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ABSTRACT

This research attempted to solve the human factors
problem of minimizing the knowledge requirements in a
package sorting environment by using operations research
techniques. An integer programming model was developed to
minimize the knowledge requirements for a package sorter by
comparing and assigning 50 individual loads to 6 different
outbound areas. The results of the model reduced the
knowledge requirements significantly, and the effect of less
knowledge requirements on the package sorter's mental
workload was also considered.

It was concluded that the integer programming model was
an effective tool in minimizing the knowledge requirements
for a package sorter. The benefits of the model were
presented, and future applications in larger facilities were

recommended.
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CHAPTER I

INTRODUCTION

Scientists, especially mathematicians, have often been
occupied with questions of optimization. An optimization
problem can be defined as one that attempts to find the
greatest numerical value (maximization) or least possible
value (minimization) of some numerical or symbolic
mathematical function (Cooper and Steinburg, 1974). As early
as 100 B.C., Heron of Alexandria studied the optimization
problem of light traveling between two points by the shortest
path, and Euclid in 300 B.C. was associated with the problem
of finding the shortest distance that could be drawn from a
point to a line (Pike, 1986). However, the real impetus for
the use of optimization theory came with World War II and the
development of the digital computer. In the 1940s Dantzig
recognized the mathematical structure of some military
logistics problems and developed the Simplex Method of linear
programming (Dantzig, 1963). Linear programming has since
moved from an interesting mathematical topic to one of the
most widely applied optimization procedures.

The ability to solve large sets of linear equations has
followed closely the increasing capabilities of the digital
computer and has permitted linear programming to be applied to

numerous industrial problemns. One particular industrial
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problem can be found in the transportation industry, but more

specifically, in a package distribution facility.

The Package Distribution Facility - A Hub and Spoke Concept

The basic design of a package distribution facility can
best be modeled by the airline industry's concept of the hub
and spoke routing system. Prior to airline deregulation in
the United States in 1978, airline carriers used what was
referred to as a "linear" route system in which passengers
were forced to travel through a path of many airports to
arrive at a destination. However, after deregulation, the
airlines chose hub cities that had central geographic
locations to create a hub and spoke system (Figure 1). Any
station on the system was then, at most, one stop away from
all other stations (Oum and Tretheway, 1990).

One type of hub and spoke routing structure that is of
particular interest is the East-West Directional Hub, which
best models the package distribution facility (Figure 2).
Stations north or south of the hub either are not served, or
they are served in a separate North-South Directional Hub.
For example, American Airlines operates predominantly east-
west hub operations in Chicago and Dallas/Fort Worth, and
north-south oriented hubs in Nashville and Raleigh/Durham (Oum
and Tretheway, 1990.) Passengers in this facility would
arrive at one terminal (or spoke), travel through the hub in

the center, and then depart through a different terminal
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Figure 1: Airport Hub and Spoke System.

Figure 2: East-West Directional Hub.
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(another spoke). The packages in a package distribution
facility would behave similarly; however, the hub would then
resemble a uni-directional facility in which certain terminals
were considered arrival (or unload) terminals and the
remaining terminals would be considered departure (or load)
terminals (Figure 3). Once a package arrived (or was
unloaded), it could not return to the arrival set of
terminals.

Three particular goals must be accomplished in a package
distribution facility: (a) unloading the packages, (b)
sorting the packages to their proper outbound areas, and (c)
loading the packages. As seen in Figure 4, a typical package
distribution facility can have many outbound areas to which
packages must be sorted.

In order for the sorter to know which packages should be
sent to each outbound belt, each outbound destination must
have a corresponding load chart that specifically shows which
packages (listed by zip code, state, and city) will be allowed
in each outbound load. To sort the packages, a sorter must
first memorize the load chart for each outbound destination.
Then the sorter can read each package's label to determine
which one of the many destination 1loads that particular
package must be sent, based on his ability to associate the
zip code, state and city of the package with one of the load
charts. After determining which destination load the package

must be sent, the sorter must then recall which outbound area
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that load is located on. Each package is then sorted to its
proper outbound area, where it will be loaded in its correct

outbound loads (see Areas 1-7 in Figure 4).

The Knowledge Unit

A knowledge unit is defined as one combination of:
(zip code, state, city)
or
(zip code range, state).
Therefore, as the number of outbound destinations (loads)
increases, so does the number of knowledge units that a
sorter must retain and be capable of recalling.

Two types of outbound destinations exist: hub loads
and center loads. Hub loads are loads destined to other
large package distribution (sorting) facilities. Hub loads
mainly consist of zip code ranges as knowledge units (Table
1) . Center loads are loads destined for delivery the next
day, and they mainly consist of the more exact zip code,
state, and city knowledge units (Table 2). Certain
combinations of center or hub loads, when coupled together,
will have less knowledge units than the sum of each
individual centers' knowledge units (Table 3).

In larger package distribution facilities with a higher
number of outbound areas and destination loads, the number
of knowledge units that a sorter must be capable of

retaining and recalling can be excessively high and should



Table 1: A Hub Load Chart, PAl.

State Zip Codes

Pennsylvania 17000-19699




Table 2: A Center Load Chart, TNI1.

State Zip Codes
Athens 37303
Big Springs 37323
Calhoun 37309
Coker Creek 37314
Copperhill 37317
Decatur 37322
Delano 37325
Ducktown 37326
East Sweetwater 37874
Englewood 37329
Erie 37846
Etowah 37331
Farner 37333
Grandview 37337
Hiwassee College 37354
Isabella 37346
Loudon 37774
Madisonville 37354
Mount Vernon 37358
Niota 37826
Philadelphia 37846
Postelle 37368
Reliance 37369
Riceville 37370
Spring City 37381
Sweetwater 37874
Tellico Plains 37385
Ten Mile 37880
Turtletown 37391
Vonore 37885

Watts Bar Dam 37395
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Table 3: Two hub load charts, PAl and PA2, coupled together
to create less knowledge units than the total of
each individual chart's knowledge units.

State Zip Codes # Knowledge Units

PAl

Pennsylvania 17000-19699 1
Total for PAl: 1

PA2

Canada All 1

New York 12800-14999 1l |

Pennsylvania 15000-16999 1 |

|

Total for PA2: 3 |

PAl and PA2

Canada All 1
New York 12800-14999 1
Pennsylvania 15000-19699 1

Total for PAl and PA2: 3
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be minimized to reduce sorter training time and increase
productivity. One approach to minimizing the number of
knowledge units that a sorter must memorize and recall is to
create a linear programming model which will consider each
combination of hub and center loads and assign them to one
of the many outbound areas. However, certain facility
constraints must also be considered. For example, each of
the many outbound areas can only hold a fixed, finite number
of outbound destinations, and the cost of building a new
facility would obviously not be justified for the sole
purpose of reducing the number of knowledge units that a
sorter must learn.

Another concern in operating the facility is the
simulation of the facility to keep the packages "flowing" to
the outbound areas at a constant rate so that the employees
may remain in their immediate work area and allow the "work
to come to them," thus reducing unproductive walk time
between areas. Therefore, the number of packages sorted to
each outbound area must be somewhat equal, putting yet

another constraint on the linear programming model.

Calculating the Total Knowledge Units

The specific package distribution facility that will be
modeled using a linear programming framework has 43
different inbound loads (loads to be unloaded), 6 separate

outbound areas, and 56 distinct outbound loads. Each of the

S
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six outbound areas can have no more than 10 outbound
destinations assigned to then.

To calculate the current number of knowledge units
required to sort packages in this particular facility, an
outbound line-up showing which loads are assigned to each
outbound area of the current facility used in the model can
be found in Table 4. Table 4 also shows the total number of
knowledge units that each load chart currently has. Each of
the load charts for all of the loads shown in Table 4 can be
seen in Appendix I. Once the knowledge units for each
individual load have been calculated, any combinations of
knowledge units within each outbound area that would lessen
the total can then be highlighted and recalculated (refer to
Table 2).

The total number of knowledge units for the current
outbound line-up in the facility is 783, which is the focus

of the linear programming minimization problem.
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Table 4: Current outbound line-up and the corresponding
number of knowledge units contained in each load.

Loads # Knowledge Units Combinations
Area 1
IL1 1 0
IL2 5 IL1+IL2 = 5
KY1 4 0
KY2 30 30
KY3 2 KY1+KY3 = 3
OH1 1 1l
TN2 39 39
TN3 40 40
TN4 63 63
TNS 56 _56
TOTAL: 237
Area 2
NC1 1 1l
NJ1 2 2
OK1 1 1
SC1 1 1
TN6 37 37
TN7 12 12
VAl 3 0
VA2 3 VA1+VA2 = 5
VA3 3 VA1+VA3 =_2
TOTAL: 61
Area 3
FL1 2 2
MO1 8 8
MS1 2 2
NC2 80 0
NC3 49 o
NC4 68 0
NC5S 47 NC2+NC3+NC4+NC5 = 1
TN8 32 32
TN9 35 35
TOTAL: 80




Table 4: (cont.)
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Loads # Knowledge Units Combinations
Area 4
IN1 1 1
MA1l 5 5
MD1 1 1
TN1 23 23
TN15 47 47
TN16 14 14
TN17 74 0
TN18 8 TN17+TN18= 2
TX1 2 2
TOTAL: 95
Area 5
GAl 64 0
GA2 79 GAl+GA2= 10
GA3 2 0
GA4 5 GA3+GA4= 4
TN1O 68 0
TN1l1l 65 65
TN1l2 28 28
TN13 109 TN10+TN13= 39
TN14 30 30
WIl 2 _2
TOTAL: 178
Area 6
AR1 1 1
NJ2 1 1
OH2 1 1
PAl 1 0
PA2 3 PAl1+PA2= 3
TN19 42 42
TN20 34 34
TN21 24 24
TN22 26 _26
TOTAL: 132
TOTAL Knowledge Units: 783
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CHAPTER II

THE NEED FOR LESS KNOWLEDGE UNITS

Before a sorter can memorize and recall all of the
knowledge units needed to perform his job, he first must have
the capacity, as well as the motivation and desire, to learn.
Any device for storing information, including memory, must
have at least three facets. One facet is responsible for the
input of information; in the case of memory, this process is
usually termed 1learning or acquisition. The second is
responsible for storing the information; this is the stage to
which the term memory itself most frequently refers. Finally,
one must have the means of accessing the information in the
memory store; the terms retrieval and recall refer principally

to this process (Baddeley, 1976).

The Evolution of Mental Workload

Workload is a construct that is used to account for the
amount of effort required of an individual to maintain a
certain level of task performance (Reid, 1985). The general
concept of workload has its roots in the performance of
physical work. However, with the influx of automation into
the work place, the role of the human operator has changed
from that of a physical laborer to primarily an information

processor (Meshkati, 1985). This evolution has forced the
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ergonomic focus to switch from the measurement of physical
workload to that of mental workload.

A few studies have tried to incorporate individual
differences in the measurement of mental workload, especially
in the area of subjective ratings. Hart, Childress, and
Hauser addressed the issue that people differ in their ratings
of workload for a given task. They suggest that these
individual differences may be attributed to the fact that
there is a wide range of interpretations for the term
"workload" by operators (Hart, et al, 1982). Results showed
that there seems to be several basic meanings to "workload"
which were not at all similar, including time stress,
emotional stress, task demands, cognitive effort, physical
effort, motivation, and level of performance achieved. For
example, if an operator dislikes time stress but enjoys
cognitive problem solving, then asking the operator to rate
'load' will produce very different results for a given task
than will be obtained from someone whose semantic framework is

the reverse (Hart, et al, 1982).

The Role of Memory Retention and Recall on Mental Workload
A range of experiments from Ebbinghaus onward have shown
that the length of a sequence of digits to be learned is
critical, with longer sequences, as well as more sequences,
taking disproportionately more time to learn (Baddeley, 1976).

Therefore, the initial time that a sorter would spend
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memorizing the load charts, prior to ever performing the job,
would increase as the number of knowledge units increased.
Even after a sorter has memorized the knowledge units, his
capacity to retain and recall them is variable, and the mental
workload that the sorter must manage is quite complex. Also,
the quality of the output from the sorters is affected by
sorter-to-sorter differences in the capacity of each sorter to
retain and accurately recall large numbers of knowledge units.

The complexity of mental workload has resulted in
numerous proposed measurements by many different methods;
however, poor reliability and lack of congruence among the
different techniques for measuring mental workload (e.q.,
physiological, performance based, and subjective ratings) are
major drawbacks to their practical application (Meshkati,
1985). Various writers (e.g., Leplat, 1978) maintain that
mental workload should be tied to personality, task, physical,
or physiological variables, and to such social variables as
social pressure and expectations (Moray, 1982). Although data
on subjective mental workload are astonishingly sparse,
measurements of it may be conveniently divided into four
groups, related to: (a) physical and physiological task
parameters, (b) cognitive tasks, (c) manual control tasks, and
(d) "time stress" (Hicks and Wierwille, 1979). Since a sorter
in a package distribution facility has as a production
standard the sorting of at least 1000 packages per hour, "time

stress" may be the best measurement application.
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Borg (1978a, 1978b) examined the implicit assumption that
what 1is perceived difficult is considered to produce
subjective mental workload; however, his experiments did not
subject the participant to pressure associated with a
continuous stream of signals that may arrive before the
participant has finished dealing with an earlier signal, as in
the case of a sorter facing a moving belt with packages.
Borg's subjects were not under any kind of time stress, and no
experiment to date has actually 1linked the perceived
difficulty theory with the time stress factor.

With package sorting, an operator may receive signals
which he or she must begin to process while still processing
an earlier signal. The effect of multiple signals can lead to
time stress. However, package sorting is not the only
occupation in which time stress and subjective mental workload
are concerned. For example, almost all reports on air traffic
control refer to these problems as well. Remarkably few
attempts have been made to measure the relationship between
the two factors. Senders (1979) has gone so far as to assert
that unless there is time stress in a task, there is by

definition no subjective mental workload.

The_Information Theory Approach

One approach to measuring mental workload is the use of
information theory to determine if the operator is being

requested to process more information than he or she is
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capable of processing. Its relevance to human factors is
based on the fact that it provides for the measurement of
information, and the unit of measurement is the bit. The bit
(symbolized by the letter H) is the amount of information
necessary to decide between two equally likely alternatives,

and is derived with the following formula:
H=1log, n

where n is the number of equally probable alternatives. The
information theory approach relies on the supposition that the
human being has a limited capacity for processing information.
If this limited capacity can be described in terms of bits,
the current number of knowledge units can be converted to bits
to determine if it exceeds the channel's capacity (McCormick
et al, 1982).

Unfortunately, the information theory approach is not
effective in showing why the number of knowledge units should
be decreased because the current outbound 1lineup is
successfully being used by sorters in the facility; these
sorters have proven that the 783 knowledge units do not exceed
the limited capacity of the human mind by the way that they
effectively and accurately do their job. Thus, the

information theory approach was dismissed.

The Modified Cooper and Harper Scale

A major limitation of most workload measures is that they

are typically developed for a specific application (Reid,
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1985). However, the most popular and widely accepted
decision-tree rating scale for mental workload measurement,
which has been used successfully to measure the mental
workload of airline pilots, is the Cooper and Harper scale
(Cooper and Harper, 1969). This scale, in its original form,
was well suited for estimation of workload in manual control
systems. Wierwille developed a modification of the scale,
called the Modified Cooper-Harper (MCH) scale, which could be
applied in mental workload estimation, regardless of the type
of loading imposed by the task (Skipper, et al, 1986). The
MCH scale can be seen in Appendix II.

The MCH scale has a 3-3-3-1 decision-tree scale
structure. This scale uses the same decision-tree structure
as the original Cooper-Harper scale; however, scale wording
has been changed to increase the range of applicability and to
place emphasis on mental workload. The MCH scale is not
unidimensional in that it deals with performance, errors and
workload. Furthermore, it contains a decision tree.
Consequently, the possibility exists that wusing more
categories might produce a more sensitive scale; however,
experiments show that other scales using more categories do
not possess as high a consistency and sensitivity as the MCH
scale (Skipper, et al, 1986).

This particular scale would rate the overall task of
sorting packages on a scale ranging from 1 to 10, with 1 being

rated "very easy, highly desirable"™ and 10 being rated
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"impossible." 1Ideally, the desired rating for a particular
job would be within the 1 (very easy, highly desirable) to 4
(minor but annoying difficulty) range on the MCH scale.

The most effective and accurate way to calculate a rating
on the MCH scale for the current package sorting job is to
have each sorter rate his job after performing it.
Unfortunately, variation among the sorters with respect to
experience, training, and attitude would lead to
inconsistencies within the ratings. If an unacceptable rating
was calculated (a rating of 5 or greater), the management
group would then need to weigh the cost of implementing a new
setup with less knowledge units versus the benefits. This new
setup would be derived from the integer programming model.
The costs associated with the new setup would consist of
initial training time for all the sorters to learn the new
setup as well as the loss of production directly following

implementation.

Numerical Digit Recall

Regardless of the complexity of the sorter's mental
workload, the problem of recalling the information associated
with the load charts becomes an even greater concern. One
experiment by Sternberg (1966) involved presenting the subject
with a sequence of one to six digits, allowing 2 seconds for
rehearsal, and then presenting a probe digit. The subject's

task was to decide as quickly as possible whether or not the
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digit was in the presented sequence and to press a "yes" or
"no" lever accordingly. Reaction time increased linearly with
the number of digits presented. Sternberg suggests a model in
which items in memory are scanned very rapidly using a
comparator to determine whether a match exists between each
item and the probe. If a match occurs, the subject responds
"yes," and if none of the items matches the probe, he responds
"no." The linear increase in reaction time with size of set
can then be explained by assuming that items are scanned
serially one at a time; hence, the greater the number of
items, the longer the reaction time (Baddeley, 1976). This
research supports an argument for reducing the number of
knowledge units in the package sorting environment. An
increase in operator productivity is an expectation as the

time required to recall information and react to it decreases.

Training and Retention

One major factor affecting the ability of the sorter to
retain and recall the required number of knowledge units is
the initial training provided. An effective operator training
program can be identified by at least two criteria. First, it
provides trainees with the opportunity to develop knowledge
and appropriate skills for safe and efficient system
operation. Second, the knowledge and skills obtained in the
training program are retained 1long enough for effective

application to job performance. Techniques must be built into
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the training programs to minimize skills loss and provide
retraining in areas where significant skills loss is likely to
occur, as in the area of memorization and retention of load
charts. Retention is especially difficult in contexts where
there is a dissimilarity between the training and real-world
environments, such as computer-based training in comparisoﬁ to
hands-on training (O'Hara, 1990). The demonstration by
Von Restorff (1933) that an isolated item in an otherwise
homogeneous list will be better recalled than a homogeneous
item proved that the way the material was presented in
training has some effect on how well the subject can retain
and recall it. Thus, a three-digit number will be better
learned if it presented within a list of nonsense syllables
than if it is surrounded by other numbers (Baddeley, 1976).
Therefore, the initial presentation of the outbound load
charts that a sorter must memorize can be as important as the
number of knowledge units that the sorter must learn.
Obviously, many different types of training programs
should be experimented with to determine which one can achieve
the greatest results with the least amount of time and money;
however, working to reduce the required mental workload (e.g.,
knowledge units in the case of the package sorter), is
probably one of the most beneficial areas in creating an

effective and efficient training plan.
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CHAPTER III

THE KNOWLEDGE UNIT MATRIX

The current number of knowledge units required for a
sorter to sort packages at the current distribution facility
(seen in Table 4) is 783. However, prior to formulating the
integer programming problem to optimize (minimize) the number
of knowledge units, a knowledge unit matrix was created to
show the interaction between each of the 50 outbound

destinations.

The Original Knowledge Unit Matrix

The original knowledge unit matrix that was constructed
to solve this problem was actually a 50 by 50 by 6 matrix (or
15,000 elements). This particular matrix was a symmetric
matrix across the xy axis in which each of the 50 (56 total
loads - 6 sets of double loads = 50 total loads) outbound
loads was compared with each other to show how the pairwise
combinations would contribute to decreasing or increasing the
number of total knowledge units. However, this 15,000 element
matrix was too large to solve using the mainframe software
currently available at the University of Tennessee, Knoxville.

To combat this problem, either the number of constraints
or the number of variables had to be decreased. Many

different attempts were made to decrease the number of
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constraints. For example, the original knowledge unit matrix
was symmetric across the xy axis, and the constraints were
decreased 50% by eliminating the lower half of the matrix by
formulating only those constraints where x was greater than y.
After many other similar attempts to decrease the number of
constraints to a 1level that would not cause a "variable
integer overflow," the knowledge unit matrix was simplified by
placing half (25) of the outbound loads on one axis, and the
remainder on the other axis. Of course, some knowledge of the
loads had to be used in order to place pairs of loads that
would decrease the number of knowledge units on opposite axis.
A simple decision-making process was used to place each load
on an opposite axis of the loads that would in any way
decrease the total knowledge units. This decision-making
process could eventually be modeled by an expert system in
which a simple heuristic could be developed to reduce the
knowledge unit matrix. The original knowledge unit matrix,
along with the original formulation of the problem can be seen

in its entirety in Appendix III.

The Feasible Knowledge Unit Matrix

A 25 by 25 (or 625 element), two dimensional matrix was
then developed to show how each outbound load's knowledge
units interacts with another outbound load's knowledge units.
The number of belts represented the third dimension since

constraints regarding the belt capacities must be adhered to.
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For example, once this matrix is used for each of the 6 belts,
it becomes a 25 by 25 by 6 matrix (or 3750 element). Thus,
the number of outbound belts also contributes to the size of
this problem. This specific matrix was designed to show how
"the sum of two loads' knowledge units could actually be less
than the total of the two individual loads' knowledge units."
This matrix can be seen in Appendix IV.

For example, referencing the PAl load, the total number
of knowledge units assigned to that individual load is 1 (see
PAl in Table 4). Referencing the PA2 load, the total number
of knowledge units assigned to that individual load is 3 (see
PA2 in Table 4). However, when the PAl load is coupled with
the PA2 load, the total number of knowledge units is not 4,
but 3 knowledge units! Thus, 1 + 3 does not equal 4 in this
example because of the effect of combining the knowledge units
in the two separate loads. This non-additive effect is true
for many of the load combinations found in the knowledge unit
matrix.

This matrix will, in effect, show the linear programming
solver which two loads should be combined and assigned to the
same outbound belt in order to assist in finding the minimum
number of knowledge units required (hopefully less than the
current 783). However, one drawback in using only a two
dimensional matrix is that a problem solution is constrained
to pairwise combinations. 1In some instances, assignments of

three or four particular outbound loads will result in a
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decrease in the total number of knowledge units. For example,
the TN1, TN5, TN15, and TN16 loads, when assigned individually
to four separate outbound belts, have a total of 123 knowledge
units; however, when all four loads are assigned to the same
outbound belt, the total number of knowledge units required is
reduced to 2. The two dimensional knowledge unit matrix can
benefit from the assignment of all four of these loads if and
only if two loads are combined together to create yet another
load. For example, the TN1 and TN5 loads were combined
together to create one load (referred to as the TN1l load). By
combining key loads prior to formulating the remainder of the
linear programming problem, the knowledge unit matrix can
benefit even more from the combinations of loads that need to
be assigned. Other loads that have been combined include:
TN15 and TN1l6 (referred to as TN15), TN7 and TN9 (referred to
as TN7), TN8 and TN1ll1l (referred to as TN8), NC2 and NC3
(referred to as NC2), as well as NC4 and NC5 (referred to as

NC4) .

Total Package Matrix and Total ILoad Matrix

Two other matrices that were essential to the model are
the total package matrix and the total load matrix (see
Appendix V). There is no maximum limit to the number of
knowledge units required to perform the package sorter's job;
however, certain facility constraints 1limit the number of

packages as well as the number of outbound destinations on one
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belt. A 25 by 25 by 6 (3750 element) matrix was created to
show how many packages would be assigned to an outbound belt
if any pairwise combination of loads was assigned to that
belt. The maximum number of pieces on each outbound belt is
9500.

The second matrix, the total load matrix, was created to
show how many total loads each pairwise combination would add
if assigned to an outbound belt. Since preliminary
combinations of loads were created to allow the model to
account for combinations of three or four loads (for example,
TN15 and TN16 are referred to as TN1l5), each of these new
loads would actually represent 2 loads on an outbound belt
instead of just 1. The maximum number of loads that can be

assigned to an outbound belt is 10.
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CHAPTER 1V

THE LINEAR PROGRAMMING PROBLEM FORMULATION

The package distribution facility must complete three
objectives: (a) unloading the packages, (b) sorting the
packages to their outbound destinations, and (c¢) loading the
packages. To sort the packages, a sorter must read each
package's label and assign the package to one of K outbound
(where K is a positive integer determined by the
specifications of the facility). Each package is then
sorted to its proper outbound belt where it will be sorted
again to one of M outbound destinations (where M is a
positive integer determined by facility constraints but less
than or equal to N). A total of N possible outbound
destinations, which will be determined by specifications of
the facility, are assigned to K outbound belts. This
particular configuration can be displayed as:

(1.1)

where R = number of different inbound loads
B, = k total outbound belts
C_ = m outbound destinations per belt

The Facility and Its Constraints

In order for the sorter to know which packages should
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be sent to each outbound belt, each outbound destination
must have a corresponding load chart that will show which
combinations of zip code, state, and city will be allowed in
each outbound destination. A knowledge unit is defined as
one combination of:

(zip code, state, city)
or

(zip code range, state)
Therefore, as the number of outbound destinations increases,
so does the number of knowledge units that a sorter must
retain.

In large package distribution facilities the number of
knowledge units that a sorter must retain and recall has a
negative impact on mental workload (and therefore
productivity) as well as training requirements (refer to
Chapter II). An objective to minimize the number of
knowledge units would seem to be a logical choice. 1In this
context one approach to minimizing this objective is to
create a linear programming model which will consider each
combination of hub and center loads and assign them to one
of K belts. However, certain facility constraints must be
considered as well. For example, each one of K outbound
belts can only hold up to M outbound destinations (where M
is a fixed, positive integer determined by facility
specifications). The cost of building a new facility would

obviously not be justified for the sole purpose of reducing
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the number of knowledge units that a sorter must learn.

“Another concern in operating the facility is keeping
the number of packages that are sorted to the outbound belts
somewhat equal so that the employees may remain in their
immediate work area in order to eliminate unproductive walk
time between areas. Therefore, if the number of packages
assigned to each outbound belt must be approximately equal,
this creates yet another set of constraints for the linear
programming model.

The specific package distribution facility that will be
used to model the linear programming problem has 43
different inbound loads (R), 6 different outbound belts (K),
and 56 separate outbound destinations (I). The six belts
can have no more than 10 outbound destinations (M) and 9500

packages C(K) assigned to themn.

The Integer Programming Formulation

The validity and value of many linear programming
models would be improved markedly if one could restrict
selected decision variables to integer values. Since about
1970, almost all linear programming solution procedures have
been augmented with a capability which allows the user to
restrict certain decision variables to integer values. The
package sorter's knowledge unit problem is one example of a
0/1 integer (or assignment) programming problem, where

certain programming codes assume that integer variables are
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restricted to values 0 or 1. The 0/1 integer variable is
used to represent a go/no-go decision and will equal one
when a load is assigned to a particular belt, and it will
equal 0 when it is not assigned to a belt. Integer programs
can be very difficult to solve, and as the number of integer
variables is increased the solution time may increase
dramatically.

The mainframe software that is used to formulate the
integer programming problem is GAMS (General Algebraic
Modeling System). GAMS is designed to make the construction
and solution of large and complex mathematical programming
models more straightforward for programmers and more
comprehensible to users of models from other disciplines.
These other disciplines may include the industrial
engineering, accounting, transportation, or any other
function that may benefit from mathematical programming but
do not possess strong computer programming skills. Because
GAMS can make concise algebraic statements of models in a
language that is easily read by both modelers and computers,
GAMS can substantially improve the productivity of modelers
and expand the usefulness of mathematical programming
applications in policy analysis and decision making. One
positive feature of the GAMS compiler is that the
constraints are written in summation notation, just as a
modeler would formulate the program.

Once the program is compiled in GAMS, it is then
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submitted to another separate program, which actually solves
the problem. Linear and mixed-integer models created with
GAMS are solved with a special version of the ZOOM (Zero/One
Optimization Methods) optimizer.

The formulation of the integer programming problem

consists of the following:

. . . (1.2)
Min Yy Y Y (B(i,7) * X(i,7,k) )
i 7 %
subject to
. . (1.3)
Y'Y (A, g +x(i,5,k) ) s c(k), for all k
i 3
.o . (1.4)
Yy (T, i) *Xx(i,j.,k)) < L(k), forallk
i j
. . (1.5)
Y)Y x(i,j,k) =1, forallj
1%
.o , (1.6)
Y)Y x(i,j,k) =1, forall i
7 K
x(i,7,k) € (0,1) (1.7)
where B(i,j) = the number of knowledge units for load i

coupled with load j, C(k) is the capacity of belt k in
pieces, A(i,j) is the number of pieces associated with load
i when it is coupled with load j, T(i,j) is the number of
total loads when load i is coupled with load j, L(k) is the
capacity in number of loads assigned to belt k, and X(i,3j,k)
is the integer variable that shows loads i and j are

combined and are assigned to belt k.
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Each of the constraints (equations 1.3 through 1.7) has
a special purpose. The first constraint (equation 1.3)
limits the capacity in packages to each belt. The second
constraint (equation 1.4) limits the capacity in number of
loads to each belt. The third and fourth constraints assign
each load to only one belt (equations 1.5 and 1.6), and the
fifth constraint allows all X(i,j,k) to equal 0 or 1, thus

making this an integer programming problem.

Original Problems with Formulation

As stated in Chapter III, certain problems were
encountered when the original form of the problem was
submitted to the GAMS/ZOOM optimizer. The original
formulation of the problem, seen in Appendix VI, was run
using the GAMS/ZOOM software, but generated approximately
15,000 integer variables with over 6000 constraint equations
to be solved. After the problem was compiled in GAMS, it
was submitted to the ZOOM optimizer, which then could not
solve the problem due to an "integer variable overflow."
There were just too many variables and constraints for the
software to solve. After many attempts to reduce the number
of variables as well as constraints, the model was
reconstructed and then solved.

The GAMS/ZOOM optimizer is the only software currenﬁly
available on the VAX system at the University of Tennessee,

Knoxville, that would have been capable of solving an
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integer problem of this magnitude. One concern should be
noted- about any future application of this model. This
particular integer programming model formulates a problenm
for a relatively small package distribution facility with
only 56 separate outbound loads, and the original model
currently was too large to be solved using available
software. If any further attempts are made to model
facilities larger than the one modeled in this example, the
reconstruction of the model, or rather the reconstruction of
the knowledge unit matrix (as seen in Appendix III), would

be a necessity.



CHAPTER V

THE SOLUTION TO THE INTEGER PROGRAMMING PROBLEM

Once the integer programming problem shown in Chapter
IV was solved using the GAMS/ZOOM optimizer, the proposed
feasible solution was verified and is shown in Table 5. All
of the constraints were met, and the proposed solution
calculated the optimum (minimized) number of total knowledge
units equal to 423. This shows a reduction of 360 knowledge
units, which is almost one half of the current 783 (54.02%

of the original value).

Comparing the Current and the Proposed Outbound Lineups

Comparisons of the current outbound lineup with the
proposed outbound lineup were made to determine the
similarities and differences between the two, as well as
considering implementation plans for the new lineup.
Twenty-nine loads (or 51.79% of the total loads) that are
coupled together in the proposed outbound lineup are on the
same outbound belts with loads that they were coupled with
on the current outbound 