKING AS/R SYSTEMS

CHAPTER 1

INTRODUCTION

BACKGROUND

Since time immemorial mankind has been faced with the problem
6f moving men and materials from place to place. But it is only since
World War II that materials handling has been subjected to systematic
analytical techniques yielding safe, efficient, and economically im-
plemented materials handling systems. Compared with the development
of, say, the highly advanced technology of the internal combustion
engine which is now about 100 years old, knowledge about materials
handling is still near the beginning of the "learning curve". In the
1950s, rapidly expanding use of forklift trucks replaced the hand bar-
row and almost eliminated the manual off-loading of vehicles. Perhaps
the most significant development in materials handling since then has
been the introduction of the automatic warehouse. Several levels of
warehouse automation, from complete automation without human inter-
vention, to automation within practicable Timits, has resulted in

what is now widely known as Automated Storage/Retrieval Systems.



AS/R SYSTEMS

ANSI B30 Committee and the Automated Storage/Retrieval
Systems (AS/RS) Product Section of the Material Handling Institute,
Inc., define an AS/R System as:
A combination of equipment and controls which handles,

stores, and retrieves materials with precision, accuracy,

and speed under a defined degree of automation. Systems

vary from relatively simple, manually controlled order-

picking machines operating in small storage structures to

giant, computer-controlled storage/retrieval systems tot-

ally integrated into the manufacturing and distribution

process. :
A typical AS/R System consists of a storage structure capable of sup-
porting multiple levels of loads. A recent trend has been to use a
storage structure to support the roof and the skin of the building.
Aisles are designed so that they not only align and stabilize the
S/R machine within the storage structure, but also maintain proper
operating clearances and effective distribution of floor and rack
loading. Depending on the type of S/R machine used within an aisle,
one or more rails are installed. The floor rails are installed
either into, or on top of, floor level (Figure I-1). The top guide
rail(s) stabilizes the S/R machine and minimizes the side loading
imposed onto the storage structure. Mechnical end stops are located

A

at the extreme travel limits of the S/R machine aisle. Slow down and
stop sensor activators are provided at each end of the aisle. These
sensors bring the S/R machine to a safe and smooth stop position be-
fore coming in contact with the end stop.

Storage/Retrieval (S/R) Machine or Stacker Crane's function

in an AS/R System is to store and retrieve loads. The typical S/R
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machine (crane) consists of a structural frame (Figure I-2) of either
a single or multiple mast construction. The structural frame of the
S/R machine guides the carriage for accurate locating of the load as
it is raised and lowered in the aisle of the storage structure. The
carriage carries the shuttle which is the load supporting mechanism
which transfers the load from the center of the aisle to the storage
locations on either side of the aisle. The shuttle also transfers the
loads from the racks to the center of the aisle and is capable of
transferring loads to and from Input/output (I/0) stations or Home
Position. AS/R Systems where a single crane serves more than one
aisle, an aisle transfer car is provided to transfer the crane(s)
between aisles. An aisle transfer car consists of a structure which
facilitates necessary support and alignment for the transfer of the
crane.

Input/output (I/0) station or "home location" is a location
at which loads to and from the storage area are supported for handling
by the S/R machine. An I/0 station provides a suitable space beneath
the load to allow an S/R machine pick-up device free access to the
load. For mini-load systems the loads are slid in and out of the I/0
station with little or no space required under the load. I/0 stations
are sometimes permanently located at the end of the aisle/storage
structure, mounted on an aisle transfer car, or a part of the storage
structure itself. Most I/0 stations have provisions to accommodate
one or more loads at any single time.

A variety of storage modules are used in AS/R systems depend-

ing on the material to be handled, and the configuration in which the
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Figure I-1. A typical AS/RS aisle. Figure 1-2. A typical S/R machine (crane).
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material is transferable by a S/R machine, conveyable, and storable
in high-rise storage racks. Pallets made of wood or plastic, welded
wire or corrugated steel containers, steel or plastic bins and totes,
and self-contained loads (barrels, drums, etc.) are the main types
of storage modules used in AS/R Systems.

Numerous options are available in controlling the equipment,
material, and material flow in an AS/R System. Such options include
completely manually controlled systems, entirely computer-controlled
systems, or a combination of the two. Normally minicomputers are
used to select an open location and to direct the crane to store a
load. Upon receipt of a request the crane is directed to the desired
location to retrieve the load and bring it to an I/0 station to depos-
it. The link between the warehouse and source or destination of items
is provided typically by a conveyor through an I/0 station. Current-
ly five different types of AS/R Systems are in use. In a Full Load
Storage/Retrieval System (Figure I-3), full loads (unit loads) are
handled without end-of-aisle order-picking or recycling of partial
loads back into the system after order picking. End-of-Aisle Order-
Picking System (Figure I-4) differs in that the loads are brought to
the aisle end for order-picking and the partially picked load is put
back into storage after order-picking. The third type is known as
Remote Order Picking System (Figure I-5). 1In this system loads are
deposited by the crane at the end of aisle and then routed to remote
order-picking stations, using conveyors or other transportation means.
The partially picked loads are routed back to storage. The fourth type

of system is commonly known as In-Aisle Order Picking. This system
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utilizes a man ridden S/R machine, with an operator on board, which
is manually, automatically or semi-automatically controlled. The S/R
machine transports the operator to the desired rack location where
the order picking is performed. The fifth type of system is called
Combination System, which may consist of two or more of the previously
described systems, used together.

The proper selection of any particular AS/R System would de-
pend on the specific plant lay-out, present material-handling practices,
types of loads handled, and the desired throughput rate as well as

numerous other factors.

JUSTIFICATION AND OPPORTUNITIES FOR IMPROVEMENT

It is a well known fact that AS/R Systems have completely rev-
olutionized conventional storage methods. According to some reports,
Wiegand (1977), the AS/RS industry has been growing at a rate of 20
percent per year since its beginning in 1959. Others, Rygh (1981),
suggest that AS/R Systems may improve floor space utilization by as
much as three to five hundred percent over conventional methods. Be-
sides improved space utilization, lower operating costs, reduced pilf-
erage, reduced product damage, lower energy consumption, and many other
benefits add to the growing popularity of AS/R Systems. Growing inter-
est in AS/R Systems has resulted in a number of design related improve-
ments in cranes, warehouse structures and system controls. A major
portion of these developments are sponsored by the manufacturers of

AS/R Systems, who seem to be advising the user on everything but



scheduling of the system. Obviously, scheduling of the warehouse
is left to the choice of the user.

The realization of the maximum benefits from an AS/R System
depends upon an integrated approach to the design as well as the man-
agement of the system. Unfortunately, less attention has been paid
to the management of AS/R Systems. There is a growing need for ex-
tensive research in this area from the perspective of the users.

Although system design would depend on careful selection of
such things as number of cranes, horizontal and vertical speeds of
cranes, aisle size, number of aisles, rack structure, etc., optimal-
jty is not guaranteed unless system management is also optimized. An
optimal management policy in an AS/R System would be a combined ap-
proach to pallet assignment, i.e., the assignment of more than one
jtem to the same pallet; storage assignment, i.e., the assignment of
pallet loads to storage locations; and interleaving, i.e., the rules
of sequencing storage and retrieval requests.

It has already been shown by Hausman and Schwarz (1976) that
a Class-Based Turnover Assignment policy is superior to a Random As-
signment of items; pallet assignment was not considered——with or without
interleaving. However, the system considered by Hausman and Schwarz
handles full loads and recycling of the partially picked loads is not
permitted. Although they mention that their results could be extend-
ed to suit any AS/R System, further improvements may be possible in
other than full load systems. In fact, a large number of users of
AS/R Systems cannot use full load (unit load) handling systems because

of such constraints as size, configuration, weight and number of
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different types of items to be stored. The electronic industry is
a good example of such users of AS/R Systems who quite frequently have
to deal with a large number of different types of small size, light
weight, hand-picked items. Such a situation necessitates using either
an In Aisle, End of Aisle, or Remote Order Picking System, and re-
cycling all partially picked loads.

The focus of this study is an End of Aisle order picking AS/R
system which, besides using the Class-Based Turnover assignment policy,
can be further improved by decreasing the crane travel times by re-
ducing the travel distance to the partially picked pallets. This can
be made possible by introducing a zone nearest to the 1/0 station,
for the recycled or partially picked pallets. The resulting savings
in crane travel time are of greatest interest to the user of such
systems because crane travel time directly affects throughput capacity,
which means how many pallets per unit time the system can simultane-
ously receive and store (input) and retrieve and ship (output). A
reduction in crane travel time would mean an increase in throughput
capacity of the system, which can be indirectly used either in the
design of new systems or modification of the existing systems to
achieve a more appropriate balance between the system throughput and
storage capacity. Undoubtedly, from the user's point of view, higher
throughput and consequent smaller storage space capacities would be

some of the most attractive improvements in AS/R Systems.
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CHAPTER II

PROBLEM ANALYSIS

LITERATURE REVIEW

Numerous studies dealing with design improvements, systems
control, installation and justification of AS/R Systems are published
regularly in the Titerature ¢f industrial engineering, material
handiing, management science, and operations research. The majority
of these studies are either put together by the manufacturers, or
are case studies narrated by individuals dealing with the setting-up
of such systems. Although there is an abundance of such general
papers, books and articles, some of which are listed in the Bibli-
ography, there are very few research papers dealing with the_ana]ysis
of AS/R Systems with regard to the optimization of such systems.

Hausman, Schwartz and Graves seem to be the pioneers in re-
search concerning optimal storage assignments in AS/R Systems. In
their first work, published in 1976, they considered two storage as-
signment rules. First, a Random Storage Assignment rule, to approx-
imate the "closest-open-location" rule commonly used in practice,
according to which pallets are randomly stored in any of the rack
locations. Second, a Turnover-Based Assignment rule, which implies
that highest-turnover pallet is assigned to the closest location (in
time). The superiority of the Turnover-Based Assignment rule over

the Random Assignment rule was reported to range from 26 percent to
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71 percent for 20/60 to 20/90 turnover distributions taken from an
ABC curve. A 20/60 turnover policy means that 20 percent of the it-
ems constitute 60 percent of the demand and 20/90 turnover means that
20 percent of the items make up 90 percent of the demand. They next
examined Class-Based Turnover Assignments which implies that racks
and pallets are partitioned into two or more classes based on one-way
crane travel times, and turnover, respectively. Pallets are then
assigned to a class of storage according to their class of turnover
(e.g., highest turnover class of pallets assigned to the closest loc-
ation). This type of storage assignment produced about 70 percent and
85 percent of the potential gain of a fully turnover-based system for
two-class assignment and three class assignment respectively (Figure
II-1). In their conclusion they write
as the measure of skewness of inventory distribution

increases, the error involved in continuous approximation

increases significantly. . . .Note, however, that although

the continuous approximation is relatively poor in some

cases, the actual improvement from class-based storage

assignment remains quite substantial in those cases.

In their second paper, published in 1977, Hausman, Schwarz
and Graves extended their work to include interleaving; i.e., the
sequencing of storage and retrieval requests. In other words, the
crane was supposed to be capable of visiting up to two rack locations
between successive returns to an I/0 station or home position. They
tested various alternative policies using a continuous simulation
model. The results showed that a three-class storage assignment with

mandatory interleaving and a first-come, first-serve (FcFs) retrieval

queue priority gives lower crane round-trip times. An FcFs retrieval
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queue rule restricts the retrievals to be chosen from the queue of
retrievals on the basis of first-come, first-serve. A full turnover-
based storage assignment with interleaving and FcFs retrieval queue
gives the least crane round-trip time, but this case is of theoret-
ical importance only because as the authors admit,

It would be unrealistic to assume that the turnover of every
pallet to be stored in the system will be known and/or constant
over time.
Again, as in the cases without interleaving, the two- and three-class
models produced approximately 70 percent and 85 percent respectively
of the gain obtained from full-turnover-based policy as compared to
the conventional random or "closest-open-location" policy (allowing
interleaving).

The third paper written by Schwarz, Graves and Hausman (1978)
reported the results of a computer simulation examining the results
of earlier analytical work on scheduling policies for AS/R Systems.
The results of these last two papers were theoretical and set up in
a deterministic environment. This paper looked at the assignment pol-
icies, discussed in the last two papers, under stochastic conditions.
The results of simulation provided ample evidence in support of the
proposed analytical models. For instance, they reported

The reduction in round-trip time by using a two-class system
is 28 percent (the theoretical reduction was 30 percent), and
the additional reduction in upgrading a two-class to a three-
class system is nine percent (both simulated and theoretical).
Thus, the simulation has demonstrated that class-based storage
assignment policies are indeed worthy of exploration if one
wishes to make a significant reduction in crane travel time.

Furthermore, the authors concluded, "However, the actual improvement

is, in general, slightly smaller than that predicted for the
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system, after end-of-aisle or remote order-picking, would affect the
performance of these scheduling policies.

It seems that there is little contribution to the Titer-
ature regarding, in particular, the end-of-aisle or remote order-
picking AS/R Systems. The users of such AS/R Systems would be int-
erested in further reduction in crane round-trip times, and increased
throughput. Obviously a class-based storage assignment would be the
best scheduling policy for any AS/R System, but because of the recy-
cling nature of partially picked loads as opposed to nonrécyc]ed full
loads, further opportunfties for improvement of scheduling policies

exist.

PROBLEM FORMULATION

Consider a typical end-of-aisle order-picking AS/R System in
which, upon a retrieve request, the crane retrieves the desired
pallet and desposits it at the home location. After order-picking
a partially picked load is restored to the system by the crane, at
the same location from where it was picked or at the empty rack near-
est to home (I/O) location. Using a class-based-turnover policy,
pallets of higher turnover items can be assigned to the class of rack
locations, inaisles, closest to the home (1/0) location. By doing so,
a scheduling policy is put into effect, the "optimality" of which
(Hausman, Schwarz and Graves, 1977) has already been established. But
is it really optimal in the case considered here? Of course not!

Carefully studying the recycling phenomenon of partially picked
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pallets in the system, an alternative can be found with further re-
duction in crane travel times.

One way of doing this is to introduce zones in aisles which
consist of racks nearest to the home location for the handling of the
partially picked pallets only. If the scheduling policy for both
zones is again a class-based-turnover policy, this alternative
should give lesser crane travel times than the case considered earlier.
The reason for this, obvibus]y, is the reduction in crane travel time
for partially picked pallets in the subsequent store-and-retrieve re-
quests. For the sake of simplicity, let the former alternative be
called a Single Zone (S-Zone) and the latter a Double Zone (D-Zone).

An in-depth study of S-Zone and D-Zone systems can reveal how
far zoning of aisles can decrease the crane travel time and hence
help to increase throughput. It is worth mentioning here that all
material handling activities are measured in terms of the efficient
use of motion, time, quantity and space. In order to measure and
compare the responses of two alternatives in this study, crane cycle
time seems to be the most appropriate indicator to look at. Changes
in movements in the two systems, from location to location, directly
affect the crane travel times which, in turn, reflect upon the quant-
ity handled (throughput) and the storage space requirements.

The responses of both systems are expected to vary under the
influence of different factors. Some of these factors which are the
focus of this study are related to the number of item types, demand
or pick frequency of an item, and average number of units per order.

It is important to look at the two systems in view of these factors
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because a factor may favor one system more than the other. For ex-
ample, a large number of item types may not favor zoning as much as
a few item types, because of the increase in crane travel times to
retrieve or store.

Similarly, pick frequency, depending on how often an item is
demanded, can have a profound effect on the crane travel time by
mostly restricting crane travels to a particular section of the aisle
or spreading the travel randomly to all rack locations in the aisle.
Also, if the aVerage size of an order is a small proportion of the
total units carried by pallets, zoning may prove more effective than
if the average size of orders is approaching closer to the total numb-

er of units carried by pallets.

STATEMENT OF OBJECTIVES

The primary objective of this study is to examine the effects
of the introduction of a D-Zone, which handles partially picked loads
closer to the home (I/0) location in an aisle of an end-of-aisle
order-picking AS/R System on throughput. Throughput, being a measure
of system performance, may be defined here as the rate at which pallets

can be stored and retrieved from the system. " All components of the
system, such as crane travel time, maintenance and repair timé of the
crane, location of I/0 station, and many other factors, can be con-
sidered in determining the throughput. However, in this study,
throughput is measured in terms of crane travel times or number of
orders which may be processed over a period of time, while all other

factors remain unchanged.
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The secondary objective of this study is aimed at looking

into the effect of three different factors—type of items stored in
aisles, pick frequency of items required, and mean number of units
of any item type required per order—each at two different levels,

on the two alternative systems under study.
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CHAPTER III

ASSUMPTIONS AND GENERAL APPROACH

ASSUMPTIONS

Before developing the models and examining the responses,
several assumptions are made without losing the generality of the
problem. It is assumed that the system considered consists of a
single one-sided aisle. The analysis and results for a single two-
sided aisle as well as for multi-aisle systems carry over directly.

In other words, an actual system, which usually consists of several
single cranes serving a number of identical two-sided aisles, is
viewed as several independent single one-sided aisle systems. A1l
storage locations are the same size. Pallets are assumed to be of

the same size, and contain units of only one type of item. This means
~ that pallet assignment, i.e., grouping items to share a multi-item
pallet, is not considered in the analysis. It is also assumed that
any pallet can carry the same number of units of any item type, and
the number of units is fixed. Empty pallets are not stored back into
the system. The Home (I/0) Station is assumed to have space to accum-
ulate a two-pallet queue ahead of the crane. vAfter order picking,
each partially picked pallet is picked up, according to first-in,
first-out (FIFO) priority, and stored back into the system.

The storage locations closest to home position based on one-

way crane travel time are assigned to the highest-turnover item type
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pallets. It is assumed that there is an infinite backlog of orders.
This eliminates the interarrival time for orders. The system is as-
sumed to work on a perpetual supply of each item, to fulfill the orders.
In other words, as soon as the last pallet of a particular type of
item Teaves the system, full pallets are replenished at all locations
except in the zone for partially picked items in a D-Zone aisle policy.
For desired retrieve or store requests, a crane always moves to the
closest to the home locations. A crane is assumed to take the same
amount of time in deposit, extraction, or retrieval of a load. It is
also assumed that the crane's X and Y axes work independently, and
the travel time is the longer of the X or Y axis to complete its move.
The crane is assumed to be working on a dual cycle which implies that
the crane is capable of visiting up to two rack locations between
successive returns to the home (I/0) location. This is equivalent to
what the interleaving systems or "dual address" (Hausman and Schwarz,
1977) systeh offers. The only difference is that the storage requests
are filled not from the pallets arriving from outside the system, but
from the queue of partially picked pallets at the home (I/0) location.
In this way the crane takes a partially picked load from its home
(I/0) location, stores it at the desired location, and then moves
directly to another location for the next retrieve without returning
to the home location.

The pick frequency of each item type and number of item types
stored in the system are assumed known and fixed over a time period.

The number of units picked per order are assumed to follow a truncated
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Poisson distribution, with a minimum of one unit, thus eliminating the
orders with zero units.

Keeping these assumptions in mind, a computer simulation
program is developed, sufficiently flexible to accommodate the model-
. ing of both S-Zone and D-Zone systems under differing conditions.

The program is written to model these systems as specified in the

following sections.

SYSTEM SPECIFICATIONS

Crane and Aisle

The storage rack, consisting of a single one-sided aisle, has
five tiers and 12 bays with 60 storage locations. Pallets are all
48"x48"x48" size, and a clearance and rack size of six inches give
-a pallet center-to-center distance of four-and-a-half feet, in both
the horizontal and the vertical directions. The number of units of
any type of item on a pallet are fixed to be 20.

The crane's traverse rate in the X-axis is taken to be 5.833
feet per second and in the Y-axis as 3.5 feet per second. The crane's
acceleration (deceleration) in X-axis and Y-axis is 1.0 feet/second/
second and 0.75 feet/second/second, respectively. The crane's extrac-
tion, retrieval, or deposit time is considered to be six seconds.
Manual order-picking at the home (I/0) location is taken as 30 units
per minute.

General layout of a S-Zone aisle system and that of a D-Zone

aisle system is shown in Figure III-1. Pallets are numbered according
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to their demand or turnover frequency, one being the highest and so on.
An aisle with no zones, i.e., S-Zone, has the pallets containing the
highest turnover frequency item class assigned to the class of locations
closest to the home (I/0) Tocation. On the other hand the aisle with
zones, i.e., D-Zone, has its Zone I, which handles the recycled or part-
ially picked pallets is located closest to the home (I/0) location.
Note that pallets with items of highest turnover class are assigned to
the class of locations closest to the home location, within both Zone
I and Zone II. This makes both S-Zone and D-Zone follow the same
scheduling policy except that D-Zone handles the partially picked loads
in a separate zone, whereas S-Zone does not.

Closeness to the home location is based on one-way crane trav-
el times. In order to establish the exact closeness ratings for each
rack location in the aisle a FORTRAN program "ASIGN" was written.

This program gives the one-way travel time of the crane from home
location to each location in the aisle. A program listing and flow
charts are provided in Appendices B-1 and B-5 respectively. Specific
layouts of S-Zone and D-Zone systems with the specified number of

items are shown in Appendices B-9 through B-12.

Crane Cycle Time

A complete cycle of the crane working on the dual cycle, as as-
sumed earlier, may be divided into three phases. As shown in Figure
III-2, the first phase consists of extraction of a partially picked
pallet from home (I/0) location, moving to a storage location, and

depositing the pallet at its storage location. The second phase of
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the crane cycle is the travel time to another storage location and
retrieval of a pallet from that location. The third phase is the
travel time to the home position and the depositing of the pallet
there. Referring again to the Figure III-2 travel time from point A
to point B, extraction time, and storage time are added to get what
is termed in this study the Replacement Time. The sum of the travel
time from point B to point C and the retrieval time is named as Access
Time. And the time taken by the crane in traveling from point C to
point D and depositing the pallet at its home location is called Re-
turn Time.

Crane Cycle Time is the sum of Replacement Time, Access Time
and Return Time. The time of travel between two points is measured
as the longer of the times for the X-axis or the Y-axis to complete
its move; both axes are considered to be working independently. As
shown in Figure III-3 the crane has a constant rate of acceleration
and deceleration. The travel between two points, in X or Y axis,
consists of an acceleration to traverse speed at aconstant rate,
traverse at a constant speed, and a deceleration at a constant rate

until stopped.

COMPUTER SIMULATION PROCEDURE

The system under study is simulated as a discrete model. This
means that the time being the only independent variable all the de-
pendent variables such as scheduling of a new order, take place dis-
cretely at specified points in time. This specified point in time is

considered to be the completion of the crane cycle time for the last
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order in addition to any crane waiting time. A very simplified flow
chart of this simulation procedure is shown in Figure III-4, the
details of which are discussed in the following sections. Simulation
Tanguage used in this study is GASP IV, Pritsker (1974). In order to
fully understand how the simulation works, it would be essential to

look at the data storage and handling in GASP IV.

File Structure

The system under study can be broken down into entities such
as aisle, pallets, crane, operator, etc., and events of scheduling
of an order to be processed. The entities are identified by their
attributes, for example, the X and Y coordinates of a location in
the aisle, the number of item type carried by a pallet, etc. Sim-
ilarly, the event is also recognized by its attributes such as time
of occurence of an event. In GASP IV entities and events are stored
through the use of the file storage arrays NSET/QSET and file proces-
sing routines. Time events and their associated attributes are
stored in File 1. Entities and their associated attributes are stored
in File 2 through the number of files in the storage array NSET.
Events and entities are stored in the files as entries. The attrib-
utes of the entries in the files for the system under study are given
in Table III-1.

Input data for entries related to different files is shown in
Appendices C-2 and C-5. A sample of file storage area at time zero
is shown in Appendix C-3. File(1) in this storage area has the first

entry with Atrib(1) = 0, Atrib(2) = 3, and Atrib(3) = 2. A second
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TABLE III-1

FILES AND ATTRIBUTES OF ENTRIES

File

Number: Attributes Definitions
1 (Event ATRIB(1) Time of event (i.e., scheduled
File) order)
ATRIB(2) Type of item required
ATRIB(3) Number of units required
2 (First pallet ATRIB(1) Pallet number (always "1")
location of ATRIB(2) Type of item on pallet (prior-
all types of ity: Least Value First (LVF))
items) ATRIB(3) X - coordinate of pallet location
ATRIB(4) Y - coordinate of pallet location
ATRIB(5) Number of units on pallet
J(3, N) ATRIB(1) Pallet Number (priority: LVF)
(Each file for ATRIB(2) Type of item on pallet
all pallet ATRIB(3) X - coordinate of pallet location
locations of ATRIB(4) Y - coordinate of pallet location
an item type) ATRIB(5) Number of units on pallet
N = Number of items
types plus 2
L = N+ ATRIB(1) Pallet Number (priority: FIFO)
(Status of pal- ATRIB(2) Operator's time to pick units
lets at home required
position) ATRIB(3) X - coordinate of pallet location
ATRIB(4) Y - coordinate of pallet location
ATRIB(5) Number of units on pallet
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entry is related to the clearing of statistical arrays at time 10,000.
This is the last entry in the input data shown in Appendices C-2 and
C-5. At time 10,000 (ATRIB(1)), with a Code -2(ATRIB (2)) through the
use of GASP subroutine MONTR all the statistical arrays are set to
zero. Further on, in the file storage area, it can be seen that File
(2) is empty af this stage. Files (3) through (7) contain all the
entries related to the aisle locations, i.e., X, Y coordinates, and
pallets. File (8) is empty at time zero. At time 20,000, as shown
in Appendix C-4, the same file storage area looks different. Notice
File (2), which was empty at time zero, has’entries for all the first
locations of all the item types accessed by crane during the past
20,000 time units of simulation run. Files (3) through (7) have all
the entries of the remaining or to-be-replenished pallets. In these
entries, values corresponding to ATRIB(1) can reveal how many pallets
of a particular type of item have left the system. For example, File
(7) shows that six pallets of Item (5) have left the system and the
seventh pallet has 19 units left on it. It can also be observed that
the seventh pallet is stored at the closest to the home location,
since its X and Y coordinates, i.e., ATRIB(3) and (4), are the same
as those of the first location of Item (5) in File (2). File (8)
has the entries of the pallets to be order-picked at home location.
How all this is accomplished and how the whole filing mechanism takes

care of the essentials of the system under study is fully described

in the next section.
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D-Zone and S-Zone systems have the same filing structure ex-
cept that the D-Zone replinished pallets are provided in the locations
outside Zone I, because Zone I handles the partially picked pallets
only. This can be seen (Appendix C-6) in Files (4), (5), (6), etc.,
where, at time 10,000 the storage areas have the fifth pallet missing
(ATRIB(2)). Since the entries (pallets) in the files are numbered
according to their closeness to home location, and are arranged on a
least value first basis, after the first four pallets the fifth, ninth
and so on, are not going to be replenished, and therefore are missing

from the file storage area.

Program Description

The program consists of user-written subroutines, shown in
double rectangles in Figure III-5, and GASP IV subprograms which are
shown in single rectangles. The user and GASP subprograms interact
to simulate the system under study. In this figure the direction of
the arrows indicates that the subprogram, towards which the arrow is
pointed, is called by the subprogram that it is linked with. Each of
the user-written subprograms are described thoroughly in this section.
GASP IV subprograms are also defined where appropriate.

Program Main sets card reader and printer number and sets the
simulation run number to zero. The data which is fixed for the whole
length of the simulation such as frequency distribution of items,
crane acceleration (deceleration), velocity, etc., are read in this

program, and GASP is called.
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In this computer program GASP is the main executive routine
- for advancing time and the status of the simulation. GASP calls
DATIN which initializes GASP IV variables and reads all the data
cards. DATIN calls INTLC which is used to initialize all non-GASP
variables. It also creates the first order by setting ATRIB(1) =
Tnow, i.e., zero, and setting ATRIB(2) and ATRIB(3) equal to the
random deviate generators, DPROB(FX, XVAL, NVAL, ISTREAM) and NPSSN
(IPAR, ISTRM) respectively. DPROB is a deviate generator for obtain-
ing samples from a probability mass function using random numbers
stream (ISTRM = 1). Fx is the vector for cumulative probability val-
ues; XVAL is the vector containing possible deviates that can be
obtained, e.g., 1, 2, 3, 4, etc., and NVAL is the number of values
in the vectors.

Function NPSSN is a Poisson deviate generator using random
numbers stream (ISTRM=2) and parameters from the set (IPAR=1). The
values stored in array PPARM are Column (1) = Mean - Lowest value;
Column (2) = lowest value; and Column (3) = maximum value. This is
read in data card PAR, shown in Appendix C-1. This scheduled event
is then stored in File (1) by calling FILEM(1).

In subroutine INTLC, K is set equal to 1 or 2, etc. as the
runs proceed. In this study the simulation is run twice, first for
the D-Zone system and then for the S-Zone system; therefore TIMST
is called to collect the statistics of variables, PALL, PALLZ2, and
TRIP at time zero. TIMST is used to collect the statistics on time
persistent variable, i.e., the variable that is assumed to have main-

tained a constant value over a time interval.
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The FORTRAN Tistings of INTLC is given in Appendix B-6. Sub-
routine SET is called by DATIN to initialize the filing arrays and
subroutine EVNTS is called by GASP. A flow chart of EVNTS is given
in Appendix B-2. Since this study involves only one event, i.e., a
new order, EVNTS is used as the event routine, which works as des-
cribed below.
Before describing the mechanism of EVNTS, different subprog-

rams called by EVNT and CLLOC are explained briefly as follows:

GASP Subroutines

FILEM (I FILE) files an entry into I FILE.

RMOVE (NTRY, IFLE) removes entry NTRY from file I FILE.

COPY (NTRY) puts attributes of entry NTRY into buffer
storage array ATRIB without removing the entry from the file.

COLCT (XX, ICLCI) records value of XX variable as an observ-
ation on variable number ICLCT.

TIMST (XX, T, ISTAT) integrates variable number ISTAT assum-
ing the value during the intervals up to time T is the value of XX
at the last call to TIMST for variable ISTAT.

HISTO (XX, IHIST) determines the cell number associated
with the value XX for variable IHIST and increases the cell content
by 1.

GPLOT (XX, T, IPLOT) stores values of the dependent variable

XX for a value of the independent variable T with IPLOT being the

plot number.
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GASP Functions

NFIND (XVAL, MCODE, IFILE, JATT, TOL) locates an entry in
file IFILE whose JATT attribute is related to the value XVAL accord-
ing to the MCODE (1-5 available), e.g., MCODE = 5: Value equals to
SVAL + TOL where TOL = tolerance.

NPSSN (IPAR, ISTRM) is a Poisson deviate generator and uses
Stream ISTM and parameter set IPAR.

DPROB (CPROB, VALUE, NVAL, ISTRM) is a deviate generator for
obtaining samples from a probability mass function using Stream ISTRM;
CPROB is a vector for the cumulative probability values for the prob-
ability mass function. Va]ue'contains the possible deviate that can
be obtained from DPROB; NVAL is the number of values in the vector

CPROB and VALUE.

User-written Subroutines

CYCLTM finds the maximum of times that a crane takes, in X
and Y direction, to travel between two locations. It also changes the
crane's X and Y coordinates to the new location coordinates. The
flow chart is given in Appendix B-3.

CLLOC basically schedules pallets to be replenished. For any
particular item type, whenever a pallet is accessed for the first
time, a pallet with the same coordinates but different number is
scheduled in the file of that item type. This ensures the perpetual
availability of the items. If it is other than the first pallet of

any type item, then its location is changed to the closest to the
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home location. It also collects statistics on trips to Zone II or
other than first location in the case of S-Zone. The flow chart is
provided in Appendix B-4.

EVNTS updates the number of orders received, and calls TIMST
and GPLOT to collect statistics on orders. It uses COLCT and HISTO
to collect statistics on units required and item type. It then finds
the file containing pallets of item type required. Now the first entry
in file is found which corresponds to the closest to home pallet lo-
cation. This entry is removed from the file using RMOVE. If it is
the very first location of any item type, the entry is stored in File
(2), by calling FILEM(2), otherwise not. In any case, however, the
travel time to access the location from the present location of crane
(ACT), and from this location to home position (RHT) are found by
calling CYCLTM. At this point replacement time of the pallet in the
previous order, from home position to the replacement location, is
known (RCT; it equals zero if no pallet was replaced from home pos-
ition, e.g., pallet was empty and left the system). CYCLE TIME is
calculated by adding RCT, ACT and RHT statistics collected on these
parameters by calling appropriate GASP subroutines. Units on pallets
are updated. -Meanwhile cycle time per order is found (TCYT) and up-
dated in case a second pallet is accessed for the same order. In the
case when the present order requires the same item type as the prev-
jous one and can be met completely or partially by the present pallet,
cycle time per order is only equal to the RCT of the last pa]]et‘re-
placed. It is important to note here that whenever CYCLE TIME is zero

per order or consists only of RCT/order, it is not included in the
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statistics in CYT, in order to get a fair sample of complete crane
cycles in CYT. By calling FILEM(J) the updated entry is now stored
back into the file. Based on number of units picked by the operator,
and the units available on the pallet, operator picking time and any
units still unpicked, if the pallet did not contain enough units, are
determined.

If this is the first time the present pallet is accessed or,
in other words, if this is the first time this entry is removed from
the file an entry with same location coordinates is stored in the
file at the end of the present entries, by calling CLLOC, with the
one exception of D-Zone, when the first entry of any file is not
restored. In other words, the replenishment in Zone II with the
first pallets of each item type are not made. By calling CLLOC, the
location coordinates of the pallet are changed to the closest to home
location where this pallet is going to be stored back. Once the
units from the pallet have been picked it is stored in File (L) by
calling FILEM(L). When the crane brings the pallet for the next order
at home position it removes the first stored pallet entry from File
(L) by using RMOVE. The entry is now in buffer array ATRIB. At this
point crane and operator waiting times are calculated and statistics
collected. If the pallet does not have any units left on it, it is
removed from the system. Statistics are collected on the number of
pallets leaving the system. In case the units required were not ful-
filled by this leaving pallet the remaining units to be picked are
processed by removing the next entry of this item type and repeating

the above mentioned procedure. If the leaving pallet did satisfy the
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for next order is TNOW ; TCYT + CWT. FORTRAN listing of subroutines

EVNTS, CYCLTM and CLLOC are given in Appendices B-7 and B-8.

FACTORS CONSIDERED

A number of factors may influence the relative performance
of the S-Zone and the D-Zone under study. But the three carefully
chosen factors to be considered in this study, as discussed earlier,
are mainly considered in the two simulated systems. These factors
can be classified as:

A - Number of items stored in the aisle,

B - Pick frequency of an item,

and C - Average number of units picked per order.
Each of these three factors is chosen at two levels, thus resulting
in a total of eight treatments, as shown in Table III-2. Besides
these treatments, two more levels of factor 'C' are also considered
which are: an average of five units per order (CL1), and an average
of 15 units per order (CH1). Different methods employed in generation

of these treatments are described in the following section.
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TABLE III-2
TREATMENTS CONSIDERED

Treatment D -
Symbo-l eSCY"Ip on
AL 5 types of items stored in the aisle
AH 15 types of items stored in the aisle
BL 20% of items picked 80% of the time (20/80)
BH Each item having equal chance of being picked
(equally/likely)
CL An average of 2 units per order (Poisson distrib-
uted)
CH An average of 10 units per order (Poisson distrib-
uted)

Generation of Different
Levels of Factors

In order to have five (AL) item types stored in the aisle, 12
pallets are assigned to each item type. The resulting five classes
of pallets are assigned to the five classes of locations as there are
60 Tocations in the system, such that pallets belonging to the highest
turnover class are assigned to the class of locations closest to the
home (I/0) location. Each item is labeled one to five according to
its class, based on least numbers to the highest turnover class, and
the resulting aisle layout for D-Zone and S-Zone is shown in Append-
ices B-9 and B-10, respectively. Note that in the D-Zone, to initial-
ize the system, one pallet each of the item types is placed in the

zone meant for handling partially picked pallets. The procedure is
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repeated for 15 (AH) units of storage and the resulting layouts are
shown in Appendices B-11 and B-12.

Knowing the cumulative frequency of an item to be picked,
GASP subprogram DPROB can be employed to generate deviates from the
given probability mass function. For a 20/80 (BL) situation the
cumulative probabilities are obtained from an 'ABC' curve, taken
from Hausman and Schwartz (1976), shown in Figure III-6. The ABC
curve ranks all the items in an inventory by their contribution to
total demand, with 'A' items representing high volume items, 'B' the
medium-volume items and 'C' the low-volume items. The value 'S' for
a 20/80 situation can be found by solving 0.8 = (0.2)5, because 20
percent of the items represent 80 percent of the total demand. Know-
ing the value of factor 'S' the demand rate (D(i)), pallets per unit
time of item i, is calculated as S(i)s'1. From this value the freq-
uency of demand for each item type is found as D(i)/z(D(i)). The
cumulative of which for each item type is read in the input data to
give a very close approximation to a 20/80 policy. Table III-3 shows
the results for a 15-item storage situation. The input is displayed
in Appendix C-1, as the cumulative frequency and the corresponding
item type.

In the case of equal chances of any item being picked, the
probability is known and is again treated the same way to get a dis-
crete uniform distribution. For instance, for a five-item type the
probability of each item to be picked is one-fifth, the resulting
cumulative probability of each item is input in the form shown in

Appendix C-1.
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Average order size is approximated to follow a truncated
Poisson distribution with mean units of, e.g., 2(CL), 10(CH), etc.;
a minimum of one unit and a maximum of total number of units on the
pallet, i.e., 20.
With the type of treatments in view, the possible factorial
combinations are shown below (the symbols used are the same as in

Table III-2). Note that elsewhere in this study the factorial comb-
CL—=AL BL CL (1)
BL<
CH—== AL BL CH (2)
CL— AL BH CL (3)
BH<
CH—=AL BH CH (4)
CL—=AH BL CL (5)
BL<
CH—e AH BL CH (6)
CL—== AH BH CL (7)
BH<
CH—== AH BH CH (8)

inations are referred to as numbers, i.e., (1), (2), etc., as alph-

AL

AH

abetical combinations such as ALBL CL, etc., or as a full description.
There were a total of 34 simulation runs made in this study. Once

for each factorial combination corresponding to each of the two al-
ternatives, i.e., S-Zone and D-Zone, runs for two different sequences
of random number seed sets, adds up to 32 runs. Two further runs

are made for the factorial combinations of AL BL CL1 (five units/order)
and AL BL CH1 (15 units/order), making a total of 34 runs. Each sim-
ulation run is 40 to 50 thousand time units long (a time unit equals

a second).
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After an initial running of 10,000 time units (in some cases
20,000 units) to remove any bias due to initial conditions, the re-

mainder of the run lengths are used to obtain experimental results.

SIMULATION STATISTICS COLLECTED

The superiority of one aiternative over the other is judged
by comparing the average crane cycle time or total number of orders
processed, over a steady state simulation run, for the S-Zone and the
D-Zone. This is necessary mainly to collect statistics on crane cycle
times and the number of orders processed. However, statistics regard-
ing other parameters such as cycle time per order, the crane's travel
times from location to location, crane and operator waiting times,
pallets leaving the system, etc., are also collected. Since the
purpose of this study is to obtain a "feel" or comparison of the al-
ternatives under study, a single replication would suffice. But a
set of two independent replications are made with identical inputs,
and different random number seed sequences. The independent runs thus
obtained allow the use of classical analysis techniques with increased
statistical accuracy in grand sample averages and reduced variance.
The sample size within each replication is kept sufficiently large,
i.e., greater than 100 to have a reasonable basis for the same normal
distribution of estimates.

The main purpose of this study is not to identify the "absol-
ute values" of the system responses, but to find the "differences"
among system responses. Therefore it would seem reasonable to compare

both systems using the same sequence of random numbers. The use of
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the same random number also yields in the reduction of variance. As
a matter of fact this is by far the most popular variance reduction
technique used in practice. Apart from the obvious results related
to differences in means, statistical data collected are used to in-
vestigate the effect of different factors simultaneously. This is
done by employing the factorial experimentation technique, and using
a fixed effect model of a three-factorial experiment. The fixed ef-
fect model is used because each factor is studied at two levels, which
are of intrinsic interest in themselves, i.e., these "levels" are not

considered a sample from a large population of "levels" of a factor.
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CHAPTER IV
RESULTS
INTRODUCTION

In order to reduce the bias due to initial conditions, as des-
cribed in the previous chapter, the statistical arrays are set to
zero after the first 10,000 units of time have lapsed. The only ex-
ception being the factorial combinations AH BL CL and AH BL CH, which
are clearedat time 20,000. These limits, for discarding the observ-
ations, are set by looking at the file storage area, and the plotted
data during trial runs. For example, the file storage areas for two
samples of factorial combinations, shown in Appendices C-4 and C-6,
clearly show that around time 20,000 and 10,000, respectively, almost
all the items (files) have been accessed at least once or more than
once by the crane. Plot of orders and cycle time against time prov-
ides a better feel for unsteady and steady periods in any simulation
run. One such example is proyided in Appendix C-7. The initial
conditions cause an unsteady or transient state between time zero and
time 10,000, after which a steady increase in cumulative statistics
for 0, the number of orders, and T, the crane cycle time, indicates
the end of the transient state and a continued steady state period
till the end of simulation. To further assure that the simulation
results are being taken from a steady state period, summary reports

are obtained at intervals of 10,000 time units after clearning the
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arrays. In Table IV-1 statistics related to the cycle time and units
required are tabulated to observe the mean values at different inter-
vals. It is evident from the table that none of the averages for
cycle time at time 20,000 (or 30,000) are more than six percent out-
side the values found at time 40,000 (or 50,000). These results from
the subruns confirm that samples are definitely taken from a steady
state simulation.

The system responses of S-Zone and D-Zone, in terms of aver-
age crane cycle time, are shown in Figure IV-1. Both systems are
positively correlated because similar initial conditions and the same
random number sequence is used. Such a positive covariance yields a
considerable variance reduction (see Kleiznen, 1974). However, Hillier
and Lieberman (1974), observe that the use of the same random number
sequences results in observations which are not independent and there-
fore make statistical analysis difficult. But since only two systems
are compared in this study, the percentage differences of the two
responses are calculated, which are mutually independent and hence

easy to analyze.
ANALYSIS OF RESULTS OF MAJOR INTEREST

Crane Cycle Time and Orders Processed

It is obvious from the definition of parameters about which
statistics are collected that the crane cycle time is the most signif-
icant measure of the system responses and an indicator of the through-

put of the two systems. The total number of orders processed is not
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STEADY STATE OBSERVATIONS FOR UNITS REQUIRED AND CYCLE
TIME AT DIFFERENT INTERVALS OF SIMULATION RUN

FACTORS Ron D-ZoNE S—~ZONE
NuMBER| FICK MEAN VLENGTH | uNirs | eveee |oniTs | eyeee
Zrems | FREGUENCY ‘s’fﬁf SEcoms Req’p. | 7imE | Req’p. | 7TIME

20k |[/-993 | 35-35] 1.992 | 44.95

€ | 30k |2.082|35-01| 2-03¢| 44.15

a1 (2 | dox |2-07634.84| 265 | 43.7/

%) | o 20k | 9-9I5 | 40-82| 9-87/ | 47.99

3ok | lo-03 | 40-37| 9.997| 47.24

AL 0) | qok |lo-03 | 4028 | /0-04| 47.09
® 20k |/-98¢| 36-70| 1-949| 46 -4
2 30k | 2.069] 3¢-86|1-964| 47.38

sy | B | Aok | 2-07¢| 3678 2- 053] 469
(Zgz% 2ok | 9.860 42-41| l0-21]|50.25

A | 20k 19-992| 42.26) /008 | 5041

o) | 4ok o032 | 42.25) [o./o | 50.47

3ok |2-038 | 4/-12 | 1-972| 4647

CL| gok | 2-677| 40.45| 2108 | 46-73

87 Q) | Sok |2-077| 40-62|2-08 | 4605

(20/80 Jok |lo-12 | 44.64| 9-S02| 45.43

CH | ok | o014 | 44.39| (0-07 | 48:39

ry o) | Sok 1010 | 44.-35|/0-08 | 4816
(15) L, |20k |1-945| 435/ 1955 51-98
3ok | 1967|4373 |-972]| 57-90

5 A a0k |2.055| 43.7%| 2. 02| 51.92
(Equany 20K |Jo-06 | 47.6/ | I0-3/|54-50
LIKELY) CH Jok. | 10-00 | 47-59| Jp.07 | 54.17

YD 20k | 10.08 14747 | j0-08 | 53-84
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a true representative of throughput because of two main reasons.
First, except for the crane cycle time, all other factors such as
crane maintenance and repair time, etc., have not been considered in
its measure. Second, those orders which involved no crane travel time
because the item required was the same as the item on the last order
make it a biased estimate of orders processed. On the other hand,
he average crane cycle time does not include zero crane travel times,
i.e., when the crane was waiting.

It may be worthwhile to define crane cycle time more specif-
ically in addition to the general definition explained in the previous
chapter. The crane cycle time could be made up of any of the three
distinct situations. The first situation arises when the current
order is filled fromthe pallet brought at I/0 location for last ord-
er, which means the crane cycle time for this order would be zero.

The second situation may consist of an order not completely filled
from the pallet brought to the I/0 location. This means that the
crane cycle time would be the sum of the cycle time in bringing the
first pallet to I/0 location, which partially filled the order and the
cycle time in bringing the next pallet to I/0 location of the same
item type to fill the remaining order. The third type of situation

is the most common process of the crane cycle time in bringing only

a single pallet to I/0 location which filled the order completely.

The average crane cycle time is derived from the statistics collected
on the crane cycle times other than zero, i.e., the first of the three

situations described above.
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The average crane cycle times from the results of runs with

two different random number seed-sets are presented in Table IV-2.

o e T T o s SRS i

Comparing the means for D-Zone and S-Zone as shown in Figure 1v-2,

it is evident that for all eight treatments, means for D-Zone are

less than ;hose for S-Zone. Obviously, this shows a significant
superiority of D-Zone over S-Zone, but before a general conclusion

is drawn, the effect of different factors should be studied further.
Figure IV-1 illustrates that there are A, B, and C main effects but
the response curves are not exactly para]]e] to conclusively indicate
that any kind of interaction is absent. In order to study the re-
sponses further and to determine the effect of three factors—types of
items (A), pick frequency of an item (B), and the average number of

units per order (C)—each at two levels, on the response, i.e., the

experiment is used. A randomized block design with two replications,
i.e., two blocks, is used, and the blocks are arranged to allow furth-
er elimination of differences due to the random numbers generating
process in the computer, if such differences exist. Table IV-3 shows
the results of a preliminary ANOVA. These results show that the
treatment differences are highly significant, thus allowing for an
in-depth study of the main effects and the interactions.

Contrast of treatment totals are used (Daniel, 1976) to calc-
ulate the final ANOVA for the percent change data which is shown in
Table IV-4. It reveals that neither the AB, the BC, nor the ABC in-
teractions are significant. This means that something can be said

about the AC interaction and the B main effect. Notice, however,



TABLE IV-2

AVERAGE CRANE CYCLE TIME

REPLICAT foN 7ty  RANDOM
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TABLE IV-3
PRELIMINARY ANOVA (CYCLE TIME)

Source df SS MS F
Total 15 503.20 4.480
Blocks 1 2.193 2.193 145.22**
Treatments 7 497.58 71.083 '
Error 7 3.427 0.4895

Coefficient of Variation = 3.926%

Standard errorof TMT. Mean = 0.245

TABLE IV-4
THE FINAL "ANOVA" (CYCLE TIME)

Source df MS F
Total 15
Blocks 1 2.193 4.480
A - main effect 1 252.81 516.46**
B - main effect 1 57.53 117.53**
C - main effect 1 179.69 367.09**
AB interaction 1 0.483 0.99
AC interaction 1 6.94 14.18**
BC interaction 1 0.116 0.24
ABC interaction 1 0.0036 0.007
Error 7 0.4895

**Significant at the 1% level
A = Mumber of items; B = Pick frequency; C = Average order size.
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that the A and the C main effects are highly significant and it would
be meaningful to look at the A and the C main effects as well.

The next significant result to be analyzed is the percentage
change in orders processed in the D-Zone as opposed to the S-Zone
system. For this purpose again a 2x2x2 factorial experiment is used
to Took into the percentage increase in the number of orders processed
over a period of 30,000 seconds. Using the results of two replications
as shown in Table IV-6, the preliminary ANOVA and the final ANOVA are
calculated and are given in Tables IV-5 and IV-7. Preliminary ANOVA
shows that treatment differences are significant. Final ANOVA reveals
that none of the first or second order interactions, i.e., AB, AC, BC
and ABC, are significant. However, it shows that the main effecfs of
A, B, and C are highly significant. Thus something can be said about

all the main effects.

TABLE IV-5
PRELIMINARY ANOVA (ORDERS PROCESSED)

Source df SS MS F
Total 15 492.78

Blocks 1 0.62 0.62 _ 0.21
TMTS 7 | 471.28 67.33 22.57**
Error : 7 20.88 2.98

Coefficient of variation - 9.76%




MAXIMUM NUMBER OF ORDERS PROCESSED

TABLE IV-6

(OVER A PERIOD OF 30K SECONDS)

FACTOR S Kebin Secn Cer 2| momsex seen ey 2 | neavesmon)
NUMBER | PICK MEAN PERCENT PeRcenT | PERCENT
rrEms | FREQUENCY| G228 D-Zone | s-zone | comwge | D-zowe | S-zone| cranae | Crance

g | & | 98e | 809 |2188| 947 | 748 |26-60 | 2424
" (2980 oy | 584 | 510 | 14-51| 576 | 490 |17.55| 16:03
1 gy 5 | 872 | 650 | 26.38| 868 | 680 |27.65| 27.01

ERUALLY

(Baumiry 1533 | 445 | 19.78| 533 | 446 | 19.57| 19-64

B |5 | 776 | 675 | 14-9| 727 | 656 |/2-96| 13-9¢
m |0 | 519 | 466 | 1030 480 | 442 | B-6o| 9-45
) | gy fzj 689 | 58! | 18-:59| 678 | 580 | 16-90| 17-74

( EQUALLY

Lwew) | G| 450 | 396 | /3-6¢4| 440 | 388 | 13.40| 73-52
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TABLE V-7
FINAL ANOVA (ORDERS PROCESSED)
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Source df MS F
Totals 15
Blocks 1 0.62 0.21
A 1 260.10 87.28**
B 1 50.73 17.02%*
C 1 147.80 49.60**
AB 1 0.54 0.18
AC 1 11.71 3.93
BC 1 0.32 0.11
ABC 1 0.08 0.03
Error 7 2.98

**Significant at 1% level
Number of item types:;

Pick frequency

Units (average) picked/order




57

Report of Statistical Analyses

Crane Cycle Time

The results of the AC interaction and the A and the C main
effects are shown in Table IV-8. This table shows that when A is low
and C is Tow, the percent change is at its maximum. The combined ef-
fect of one factor at low level and the other at high level seems to
have approximately the same response. However, increasing both fact-
ors to their highest level decreases the response to the Towest value.
Looking at the A and the C main effects independently, it is clear
that the main effects are acting in a manner similar to each other.

It seems that if the A or the C main factor is at lTow level it tends

to give greater percent change than at higher levels.

TABLE IV-8
FACTORS A AND C (PERCENT CHANGE IN CYCLE TIME)

A
CL CH . Standard
Factor A . . Main
(2 un1ts) (10 units) Effect Error
AL (5 items) 25.80 17.78 21.79 0.35
(for the AC
interaction)
AH (15 items) 16.54 11.15 13.84 0.247
(for the A and
the C main
effect)

Cvain effect 21.17 14.47
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The results of B main effects are tabulated in Table IV-9,
which shows that a 20/80 pick frequency (i.e., BL) is less favorable
to the high percentage change in the crane cycle time than an equally

Tikely (i.e., BH) picking policy.

TABLE IV-9
FACTOR B (PERCENT CHANGE IN CYCLE TIME)

Factor B BL (20/80) BH (Equally Standard Error
1ikely)
Percent change 15.92 19.71 0.247

Orders Processed

The percentage change in the orders processed (see Tables
IV-10 through IV-12 below) very closely resembles the results of
cycle time changes except that there is no indication of interaction
between factors A and C. It is also apparent these percent changes
are almost proportional to the cycle time changes at different levels
when comparing the D-Zone and the S-Zone systems. In other words,
by not utilizing a D-Zone policy, the percent increase in the crane

cycle time causes approximately an equal percentage decrease in the

number of orders processed.



TABLE IV-10
PERCENTAGE CHANGE IN ORDERS PROCESSED
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FACTOR A
AL AH
Factor A (5 items) (15 items) Standard Error
Percentage change
in orders proc- 21.73 13.67 0.61
essed
TABLE IV-11
PERCENTAGE CHANGE IN ORDERS PROCESSED
FACTOR B
BL BH
Factor B (20/80) (Equally Standard Error

Tikely)

Percentage change
in orders proc- 15.92 19.48
essed :

0.61
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TABLE IV-12
PERCENTAGE CHANGE IN ORDERS PROCESSED
FACTOR C

CL CH

Factor C (2 units) (10 units) Standard Error

Percentage change

in orders proc- 20.74 14.66 0.61
essed
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Blocking has little effect on the experimental error in these

trials. Apparently the variation due to random number generator in

the computer from run to run is very little. The relative variation

among the two replications is also not very excessive (coefficient

of variation being 3.926 for cycle times and 9.76 percent for orders

processed). A very insignificant ABC interaction .can be taken as an

error term rather than an interaction.

Access, Return and Replacement Times

The mean values for each of the eight factorial combinations
of these parameters are given in Table IV-13. Looking at the observ-
ations for each factorial combination for both D-Zone and S-Zone, it
can easily be seen that the means of a D-Zone are lower than those of
an S-Zone. However, from the calculated percentage differences be-
tween means, the following table can be deduced, showing the percent-

age change in mean time in using D-Zone over S-Zone. From the table

. . . Percent change in
Fa%$0r1$1 Cgm?1nat1ons Access- Return-  Replacement-
reatments ™ ™ ™
A11 "CL" (2 units) High Medium Low
A11 "CH" (10 units) with . .
"AL" (5 items) High Low Medium
A11 "CH" (10 units) with Medium Low High

"AH" (15 items




TABLE IV-13

MEAN ACCESS, RETURN AND REPLACEMENT TIMES (SECONDS)
(AT 40K SECONDS USING RANDOM NUMBER SEED SET I)

FACTORS ACCESS TIME RETURNY TIME REPLACEMENT TIME
NMUMBER |Prck MEAN PERCENT PERCENT PERCENTY
17ems requency | 225 | 0-zowe | s-zowe|cuane | o-zone| s-2owe| cunne| D-zone | S-zane| coance
5 2y | 10-34 | 1346 |30.17 | 11-92 |14.7¢ | 23.83| 1735 | 20.57| /8-5¢

i (29/80) (‘,‘g 22:70 | 15-00 | 8.1y |13-42|14-86|10.73 | 17.28 | 20.75 | /6. 67

=) BH fj) Jo-67 | 14.21 |33-18 | /2.38 | 15-92 | 28-59]| 17.72 | 21.87 | 23.08

(Effffivy) oy | 13-05| 15-64|19.85|/3.88 | 16-08 |15.85 | 17.69 |21-67 | 22-50

g | | 7179\ 14.05)19.17 | 12-82| 14-56| 13-40) 1838 |20.45 | 11-2¢

g L9 | oy | 1339| 14.62| 9-19 | /13-95| 14-63| 4.87 | 1.33| 20-52| 1195

") | gy 2’2‘) /2.49|75-04120.90 | /3-86 | %6-53|19.26| /9.43|22-55| 16- 06
e i\ 1g.05| 15.64| 11:32 | 12-93 | 16-52| 10-65|19.35 |22-55 | 16 54
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it can easily be seen that replacement time offers little in reduc-
ing the overall cycle time if mean units picked per order are low,
but it performs better as C is used at higher level especially with
factor A at higher level too. Access time is the major reducing fact-
or in crane cycle time, as long as both C and A are not raised to
their highest levels. Return-time'seems to be responsive only to
change in C; at low level of C it offers more reduction than at high

level of C.

DISCUSSION OF RESULTS OF PARAMETERS OF LESSER SIGNIFICANCE

The crane and the operator waiting times for both the S-Zone
and the D-Zone systems are shown in Table IV-14. The crane waiting
time is always found to be much less than the operator waiting time.
This is so because orders are scheduled immediately after a crane
cycle is completed and the crane does not have to wait for an order
to come. The only time the crane has to wait is when more than one
consecutive order requires the same type of item and the total time
taken by operator to pick these orders gets more than the crane cycle
time in bringing the second pallet to the I/0 location. Comparison
of S-Zone and D-Zone, as illustrated in Figure IV-3, makes it obvious
that both the crane and the operator waiting times are lower in the
D-Zone than those in S-Zone. The results indicate that the most re-
duction in the operator waiting time is offered by a combination five-
item type, equally likely pick frequency and an average order size of

two units, when a D-Zone system is used. A combination of 15-item



TABLE IV-14

AVERAGE CRANE AND OPERATOR WAITING TIMES
(AT 40K SECONDS)

FACTORS CRANE WAITING TIME OPERATOR WAIrING T/IME
/;(;ggsk ?e,ggw/vcy 0353?2 D-20NE | S—-zonE ;iiii‘: D-ZONE | S—~ZoNE iiﬁgy
BL 2y | 0-0s6 o047 | 19-15 | 28-86 |36-7% |27.37

AL (20/80) (%') 005 |0.090 |/6-67 |32-73 |39-Jo |35-48
() BH (Cz‘) 0.025 | 0-025 | 0.00 |31-99 | 4/.05 |28-32
(Cnctes) S | 0059 | 0c062 | 508 |35.62 |43.02 | 20.77

BL |q |00r3 | 0006 | 667 |37.56|43-45 | /5-68

" (2/80) | ¥ Vo.025 | 0027 | oo |39.31 | 43-03 | 9-46
“s) 8K Cz‘) 0.008 | 0009 | /12:50 | 41.03 | 48-77 | /8- 8¢
Caenes iw L 0.ot0 |00tr | 1000 | 42:93 | 49-03 | 1421
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types, 20/80 pick frequency, and the average order size of 10 provides
the least reduction in operator waiting times. Overall, the D-Zone
is better than the S-Zone system because the D-Zone allows more rapid
handling of pallets as a result of reduced crane travel times.

Table IV-15 shows the percentage of change in accessing a
second pallet for the same order for the S-Zone and the D-Zone systems.
These results show that a second pallet is accessed more often in D-
Zone than it is in S-Zone. This happens because there are more orders
processed in the D-Zone than there are in the S-Zone.

Table IV-15 also shows maximum trips (same as the number of
leaving pallets) made to Zone II in the case of a D-Zone and the
number of tfmes the next pallet is accessed after the last pallet
left the system in the case of the S-Zone. The results again show
that since there were more orders processed in the D-Zone the number
of pallets leaving the system or the number of times the crane makes
a trip to the second zone are higher than those of S-Zone. Under
similar conditions, using the same random number seed if the number
of orders processed are kept the same the statistics in Table IV-15
would not differ for the D-Zone or S-Zone systems. This point can
easily be demonstrated by looking at the ratio of second pallet
accessed to the corresponding number of orders processed for the S-Zone
and the D-Zone in any factorial combination. For instance, for AL BH
CL combination, taking the values of SECON-PA and ORDERS from Tables
IV-15 and IV-5, respectively, the SECON-PA:QORDERS ratio for the D-Zone
(61/872 = 0.07) and the S-Zone (49/690 = 0.07) turn out to be the

same.



TABLE IV-15

STATISTICS COLLECTED ON PALLETS IN MAXIMUM NUMBER
(AT 40K SECONDS WITH RANDOM NUMBER SEED SET I)

TRIPS TO ZONEX SAME AS

FAC,O'QS f::o;ze PSAALI:I-EErozgcngSSED PALLETS LEAVING THE SYSTEM
NUMBER | FIck [Ean PERCEN T PERCEN 1
[f%ws FREQUENCY S,ng'? D-ZONE | S-ZONE | CHANGE | D-ZONE | S-ZONE| CHANGE

Ce .
51 2 | 57 43 32.5¢ | 127 /04 | 22.72
2
y | 78 | 343 | 298 | 1500 | 390 | 338 | /5.38
SN P I Y 49 | 24-49| 113 | 90 | 2556
(EauaLLy
Likeey) | S| 325 | 271 | 19:93 | 360 | 300 | 20.-00
Be % 45 | 39 |1538| 93 | 82 | 13-4
(20/8 CH : .
” ) | | 288 | 264 | 9.09 | 335 | Jo5 | 9-84
B e |G| 39 33 | 1808 | 82 77 | 6-49
(£ouacey
Likeey) | ooy | 268 | 233 | 1502 | 29¢ | 267 | 13-4/
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The ratios of second pallets accessed as a function of the
total orders processed can be used to find out the average cycle time
per order, excluding zero crane cycle times. For example, for the
same combination AL BH CL, the average crane cycle time for the D-Zone
is given in Table IV-2 as 36.61 seconds. Then the average cycle time
per order can be found as 36.61 (1 + 0.07) = 39.17 seconds per order.
Similarly, for the S-Zone, it would be 46.58 (1.07) = 49.84 seconds
per order excluding orders with zero crane cycle time.

The four Tevels of C, i.e., the average order size, give a
much better idea of cycle time and number of orders processed (given
in Table IV-16) when plotted as in Figure IV-4. The trend indicates
that both the S-Zone and the D-Zone behave similarly to each other
and as the number of units picked per order is increased, the cycle
time increases and the total number of orders processed declines.
However, the D-Zone continually maintains its superiority over the

S-Zone, though decreasing as level of C, i.e., order size, gets higher.



TABLE IV-16

AVERAGE CRANE CYCLE TIME AND TOTAL ORDERS PROCESSED

(AT 40K SECONDS USING RANDOM NUMBER SEED SET I)

FACTORS CRANE CYCLE TIME 707AL ORDERS PROCESSED

NOMB g R|PICk 'Zfé' AN PERCENT PERCEN 7
zr"&st FREQUENCY ;f;f;.“ D-ZONE | S-ZONE |CHANGE | D-ZoNE| S—-ZoNE \CHanvGE
7 | 3499 | 42.98 | 22-84 | 1305 | 1074 | 21.51

| se | s | 3743 | 45-04| 20.33 | 1047 | 869 | 20-48
%) |(2%0) \en | 45,30 |26 22| 1507 | 777 | 676 | 149
| 42.60| 48.52| 1390 | 621 | 545 | /3.9¢
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CHAPTER V

CONCLUSIONS

SUMMARY OF RESULTS

Simulation results demonstrate that significant increases in
throughput are certainly achievable if a zone for partially picked
pallets, located closest to home (I/0) station, is provided in end-
of-aisle order picking AS/R Systems. The increases in throughput are
achieved by decreases in crane cycle times. The reductions in crane
cycle time vary under the influence of different factors considered
in this study. Estimation of the confidence intervals for difference
of factor means for percentage difference among crane cycle times, of
a D-Zone system as opposed to an S-Zone system, provide the following
results which can be reported with a 95 percent confidence level.

Percent change in crane cycle time, with five item types
stored in the system, is somewhere between seven and eight-and-three-
quarters percent higher than that of 15 items stored in the system.
With a 20/80 item turnover policy, percent change in crane cycle time
is about three to four-and-a-half percent lower than with a policy
where each item has an equal chance of being picked. Percent change
in crane cycle time with an average order size of two units is some-
where in the range of five-and-three-quarters to seven-and-a-half per-

cent higher than that with an average order size of 10 units.
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Crane cycle time is the most important measure of the system
response in this study, and almost all other results, such as total
orders processed, etc., are directly affected by increase or decrease
in crane cycle time. Therefore the discussion in the previous chap-
ter on the results of such parameters is considered sufficient.

The magnitude of results in this study may seem conservatively
Tow as compared to Hausman and Schwarz (1976) paper because the crane
cycle time, in this study, includes such factors as the crane accel-
eration and deceleration times and the crane's extraction and deposit
times. The exclusion of these factors from the measurement of the
crane cycle time may make the results more attractive but definitely
unrealistic and overstated. For example, in a particular run the
crane cycle times for the D-Zone and the S-Zone systems are found
34.84 and 43.71 seconds, respectively. The crane cycle time is 25.46
percent more for the S-Zone than that for the D-Zone. If only four
extraction and deposit times were excluded from these cycle times,
i.e., 24 seconds, the cycle time would have been 10.84 and 19.71
seconds for the D-Zone and the S-Zone systems, respectively. This
gives the dramatic result of 81.83 percent more time spent per cycle
if zoning is not used. In other words, the results indicate a re-
duction of 20.29 percent, and 45 percent in the crane cycle time by
using the D-Zone system, with and without inclusion of the crane ex-
traction and deposit times, respectively. Similarly, the exclusion

of the crane acceleration/deceleration times will further exaggerate

the results.
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GENERAL CONCLUSIONS

This simulation study substantially supports the raw idea en-
visaged in the formulation of this problem: That by introducing a
zone in the aisle, located closest to home (I/0) location, which handles
only the recycled or partially picked pallets in an end-of-aisle order
picking AS/R System, crane travel times can be reduced. The scope of
this reduction does not seem to be limited to those AS/R Systems which
use strictly an end-of-aisle order picking, but where the ratio of
average number of units picked per order to total number of units per
pallet are low and always less than one. In other words, zoning may

not be effective if full pallet loads (unit loads) are to be handled.

This is because, as the average units picked per order approach the
total number of units on the pallet, the utilization of the zone for
partially picked unit$ diminishes, leaving very little difference
between the S-Zone and the D-Zone systems. But the results of this

study can easily be extended to include remote, and in-aisle order
picking systems. "Mini-load" systems, using end-of-aisle, remote,

or in-aisle order picking, can further minimize the size of storage
space, by zoning the aisles for recycled or partially picked pallets
of each item type, thus adding more space to the production areas.
It can be said, fairly confidently, that a reduction in cycle
time of about 20 percent can be achieved provided the average units
picked per order and total units on pallet ratio is kept as Tow as

1:10. As this ratio increases to 1:2 the reduction in crane cycle
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time is dropped to between six to seven-and-a-half percent. Inter-
estingly enough, the number of item types stored in the aisle show
similar results. The lower the number of jtem types stored, the high-
er the reduction in crane cycle times and vice versa. Apparently
this is because, as the number of items grows larger the size of the
zone which handles the partially picked pallets also grows 1afger,
thus increasing the crane travel times. With five items the zone
closest to home is one-twelfth the size of the aisle, while with 15
items it grows to one-quarter the size of the aisle. Which, in other
words, suggests that zone-to-aisle size ratio should also be kept as
small as possible to obtain maximum benefits of zoning.

Item turnover or pick frequency seems to give a little under
20 percent of reduction if each item is picked with equal probability
rather than a 20/80 situation, which drops the reduction to around 16
percent. This is happening because in a 20/80 situation the crane
travel is restricted to 20 percent of the items 80 percent of the
time. And in this particular study 20 percent of the items are lo-
cated almost in the same area of the aisle whether or not zoning is

employed. A careful study of layouts in Appendices B-9 through B-12

would make this point more evident. The main factor causing this
is the relatively small size of aisle under consideration. In a
large size aisle a 20/80 situation will most certainly be more ad-
vantageous than an equally likely policy.

The best possible combination of different factors, with the
greatest possible reduction in the crane cycle time, is found to be

the one which has the least number of item types‘in the aisle with
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each item type having equal chances of being picked, and an average
order size of one-tenth the total units on the pallets. As opposed
to this the system in which a large number of item types are stored
with 20 percent of them being picked 80 percent of the time, and the
average order size is half a pallet load, carries the least prospects
of improvement by zoning.” In fact the improvement of about eight per-
cent may not be attainable, in the presence of other factors in actual
practice.

In the end it must be pointed out that although this study does
prove the increase in throughput by decreasing the crane cycle times
in adapting a zoning policy for partially picked pallets, it is limit-
ed in scope and explorative in nature. Therefore, one should refrain
from deriving any broad-based conclusions. Nevertheless, it is well
established that the benefits of zoning would largely depend on not
only the order size, number of jtems stored, or turnover policy but,
more specifically, on ratios between order size and units on pallets,
zone and aisle sizes, as well as the number of item types and aisle
size. The Tower these ratios are, the higher will be the reduction

in crane cycle time, resulting in increased throughput .
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RECOMMENDATIONS

This study can be extended to several areas of Automated
Storage and Retrieval Systems, the only restriction being that the
system must be operating on order picking and not full load handling.
It is, however, strongly recommended that all order picking AS/R
Systems should consider zoning of the partially picked pallets (loads)
close to the home location in the aisles. In searching for the
potential increase in throughput in a particular system, it is rec-
ommended to include the following feature in the model to be simul-
ated. The modified model should include two queues, one for orders
to be retrieved, and one for orders to be stored, independent of each
other. These queues should be in addition to the queue for the part-
ially picked pallets, waiting after order picking, to be stored back
into the system. This would be closer to the real world situation,
where a single crane may have to handle the replenishments, simultan-
eously, with the retrieval and storage of existing pallets.

For future research it is recommended to investigate the ef-
fects of zoning on the throughput of a system where pallet assignment
is permitted. This means that pallets may be carrying units belonging
to several different item types. Many users of AS/R Systems utilize
this situation where one pallet carries a number of items that are
often required together. This way only one pallet is retrieved to
fill several requests. Whether or not zoning will help improve the

effective throughput of such systems would, perhaps, largely depend
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on what order picking and replenishment techniques are used. Again,
it can be safely said that zoning will certainly improve the through-
put if the pallets are picked partially and not fully. However, the
exact potential of zoning in this area remains to be explored. These
extensions, along with the present study, enhance the existing tech-
niques of increasing throughput available to the users of Automated

Storage and Retrieval Systems.
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ACCES-TM

ACT

ATRIB(I)

AVE-CYT
AX

AY

CRT

CR - WT -TM
CWT
CYCLE-TM
CYT

DX

DY

FX

I
ITM-TYP
J
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APPENDIX A

VARIABLE DEFINITIONS
Crane travel time between two locations plus
the retrieval time.

Crane's access time from one location to another
(includes one extraction).

Buffer storage for the Ith attribute value to be
stored in or removed from file storage area.

The crane time per order. .

Constant and equal acceleration and deceleration
rate in X (horizontal) direction.

Constant and egqual acceleration and deceleration
rate in Y (vertical) direction.

Crane retrieval/extraction/deposit time.

Crane waiting time (idle time).

Crane waiting time.

The sum of one REP-TM, one ACCES-TM and one RETUN-TM.
Crane cycle time (sum of RCT, ACT and RHT).

Critical ratio in X direction.

Critical ratio in Y direction.

Cumulative probability of an item being picked.

The current number of entries in File "L".

Type of item required per order.

Number of file the item type to be retrieved is
stored.

Simulation run number.



LEVIN-PA
LoC
M

M
MFE(J)

N

N

NCRDR
NNQ(L)
NPRINT
OP-WT-TM
ORD
ORDERS
OWT

PALL
PAL2

PRT
RCT
REP-TM

RETUN-TM
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Number of last file to carry the attributes of
pallets at home position.
Number of pallets leaving the system.
Location of the entry in a file.

Number of bays in the aisle (columns)--Program
"ASIGN"

Number of item type in a particular order.
Pointer to the first entry in file J.

Number of tiers in the aisle (rows)--Program "ASIGN".
Number of file containing last item retrieved.
Card reader number.

The current number of entries in file L.
Printer number.

Operator waiting time.

Number of order.

Total orders.

Operator waiting time.

Number of pallets leaving the system.

Number of times a second pallet is accessed to
fulfill an order.

Manual rate of picking units from the pallets.

The time the crane takes to replace a pallet back
at a location (includes one extraction and one de-
posit).

The extraction time of a pallet at home position and
travel time to a storage location plus deposit time.

Crane travel time between a location and home
position plus deposit time.



SECON-PA

T

T2
TNOW
TNPAL
TRIP

TRIPZON2

TUN
TYP
ULEF

UPIK
UNR
UTL
utoT
VX
VY

X
XNEW
XOLD
XVAL
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Number of times a second pallet is accessed for
the same order.

Total travel time of the crane.

Time for the X-axis to complete.

Time for the Y-axis to complete.

Current time of simulation.

Number of pallets per item type.

Number of times a trip to second zone is made (in
the case of a D-Zone) or a second pallet closest

to home is accessed (in the case of an S-Zone).

Number of times a pallet other than first is
accessed or trip to the second zone in D-Zone aisle.

Total number of units each pallet has.
Item type required for an order.

Number of units left after ordered units are
picked (negative if order is unfulfilled).

Number of units picked per order.

Number of units required per order.

Units Teft on pallet after order has been processed.
Total units on a pallet at retrieval.

Constant traverse speed in X direction.

Constant traverse speed in Y direction.

Number of columns.

Crane's present location (X-coordinate)

Crane's previous location (X-coordinate)

Number of items to which FX corresponds.

Number of rows.



YNEW
YOLD
ZX1
ZY1
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Crane's present location (Y-coordinate).
Crane's previous location (Y-coordinate).
X-coordinate of a location.

Y-coordinate of a location.
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PROGRAM
( ASIGN
Y

SET:
AX = [20 Y-ACcELersTy

| DIMENS /oA
A(lI5,40)

AY = 095 Y- AeceeRAl)
VX = 5.833 x-VeLociry

VY= 1.0 Y-VErocrry

Find VALUES:
px =(VX)2/AX

SET:
N = NomAeR oF Rows (V)
M = NOMBER &F Colomw

{

.

Row
Do I = Rew =I,Nj

t

Do J=Corw f’,’f@
1
Na FLoar ()
Y ®» FLOAT ()
NO SET:
l T =2%/Ax
YES SET: VX X
T1 zz-’-( + -v-'x
SET: YES
T =T2 ‘
A= T No
WRITE T, J, Mo
SET:
ACI)J) . r-‘ 7- - 7',

YE&S

NO

B-1.

SET:
L T2 = 2[v/aY

SET
vy L Y
T2=2v* vy

( SToP )

i

. |

CONTINUE

.

Flow chart for program "ASIGN".
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B-2.

SUBROUTINE
EVNTS

SET: N=J(7HE LAs
FILE 2 PALLET CALLED

SET: TCYT = ©

!

COUNYy oRDERS

(€. ORD = ORD +1
CALL TIMST AND

GPLOT
SET: ,
ONITS REQD = UNR

= ATR/8(3)
L7EMTYPE =7vp. ATRIBG;

CALL COLCT AND Hisve

SET: Ta T YP42
s rue nomser o

FILE Conramnmy G

PALLETS oF REQ'D
I76Mm TYPE.

SET: LoC =MFE )
To FIND 7yis ENTE

CALL RMOVE (Zoe,r)
EIND TorAL UNirs on

CALL FILEM (2)

O

Flow chart for subroutine "EVNTS".
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SET: XNEW = ATRIB (3)
YNEW =ATRIR (4)
CALL eyeLramy anp
FIND ACCESs TimeE

ACT=T+/ . 7. cALL
CoLerT.

SET: XNEW» O

YNEWs ©
CALL CYCr7M AND
FIND RETYRN TiME
70 I/o RHT=T+CRT
CALy Coecr

FIND CYCLE 7/ME
CYT7T =2 ACT+RHTHRCT
CALL CoLCr amo GPLO

1

SET: M = ATRIE(/)
€. NUMBER oF LAST
PALLET CALLED

UPDATE UNiTs LeFr
ON PALLET ATRIBG) |———am TCYT=CYT3TEY?

= ATR/B(S) - UNR =ULEF

CALL FILEME)

IS
UNITS PlckeDd No ULEF > o YES 0N;7‘$ P;;.::p
UPIK = UNR-AB § (ULEF) o UPIK = : R

OPERATOR Plcking
TIME je. ofPr
= UPIk (PRT)

B-2. "EVNTS" (continued)



YES HE SECOND

Ruw ‘e

SET: ATRIB(2) = OPT
AND SToRE /e
‘ CALL FILEM (L)

'

SET:] = NNQ(L) ;J

(€. NOMBER oF Enrexse
N FILE (L )

Car cLeoc ——o

REMOVE THE F/RST |
ENTERY FroM FILE(CL)

CALL RMoYE(MFE(R),L)

OPERATOR WArrin ¢
TIME, OWT = o

CWr =ATRBQR)-CY7

CRANE WAITING TIMIE
Seane CALL coLeT (EWT)s)
OWT = CYT-ATRIB(2) CALL Coler(owT, 8)
Remove EMPTY YES
PALLE T,

CALL RMovE(MFER),T)

1

COUNT PALLET s
| LEAVING THE sSySTem NO
PALL= PALL 1

CALL e

B-2. "EVNTS" (continued)




SET: UNR = ABS (ATRIB (5)
PAL2=PAL2 41 /e,
UPDATE THE SEconD
PAULE rs ACCE¢sEp
FoR SAME oRdDER.
CALL TIMST

No PALLET (EmPry)
REPLACED re,
RPCr=o

SET1 XNew = ATRIE3)
YNEW = ATRIB (4 )
CALL CYciTM Anp

FIND REPLACMENT

7IME RCT=T+2(ceT)
CALL CcoLer

!

Scueovrs NEXr
LRDER

ATRIBCD =TNow g TeY T
+* ewr

ATRIB(2) = Draog... -

ATRIB(3) 2 NPSSN(--- >

1

CALL FiLem ()

cAlL coter(Teyr, 9)

!
C,efrae/v )

END

B-2. "EVNTS"

(continued)




SUBROUTINE
cYCLTM

Find TIME IN X- AXIS
Qe n
=YX

i + A8S (XNEW-X0LD)

FIND TIME IN Y= AXIS
Tl=0 a z(Jms(xnew-xoLD)/Ax)
t

AL SoLyTE
YNEW- YoLD)

>DY
¢

- FINP TiM v Y - AXIS FIND TIME N Y-AXIS 1 <Er
‘e 72 € 72 7T2=0
;(%/yZ )+ Ags()’ﬂfw-)bu)/vy = 2 ([/Aes(wen-voco) Y )
SET: XOLD = XNEW
YoLD = YNEW
1 fe. PRESENT CRANE
LOCATIONS .

4
(reroen )

B-3. Flow chart for subroutine "CYCLTM".
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SUBRoOUT/NE )
C'I.%OC

SET: PAL = ATRIB( 1)
TYP = ATRi8(2)
Ano 7L = ATRIB(S)

L

Scehedule an EVENT
NEXT TO THE LAST
PALLET WITH SAME
ATRIBUTES EXcEPT
ATRIBC1) = ATRIBCD PTNPAY
AND ATR/B(S)= TUN

!

STORE 7rHWE ENTERY
B e pitivg FILEMCT)

SETXE T2 =Irm VA

AND USE FUNCTION
‘NEIND’ To LocATE
THE ENTERY IN KILE
() CorROIPONDING T o
TTEM X3

1

CAIL CoPy AND GET ClosésT To I/o
LOCATION 0 F ITEM TYPEXY FloM Fus (2)

CALL TI!MSr To vPOLATE TRIPSTo 20m T
CAlLL RMOVE 7o REMOVE THE OLD ENTERY

CHANGE ITS Co oRDINATES (X, Y) to the one
CcoPIED BY cALLING (o pPY AByE.,

!

CALL FILEM (J) ANO
STORE THE NMNEW ENTRY

o
Coom )

B-4. Flow chart for subroutine "CLLOC".
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PROGRAN ASIGN(OUTPUT,TAPES=QUTPYUT)
DINENSION A(15,40)
AX=21.0
AY=0.75
VX=3.833
vY=1.0
DX=(VX222)/AX
DY={VY*32)/AY
H=42
N= 35
pe 70 I={,N
DO 60 J=1,H
X=FLOAT(J)
Y=FLOAT(I)
IF(X.6T.DX)60 TO 10
T1=2+SART(X/AX)
60 TO 20
10 T1=VUX/AX+X/VX
20 IF(Y.GT.DY)GO TO 30
T2=2+SART(Y/AY)
60 TO 40
30 T2=VY/AY+Y/VY
40 IF(TI.LT.T2)GO TO 50
=11
60 TO 35
30 T=T2
39 AL d)=T
ARITECH,102)1,J,A(1,4}
102 FORMAT(" *,13,13,5X,F5,2)
40 CONTINUE
70 CONTINUE
stoe
END

8-5. Listing of program "ASIGN".
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"EVNTS" (continued).
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B-9. Layout of D-Zone aisle with 5 items.
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B-10. Layout of S-Zone aisle with 5 items.
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INPUT DATA AND FILE STORAGE
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T RIS T G RE P2 50T 7B UTT ST J0U L Ut UUT

INPUT FoR ALBL' TREATMENF

C2UTLIUTY W U0Z. 000 6003+ T00 .aa c.uuuz.aacs.umr

INPyr FOR ‘ALBH’ TREATMENT

« 367 1,039 123 2.330 .ZUU 3.070 267 4,000 333 5.33¢ «400 640070
W87 7TTTLEIT BLOCT T VEET L OTO ¢BETIVIO00 ITIILLL 000 VS C0T2000

.66713 000 +93314. 0 00 1. 00015 a23

vPyr ror ’A#B/-/ TREATMENT

~-a

0238 Led35 4335 1,730 435 T, I3C_ o574 % TIS  eBT8 30096 L F23 8,403
o751 74330 o734 2,330 4823 343530 .3%313.590 «A91211,0640  .%zi22.000
»349L3.320 375'h¢l;£_-.j££._‘dlﬂ__. ———

]NPUT Fo R Ar/& T@;ArMEA/r

BENGKHAN, 144242 t1981v2' oYoYv oY

STRe344e3*

LIFOQOZiiOGiSoGo“JGu
_COLy1sU=REGD,2,ITM=TYP,3,ACCES=TH*

SO s 4 e RETUNT M C  CRelTeTM R NEPaTHU®

CaL+7, CYCLE'T“vﬂvOF' WT=TMy A, AVE=CYT* e e e e
TIMe1,GROZRS .0..2-L‘VIN-PAL-3..J.SEFQN- AL C.*
fI”.k'TQIPZONZODO

MTSe 1 UeRErT0,T0,0,8,,2, 2T =TY8 22,0, 0,3, 3%nLTer, 30,505
PQI.z.LVF.-.Z'LVF.c.-.LVF...A.LVF,1.5.LV‘,1.6.LVF.1.7.LVF.1‘

PARglo9el 23"
INToLoYe¥adegyuil300ayy*
SEE,75431,831235~

_GENERA_INPUTFOR Al ALY TRERTAMENTS ~

GENoKHAN, 1,2 -v3v19510207 YoYv ' Y®
CSTAs Tl I T T -
LIM91,2415045+29,4000%

COL I U=RECE T2 LT =T Y 3 aCCesS=TT
COL 4 4RETUN=TM S CR=WT=TMy 5 ,REP=T NS

GO, 74 CYCUE=T My 85 OP=HTS TN T AVE=C YT = o oo o

TIP 11C90 ERS '0.v2'L=VIN‘PAL'U.'3'SECON°p5L'0.

CTIMG G G TR PZONS o ® e S

HIS;loU"Er*DvCOOutl.oZ'IT"'TY-'Z:o.c-'3-CYCL"Y"vcﬁvu'D‘
PRIyt

PRIsIoLVF91910,LVF 2,2 oLVFoiol’onggio130LV70‘01“fLVF310150LV€01‘ o

PRIZLISWLVF L3 7o LVF 2%
PARe19991920.*
CINT oL YoV e 0esb0I00 e, Y® = "7 T e e
SEE,7%831,83135%

_ GENERAL TNPUT Foﬁ 44/_ ‘AW 7RspTMENTS

C-1. Common inputs for all runs.
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ENT 390208 94e500009200903929010330504059200030392418,04000420.%
ENT'3'“'1.16.G'“050(0.0,.5'-'“0909 G.ZEoo-oﬁoioQ 0.4.“'20 .

ENT, 3,

293422650 %000200039892928:04%00920093:9935422e5404042C.°

TENTe302Cs10224504a592C0 o301301022e509400200030120 1obe6e15e5,2047
ENTob9029290%e00le0020 00l 902920Cel0d 305920 e0bo292023e8922e502Ce*
ENT o lo 492028, 0023050200 949592022¢5023e502000b0b92027e80CaCocle®

CENT ol 9792027 eloltaS92309b989292740,9

3009020004499292740023.5420.%

ENTo40250204¢59280092C0 0i05d0C0CelocBals20arlrot2s2013.45¢284C 420"

CENT 9 C0led sleS04e5+80005¢20392

TENT,E

ENTo547

8e0018e092009593923922e5928.042C0*

‘0'3'¢7uv'¢8u'28.'7'5'3'-AuSoc $+200959693031eC9o4e5420."*

03031.5,¢

392009508030 3205923050204959992933e5928.04204*

ENT.5,2602436. Cole 002609502203 936eCote5020e0502293¢360099e802C4%

ENT9Bolol9Celoba592009E920b9360092345020096939893500928400204%
ENToE oot olb0a5900042Ca0boSolob?,
__ENT, 6,7

Botte5920e9Bobolob(eZS99.002c0.*
ol olbCaS59013050200009Boloule5928eL92009590¢susdSalolaloZioe®

ENT 6.1C.h.~‘.9.£.b.,-2 -csoiiok.QS-oq 0 20.050120‘?"0 0'13 5'20.

ENTe7414+5413.5

'u G';gu'7'¢'byks C 16 0 2“..7.3'¢'“°I¢'ult.‘ul

‘NTo7o“oSo“9-Dy“- 920 e 97950504545 ¢499092Ce07960504%eC923e5e20 6%

=NT 7'7'5'“9u5013 E.ZC..7 éo.ook.uyc 0.20-07090404“ 0 “ 50(5-

ENT'7 1Ce 5,54, C.9.D.2C-.7,.1o=.54-toi3 Se20e97112.5, 5“ Uo 8. E-Lt-‘

‘cht-Juguuo 50

»

LOCLTION ENTRIES. FOR. ALL AlL' D=ZONES _

ENTo3!.olo“-5 Ge 0010-06020101-~'3 t.’G..3.3.1. -70“ 50‘
“=NT_3.ko¢o915-9-90200y~15o1113“593:vo’Q-13,5tqt¢°!50§119¢i-f<
ENT 92970202880 000eC020e0T980101Ee0040502009030F920%e5¢GeC02Ge"*

ENT 939309039900 0%0 002 0e02922020230309%4002009302203938004%(920.%

ENTob 910242245

'aua.23.0“'EO2'22.50“.5'23!'“03'2'22.5'90joztu.

ENT gl g2 94059220502 0049502920092 30592 0910502023059 1205,20.%
ENT 0497929280 00330502000M90E92922e¢5922305e20e949992027e00CeCocle*

ENTobo2002027 0004050200 0492242427,

C99elel000le229i90E7ebosTeSe20a*

ENT 9 901039459380 292009%000390%0002R039020e95030301305928.0,20.%

ENT 95940391800 02803020095950302605928¢0920095¢693027e0018o002C*

ENToC 3703020500002 095080393%.5

C ENT 4 C 010030310502 2.50200059219393245,12
ENT1E 4108 e36elole592500C9Z04036e099e002 00boT 0492600913552 C4"

ENToEobot9TEel 038009200 06950h

ENTE,794,40.5,% -UoZC-o 0-0“0“5-3013 Sy
ENTeb6y 200l ebCel 904002 C-060.1050“5-Co“-5-20-050-<o“'“5 CeSelo20a*

0408920095094 20C0Celoclio®

00'23.'7!12'-'30.0'0 0ecle*

400590 e0e209BebgboltleSobe50ila®

204059090 bokBeS918.0920.%

ENTe7 9195 okBeCalle 5920007 0C95045¢002Re0920097929594CeC90eiocle?®
. ENT e 70 koS 9b0e oteZ920007950508%050900020007051504%¢5923454204%

ENT'? 7 5'“-0J'180h"0l.4'a'
5N7'7v1°'51?3-5)9y§3€990?911159593Q11§3

ENT'1'1EOCGUQ'20.

FIN®

2 She 0.0--oc0..7 9'- 5“.0'“.—.25.

592309792295¢5600018e0020a*

LOCATION ENTRIES FOR AlLlL ‘AL’ S-ZoNES

c-2.

Location entries for all

"AL" D-Zones and S-Zones.



ENTRY
ENTRY

€ NTRY
ENTRY
€NTRY
ENTRY
ENTRY
ENTRY
ENTRY
£ KTRY
ENTRY
ENTRY
ENTRY
ENTRY

¥4GASP FILE STORAGE AKEA DUMF AT Ti*e O. A
S-ZoNE  (AL)
MAXIMUI NUMRER OF ENTRIES IM FILE STORACE AREA = €c

PRINTOUT OF FILE NUMDER i

TNOW = 0.
n0TIN= ¢,
- ... FILE COMNTENTS . I -
1 = Je «3300E¢02 «2300€+¢01 0. 0.
2 = «10005¢05 =«2000E+N) 0. 0. 0.
PRINTCUT OF F JLE MNUMBER 2
—— e L B
anTiM= g,
THE FILE IS EMPTY
e I -...PRINTCUT OF FILE NUMBER 3 = o
TNOW = 0.
naTiIn= o,
FILE CGMTEMS
1 = +1000F ¢012 «1000€E+01 «WSO0E 0L 0. «2C0JE¢02
2 =  +2500E+01 21000201 +9L00E¢0L 0, . ... +c000Eeg2
3 s «3000E¢08 «1000E+¢01 s 4300E ¢01 “500E 01 «2000€ ¢Q2
L = «4000c¢01 «21300E¢02 «3C00E+01 4533E¢012 «2C00E A2
S = «5000E¢01 «1700€+01 «1350£¢02 g. «2LOOQE 202
6 = «600CE*CY «13005¢01 «1353€¢02 4500L+¢0; «c0UQ0E ¢02
7 = «7603C¢J1 «1'005¢01 «1800E¢02 0. «2000E ¢02
8 = +B8000E¢0L +13002¢01 .. +1800E+02 ... sw500e¢01 s CU0OE +02
9 = +9000E¢01 «1G00E®DL «4500F ¢014 RITEIXT Y «£C03E 402
10 = «1000F¢02 «1500€¢01 «9000€+¢01 «3000€e¢01 «2000% ¢0c
11 = «1100E¢g2 «1300¢E¢01 «1350E¢02 «3000E¢01 «2U0JE 02
1z = «126G0c¢i2 «13G6E¢01L «1300€¢62 «9000E¢012 «20Q82¢02

C-3. Typical file storage area for an "AL" S-Zone at time zero.
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ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
EANTRY

ENTRY |

ENTRY
ENTRY

ENTRY
ENTRY
ENIRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY

DENONSTWN -

"o
-

[
~n

DN E W

19
it
12

LI 2 LI U T (O O T T T 1]

(]

+1000E+01

"L2000e+01

«30002¢G8
«4003E¢01
«5003E+01
«6000E¢01
<7G00€ 401
+B000E+G]
«9000E 01
«1000E+02
«1100E¢02
«1200E¢02

«1C00E+01
«2000E+401

. .¢3000E+01

+4GOGES0L
+5000E402
«EC00Z+01
«7000£+01
«B000E+3L
+9020E +01
+100GE 02
+1100€¢02
+1200E+G2

PRINTOUT OF FILE NUMBER

C-3-~(continued)

TNOW = 0.
anTIN= 0.
FILE COMNTENTS
$20uDESD1 ,2250¢ 402
«2030E¢01 «22503E +02
«2040c¢0% «2250€ ¢#02
«2000E+D1 «LSI0E+0L
«20d0€¢08 «9C00E +01
«2000€E¢01 «1350€E402
+2000€401 «1800E402
«2000E¢01 «2250F 402
«2000E40L «27G0E 02
«2030€+01 «270C0E+02
«2000E+01 «2700k 402
«2300E¢0 «27T00E+02
PRINTOUT OF FJILE NUMBER
TNON = 0.
anTIN= g,
FILE COPTENTS
«3C)0E+0L «W5GCE+01
«3CI0E+DL «9000&¢01
. e30J0E+02 . +4350E402
«3L00E+02 «1800¢ +02
«2000€¢0¢ «225CE 202
«3600E¢01 «27008E+02
«36J0E¢01 «3150E+02
«3C00E+02 «3150E+02
. «1000E401 +3150E+02
«3000E+0L «3150E 02
«35J0E+01 «3150E¢02
«3C00€¢01 «3600E+02

T TL4500E401

© J1350Ee02 7 7

4

«9G00E+01
«1350E¢02
«1350€+02
«1350E+02
«1350E+02

00
«4500E+0L
«9000&+01
«1350E+02

5

«18002¢32
«18003£+¢02

.21800Ee02
<1 E00E+D2

«1800E4+02

«1800E+02
0.

HwS500E+0L
«9000E401

«1350€E¢02

«180JE+D2
0.

«2060E+02
«2000E #02
«2UL00EL02
«Z2000E 02
«cCOOE 02
«26006E+02
+ 200K +02
«2600E¢02
«2G00E #02
«2C00E+02
«Z00G0E D2
«2G00E+0C

«2000c +02
«2C0 02 #02
«2000&+02
«cGO0E®G2
«2000£402
ecbOOE #02
«2u00c+d2
+2000¢ 402
«20G00E +02
«2000% ¢92
«2000E+02

S0l



ENTRY
€ NTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY

ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ENTRY

N0 O®N NS W~

T

e
N DO DDA S NN

NN RN

o it N H U NN

«1000¢¢G12
22000E¢01
«3000€£+01
«4000E+GL
«S00TE¢01
«6000C¢01
«7000E¢01

«10006€+¢02
«1100E¢02
«12006E402

+1000E¢02

«2000E¢01
«3000€+01
«4000E+01
50006401
«6000E¢01

. «700CF 401

«8000E+01
«90030E¢01
«1030€¢G2
«3i100E¢02
«120CE4§2

PRINTCUT OF FILE NUMRER 6

S40J0E 3L
+4CODE 0
<4000E+01
L4000E 401
<4000E+01
S4000£401
<4 000E+01
£ 4200404
<4000E+01
+4000E +01
+4000E+01
+400CE+01

"PRINTCUY OF FILE NUMBER ™ 7

+3000t 401

«S5000E+01

«5C00E+01
«5000E¢01
«S000€+01
«5000E+01

+5000E¢0y

«5000€+01
«5600t+01
«€000E+01
«5000E401
«5000E¢01

TNOW = 0.
nnTInN= g,
FILE COMTENTS

«360Lc¢02 4S00£401
< 3600E +02 <9000€+01
+«3600E ¢+02 +1350E¢0¢
« 3600t ¢02 «1800E+02
U4 CS5CE¢02 0.
o4 (S0E+02 +4500E+01
«4050£ ¢02 «9000E+01
<4 0508 ¢02 +1350€ 402
«H05CE¢02 +1E00Ev02
+U500E ¢02 0.
+4500E+0Z2 45008401
«4500E¢02 «9000L+01

PRINT (UT OF FILé NUMBER L}

C-3--(continued)

—-.VHE FILE IS EPPTY

TNOW = 0,
navIn= 0.

TNOW = O,
0T IM= 0.
FILE COMTENTS
e L thSOOES02 «1350€¢02

«4S500E ¢02 «1R00Ee¢02
«49505¢02 0.
«49505+¢02 «4500E¢01
«4950c ¢02 «9000E+01
«495(E ¢02 «1350E¢02
24950 +02 . +1E00gs02
«S4LO0E ¢02 0.
«5U0GF ¢02 4500601
«S5400E+02 «9600E+01
«S400E 02 «1350E¢02
«S4L0GE+ G2 «1800E¢02

+2600¢ +02
+2GOJE ¢02
<2600:+402
«2000€402
+2C00E+d2
«2G00E +02
+2000€ ¢02
+Z2000E ¢02
«2000€+0¢
+2000E 402
+2000€ ¢02
+2000E ¢02

2 2600E ¢85

T .2000E40¢

«2000E¢02
«2000E¢02
«2000€E¢02
«2000E €2
+2000E ¢02
«2000£ 402
«20L00Z 492
«2000E¢0G2
«2000E ¢02
«2000E #02

901



B¥GASP FILZ STC<AGc AniA OUMP AT T

Ine 200t use

S-Z2oNE (AL)

e e HALIMUI NUHBIR CF ENTRIES IN FILS.

S[0RAGS AREA = T4

PRINTOUT OF FIL: NUMBER 1

TNOHW = ¢ 2000c 405
QQT IM= 02306 +35

"TIME PERIUO FOR STATISTICS L1000éeas

AVERAGE NUMBIR IN FILE 2,000
STANOARD CEVIATION <0000
HAXINUM HUMBCR IN FILC 2
. i o e e FIRE. GONTENTS .
ENTRY 1 = +2G00E+05 +1I0GE0L «3003:401 0. 0.
ENTRY 2 = +30005¢05 ~e5J0E00L elubuEeds 0. 0.
PRINTOUT OF FILE NUMIER 2
- - S —— ] B Sy TV AT | 3 e
QT IM=  .1.3024J5
TINE PERICO FOR STATISTICS .100LC#d5
AJERAGE NUMBck IN FILE 540000
STANOARD CSVIATIONM 0.0000
me e o e . MAXTMUM NUMBER IN FILL B e
FILt CONTENTS
ENTRY 1 = e1u0GEe0L «1{00£+01 +450020d1 0. «2CU0EVDZ
ENTRY 2 = +1600E+01 «2L00E 401 022505402 0. +2060c¢02
ENTRY 3 = +10005¢01 « 33305001 «4500E401 <1803 02 +2000E90 2
ENTRY 4 = 22600501 . L80008e0% . . o3600Ed2 . .. L45ES0L . 20008402
ENTRY 6 = c1UGESEL «53062432 +4500E402 «135)E402 +2000c+02

C-4. Typical file storage area for an "AL" S-Zone at time 20,000.
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cNTRY
ENTRY
ENTRY
ENTRY

JEHTRY |

ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
ANTRY_
ENTRY
ENTRY

. ENTRY ..

ENTRY
SHNTRY
ENTRY
ENTRY
ENTRY

CENIRY .

ENTRY
ENTRY
ENTRY
ENIRY
ENTRY

. ENTRY .

'
v

1 =
2 =
3 ]
[N =
5. _.E.__
[ =
7 =
[y =
9 =
1o 3
i ¥ S I
12 =
13 =
.. .8 ...
2 H
3 =
4 =
5 =
[ =
1 .=
8 =
9 =
1d =
11 =
12 =
13 =

e2u0uz¢52
e210uces2
«2200E¢C2
«230ucv02

.e249LlE002 |

«2500E¢02
2600402
«2706E+02
«2860E¢02
«2900E¢02

w30l 0E0R.

«3100E¢02
«3200ce02

«1100:002

«1200E¢02
«1303E¢22
e16400ce02
«180G50u2
«1€00Z¢12

all0dced2 . .

«1800UEe 02
«1900c¢l2
«2000:¢02
0C100z¢02
222001482

- sR 3005902

i

PRINTCUT OF FILL MUM3ER 3

TNOW = e 200Ut ¢35

JAATIN= L 1979E425
TIME PERIO0 FOR STATISTICS o1LUG:ed5
AVERAGZ NUMALR IN FIL: 12.9261
STANOARD CEVIATIOWN « 2616
PAXIMUN NUMAZK IN FILGE 13

FILE CONT.NTS

«13002¢01 505001 G
«1(JCEIL «450J)Eeit «900J:¢01
«1i0UC)L «930dcedy «J40JdEel L
«1{00Z¢01 «1350c¢02 «90ddee0t
21€00c eyt «1800€¢02 . 9y0iEedl
«1004E 0L «4500£¢01 0.
«1003ce0t « 900 1%
«1C00:¢01 065002001 «45002¢01
01200201 «33060celt s4500c 401t
+1C0uEsUL +1350€+02 0.
2000l . L13598e02 Le5040E401
«1L00E01 «1800c¢)2 0.
s 10002401 «1803E¢02 45002

PRI MTOUT

TNOW
Qar IM=

- TiME PERIQD FOR SI![lille —2103bged5

OF FIL: HNUM3ER

= J2u00c+gS5
1975625

C-4--(continued)

[N

AVERAGS MUM3Ex IN FI 12,9641

STAHDARD QEVIATIOP 1801

MIXIMUM NUMBER IN FILZ 13

FILe CONT:NTS

YN I 1T .ezsn;.nz Q..

«2(002¢01 2700E¢02 $13502402
«2:00E¢3¢ .ZZ5JE0&2 '

02 (3JEe)) «2253c¢J2 «4533E¢]L
«2000&¢01 «2250€492 +3,00c421
«2tD0ce01 450001 «1350:¢402
20002408 . U001 1350802
«2(0JE0dL «1350€¢02 1354402
02000c¢08 «1800c¢)2 113502
e2{0dcedt «2250E¢02 «1353:¢02

e2. 30401 «2700EQC 0.

«2:0JE¢41 «2700E¢92 «650)E¢01
20006000 £2TI0ENI2 _  .94D3ie0)

e160Jc ¢y 2
«2000E¢02
«20L0ce02
ec000ceu2
e200L3t¢0 2
«2000E402
«2000E¢02
«2000z¢02
«2000c£¢02
«2000E¢02
220C0EC02
«2860c+02
«2060c¢02

— 1T TTX 15

«2300c¢02
«2900ce02
«20G0E+D2
«2000c+0¢
20uGEed2

e20G0ECD2
e2063E* 2
«2000£¢02
«200UEe) 2
eibudce0?2

2200002

~€060:002

801



PRIMOUT CF FIL: NUM3ER
TROW = 22idec S
QAT In= «193u2¢25

TIME FIRICO FOR STATISTICS .1600c+d8

’

AVERAGS NUMAcR IN FIL: 13.0000
STANDARD CEVIATIOM ~e 30
NAKIMUN NUM3E K IN FILE 13
e o e e FILE CONF:eNYS T
EINTRY 1 = . 8G0Lce01 30002021 4S0UEHGL e180)c¢)2 «1G00E+02
ENTRY 2 = «uluEe 01 e 30J0E¢08 «3159£¢02 e9u03E)1 « 2003502
ENTRY 3 = 013005402 «3C00E401L «31555452 013502432 260 0c+02
ENTRY & = 011005462 +3C00EdY *3150:z4p2 ©3800c+02 22000 ¢Y2
ENTRY 5 = «1260£¢02 « 330062401 «36002¢02 Go 20006402
~— ENTRY. 6. _ .= . L1300E€d2 . . _L,3CRddcedi__ . — 245006001 «1830€¢)2 20800802
ENTRY 7 = +14006E+ Q2 «3GA0EeIL «9U0JEC01 «1800:¢02 206 0E+02
ENTRY -] = «1500£¢02 e3C0dce0t +1393E¢02 »3800E¢92 «2000:¢02
eNTRY 9 = 216005402 230002401 «1803E¢02 «1803:¢02 «2G00E +02
ENTRY 12 = e1700c¢02 e 3C00Ee01 «2259E492 13300002 «2000£¢02
ENTRY 14 = «1830E¢02 «30032¢01L «2700E¢32 «1800E¢02 «2C00Ev02
~——— ENTRY _32. = ~«1900E¢02 .3 J2DSe0L . 431503402 Lo _ .2€000c¢02
enTRY 13 = . 2000E¢02 «3000c¢d1 +3150€402 4500c+01 e 2GLUESDZ
PRIPTOUT OF FILE NUM3ER &
INGH = .2000E+05
. e e e e e QAT M2 21963405 -
TINE PcRICD FOR STATISTICS olUuuceds
AVERAGS NUMIER IN FIL. 12.9251
STANDARD DEVIATION 2632
MAXIMUM NUMBER IN FILE 13
FILc CONTENTS
eNTRY = «8000E*YL b JOGE*YL «3600c¢32 e45ddced L «1600e+02
ENTRY 2 = «9800E+01 4 Q0UE+DL 40505402 «180Jc¢02 «2€005¢02
ENTRY 3 = «100QEeQ2 o4 JOAEH0L 450JE402 0. «20G0E¢0 2
ENTRY & s .1100c¢02 shidGee0l 45 00E¢u2 45005002 «2060E¢02
ENTRY 5 = e120uc¢02 o4, 7002091 4500E¢02 «9J00c¢01 22000402
ENTRY 6 = «13008¢02 +6 3005401 360254062 4300401 +c800E¢0 2
ENTRY 4 = 1400E402 «4d00c ¢dt « 36005402 «9,00c¢01 «200JE¢02
— ENTRY. . B_ _.=.__ . J150@ace02 R TTX3 P «3000e002. . L13306402  (ZO0D3Et0Z
ENTRY 9 = 216062402 tJIUESIL «3600E¢02 «130Jc¢d2 «2000E¢02
ENTRY 10 & «17085c¢02 4UDIEe0L 40535492 G, «2000E¢02
ENTRY 11 =z «1806E¢02 4J00Ee01 «4G50E402 s45JUECDL «2003E+02
ENTRY 12 = «1900E¢02 PRI T 31 dHUSIEHY2 v9333404 +2003E¢02
ENTRY 13 = YCITXI WESGEHN2 e1333E402 «20G0E+02

«26J0E¢02

C-4--(continued)
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PRINTOUT OF FILE HUM3EX 7
TNOW = «2420Lc#d5
0MTI9= 013825405

oo oo TIME PRLICO FOR STATISTICS  »40uused

AVERAGE NUMAER IN Flbc 12.9536
STANCARD CEVIATIOM 019398
MAXIMUM NUMBZR IN FILE 13
FILE CCNT:NTS
- ENTRY.. 1 = 2TOLdESQL . L50005¢01L . »4500€02 21350E¢02 .219ucen2
ENTRY 2 = «3U00Es0L «5800c+018 «5600E002 a. «2000E¢02
ENTRY 3 = + 900000 L «3000E+0L «560J€002 . bS5 A0EIL «2600c¢02
ENTRY 4 = «1V0GE*D 2 «5C09c+08 «S54A0ELG2 25300401 «c0C0E+D2
ENTRY ] = «1100€402 «5000E+02 054002002 13532002 L e20bJke02
ENTRY 5 3 «4200€¢02 «5100E¢31 «5400ce02 el0UdE®d2 «20C3Ev02
e ENTRY. . 7. .2 W33dQReL2 . _ . «50008¢31 . _ 4508202 .21358c402 ..22063E002
ENTRY 8 = «1400c402 «50002+01 45002402 +1300c¢432 «2CLIECD2
ENTRY 9 3 +1500E¢02 +5300c¢002 k3553402 G. ec00GJUELD 2
ENTRY 11U = 16006402 «5000€¢01 49508402 o4S5Q3E¢0L «200JE*Q2
ENTRY 12 = ¢ 170vuce 02 +5(00E+IL «h95yEeQ2 29000018 «2000cs02
ENTRY g2 = «1800z¢02 «5000e¢0L «L950:002 «1350:002 «2003E+02
—ENTRY .83 __ = — 0390602 . o2(0Q2¢08 .. 24950E002 | L14406¢02 . 20CQEsd2
PRIMOUT OF FIL. MUMBER 8
TNOW = «2030:-+05
- aarIM= e13942¢05
TIME PirRIUD FOR STATISTICS +1040:¢45
AVERAGE NUMAZK IN FILc 14060
STANDARD CEVIATIOM «3300
MAXIMUM MUMBZR IN FILE 2
I T, L ELWE CONYENTS .
ENTRY 1 = eBLldr el «1500€¢01 «4500E008 «1800E402 «100dc 0

C-4--(continued)
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11

TN S L L ST L e T S S L e S I S 2 e S S e 1352 0
ENT 93000l 013050230592 0004929020%0000902009492929280013e5,200%
ENT o le 392 4Z2e 801305200 vitiv2ieTevlov20es5eTadobiBstiaBe20e® ~  —  ——
ENT'5¢203'27."4.5'25.'5'3'3'27.'9-v20‘o5v‘0'3'27-'13-5'20-'
ENT 9B 0L 0l s0eoliSe20iabi2olsliiBitBev20evbi3otiTestBoglPe® ~ 7 oo
ENTOEO“’aviztsviat'25"7'1'5'13‘500"2QO'7'2'5'1B"15"200‘
RN T IS R T I s e Ty TS S 2 T I 2 S e Gy I3 S 52t
ENT 989 9693205000020 008039€0310e504039200989496932e5994920.%
ENT 901,37 si8e 004020099625 793155023357 20 53953379 3LaSe18s 20> — - -
ENT o Q0be” 936090002009 2C0L0B938erteS02009109298y3609leSe20."
B LA RS PR R LN P LS 4 I Y F L PT S T L AT F S E P TR LL T3 15 PR T4 D it i
ENT021920990360928¢92001229399080e540092000lisbsTelbBeSoleSecho®
TTENTIIZ IS X4'EXr YL (0.60“ﬁ:o‘:"(U"IC'aﬂﬂJ'ﬂuosy PR X XA
ENTo1Cobol008005028092C00 0530201392 3¢599¢92009239291104509000020e"
ENT 13930t v05:vtai20a 7L ste 3655903 20wt vt 291803 Ges20w® ——
ENT 91092922085 0e013eC9C erlbe30220450918,920091lolg12449,5,0¢920.%
L S b Ly - R Iy T S T A R S L TR T T A F R PR R P L 2 PR b TR T K L
g"TviSv“viZ'“9.5'13t5'20-'15'1'1‘0022-5"0‘5020"16'20‘.‘0"09‘5'15"2:"
—UENTTIESTYS [X: P ’ D KX T4 T
ENTO’.,~211=~|53tv:‘:"2;‘~179391515‘3o¢'.3-‘-:125‘¢l7~“9:.§‘5‘--o'.f-q-:‘:.'
TENTs13200C00ev=2e® ’ T . )

SIw*

Locharion ENTERES Foo ALl Lu) D-Za/vss

ENT 039080l 00e500eC0200930290199¢0923¢092G093939l94e5s4:e542C,."*
ENL‘}.A.LS‘L!“.5.zt‘j“'iﬂzﬂis.g.:“l,nﬂ'“.2.2‘1’.5'“.5.,E.‘
ENT ol o3 92030 oleo200olotolelBerte5023e95919304e30S092Ca*

-ENT 259243 4923900202353 303913059%0 0202953433348 %.420.% e
ENT 969l ol922eC00a02C0 960294922650 4e592004€93940l265¢9492C.°

- ENT 0B et sl 00a541205420 007919509201 3050200973295223e5913.5¢20.% .
ENT 07939505806 023059200079495022e501305920 09801 9E92709les20e*
ENT g B2 abf 027 n ot0aS 20 4 05 060270 000g2 0 oB ol ofa27 a3, 8,.20,°
ENT 909901 0790405 028002009992 07 09092869236 0%9397913:059184420.°

e ENT 09000743 8091E60020091002939222501B04200915029292709580020.% . .
ENT 92090398932 e50009200030 049893205 ¢4059200902200209931e5¢%049206°

e ENT 51302090 3165¢132054200 03243099334 503800200082 34390360 000920% _ _ .
ENT 0120l 0ltL 03609465020 0022¢02910036¢99¢902000129392093609033e542C."*
£ ; 4 : 025221322411, 6005,0.5,20,%
ENT.13o3'110‘vG.5v9"2[.'13"0911.‘u’,.5o13-502-'..'1‘0'1'12.‘0(}.5'15.'20.'

——ENT 3492010480000 sl0aslBe3elleb50 080502001834 0124L509%0020a% .
ENT 93591923 005092305902C091592913945¢9184920092593013,49:5404920e%

e ENT 218 e 483046054405 020001541034949.5092020201F3241w0049e531305:20.% . _.
ENT 9169392490 9e5918092009iBetilte54e000920003792915+54094054200*
ENY 017 0 a0 B a0 ag ClngiT o030 tCobCuragi a2, 4t fe8a1C,84b02183,,20.°
ENTvlviiﬁﬂu.,-Z.'

e EIN® et e e e

Lochrion ENTERIES For AL AH' S—-ZoNES

C-5. Location entries for all "AH" D-Zones and S-Zones.



. %*GASP FILE 3TORAGE AREA OUMP AT TIME
D-zoMNE _ CAH)

MAKIMUM NUMBZR OF SNTRIES IN FILE STOKAGE ARZA = 79

«10J0E ¢ §5°°

PRINTOUT OF FILE NUMBER 1
THOW = «1000c435
aqQt In= «1000E+)5

FILE CONVcNTS

ENTRY 1 = «1C0LESDS «TO0GE+OL «2300%E+01 0. 0.
ENTRY 2 = « 20005405 ~«5(00E¢01 «100)E¢05 [/ 0.
I ) PRINTOUT OF FILE WUMBER 2
TNOR = +1080GE+DS o
QQT IM= «1000E¢0S
FILc CONTENTS
ENTRY i b «1000£¢01 «108005¢01 «450uc+01 0. «200JE*0D2
ENTRY 2 3 .1000EeG1 -2000E+01 ©9C0EW0L 0, <2000Ee02
ENTRY 3 = «1L00E*O0L «3000E¢01 «4503E¢01 «450)E¢01 «2000E¢02
ENTRY [ & «100Gc*01 o {0DEC0L «9000E¢01 «4SODEQL «2000c¢02
ENTRY 5 = «10005¢01 «5000£¢01 «1353E¢02 0. «2000E¢02
CNTRY 6 = «1000E+01 «6(0E¢01 «1350E¢02 «4%S0JE*01 «2060E+02
ENTRY 7 = «10002¢01 «TU00E4IL «10803E¢02 0. «2GLOE 02
ENTRY 6 = +1000GE+01 _ .8C00Es0L _+1800E402 +4500E401 +2060E+02
ENTRY 9 = «1400£¢01 «90002¢01 +4500E¢01 «9300E+01 «20L0E+02
ENTRY = «1603€¢01 «1006E£¢02 «90002¢01 «9000E¢u1 «20C0E*02
ENTRY = «1C0u¢01 «1100£¢32 «1350E¢02 «9000E¢01 «2000E¢02
ENTRY = «1C00=¢01 «1200£+02 «1800E5¢02 «9000E+01 «2000c¢02
ENTRY = «1400c¢01 «1330:¢02 «2250c¢02 0. «2000c¢02
ENTRY = 2100CE*D1 «1400E¢02 .2250€¢02 <4503E401 «2000E+02
ENTRY = «1G00E*OL «1500c¢02 «22508¢02 «90G0JE+01 «2000E¢02
PRINTOUT OF FIL: NUMBER 3
TNOW = +1300E¢95
WTIN=  .1000E4I5
FILE CONTENTS
ENTRY 1 = «2005c¢01 «1000c¢01 45duEe0L 0. +6G00E+0L
ENTRY 2 = «3000E¢01 «1000€+01 «9000E+01 «1350E¢02 «2000c¢02
ENTRY 3 = obulT+01 «1000c+01 «1350E¢02 «1350E¢02 «2000E+02
CENTRY & 3 .6000£¢01 _ +1000&+01 +4500£+01 L 13506402 *2000E402
C-6. Typical file storage area for an "AH" D-Zone at time 10,000.
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ENTRY
ENTRY
ENTRY
ENTRY

ENTRY
ENTRY

ENTRY

ENTRY

ENTRY
ENTRY
ENTRY
. ENTRY

ENTRY
EHTRY
ceNTRY
ENTRY

&N

AN e SN -

£ wn -

wiwonow

iMonoM R

«2006E¢01L
«3000£+01
eleLd0E UL
«B60LECIL

+2u00E+01
+3CGGE+O1
sh0OCE+0
+6000E¢01

«2000c¢01
3000401
«4d00E+0L

. +6300E¢01

«260CE+01
«3000E+401
LI T Xp
«6000E+01

PRINTOUT OF FILE NUM3ER

TNOW = «100GECDS
aart Int= «1000€405
FILE CONTENTS
«2300c+¢01L «9500€¢01
«2J00E+01 «2250E402
«2{00c¢01 «270GE*02
«2{00E+0O1 1800402

PRINTOUT OF FILE NUMBER
TNOW = «1000£405
Qqr IuM= «1000c+05

FILE CONTENTS

+3300E¢01 «4500E¢01
+30600E+01 «2700E402
+3000E+01 _+2700E¢02
+3c00E¢dL «2700E+02

PRINTOUT OF FILE NUMBER
TNOW = .1J000E¢0S
gorIn= . 1000E+0S

FILE CONTENTS

« & JO00E 0L «3000E¢01
o4 J00E+0L «3u00E¢01
o4200ce0L +1350E¢02
 ehGOOEOL . +450J€E%01

PRINTOUT OF FILZI NUMBER
TNOR = «1C0GE+05
anrT IN= «100GE+05

FILE CONTENTS

«5(JuEe01 «1350€¢02
«SCOCL I +2250cE¢02
+5300E¢01 «2700€402
«54d30E¢01 «1803c¢02

C-6--(continued)

18

6.
213508 ¢02

0.
+1350E402

+4500E401
+9000e +01
+1350E432

T W4500E¢01

<4500£+01
<1800E+02
«1800E+02
+1800E+02

0.
«130%+02
«100)E¢]2
180342

«9000£+01
«2000E402
220002402
«2000€402

+2100&¢02
.2000c+02
2 2060E+02

«2000E49 2

«4000c+01L
+20C0E¢02
.2000E¢02

+2000E402

«6000E+01
«2C00E+0 2
.2000E40¢2
«2000E402

ELL



" tNTRY

ENTRY
ENTRY
ENTRY

ENTRY

" ENTRY

ENTRY
ENTRY

ENTRY

ENTRY

ENTRY
ENTRY

ENTRY
ENTRY
ENTRY
ENTRY

&N

& NN

£ e

& N

" own

W onis

T L 2G00E+G1

«3u0UE+DL
+4000E¢01
«6LOOE+IL

- +2000ce01

«3600Ev01L
«4U0DEDL
«6000E+01

s2u00E401

e 3u00Er0L

+L000EEL
+6000E+0L

220022401
«3000ce01
«4000ce01
«6L0VE+DL

PRINTOUT OF FILE NUMBZR

€ C00EDL
«E000EIL
«6000E 01
«6000c401

PRINTOUT OF FILE NUMBER

2 7000£402
«7300c¢01
o7 J0uEe0L
«7C30E+01L

TNOW =
QQT IN=

« 1334405
«1000E+05

FILE CONTENTS
«1354Ee02
«3150E¢02
«31502+402
+315JE+¢02

TNOW =
aqr In=

«10002+405
«100LC+05

FILE CONTENTS
+1800E+02
+3150E+02
+3600E¢02
+3150E¢02

PRINTOUT OF FILc NUMBER

+6 000201
+5CD0Ee0]
.82005+01
«8230E401

TNOW =
QT In=

«1000E+05
+1G00E+05

FILE CONTENTS
«18002¢02
_+3600E432
+3600E402
«3600£¢02

PRINTOUT OF FILZ MMBER

TNOW = «1C0GE*DS
QAT IN= «1000£¢05
FILE CONTENTS
+9020¢¢01 <4500E401
«9300c+01 LG50ECD2
v 00+l «H4050E02
«30002401 +3600c402
C-6--(continued)

«450JEDL

«43500E4J1

+9C03E+21L
G.

9
a, .
«1800E¢+D2

0.
«1350E¢02

10

+4500c 401
19003t 401
4500E+01

11

«1809€¢02

.d350ee02 7

«1500E¢02
«20LJE*D2
«2060E+D2
«2000E402

1900E402
«2060E+02
«20060Ee02
«2000E¢02

<1500E402
+2000E+02
<2000E402
+2000E+02

21200€402
«2000E¢02
+2000E¢02
«2000E¢02

pLL



ENTRY
ENTRY
ENTRY
ENTRY

ENTRY
ENTRY
ENTRY
ENTRY

ENTRY
cNTRY
ENTRY
ENTRY

ENTRY
ENTRY
ENTRY
ENTRY

L7 S - & W

S W -

<2J00E401
.3000€+01

" JhUQ0DE+OL

«6000c¢C1

+1000E401
+2000£401
+3000E+01

T k000E+ D1

»2000&¢01
«3600ce01
«4000ct+01

_eBl00ct01

+20002¢01
+«3400c¢018
24GO0EC0Y
»60005¢01

PRINTQUT OF FILE NUMBER

+1000E+02
S1000E¢02
+1030E+02
«10002+02

TNOW = .1600c+05
QqQr IM= «1000E+085

FILE CONTENTS
+9000E+DL
GUSOESD2
+40S0ED2
+4050E¢02

PRINTOUT OF FILc NUMBER

+1100E432
+1100E+02
£1100E¢02
<1100E+02

TNOW = .1000E+0S

FILE CONTENTS
«1350E+402
«4500E+02
<4500E+22
+4500E¢02

PRINOUT OF FILE NUMBER

+1200€ +32
+12008002
«1200E+02
+1200c+02

TNOW = .1000E+0S
QaTIN= < 1G00EC]S

FILE CONTENTS
«1800c¢02
+4500E¢02
+5950E+02
+450QE+02

PRINTOUT OF FILZ NUMBER

«1300e402
+1300£¢02

«1300E¢22.

«13d0&¢02

TNOW = +1J00E+0S
Qar IN= «100LE+05

FILE CONTENTS'
«2250£¢02
«4950E402
+4950E¢02
«4950E+D2

C-6--(continued)
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<90d0E 401
+1350E+02
«180JE402
+9J00E+DL

13

“aarinmzs  .ig00cé0s T T

«900JE+01

0.
«4503E40 L

T 49001

14

«9J00E+01
«180JE¢D2

°.
. +1350E402

15

0.
«9J0JE+0Y
«1350c¢02
«4500E+01

+8C00c+01
+2000E+02

«2000E¢02

«2000c402

«1000c+401
«2000£402
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