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ABSTRACT

Although extensive attention has been given to the use of
break bulk terminals and distribution centers, little atten-
tion has been given to the use of consolidation centers for
reducing acquisition cost and regulating the flow of inbound
materials. The control of acquisition cost and the regula-
tion of inbound flows are fundamental to just-in-time manu-
facturing, meeting foreign competition, and the design of
more imaginative and cost-effective transportation strat-

egies now available under relaxed governmental regulation.

This study used the following:

1. an inbound data base of approximately 6,000 actual
shipments received by a large mail order and catalog
merchandiser;

2. actual transportation rates provided by an on-line
rating service; and

3. a simulation model to examine the impact of key con-
‘solidation decisions on acquisition cost and customer
service.

The key consolidation decisions included: (1) number of con-

solidation centers, (2) area served by the consolidation

center, (3) strategy for release of consolidated shipments,




(4) mean shipment weight, and (5) vendor concentration.
Model outputs include variables such as total acquisition
cost, transit time from supplier to final destination, vari-
ation in transit time, and vehicles arriving at destination
center. Simulation ranges included single and multiple con-
solidation centers, consolidation radius varying from 100
miles to 200 miles, release strategies varying from 1 to 7
days and various shipment sizes and vendor concentrations.
Although this research was based on a specific data set
for a specific organization, it does present a methodology
and programs for simulating flows from other organizations,
and results showing the impact of each of the consolidation
decisions on cost, transit time and variation in transit
time. Based on this data set one day holding time tended to
be more expensive than direct shipment, but cost decreased
with longer holding times. As can be expected, consolida-
tion becomes more effective as vendor concentrations within
the consolidation area increases. Vendor concentration was
the key factor for a consolidation program to be cost-effec-
tive in a just-in-time environment. Delivery time generally
decreased with consolidation. Delivery time variability was

heavily influenced by vendor concentration.

Thié dissertation makes three major contributions:
1. It illustrates the effect of consolidation parameters
on cost, delivery time and variability of delivery
time for a given organization;
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provides a framework for management consideration
an inbound consolidation program;

provides a model and methodology that can be used
other organizations to analyze data sets specific

their organizations.
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CHAPTER 1

BACKGROUND

1.1 INBOUND MATERIAL CONTROL

A major function of Materials Management is the trans-
portation of inbound materials, both raw materials and com-
ponent parts at the right time, to the right place and at
right cost. Depending on the type of industry, the cost of
transportation of inbound materials may easily be 50 )% or
more of the total cost of material. For example, in the
steel industry the percentage cost of transportation of in-
bound materials will be substantially higher than that of
the electronics industry. For a steelmaker, the cost of
transportation of inbound materials, according to Gilbert et
al. (1983), can easily be 50 to 70 ¥% of the total cost of
material. A close examination of a firm's material purchas-
es reveals that inbound material transportation is often?
controlled by the suppliers because of pricing on a deliv-

ered cost basis; although the associated costs are ultimate-

! In a National Association of Purchasing Management

survey it was revealed that in about 50 ) of the companies
surveyed, the prime responsibility for inbound freight did
not rest with the buyer department. For further information
see Purchasing, April 14, 1983, pp. 43-73.
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2
ly borne by the buyer. As a result, it is not uncommon to
find different materials being received around the same time
from different sources located in the same region. It would
therefore seem logical to consolidate inbound materials at a
convenient location, in order to reduce the costs of trans-
portation. Also, by taking charge of the inbound supply
channel, the buyers can gain better control of the procure-
ment functions and thus increase operational flexibility.
They may thus realize substantial savings in the overall de-
livered cost of inbound materials. In the followiné discus-
sion therefore, we shall have a closer look at the concepts
of freight consolidation, in general, and the relevance of
these concepts for the consolidation of inbound materials
vis-a-vis the present environment in the transportation in-

dustry.

1.2 FREIGHT CONSOLIDATION

According to Newbourne (1980), "One of the first les-
sons of industrial traffic management is that two and two do
not always =-- or even usually -- make four in the shipping

of freight." Consolidation? of freight actually stems from

2 According to published literature, the term "freight

consolidation" as used in this research, actually means two
separate and distinct operations: "pooling" and "consolida-
tion". According to Newbourne (1980):

Pooling refers to shipments so small that it
becomes a question of the ability of carriers to
handle them economically and efficiently on a




3
the above reality. In general terms, consolidation of
freight involves grouping of two or more shipments from one
or more shippers to form a single large shipment. There may
also be multiple destinations. If there is more than one
destination, the large shipment usually has to go through a
break-bulk point before it is delivered at the final desti-
nation. Consolidation of inbound freight involves the
grouping of shipments from different suppliers into a large
shipment at a convenient point, designated as a consolida-
tion center. In this research, it has been assumed that
the organization of the whole process of consolidation would
be initiated by the recipient of the shipments.

The consolidation of inbound freight has several advan-
tages. First, firms are able to obtain a local presence to
collect, coordinate and follow-up on suppliers. This serves
as an early warning system when suppliers expect delays
since it is known before the actual shortfall takes place at
the consumption point. Besides, in case of an imminent re-

duction in reguirement of an item, early warning often helps

direct door-to-door basis.

In general, the objective of consolidation
proper is to transform LTL (less than truckload)
and LCL (less than carload) shipments into
truckload and carload ones, whereas pooling may
be designated merely to increase to size an
aggregation that may remain LTL/LCL in total.

In this research however, all aggregation of freight will be
considered under the broad term of freight consoclidation.




in rescheduling supplies.

Second, firms can reduce transportation costs by
achieving high volume rates. It is considerably less expen-
sive to procure inbound materials in a single TL (truck-
load) shipment than several LTL (less than truck-load) ship-
ments. This is due to the existence of strong economies of
scale in transportation costs. Procurement via a consolida-
tion center involves consolidating different parts from dif-
ferent suppliers in a central consolidation center. The lo-
cation of a consolidation center would depend upon factors
like, part characteristics, volume of procurement, density
of suppliers in the region etc. Figure 1.1 and 1.2 illus-
trates the procurement via a consolidation center.

The consolidation center may either be an existing
warehouse, a rented facility (public warehouse), or a dis-
tribution center. Parts produced at different origins and
meant for one destination are consolidated at the consolida-
tion center for dispatch to the destination. The advantage
lies in lower transportation costs and lower inventory costs
at the destination, while the disadvantage results from the
inventory and material handling costs as well as overhead
costs at the consolidation center.

The rate classification structure promotes consolida-
tion. Carriers have consistently maintained considerable

rate differentials on small and large shipments. It is com-
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7
mon to pay more per unit weight for a small shipment than
for a larger shipment of the same item. According to the
National Motor Freight Classification (NMEC), the classifi-
cation rates roughly reflect actual rate differentials:
thus, if the class 100 rate on a certain item is $1.00 per
hundred pounds, the class 50 rate will be approximately 50
cents per hundred pounds. The following example by Newb-
ourne (1980) will further clarify the matter:

Certain iron rubbish burners with bodies at-
tached or detached move at class 55 in truckload
guantities, class 200 in less than truckload (LTL)
lots.

In LTL volumes, plastic or rubber expanded tub-
ing can take a rating as high as class 300;
shipped in truckloads, the rate can drop as low as
class 45.

Although, the above are some of the more extreme examples,
the average LTL class rating, according to Newbourne (1980)
is probably about double of average TL (truckload)iratings,
and the differential is often greater. The following exam-
ple from Newbourne (1980) would illustrate the point fur-

ther.

To demonstrate what these rate differentials can
mean to the shipper in terms of actual dollars and
cents, consider one of the commodities with a rel-
atively small LTL/TL variance: Bottle caps. In a
given week a manufacturer may ship out 30,000
pounds of these caps from his plant to one partic-
ular destination. If he does so all at once, he
is eligible for the truckload classification rat-
ing (class 35); which bears a 30,000 pound minimum
weight. Assuming the class 35 rate between the
two points involved to be 35 cents per hundred-
weight, this works out to $105.00 for the weekly
shipment.




However, the production line may be turning
these caps out at the rate of 6,000 a day. Should

the shipper choose to send them out daily, rather

than accumulating them over the course of the

week, he must pay the LTL rate (based on a class

55 rating) for each of the five separate daily

shipments. The class 55 rate will be about 55

cents per 100 pounds, bringing the daily transpor-

tation bill to $33.00 - and the weekly bill to
$165.00, or $60 per week ($3, 120 per year) more

than he would have paid had he consolidated his

shipments into truckload lots. On a percentage

basis, this means his transportation costs are 58

% higher than they need be.

Third, firms can obtain an overall reduction in inven-
tory level by achieving just-in-time scheduling even when
suppliers are located all over the country. In order to be
able to appreciate how consolidation of inbound freight is
likely to aid in achieving just-in-time inventory objec-
tives, a discussion of the just-in-time concepts may be

worthwhile.

1.3 JUST-IN-TIME SCHEDULING

One inventory control technique that has recently at-
tracted the attention of the industry is the just-in-time
scheduling (hereinafte'r referred to as JIT). One of the
aims of JIT is to provide parts in small gqguantities, ideally
one at a time, rather than in lots, just in time to go into
production. Traditional inventory theory on the other hand,
advocates delivery in economic lot sizes in order to dis-

tribute the high fixed costs over a large number of compo-
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nents. The basic characteristics of the JIT® that can be
attained with judicious inbound material consoclidation are
the following:

1. High freguency of delivery, and reduced shipment
size,

2. Reduced, ideally zero safety stock, and

3. Reduced variation in delivery time.

With the attention of industry on JIT techniques , the
shipment sizes have started shrinking and the frequency of
deliveries have started growing. The consolidation center
concept therefore, will be an important step in the right
direction. When suppliers are scattered all around the
country, multiple deliveries in LTL loads direct from sup-
pliers, (to attain the 'just-in-time' inventory concept)
seem impractical and thus pose a serious impediment to the
lowering of inventory levels. Consolidation centers would
help consolidate such shipments and enable the buyer compa-
nies to obtain volume rates. In a just-in-time environment
purchasing managers are looking for ways to become more com-
petitive by reducing shipment sizes and increasing the fre-
gquency of deliveries without sacrificing the reliability of
supplies. Consolidation may prove to be the ideal tool in

such an environment. Moreover, when working with little or

3 In fact, there is much more to JIT system than the
above characteristics. In this study we are concentrating
on the JIT interfaces with inbound material transportation
function in particular.
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no buffer stocks, this method may give the purchasing manag-
er a better control of the supply channel and thus on the
on-time delivery performance. A recent report in Traffic
Management (1984) strengthens this viewpoint.

Interest in the Japanese 'just-in-time' approach
to production, where deliveries are tightly sched-
uled to arrive virtually at the moment of need,
has led many executives to look more closely at

their own companies' practices.

"This is particularly evident in the automotive

industry, " . . "Both General Motors and

Ford are scheduling dies for receipt two days in

advance of final assembly. which tells us that

there is a sharpening of focus on inbound at this

time."

At this stage it must be understood .that to be benefi-
cial, certain preliminary conditions must be satisfied be-

fore freight consolidation is possible.

1.4 WHEN IS FREIGHT CONSOLIDATION POSSIBLE?

First and foremost, freight consolidation will be pos-
sible if the individual shipments can be packed in the same
truck, trailer or car for at least part of their haul from
origin to destination. The simplest and the most profitable
proposition however, takes place when the individual ship-
ments share the same truck, trailer, or car for the entire
journey from origin to destination. In a snap survey, elec-
tronics manufacturers ,like Hewlett-Packard, Northern Tele-
com etc., indicated that major portion of their inbound

freight are small loads and present opportunities for con-

solidation.
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The shipper's ability to consolidate freight depends on
several factors: line-haul distance involved over which the
shipments will move as a consolidated unit, the geographic
dispersion of the multiple origin and/or destination points,
the cost and managerial problems of setting up and maintain-
ing suitable terminal facilities, etc. To cite some extreme
exampleé, consolidation will probably not prove feasible for
small shipments emanating from numerous points scattered
over Massachusetts and destined to points, all over the
state of Connecticut; on the other hand, consolidation is
clearly indicated where the shipments originate in and/or
around Los Angeles and are dispatched to New York City. The
exact location where consolidation will provide sufficient
economic justification to warrant its establishment depends
on various conflicting factors. However, certain basic
ground rules, like line haul distance and concentration of
suppliers in a certain region, are factors of considerable

importance.

1.5 PURPOSE OF THE RESEARCH PROJECT

Logisticians in the past, have focused heavily on the
distribution of finished products. In my personal experi-
ence however, I was confronted with a very similar and per-

haps a more difficult problem in physical supply. An elec-

tronics manufacturing company in Calcutta, India received
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approximately 100 different category 'A'‘ items from differ-
ent suppliers in the Bombay region, approximately 1500 miles
away. Because of inconsistent availability and reliability,
the company experienced very high telephone expenses towards
coordinating and expediting shipments. One soclution was to
station a company employee at Bombay to coordinate delivery
to a local consolidation center and then arrange for low-
cost reliable TL (truckload) shipment to the plant at Cal-
cutta. This research builds upon this personal experience
and the availability of new analytical techniques, to derive
a relationship among the different factors that are involved
in the setting up of consolidation centers. The development
of models for location of consolidation centers is now pos-
sible because of the.evolution of on-line data bases; which
makes it possible to feed the model with accurate and cur-
rent transportation and distribution costs so that the mod-
els are easy to use and accurately represent the real world
conditions. A major premise of this research is that quan-
titative techniques will make a much greater contribution to
the industrial sector when supplied with current data and

are used to address real-life problems.

“ This company had about 250 such items contributing to
approximately 75 % of the total procurement dollars. For a
complete discussion on ABC analysis see Fogarty, Donald W.
and Hoffmann, Thomas R. in Production and Inventory Manage-
ment, South-Western Publishing Co., Cincinnati, 1983, pp.
171-175.
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The proposed research therefore, was aimed towards de-
veloping a practical approach to determine:

1. the effect of the number of consolidation centers;

2. the effect of holding time at the consolidation cen-
ter; and

3. the effect of shipment release strategy on the pro-
curement costs of inbound material.

This research is expected to develop a framework for manage-
ment considerations in consolidation decisions to derive the
following benefits:

1. Reduction in transportation costs by achieving high
volume shipments; .

2. Reduction of overall inventory level through just-in-
time inventory control, even when suppliers are scat-
tered over a wide geographic territory;

3. Increased flexibilities in adapting to changess in
market demand, as a result of increased control of
the procurement channel and reduction in inventory
commitment;

4. Information regarding density requirements for sup-
pliers in a region to justify a consclidation center.

This study will also enable many purchasing managers to
obtain an answer to the qguestion, "What is the size and fre-
quency of shipment to request from suppliers to minimize

procurement costs without sacrificing on customer service?",

in a just-in-time environment.
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1.6 RESEARCH OBJECTIVES
This research project will seek to achieve the follow-

ing objectives:

1. Identify the effects of various shipment and delivery
time strategies on the overall cost of procurement in
a consolidated shipment scheme.

2. Determine the behavior of overall procurement costs
due to changes in the mean shipment weights in a con-
solidated shipment scheme.

3. Determine the behavior of overall procurement costs
as a result of changes in the concentration of sup-
plies in a consolidated shipment scheme.

4. Identify the relations between overall procurement
costs and the number of consolidation centers.

5. Determine the effects of holding time alternatives at
consolidation centers on transit time and on the var-

iance of transit time.

1.7 WHY THIS STUDY?

Although there have been numerous studies on outbound
logistics, there has been little emphasis on inbound logis-
tics. Perhaps, the absence of serious studies on inbound
logistics may be due to the environment surrounding the
transportation industry in general and management's outlook

towards the transportation function in particular. Lack of
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attention towards inbound consolidation is well described in
a recent study by Jackson (1985) where he concluded:

Findings of this study also suggest that inbound
consolidation may be neglected in some firms. In-
bound consolidation was not found in as many re-
spondent firms and when it was, it was not nearly
as extensive as outbound consolidation systems.
These findings can at least be partly explained by
the fact that many organizations will have far
fewer suppliers than customers and will purchase
in larger quantities than they sell.
In order to understand the apparent neglect towards inbound
consolidation, the following discussion on the environment
surrounding the transportation industry and the management

structure of traffic and transportation functions vis-a-vis

inbound material procurement, may be appropriate.

1.7.1 Regulations in the Transportation Industry

For a long time purchasing/materials management in-
volvement in the transportation of inbound materials had
been obscured by extensive government regulations. Indeed,
in the past a good case could often be made that the act of
buying transportation for the majority of shippers involved
the mastery of rules, regulations, and tariff tables, rather

than good procurement practices.
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1.7.2 Recent Regulatory Changes in the Transportation
Industry

The recent de-regulations® of the transportation indus-
try brought about sweeping changes in the freight business.
Some transportation companies went bankrupt. The others who
survived the turmoil, came up with innovative ideas about
cost/service packages. Shippers now have more flexibility
in rate negotiations. The time has come when the buyers of
transportation can use leverages such as continued orders,
to negotiate lower rates. A recent report in Traffic Man-
agement (1984) demonstrates the point.

The Pilsbury Company is one of those companies
seeking better inbound freight management. "Prior
to deregulation, inbound transportation offered
limited options." . ; "Now, we can evalu-
ate our product flows, determine which carriers we
want to use, and negotiate appropriate cost/ser-
vice trade-offs. We are in a position today to
manage transportation as a business, rather than
merely process paperwork."

In a separate report, Weart (1984) claimed:

Previously, many shippers could not justify con-
solidation efforts, since the spread between LTL
rates and TL rates plus handling and local deliv-
ery did not offer any economic incentive. Inter-
nal resistance to change was hard to overcome, in
view of such small rewards for upsetting such long
established practices as "immediate shipment."
However, now some shippers are able to profitably
consolidate that total as little as 7,000 pounds
to 10,000 pounds versus the usual 30,000 to 40,000
pounds that many consider the "magic number."

® The transportation industry is not really de-regulat-
ed in the true sense of the term. Most of the economic reg-
ulations however, were relaxed with the passage of Airline
deregulation act of 1978, Motor Carrier Act of 1980, and
Staggers Rail Act of 1980.
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1.7.3 Organizational Obstacles
Ask a purchasing/materials manager how much his or her
company spends on steel or electronic parts and there is a
good chance that he or she will be able tq give a precise
answer most of the time. In a recent study reported by
Trill and Porter (1983a), among purchasing professionals,
only 40.% could give any figures about the expenses incurred
by his/her company in transportation. This lack of knowl-
edge about transportation costs, according to Trill and Por-
ter (1983b), can be partially explained by the fact that in
a majority of the companies, purchasing is not accountable
for the choice and cost of transportation.
Recently however, there has been a change in the man-
agement's outlook towards the transportation function, and
especially towards inbound material procurement as would be

evident from the following discussion.

1.7.4 Current Trends in Inbound Material Procurement
Recently, aided by inflation, higher interest rates,
and stiff competition from foreign suppliers, managements
have been forced to look at inbound material procurement
also. Attention to inbound material transportation received
added impetus with the recent relaxation of regulations in
the transportation industry. As reported by Trill and Por-

ter (1983a), inbound freight consolidation has become com-
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mon. Companies are establishing consolidation points where
carriers can deposit inbound shipments. Then, after consol-
idating there, trucks carry them in truck-loads to the

plant.

1.7.5 Structural Changes in the Organization

While the importance and opportunities in the above
areas are easily understood, there exist many obstacles to
overcome before full advantages can be realized. One of the
biggest obstacles for purchasing/materials managers is that
they are often not charged with the responsibility for buy-
ing inbound freight transportation. In many companies, for
instance, the responsibility of purchasing transportation is
a shared one. In a large number of companies, as reported
by Trill and Porter (1983a), the whole area of inbound
freight purchasing falls between the cracks; no one 1is re-
sponsible, no one calls the shots, and no one keeps track of
how service is performed. Trill and Porter (1983a) reported
that in a National Association of Purchasing Management
(NAPM) survey only 35 % of the 5,539 responding members re-
ported that the purchasing department was accountable for
the choice and cost of transportation. Recently however,
there has been some changes in the industry which may re-
quire the purchasing department to take full advantage of

the opportunities for buying optimum-cost transportation

services. These changes are:
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1. merger of purchasing and transportation functions;,

2. 1integration of purchase systems with MRP systems.
The recent merging of the Energy and Materials and the
Transportation and Distribution departments into a single
materials and logistics department at Du pont and U.S.Steel,
as reported by Trill and Porter (1983a), are moves in this
direction. In many companies, purchasing and traffic de-
partments are putting together closer co=-ordination to
achieve the desired results.

Schuldenfrei and Shapiro (1980) describes the inbound
material consolidation problem as the reverse distribution
problem and suggest similar techniques for solution. Ac-
cording to them, the manufacturing firm is often biased in
its organization so that production, marketing, sales, and
distribution are largely concerned with the outbound. They
went on ... "just as inbound enjoys little staff, so also
does it lack in the literature a history of creative problem
resolution."”

In the recent past, transportation industry has seen a
rapid increase of transportation costs. This increase,
coupled with the energy crisis, increased emphasis on just-
in-time systems, and stiff foreign competition, justify the
need to reduce the costs of procuring inbound materials.

In today's just-in-time environment managers often ask,

"What is the size and frequency of shipments to ask from
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suppliers to minimize procurement costs without sacrificing
on the reliability of supplies?". This study is aimed to-
wards providing feasible answers to such gquestions.

In addition, due to the availability of on-line infor-
mation systems, it 1is possible to obtain more accurate
transportation costs® rather than assuming a linear cost/
weight relationship which was often done by earlier re-
searchers on facilities location. As a result, more realis-

tic results can be obtained from this study.

1.8 LIMITATIONS OF THIS RESEARCH

The results of this study may be limited to a certain
extent primarily because of the test environment. The use
of simulation instead of studying real systems may raise
several questions of appropriateness of the resulté. In a
consolidation problem, which is both dynamic and stochastic,
simulation is preferable to study of real-life systems for

reasons of cost and time.’ Also, once a simulation model is

¢ In the present research these costs will be available
from the on-line data base of Numerax, Inc., 230 West Passa-
ic Street, Maywood, NJ 07607. However, it must be under-
stood that scope of negotiation of rates will still be
there. A database such as this one, will help us in obtain-
ing more reliable rates than rates based on linear cost/
weight relation.

7 See Jackson, George C., in unpublished Ph.D disserta-
tion on "An Experimental Investigation of the Order Consoli-
dation System", Ohio State University, Columbus, Ohio, 1980
for a complete discussion on the use of simulation in a con-
solidation problem.
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built, it can be used repeatedly to analyze various aspects
of a consolidation system. Validity of simulation is evalu-
ated against actual performance data. Another validation is
done by comparing the model formulation with other consoli-
dation model formulations. The model in this reserach uses
similar assumptions and methodology as those of Cooper
(1984), House (1979), and Jackson (1980).

The study is also limited to a certain extent since the
shipment data used was obtained from a particular firm. An-
other firm may or may not follow the same type of load dis-
tribution. Therefore, the results of this study can only be
generalized to specific firms having the.same type of load
distribution. This need not be seen as a serious shortcom-
ing, since the same model can also simulate other situations
with very little changes in the computer coding. Following
example may help explain the point:

1. A firm may have a large concentration of suppliers
near a different city in the midwestern United States
and may have suppliers in a different set of loca-
tions. This would necessitate redefining the user-
defined probability distribution which gives the fre-
gquency of occurrence of the origin zip codes and also

a separate set of tariffs for the new location of the

consolidation center.
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Furthermore, this study in implementing a consolidation
scheme, would apparently work well if an organization re-
ceives a substantial number of its supplies in the form of
LTL (less than truck load) shipments from various parts of
the country. At first sight this may appear to be a limita-
tion of the model. However, when we consider the industry's
increased emphasis on the just-in-time philosophy it would
be clear that this would not really be a limitation. With
the just-in-time inventory scheduling system in place, there
will be strong pressure on the reduction of the procurement
lot sizes and increase in the frequency of deliveries. But,
with the reduction in lot sizes, the differential between TL
and LTL costs increases. An effective way to combat this
situation of increased transportation costs is to consoli-
date smaller LTL loads into volume loads at a consolidation
center. With the availability of sufficient loads at the
consolidation center, we may be in a position to increase
the frequency of dispatches from the consolidation center.
Considering these aspects, we can easily utilize the con-

cepts discussed and the framework presented in this research

in a variety of situations.
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1.9 GOALS TO BE ACCOMPLISHED BY THE RESEARCH PROJECT
This research is expected to provide a framework for
management considerations for the establishment of inbound
freight consolidation centers. This study will provide an
insight into the relationship between parameters like hold-
ing time at the consolidation center, transit time, transit
time variance on the total cost of procurement, and the lev-
el of inventories. Also, this research will provide an an-
swer to the intensity of concentration of LTL supplies in a
region, necessary to be a good candidate for consolidation.
What is most important, this study will help enable the pur-
chasing manager to obtain a feasible solution in his quest
for lower shipment sizes and higher supply frequency without
sacrificing the level of customer service in a just-in-time
environment. Apart from these, this research will be com-
plementary to the existing body of literature which happens
to be heavily weighed in favor of the distribution side of

logistics, and thus this research will attempt to extend the

literature.




CHAPTER 2

SUMMARY OF PAST RESEARCH

2.1  PAST RESEARCH ON CONSOLIDATION

Prior published research on freight consolidation 1is
not extensive. Most of the work has been of a proprietory
nature and therefore, not reported in the literature. But
the potential for substantial savings through the use of
freight consoclidation has however, not escaped the attention
of transportation professionals, particularly due to the
small shipment problem.® The beginning of organized research
on freight consolidétion from the early seventies may be
traced to the fact that trucking companies were losing money
on shipments of less than 500 pounds.® Also, the efforts of

Newbourne (1980) in preparing "A Guide to Freight Consolida-

¢ See Grabner, John R., "Small Shipments: A Major
Transportation Challenge," Tennessee Survey of Business 5,
February 1970, pp. 29-33; Hageman, Robert W., "Curing Small-
Shipment Headaches," Distribution Worldwide, March 1972, pp.
37-38: Schuster, Alan D., "Shipment Consolidation: The Motor
Carrier's Viewpoint," Applied Distribution Research, ed. by
Robert G. House and James F. Robeson, Transportation and Lo-
gistics Fund, The Ohio State University, Columbus, Ohio,
1977, pp. 17-21.

® See Schuster, Alan D., "An Econometric Analysis of
Motor Carrier Less- Than-Truckload Services," Ph.D disserta-
tion, The Ohio State University, 1977.

24
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tion for Shippers" seems to be the culmination of organized
thinking on the subject. Newbourne has been able to put
forward his ideas of freight consolidation from conception
to implementation in a simple easy-to-understand manner. He
has discussed the matter in the light of existing tariff
structures and the rate classifications and has been able to
show how these practices in the industry favor freight con-
solidation. He has also explained the importance of traffic
analysis and planning as well as cooperation from Sales and
Marketing in starting a freight consolidation program. In
conclusion, he has discussed how implementation of a consol-
idation program can actually be done and the role of comput-
ers in such a program. Unfortunately, he has not reported
any real-life case analysis of how helpful was a consolida-
tion program.

Freight consolidation simulation studies by Lai (1974),
Masters (1980), and Jackson (1981) concluded that consolida-
tion generally reduced costs as compared to direct shipments
except when the order size was too small. In both the Mas-
ters and Jackson studies, delivery time increased. Variance
in delivery time did not always increase , however, even
though an order may have been held for later shipment.

Masters (1980) studied the effects of pooling shipments
on customer service for a distribution network of one source

and 399 customers. In each simulation run, three parameters

were controlled:
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1. The number of consolidation points included in the
distribution network.

2. The consclidation point to customer assignments.

3. The maximum holding time allowed per order.
The assignments of customers to a particular consolidation
center were made heuristically with varying criteria as de-
scribed below:

1. Minimum cost per order.

2. Minimum distance from the consolidation center.

3. Minimum time in transit.
The performance of the distribution system was measured in
terms of cost ($/cwt), average delivery time, and delivery
time variance.

The results by Masters indicate that temporal consoli-
dation reduces cost, increases mean delivery time, and main-
tains or decreases delivery time variance. According to his
study, the order weight was the most important factor in ex-
plaining the variation of all the dependent variables like,
cost, delivery time, and delivery time variance. Apart from
order weight, the number of orders and the design algorithm
contributed to the major variation in delivery time, while
the number of orders had major effect on the delivery time
variance.

Jackson (1981) did a similar study on a one-product,

one-plant, and multi-distribution center network. The fol-

lowing variables were considered:
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1. The number of consolidation points,

2. The daily number of orders,

3. The shipment release strategy, and

4. The holding time at the distribution center.
An important finding of this study was that consolidation
was not at all cost-effective at low order volumes. Ship-
ments of 12,500 orders per year tended to be more expensive
than shipments of 50,000 orders per year. The lower volume
of orders particularly reflected higher mean delivery times
and variances since such orders were kept longer for genera-
tion of a sufficient load that could receive better freight
rates.

Brennan (1981) presented two deterministic consolida-
tion models. The first one was similar to the familiar EOQ
(Economic Order Quantity).model. In addition, a cost versus
customer service trade-off was derived. Average delay in
delivery per cwt was chosen as the customer service measure.
In this model the time and quantity decisions have been
shown to be the opposite of the traditional thinking in in-
ventory control. Instead of receiving economic order quan-
tity and using it up gradually, consolidation promotes accu-
mulation of orders up to an economic shipment guantity and
then all orders are shipped as a single consolidated ship-
ment. The holding costs are either customer-imposed penalty

costs associated with delays and/or inventory carrying
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costs. The costs of shipping an order replace the ordering
costs in the economic order gquantity (EOQ) formula. The
rate of demand per unit time is used instead of annual de-
mand.

The second model presented by Brennan was shown to be
mathematically eguivalent to a Wagner-Whitin algorithm?®
although new planning horizon results were to be developed
for consolidation. This model demonétrated the applicabili-
ty of dynamic programming for the deterministic case.

Cooper (1983) compared several strategies of freight
consolidation with field distribution centers, using a com-
bination of facility location and dynamic.simulation models.
She considered the following distribution systems alterna-
tives: (1) plant to customer, (2) plant to customer through
consolidation points, (3) plant to customer through ware-
houses with consolidation.

The following were the steps followed by her for inves-
tigating the alternative systems:

1. A branch and bound integer programming algorithm to
select lowest cost warehouse or consolidation point

locations;

1° Wagner, Harvey M., and Whitin, T. M., "Dynamic Ver-

s¥on of Economic Lot Size Model," Management Science, Vol.
5, pp. 89-96, 1958.
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2. An event-oriented simulation model to determine the
distribution costs, mean delivery time, and delivery
time variance for each system under different de-
mands;

3. Multivariate analysis of variance to determine the
lowest cost systems; and

4. 'Regression analyses.

The value of this study, as rightly claimed by the au-
thor, lies in its ability to compare different distribution
systems under several conditions. Among the different dis-
tribution systems alternatives considered by the author and
mentioned above, systems two and three, freight conscolida-
tion from plants were the least expensive but had the long-
est mean delivery times. The author has concluded that, for
companies which primarily ship high-valued products, consol-~
idation is likely to prove beneficial, although the decision
to consolidate should be preceded by a consideration of the
likelihood of increase in delivery time. Cooper's study
however, does not focus on the consolidation strategies for

the inbound freight.

One of the proprietory studies in freight consolidation
is the CNET model of Logistics Resource, Inc.!' The intent
of CNET is to determine the most economical choice of con-

solidation points and break-bulk points for handling a set

11 10gistics Resource, Inc. is an independent consult-
ing service of Leaseway Transportation Corporation.
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of LTL shipments. The model assumes that a set of LTL ship-
ment generated over a fixed time period (for example, one
week) is given.

The model is also given a set of potential consolida-
tion points and break-bulk points. The model then deter-
mines how these LTL shipments might be combined at candidate
consolidation points, and subsequently divided at candidate
break-bulk points. The model attempts to minimize valuable
transportation costs, which includes the LTL costs to move
products from the sources to the consolidation points, and
from the break-bulk points to the destination, and the TL
costs between consolidation points and break bulk points.
The solution of the CNET model is obtained through a combi-
nation of heuristics, or an approximate solution procedure
for obtaining a starting solution, and then through mixed-
integer linear programming solved by the branch and bound
method. A critical analysis of this model is not possible
since the computer code is not available in the literature.

From the applications point of view, freight consolida-
tion programs have been successfully practiced in some com-
panies. Notable among them are the COLTRAN ("Columbia
Transportation”") and COLAIR ("Columbia Air"), the two suc-
cessful nationwide CBS!? records consolidation programs

which serve vendor and interplant freight. As reported in

12

Columbia Broadcasting Service, Inc.
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Traffic Management (1979) "Virtually all CBS Record individ-
ual shipments are LTL in nature, although the COLTRANS and
COLAIR programs handle well over half of vendor and interp-
lant tonnage in volume movement." These consolidation
schemes have existed for more than a decade and these have
grown despite temporary setbacks. In the manufacturing sec-
tor, electronics giants like, Hewlett-Packard, Northern Tel-
ecom etc., who receive 80'? % or more of inbound freight in
the form of LTL shipments, have started consolidation pro-
grams of their own. However, critical analysis of these
consolidation programs is not possible since not much is re-

ported regarding the working of the consolidation scheme.

2.2 PAST RESEARCH ON FACILITIES LOCATION

Much effort, both quantitative and gqualitative, has
been given to the problem of optimizing outbound logistics
costs. Numerous articles have appeared in different jour-
nals regarding sophisticated techniques for solving outbound
distribution problems. But, there have hardly been any
studies on the inbound logistics problem. Since the early
work of Alfred Weber, (1929) there have been numerous stud-

ies on the facilities location problem . Most of these

13 In a correspondence with the author, Hewlett-Packard
informed that 80 % of its inbound materials are received as
LTL shipments. In a similar correspondence, Northern Tele-
com confirmed that 100 % of its inbound materials are re-
ceived as LTL shipments.
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studies center around finding the location of either distri-
bution centers or production facilities. Broadly speaking,
previous research on the location-allocation problem can
primarily be grouped into three different classes: heuristic
approaches, mathematical programming approaches, and simula-

tion approaches.

2.2.1 Heuristic Approaches

There have been many heuristic!*® solution techniques
presented in the literature. The sheer volume of this re-
search precludes a detailed examination of each work. In
this review we shall, therefore,.present a few of the most
widely cited papers.

Of all the heuristic approaches to the location-alloca-
tion problem, the pioneering contribution has perhaps been
made by Kuehn and Hamburger (1963). Their model consists of
two parts : (1) the main program locates warehouses, one at
a time until no additional warehouses can be added to the
system without increasing the total costs, and (2) the bump
and shift routine which attempts to evaluate the profit im-

plications of dropping or shifting warehouses which were

14 According to Chentnik (1980), "A heuristic is a
method of education in which the pupil is trained to discov-
er things for himself.... it connotes a code with which
computer "learns" to arrive at a good solution. The major
output of such a technique is the knowledge that problem
complexity can be reduced if various "discovered" procedures
are followed."
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Fdded previously with the idea of modifying the solutions
obtained by the main program.

Three heuristics were used in their model. These were:
(1) A warehouse should be located at or near a concentration
of demand. (2) Near optimum warehousing systems can be de-
veloped by locating warehouses one at a time, where the
warehouse added contributes the least cost to the total sys-
tem. (3) The location of a warehouse near a high demand
area enables us to restrict our search to a small subset of
all possible locations.

Feldman, et al. (1966) presented a modified and ex-
tended version of the Kuehn-Hamburger model. The most im-
portant extension was to allow the economies of scale to af-
fect warehousing costs over the entire range of warehousing
sizes, rather than having a single fixed cost for opening a
warehouse. In other words, they assumed that the warehous-
ing cost is concave, rather than the sum of a fixed cost and
a linear operating cost.

The solution technique used both an add routine and a
drop routine. The add routine starts with all warehouses
closed, and successively adds one after another, while the
drop routine starts with all warehouses open and successive-

ly closes them. According to Chentnik (1980):

The advantage of this method over Kuehn's is its
ability to consider concave and different regional
warehouse costs.
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Despite this improvement, the model suffers from the basic
assumption that the transportation costs are linear. In
other words, 1like the Kuehn-Hamburger model, this model
fails to recognize the reality that per unit transportation
costs do change with the shipment size. |
Manne (1964) utilizes as a heuristic device a somewhat
altered version of the "Steepest Ascent One-Point DMove
(SAOPMA)" algorithm developed by Reiter and Sherman (1962).
He built vectors of ones and zeros (one representing an open
plant and zero representing a closed plant) to define a unit
hypercube. A lattice represented the market centers in a
unit hypercube, and fixed operating costs as well as propor-
tional transportation costs were specified for each poten-
tial location. Then, starting with an arbitrary lattice
point, the SAOPMA algorithm searches for the adjacent feasi-
ble lattice points that produce the maximum improvement.
For example, if the vector (0 O 1 O) represents the arbi-
trary starting point, a search would be made among vectors
(1 010), (0110), and (0 0 1 1) to determine which, if
any, combination leads to an improvement. If non e shows
any improvement the algorithm terminates. Otherwise a point
is chosen and the search is repeated.
Manne seems to have been able to reduce computation
time for the class of problems investigated, and obtained a

tolerably close approximation to the global optimum. A heu-
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ristic technique can never guarantee that an optimal solu-
tion will be achieved. This technique 1is no exception.
But it does produce a local optimum result. Despite many
positive attributes of his model, it has one major deficien-
cy. The model considers a single rate of transportation ir=-
respective of product type or volume . In the real world
sitlation this is hardly ever true. The cost of transporta-
tion, being the single most important factor in distribution

merits more detailed attention.

2.2.2 Mathematical Programming Approaches

Within the area of mathematical programming approaches,
there appears to be a great deal of attention given by man-
agement scientists in the recent past. Notable among these
are the works of Akinc and Khumawala (1977), Balinski
(1964), Ballou (1978), Baumol and Wolfe (1970), Efroymson

and Ray (1966), Geoffrion and Graves (1978), Sweeney and

Tatham (1976). In general, all these studies except the
iést one, involved a mixed integer programming formulation
with a fixed charge associated with the utilization of a fa-
cility. These efforts thus differ basically in their manner
of handling the objective function.

. Akinc and Khumawala utilizes a branch and bound proce-
dure with increased efficiency obtained through the develop-

ment of dominance criterion, lower and upper bounding proce-
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dures, and branch and node selection rules utilizing the
special structure of the problem.

Balinski employs a partitioning theorem of Benders
(1962) to reduce the problem to that of solving a seguence
of increasingly more complex integer programs.

Ballou uses a decomposition linear programming ap-
proach. His model, known as DISPLAN (DIStribution PLANner)
is a computer model which deals with a broad range of logis-
tics systems planning questions, such as:

1. What is the best number, location, and size of the
warehouses in a logistics system?

2. What are the best patterns with which to distribute
to customers through warehouses and plants subject to
capacity and location constraints on plants, and de-
livery constraints on customers?

3. What is the effect on logistics and production costs
of increasing or decreasing production capacity at
existing or at new locations?

4. What is the effect on logistics and production costs
of dropping or adding a warehouse?

5. What shifts occur in product flow patterns as changes
occur in production, transportation, warehousing, in-
ventory, and order processing costs?

6. What are the best product loadings on plants?
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7. What is the impact of price policy on warehouse loca-
tion and of warehouse location on price policy?

Efroymson and Ray have developed a solution technique
which uses a branch and bound algorithm for the simple fa-
cilities location problems. The presence of fixed charges
per unit for open facilities does not allow a linear pro-
gramming approach. In the branch and bound algorithm, ini-
tially the binary restrictions are waived and the problem is
solved as a linear program to obtain a lower bound in a min-
imization problem. Then branching is performed on the non-
binary variables, using the following rules.

1. Find a minimum bound for the cost reduction of open-
ing a facility. This is obtained by finding out the
reduction in the cost of transportation obtained due
to opening of the facility, and subtracting the fixed
charge associated with the opening of the facility.
If this is positive, treat the facility as open.

2. 1If a given demand can be supplied cheaper from one of
the open facilities, do so.

3. Find a minimum bound for the cost reduction of open-
ing a facility. If it is found to be negative, close
the facility.

Efroymson and Ray further state, that the technique has
been tried on problems with as many as 50 plants and 200

customers. Extensions of the technique were offered to han-
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dle certain other related problems, especially the n segment
linear concave cost function.

Baumol and Wolfe devised a simplified technique, simi-
lar to the transportation algorithm, to obtain a local opti-
mum in warehouse location problems having a non-linear (con-
cave) objective function. The assumption of known demand at
each geographic region is used, while at the same time, al-
lowing the number of warehouses to vary. Although in many
ways similar to the transportation algorithm, their tech-
nique incorporates three refinements:

1. the possible non-linearity of the cost functions;

2. the presence of warehouse capacity constraints; and

3. the routing of each flow out of a plant through a
warehouse to a customer.

This technigue has an advantage in its ability to con-
sider non-linear costs, arising out of the transportation
rate structure, as any shipment small enough to necessitate
less than truck load lots, will move at higher rates. Prob-
lem size however, may seriously hamper the economy of compu-
tations.

Ceoffrion and Graves (1978) developed a general two-

stage multi-commodity distribution system model,!® using

15 The original model was developed for Hunt-Wesson

Foods, Inc. and was first discussed in Geoffrion, Arthur M.
and Graves, Glenn W.,"Multicommodity Distribution System by
Benders Decomposition," Management Science, vol. 20, no. 3,
January 1974, pp. 822-844.
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mixed integer linear programming and Benders decomposition
along with a commodity bundling structure. The original
model has been modified and vastly superior performance has
later been reported in Bradley,Brown and Graves (1977).
Broadly speaking, the purpose of the model is to find the
distribution system design, that achieves the desired level
of customer service at minimum total cost within necessary
constraints. A master problem finds a potential configura-
tion of the system, which is then submitted to a set of
transportation sub-problems. The sub-problems seek to find
better system designs and hence provide the upper bound of
the optimal system costs. On the other hand, the master
problem improves the lower bounds on the optimal system
cost. When the lower and the upper bounds are close enough,
measured by a suitable stopping criterion, the best total
system design regarded very close to the mathematical opti-
mum, is found and the iteration stops. Products in this
model are not considered individually, but instead they are
aggregated into bundles in order to reduce the magnitude of
the problem to be solved. The model permits a customer to
receive different products from different warehouses. Math-
ematical formulation and description of the notations used
in the model have been included in Appendix B.

Sweeney and Tatham in their excellent studies on the

long-run model for multiple warehouse location, provide a
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synthesis of a mixed integer programming formulation for the
single-period warehouse location model, with a dynamic pro-
gramming procedure for finding the optimal sequence of con=-
figurations over multiple periods. The computational time
required by any dynamic programming procedure increases lin-
early with the number of stages and exponentially with the
number of states. Therefore, the number of configurations
to be considered at each stage is the most critical factor
from a computational point of view. By rank-ordering the
static solution at each period, and intelligently consider-
ing only a few of the best rank order solutions for inclu-
sion in the optimal multi-period solution, they have been

able to reduce the computational time to a great extent.

2.2.3 Simulation Approaches

One of the pioneering efforts in distribution center
location analysis was at the H.J.Heinz Company. Heinz has
factories and distribution centers located all over the
country. In the 1950s, major changes took place in customer
buying patterns. The principal reason for these changes was
the rapid growth of independent grocery wholesaling firms
which replaced the direct store deliveries from firms like
Heinz. Heinz reduced the number of distribution centers
from 68 to 43 between 1957 and 1959. At this stage, Shycon

and Maffei (1960) came in as consultants to study the prob-
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lem and recommend future actions with regard to the loca-
tion-allocation of distribution centers. They built a simu-
lation model to evaluate the distribution centers in exist-
ing locations and some in new locations. The initial model
considered 10 alternative location patterns, which were
user-specified. Sequential runs of the model led users to
"what if" questions, which were later analyzed with addi-
tional runs of the model. The preparation of the model for
Heinz's complex, high-volume national distribution system
required extensive data collection.

Specifically:

- It had to take account of each customer's or-
der sizes, his ordering patterns, the various
types of shipments he receives, and his product
mix.

- Provision had to be made for handling the
costs of the various kinds of shipment made -
i.e., carload, less-than-carload, truckload, less-
than-truckload, and various shipment sizes within

the lower classifications.

- Variation in warehouse operating costs -

i.e., labor costs, rentals, taxes
for different geographic areas - had to be con-
sidered.

- The many different classifications of prod-
ucts which Heinz manufactures, the alternative
factory source points for each of these products
and the factory capacity limitations on each had
to examined.

- Finally, when such a representation was de-
signed, it had to be in such form that it could be
synthetically operated, using real operating fig-

" ures, for a year's time, over and over again.
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In order to reduce computation, a preprocessing program
eliminated the volume of shipments which go directly from
factories to customers, and hence do not affect the ware-
house distribution system. The annual cost savings, as not-
ed by Vollmann et al. (1984), was estimated to be $ 250,000.
According to Vollman et al.

Management found the model very useful, but it was
necessary to make certain adjustments for unique
considerations not included in the model. These
involved things like finding inadequate transpor-
tation service in one location, special tax and
labor constraints, and a few cases where actual
transport costs differed substantially from those
assumed for the initial model.

According to Vollmann et al., this model has been fur-
ther developed and is now called LOGISTEK. The most funda-
mental change according to them, is that the present model
is capable of finding good location choices, rather than
merely evaluating a fixed set of locations.

House (1979) developed a simulation model to determine
total distribution costs from a predetermined configuration
of distribution centers. The model assumes that the user is
conversant with the problem environment and has a fair idea
as to the locations which are potential candidates for in-
clusion into the model. The cost components considered com-
prise, inbound and outbound transportation costs and fixed
and variable costs at the warehouse. His model minimizes

the total distribution costs for a given set of locations of

distribution centers. An additional feature of his model is
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that he has included a pre-processing program in his model,
which separates truckload or carload orders from the main-
stream. This allows direct shipment of such volume orders.
His model can handle problems relating to multiple products,
multiple plants , and multiple modes of shipment. This fea-
ture adds to the flexibility of his model. The greatest
weakness of his model, however, is that it does not include
any customer service measures.

Markland (1973) has come up with a comprehensive simu-
lation modeling approach to the problem of locating ware-
housing facilities that minimizes the costs associated with
operating a multi-product, multi-source, multi-destination
distribution system. Markland's model is derived within the
"industrial dynamics" framework. Markland employed product
flow as the major control parameter in his dynamic feedback-
control mechanism. He divided the production- distribution
system into the three following interconnected sectors:

1. Wholesale sector.
2. Production sector
3. Distribution sector
Within each of the three sectors, the following set of vari-
ables were considered:
1. Levels =-- guantities of product which were measurable
when the system was at steady state--for example, in-

ventory levels.
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2. Flows-- quantities of product required during a spec-
ified time period -- for example, units of product
demanded per month at the wholesale level.

3. Delays -- a system characteristic that causes a delay
in flow -- for example, the shipping delay from the
manufacturing facility to the wholesaler.

In his model, Markland simulated transportation costs
associated with a particular shipment, as a function of the
weight of the shipment, the mode of shipment employed, and
the distance involved in the movement. The warehousing

costs were assumed to comprise a fixed charge element, and a

variable element. The fixed cost element of warehousing
costs, was approximated from existing company data. The
variable cost element was assumed to be linear. It was ob-

served by him, that the warehousing configuration which min-
imized the transportation costs, also minimized the total
distribution costs. This result was considered natural in
view of the fact that 60 to 70 % of the total cost of dis-
tribution was composed of transportation costs. The model
utilized input from an existing management information sys-
tem, and employed a number of relatively simple heuristic

procedures to analyze various alternative warehousing net-

works.




CHAPTER 3

RESEARCH METHODOLOGY

3.1 OVERVIEW

It has been observed by the researcher that the tech-
nigques of freight consolidation have not been tested in the
inbound material procurement problem. This chapter enumer-
ates the research plan that would be adopted to evaluate
certain freight consolidation strategies, especially to

achieve the research objectives presented in chapter 1.

3.2 RESEARCH HYPOTHESES

The following research hypotheses have been formulated
in order to achieve the research objectives mentioned earli-
er in chapter 1. An alpha risk of 0.01 will be chosen to

reduce the chances of type I errors.

Overall Procurement Costs

1H,: There is no difference in overall procurement
costs among the different shipment strategies at

alpha=0.01.

1H,: Direct unconsolidated shipment scheme, is more
expensive than consolidated shipment under different

45
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shipment strategies.

A review of consolidation literature suggest that consolida-
tion should generally reduce overall procurement costs due
to the existence of strong economies of scaie in transporta-
tion costs. Therefore, the alternate hypothesis (1H,) may
be restated in order to be able to compare unconsolidated
shipment costs with consolidated shipment costs under dif-
ferent shipment strategies separately. The sub hypotheses

are:

1H,s: Direct unconsolidated shipment scheme, is more
expensive than consolidated shipment with 1 day holding

time at the consolidation center.

1H,,: Direct unconsolidated shipment scheme, is more
expensive than consolidated shipment with 3 days holding

time at the consolidation center.

1H,.: Direct unconsolidated shipment scheme, is more
expensive than consolidated shipment with 5 days holding

time at the consolidation center.

1H,s: Direct unconsolidated shipment scheme, is more
expensive than consolidated shipment with 7 days holding
time at the consolidation center.

Mean Transit Time

2H,: Mean transit time of an unconsolidated shipment is
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less than or equal to the mean transit time of a

consolidated shipment scheme at alpha=0.01.

2H,: Mean transit time of an unconsolidated shipment is
greater than the mean transit time of a consolidated

shipment scheme.
Transit Time Variance

3H,: Transit time variance in an unconsolidated shipment
scheme is greater than or equal to the transit time
variance in a consolidated shipment scheme at

alpha=0.01.

3H,: Transit time variance in an unconsolidated shipment
scheme is less than the transit time wvariance in a

consolidated shipment scheme at alpha=0.01l.

From the above hypothesis design, it would be clear
that the test has been designed in favour of the null hy-
pothesis or the hypothesis of no difference. In other
words, we would not accept the alternate hypothesis (that

consolidated shipment results in lower overall procurement

costs) unless there is sufficient evidence to reject H,.
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3.3 RESEARCH PLAN

Select!® a manufacturing or a retailing firm and col-
lect data regarding its inbound material procurement,
sources of these materials, location of these sourc-
es, the volume of orders, and the transportation
costs for all the origin-destination combinations in-
volved. Ideally, this information will be available
from a computer data base.

In this study the above information was obtained
from a Virginia-based company. The data pertained to
less-than-truckload (LTL) shipments originating in
the midwestern United States for shipment to five
destinations. The LTL shipments data used in this
study originated from the states of Illinois, Indi-
ana, Iowa, Michigan, Minnesota, Missouri, and Ohio
during the period from December 1, 1983 to November
30, 1984. This data was available in the form of
printed computer output and was obtained through the
cdurtesy of Logistics Resource, Inc., a Cleveland-
based consulting firm. Average truckload shipment
weight was considered as 16,000 pounds as advised by
the firm from their experience of the types of com-

modity received by them. Also, class 100 rates were

16

number

The firm selected will have to receive substantial
of LTL packages preferably from across the country as

its inbound material.
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considered as stipulated by the firm.
Based on the above info}mation, determine the best
configurations of the consolidation centers. This
can be done by applying a mixed integer linear pro-
gramming (MILP) technigque as has been shown by a num-
ber of researchers in the areas of facility location.
A mathematical formulation of the consolidation cen-
ter location problem is given in Appendix A. In the
present research, instead of solving this MILP prob-
lem, we have heuristically selected potentiai consol-
idation centers. Concentration of suppliers in the
region was the principal criterion for such selec-
tion. Chicago, Illinois and Cincinnati, Ohio were
selected as the locations for the consolidation cen-
ters, because Chicago metropolitan region had the
highest concentration of LTL suppliers, 41% of the
total LTL weight generated in the Chicago area. The
Cincinnati area had the next highest concentration,
about 299% of thg total LTL weight. Table 3.1 shows
the weight concentrations within a 100 mile radius of

the potential consolidation centers and percent of

weight within that area.
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TABLE 3.1

LTL Shipment Weight Within 100 mile Radius

LTL shipment Weight

Origin Within 100 mile % of Total Weight
radius (000 lbs) Within the Region
Chicago, IL 3,777 41 %
Cincinnati, OH 2,698 29 %
Terre Haute, IN 1,560 17 %
Cleveland, OH 1,016 11 %

Because of core restrictions, only the first two con-
solidation centers, e.g., Chicago and Cincinnati have
been considered in this study. A block diagram of
the cost minimization model showing the associated
cost elements is shown in Figure 3.1.

3. Having located the consolidation centers, simulate
the physical supply system of the firm with the aid
of a computer-based, event-oriented, Monte Carlo sim=-
ulation model. The physical supply system will be
simulated for different shipment strategies as given

below:

a) No consolidation,
b) Consolidation with one~-day holding time,
c) Consolidation with three~day holding time, and

d) Consolidation with seven-day holding time,
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Total = Transportation + Fixed & var. + Transportation
Costs Cost from costs at the Cost from
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Figure 3.1.

Cost Elements in the Location Model
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4. Evaluate the different shipment strategies in order
to answer the research q;estions posed in Chapter 1.

The different shipment strategies and the variables
considered in this study have been mentioned in Fig-

| ure 3.2.

5. In this step a multi-variate analysis of variance
will be performed in order to determine whether over-
all procurement costs including inventory carrying
expenses, delivery time, and the delivery time wvari-
ance are statistically related to the various ship-
ment strategies.

The various steps in this research plan has been shown

in the flow diagram in Figure 3.3.
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Shipment Release Strategy
1. No consolidation : 0 day holding time
2. 1 day consolidation : 1 day holding time
3. 3 day consolidation : 3 days holding time

4. 7 day consolidation : 7 days holding time
Loc?tion Strategy

Heuristic selection of location of consolidation center
Variables Considered

A. Dependent Variables

1. Total Procurement Cost per cwt.
2. Mean transit Time

3. Transit Time Standard Deviation
B. Independent Variables

1. Order Size Factor(LFACTR)

2. Concentration of Vendors in a region, simulated by
Order Number Factor(OFACTR)

3. Number of Consolidation Centers(NCNTR)
4. Consolidation Center Boundary(MAXD)
5. Line-haul Distance between consolidation center

and Destination(LHD)

Figure 3.2. Study Structure



Start

!

Read all data, Supplies,
origins, destinations,
tariffs etc.

!

Assignment of Locations of
Consolidation Centers

{

Simulate the physical supp-
ly ‘system to evaluate the
different shipment
strategies

l Output
Procurement

Costs, tra-

MANOVA of procurement costs,] [nsit time,

transit time, transit time variance of
variance transit
l time.
STOP

Figure 3.3. Flow Diagram for the Research Plan
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3.4 VARIABLES
3.4.1 Dependent Variables
The dependent variables considered in this study were
the following:
1. +total procurement cost per hundred weight,
2. mean time in system, also referred to as delivery
time elsewhere in this study, and
3. delivery time standard deviation.
The above-mentioned dependent variables were collected for
various shipment structures and different combinations of
demand and location characteristics as given by the various
combinations of the independent (predictor) variables given
in the next paragraph. Total cost per hundredweight was
chosen as the measure because total load carried during a
year varied for different values of the variables across
various shipment strategies studied. Delivery time and de-
livery time standard deviation were used as the measures of

customer service level.

3.4.2 Independent Variables

The primary predictor or independent variable in this
study is the shipment structure. The structure varied, de-
pending on whether or not consolidation is used. The levels
of fhe consolidation structure varied based on the number of

holding days at the consolidation center. If the holding
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time was zero day, then orders were not consolidated, and
instead they were transported directly from the source.
Consolidation levels were one day, three days, five days, or
seven days holding time at the consolidation center.

Demand and location variables considered in this study
were: shipment size factor, concentration cf suppliers meas-
ured by order number factor, number of consolidation cen-
ters, consolidation center boundary, and line-haul distance
between consolidation center and the destination. Table 3.2

indicates the levels and the ranges of the independent vari-

ables.
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TABLE 3.2

Independent Variables and their Levels

Variable Variable Levels

Name Abbreviation 1l 2 3 4
QOrder Size Factor LFACTR 1.0 0.5 0.33 0.25

Concentration of
Suppliers OFACTR 1.0 2.0 3.0 4.0

Consolidation Center
Boundary (Miles) MAXD 100 150 200

Line-haul Distance
Between Consolidation
Center and Destination LHD 1300 800

Number of Consolidation
Centers NCNTR 1 2

Note: Locations considered for consolidation center are:
Chicago, Illinois and Cincinnati, Ohio. Pure multipliers like,
LFACTR and OFACTR were used to change the load generated and
vendor/supplier concentration in multiples of the existing
values. For example, LFACTR=1 would mean existing level of mean
shipment size. Similarly, OFACTR=2 would mean a level of 200 %
of the existing number of orders received per day.

3.5 SIMULATION MODEL
Building a simulation model involves the following
steps: !’
1. formulation of the computer model,

2. wvalidation of the model,

17 Hjillier, Frederick S., and Lieberman, Gerald S.,
"Introduction to Operations Research," Holden-Day, Inc., 3rd
ed., 1980, pp. 647-673.
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3. the experimental design for simulation, and

4. the analysis of the simulated data.

Formulation of the Computer Model
Formulation of the computer model'® comprises the fol-
lowing:
1. mathematical statement of the problem,
2. programming logic and language,
3. inputs required by the model, and

4. the output obtained from the model.

Mathematical Statement of the Problem

The primary aim of the model is to compare overall pro-
curement costs between an unconsolidated LTL shipment
scheme, and a number of consolidated shipment schemes over a
given period of time. The following are algebraic represen-
tations of the overall procurement costs under the two

schemes.

Unconsolidated LTL Shipment Scheme

Lijk = LTjk
1

i| 23

i

where: L« LTL costs of shipment i for destination j

during time period k.

LT;x = LTL costs of all shipments for destination j
during time period k.

18

For a complete discussion see Pritsker, A.Alan B.,
"Introduction to Simulation and SLAM II," System Publishing
Corporation, West Lafayette, Indiana, 1984.
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Consolidated Shipment Scheme

n n n n
I PUimk + ¥ Himk *+ I Iime *+% Timjx = TLmk
i=1 i=1 i=1 i=1
where: PU, m« = Pick-up and delivery cost for shipment i

from the source to the consolidation center m
during a time period k.

Himx = Handling costs for shipment i at consolidation
center m during time period k.

Iimx = Inventory carrying costs created by holding
the shipment 1 at consolidation center m
during time period k.
Timju = Line-haul transportation costs for movement
of shipment i from the consolidation center
m to the destination j during time period k.
TLnx = Total costs of a consolidated shipment scheme
from consolidation center m during time
period k.

The line-haul transportation cost from the consolida-
tion center to the destination is one rate'’ based on the
total weight of the consolidated shipment, the distance
moved, and the carrier. In this study, the line-haul rates
used were based on a mileage rate and an average truckload
shipment weight of 16,000 pounds. These rates were obtained
from Midwestern Distribution Inc., a Cleveland-based line-
haul carrier and a subsidiary of Leaseway Transportation,

Inc. These rates and the truckload shipment weight reflects

the actual rates paid by the company and the truckload

1® FAK (freight all kinds) rate which is a negotiated
rate agreed upon by the purchaser and the carrier. Without
loss of generality this will simplify the magnitude of the
problem.
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weight transported for the company.

The pick-up and delivery charge is a local transporta-
tion charge which is based on the origin and consolidation
center location, the weight of the shipment, and the type of
commodity carried. Class 100 rates were used in this study
to reflect the actual practice followed by the company.

Thé handling cost at a consolidation center is based on
the weight of goods handled.

Inventory carrying costs will be affected by consolida-
tion to the extent that the shipments are held at the con-
solidation center. The components of inventory carrying

costs?® are

l. capital costs,
2. inventory service costs,
3. storage space costs, and

4., inventory risk costs.
However, in the absence of relevent information, the inven-
tory carrying costs have not been included while calculating
the total costs. This does not seriously affect the results
since the same has been excluded in both unconsolidated and
consolidated shipment schemes. A list of other assumptions
made for building the simulation model has been given in Ap-

pendix C.

28 gee Fogarty, Donald W., and Hoffman, Thomas R. in

Production and Inventory Management, South-Western Publish-
ing Co., 1983, pp. 186-188.




3.5.1 The Modeling Technique

A computer-based, event-oriented, Monte Carlo simula-
tion model was chosen as the vehicle of research. Such a
simulation model is preferable to manipulation of parameters
on a real-life supply system for reasons of cost and time.
The consolidation problem as seen in this study is both dy-
namic and stochastic. It is dynamic because we have to take
into account the variable time. The importance of the time
variable can be observed in terms of holding time at the
consolidation center. The consolidation problem is stochas-
tic because we have to consider variables 1like, transit
time, order size, and freguency of supplies; each of which
is stochastic in nature. Based on existing literature, a
Monte Carlo simulation 1is preferable to deterministic ana-
lytical techniques when the physical process is both sto-

chastic and dynamic.?!

3.5.2 The Model

The basic simulation model will be programmed in SLAM
11,22 which is a FORTRAN-based simulation language. The
model is composed of these components: (1) the order genera-

tor, i.e., the shipment arrival module, (2) the decision

21 gee Jackson, George C., in "An Experimental Investi-

gation of the Order Consolidation System", Unpublished Ph.D
dissertation, Ohio State University, Columbus, Ohio, 1980.

22 g1 AM and SLAM II are registered trademarks of
Pritsker & Associates, Inc.
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module or the review module, (3) the shipment module, (4)
the shipment receipt module, and (5) the report generator.
The flow charts for the above modules have been given in
Figures 3.4, 3.5, 3.6, 3.7, and 3.8.

Each simulated day, a specific number of inbound ship-
ments are generated in the arrival module of the model. The
daily number of shipments are generated from a random number
generator having poisson distribution. The distribution was
selected on the basis of historical data. A chi-square
goodness of fit test was applied to determine the wvalidity
of this. The sources, where the shipments originate in the
model, were obtained from a random number generator having a
user-defined probability distribution, in which each origin
zip code had the same frequency of appearance as that in the
historical data. The shipment weights originating at a par-
ticular origin zip were obtained from a random number gener-
ator having uniform distribution between the minimum and
maximum weights for that zip code as found in the historical
data. These shipments were then assigned to a predetermined
consolidation center, depending on the location of the ori-
gins of these weights. The assignment was based on the dis-
tance of the origin from the consolidation center. For each
simulation run, the maximum distance of an origin, to be in-
cluded in a consolidation system, was specified. This dis-

tance defined the territory to be served from a consolida-
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1984, p.239.

Source:

Figure 3.4. SLAM Flow Chart
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tion center. Shipments not assigned to any of the
consolidation centers, are shipped directly to the destina-
tion in the form of LTL loads. Each consolidation center
maintains a file which lists all the loads that are waiting
for dispatch to the destination. In the review module,
based on the shipment dispatch strategy, it is determined
whether the next event, the shipment module, would begin.

For example, in a scheduled sailing strategy,?’

shipments
are dispatched on predetermined dates. In a scheduled ship-
ment strategy, which we have followed in the present study,
on predetermined days module review causes the next event,
the shipment module to begin.

In the shipment module, the actual shipment takes place
and these shipments are taken out of the pending file for
the consolidation center. On a shipping day, a total con-
solidated load is shipped. Transit times and transportation
charges were determined in this module. Truck load transit
times were calculated in days from a commercial package.?*
Less than truck-load transit times were obtained from a re=-

gression model, based on the actual delivery times for less

than truck-load shipments, and were obtained from a national

23 gee Jackson, George C.,"A Survey of Freight Consoli-
dation Practices," Journal of Business Logistics, Vol.6,
No.l, 1985, p.19.

24 This was obtained from Logistics Resource, Inc., a
subsidiary of Leaseway Transportation, Inc., Cleveland, Ohio
44122.
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carrier from one of the terminals located in the midwest.
Transportation charges were determined by calculating the
origin-destination distance and applying the appropriate
tariffs. Rates for LTL shipments were obtained from a com-
mercial database.?® Common cariage rates were used for cal-
culating the costs of shipping into the consolidation cen-
ter. The line-haul rates from the consolidation center to
the destination were obtained from Midwestern Distribution,
a subsidiary of Leaseway Transportation Corporation, through
Logistics Resource, Inc. These rates were based on a mile-
age cost and best approximates the actual costs of the com-
pany whose data has been used in this study. For purposes
of this study, consolidation costs were considered equal at
each location, although in reality they may vary to a cer-
tain extent depending on the area and the consolidafor cho-
sen. The consolidation costs were estimated to be one dol-
lar per hundredweight for each consolidation center.

Origin-destination distances were obtained from Rand-
McNally three digit zip code mileage index. Once all the
shipments due to arrivé during a particular time period are
processed, the same sequence of events begin for the next

time period.

25

LTL shipment rates were obtained from the on-line
data base of Numerax, Inc., 230 W. Passaic St., Maywood, NJ
07607.
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There are three outputs of the model: (1) the overall
procurement cost per hundredweight, (2) the average time
spent in the system (also referred to as the delivery time),
and (3) the standard deviation of the time in system, (also
referred to as the delivery time standard deviation). The
latter two are measures of customer service. Average time
in the system in this study is defined as the time from
pick-up of the shipment from the supplier's premises to the
time of receipt at the final destination. Time in system
therefore, includes any holding time at the consolidation

center.

3.5.3 Validation

Validation of the model is concerned with assuring that
the simulation inputs are adequately modeled, and that the
model responds to these inputs in a manner similar to the
actual (real-world) problem.?® In other words, validation
starts with the data?’ obtained from the order generator.
If the consolidation model is to be accurate, dependable,
and worthwhile, it is important to ensure not just the aver-

age rates at which supplies originate, or the average weight

2¢ Davis, Roscoe K., and Mckewon, Patrick G., in Quan-

titative Models for Management, Kent Publishing Company,
Boston, 1984, pp. 661-662.

27 For a complete discussion on validation of input
data, see Solomon, Susan L., in Simulation of Waiting-Line
Systems, Prentice-Hall, Inc., 1983, pp. 11-66.
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of the supplies, but also the statistical distributions
which characterize the physical supply system.

In the present study, validation of the input data con-
sisted of three steps:

1. Studying the historical data we came up with a known
statistical distribution, e.g., poisson with approxi-
mate mean value of the number of shipments originat-
ing per day and meant for a certain destination.

2. Performed Chi-square goodness of fit test between the
actual data and the hypothesized data.

3. Changing the parameters of the hypothesized distribu-
tion, determined the correct parameter which gives a
good fit with the actual data.

Steps 2 and 3 were carried out with the aid of a computer
code known as the SIMSTAT?®® package, after necessary modifi-
cation of the code to suit it to our purpose. The frequency
of occurrence of an origin zip code was obtained from a
user-defined probability function with each zip code having
a probability equal to that in the historical data used in
this study.

Validation of the model was also done by comparing the
simulated results with available historical data of the com-

pany chosen. Another validation was done by running the

28 golomon, Susan L., in "Simulation of Waiting Line

Systems," copyright 1983, p. 414, Reproduced by permission
of Prentice-Hall, Inc., Englewood Cliffs, NJ, in Appendix D.
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model and analyzing the results for reasonableness. Expert

opinion was sought at this stage to lend credibility to the

model.

3.5.4 Experimental Design

Three major factors (independent variables) at differ-
ent levels will be used to measure their effects on the de-
pendent variables e.g., overall procurement costs, transit
time, and transit time wvariance. The experimental design
has been shown in Table 3.3 The aggregate model is a com-
pletely randomized design, where all the treatments shown in
the experimental design were varied at random. The just-in-
time model is a blocked factorial design. The blocks repre-
senting combinations of smaller load sizes and higher deliv-
ery frequencies.
All the dependent variables will be evaluated in each simu-
lation run. More than one observation per cell is required
to perform the MANOVA, so each simulated year is divided
into two equal periods of 125 days. Other factors such as,
line-haul distance between the consolidation center and the
destination, consolidation center boundary were also used to
study their effects on the above stated three dependent

variables.



Table 3.3

Experimental Design

liolding time
at consol.
Center

Mean Order
Weight

4 levels

Concentration of
Supptiers

4 levels

Number of
Consol.
Center
2 levels

Line-haul
distance

2 levels

Consol.
Center
Territory
3 levels

No consolida-
tion - 0 day
holding time

1-day holding
time at consol.
center

3-day holding
time at consol.
center

5-day holding
time at consol.
center

7-day holding
time at consol.
center

73



74

3.5.5 Analysis of Data
Analysis of simulated data consisted of performing mul-
tivariate analysis of variance (MANOVA) across the different
shipment alternatives. The objective of MANOVA tests were
to study the relations between the dependent variables,
e.g., overall procurement costs, transit time, and the vari-
ance of transit time, with the independent variables,
e.g.,mean shipment weight, concentration of suppliers, and
the number of consolidation centers. When the null hypothe-
sis was rejected at the level of significance, alpha=0.01,
we applied Duncan's multiple range test?® to find out be-
tween which pair of means, significant differences exist.
When comparing more than two means, a MANOVA F test tells us
if the means are significantly different from each other,
but it does not tell us which means differ from which other
means. Multiple comparison methods (also called mean sepa-
ration tests or multiple range tests) give us more detailed
information about the differences among the means. Duncan's

multiple range test is one of the best known multiple com-

2® Briefly, Duncan's multiple range test, a posteriori

technique, is a systematic procedure for comparing all pos-
sible pairs of group means. The sample is divided into like
subsets where the difference in means among any two groups
in a subset is not significant at some stipulated level of
significance. For an in-depth discussion on Duncan's test
see Hines, William W., and Montgomery, Douglas C., "Prob-
ability and Statistics in Engineering and Management Sci-
ence", John Wiley & Sons, 1980, p. 34l1., also see Carmer,
S.G. and Swanson, M.R., "Evaluation of Ten Pairwise Mutiple
Comparison Procedures by Monte-Carlo Methods," Journal of
the American Statistical Association, 1973, pp. 66-74.
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parison methods, which operates in multiple stages. Dun-
can's method controls the comparisonwise error rate at the

chosen level of significance.



CHAPTER 4

RESULTS AND DISCUSSION

This chapter contains the results of the study. The results
presented in this section are based on the simulation model
built upon a specific data set. Despite variations made in
the model for studying the effects of different consolida-
tion variables, the results still revolve round the parent
data set. Therefore, conclusions drawn from these results
may not be globally generalizable. First of all, we present
the input data analysis. Next, the formal hypotheses tests
are discussed. Thereafter, we have included a discussion on
any other findings. The conclusions based on these findings

are given in Chapter Five.

4.1 INPUT DATA ANALYSIS

The data ihcluded all receipts of less-than-truckload
(LTL) shipments from December 1, 1983 to November 30, 1984
for a Virginia-based company. The data pertained to ship-
ments generated in the midwestern United States and meant
for five different destinations. The first step was to seg-

regate all the shipments meant for one of the five destina-
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tions. In this case, the destination chosen was Miami, Flo-
rida. Once the segregation wa; complete, a subset of the
data was obtained. This subset included data regarding over
seven hundred such shipments. The next step was to obtain
the following:

1. The distribution of the number of orders originating
in the region, e.g., midwest
2. Finding a probability distribution which gives the
probability of appearance of all the origin zip codes
in the midwest where the firm had suppliers.
The distribution of the number of orders originating in the
region per day was observed to follow a poisson distribu-
tion. A chi-sgquare goodness of fit test was performed to
determine if the hypothesized probability distribution can
actually represent the population distribution with reason-
able accuracy. The chi-square test results shown in Table
4.1 supports this hypothesis. In other words, the data set
consisting of number of orders generated per day for the
particular destination follows a poisson distribution with
mean daily arrival of three orders. The chi-square test was
performed with the aid of a revised version of SIMSTAT®®

computer package.

3% See Appendix C for the SIMSTAT code to do a chi-
square goodness of fit test. For any further details re-
garding SIMSTAT code, see Solomon, Susan L., "Simulation of
Waiting=-Line Systems," Prentice-Hall, Inc., Englewood
Cliffs, New Jersey 07632, 1983, pp. 409-447.
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TABLE 4.1

Chi-square Test Results for Hypothesized Poisson
Distribution with Mu=3.0

NO. OF OBSERVED RELATIVE EXPECTED CHI
CLASS ORDERS FREQ. FREQ. FREQ. SQUARE
1 1.0 45.00 0.149 33.46 3.98
2 2.0 50.00 0.224 50.19 0.00
3 3.0 42.00 0.224 50.19 1.34
4 4.0 31.00 0.168 37.64 1.17
5 5.0 28.00 0.101 22.58 1.30
6 6.0 14.00 0.050 11.29 0.65
7 9999.0 14.00 0.083 18.66 1.16
*#*TOTALS** 224.00 1.000 224.00 9.60

Critical chi-square value at the .05 level of significance is
12.592 for 6 degrees of freedom. Since the observed value of
chi-square is 9.60 (less than critical value), the hypothesis
that the observed data set follows poisson distribution with
mean, mu=3.0 was accepted.
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The origin zip frequency distribution was obtained from
the historical data and saved ;n the form of a probability
distribution, called user-defined probability distribution
in the simulation model. Shipment weights generated at any
origin zip were obtained from the historical data.

The transit times for less than truckload shipments
were obtained from a simple linear regression model; with
time as the dependent variable and distance traveled as the
predictor. The data was obtained from the Toledo terminal
of a large carrier having operations throughout the country.
The data set contained 162 observations. Each observation
had transit time and distance traveled for LTL freight car-
ried by the transporter. The regression model, including
related statistical information is given in Table 4.2 below.
The regression model was obtained by using MINITAB’' statis-
tical package.

The above results show that the regression model men-
tioned above was able to explain about 60 % of the total
variability of transit time for less than truck-load ship-
ments. Other factors accounting for the remaining 40 % of
the variation may have been (a) route followed, (b) number
of stop-offs enroute, (c) equipment reliability, and (d)

seasonality. No reliable data could be obtained for these.

31

Minitab Statistical Package, Release 82.1, Pennsyl-
vania State University. Further information can be obtained
from Minitab, Inc., 215 Pond Laboratory, University Park, PA
16802.
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TABLE 4.2
Regression Analysis for LTL Transit Time using Minitab
THE REGRESSION EQUATION IS
Cl = 2.47 + 0.00266 C2
WHERE :

Cl= TRANSIT TIME, DAYS
C2= DISTANCE, MILES

ST. DEV. T-RATIO =

COLUMN COEFFICIENT OF COEF. COEF/S.D.
2.4750 0.1810 13.68

c2 0.0026631 0.0001754 15.18

S = 1.159

CO-EFFICIENT OF DETERMINATION:

R-SQUARED = 59.5 PERCENT

R-SQUARED = 59.2 PERCENT, ADJUSTED FOR D.F.

ANALYSIS OF VARIANCE

DUE TO DF SS MS=SS/DF
REGRESSION 1 309.69 309.69
RESIDUAL 157 210.98 1.34
TOTAL 158 520.67

F-VALUE 309.69/1.34=231.11

The critical F-value for one degree of freedom in the numerator
and one hundred fifty seven degrees of freedom in the denominator
is 6.36. Hence the null hypothesis that the correlation between
the variables transit time and distance traveled is zero, is
rejected at a level of significance, alpha=0.0l1l. In other words,
the above ANOVA Test shows that there is a significant relation
between these variables.
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However, results obtained from this estimator compare favor-
ably with the results presented by Piercy and Ballou.?®?
Therefore, this estimator may be considered as a fairly ef-
ficient predictor. The ANOVA test shown above, supports
this contention.

The transit times for truckload dispatches were ob-
taihed from a mileage-based time calculator. The transit
time for consolidated shipments were obtained from either
the truckload time calculated from the mileage-based calcu-
lator or the less than truckload time obtained from the re-
gression model, depending on the extent of the consolidated

load.

4.2 HYPOTHESES TESTS
4.2.1 Cost

The results of the multi-variate analysis of wvariance
and Duncan's multiple range tests using SAS®® (Statistical
Analysis System), based on the aggregate data set®* have
been given in Appendix F. Excerpts from these results have

been reproduced below to aid the discussion on the tests of

32 gee Piercy, James E. and Ballou, Ronald H., "A Per-

formance Evaluation of Freight Transport Modes," The Logis-
tics and Transportation Review, Vol. 14, No. 2, 1978, pp.
99-115.

33 gee SAS Users' Guide-Statistics, 1982 edition, SAS
Institute, Inc., Box 8000, Cary, NC.

3% In the aggregate data set random variation was made
in all the independent (predictor) variables.
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hypotheses. As will be evident from Table 4.3, the results

support the following hypothesis.

TABLE 4.3

MANOVA Results with Cost per cwt as the Dependent Variable
for the Full Model

Source of Variation sSum of Squares Mean Squares
Model : 8,268.4535 590.60
Error : 5,117.4725 7.60
Total : 13,385.9260

F~Value : 77.6700

PR>F : 0.0001

R-Square: 0.62

The null hypothesis that unconsolidated shipments are
no more expensive than consolidated shipments under various
shipment strategies was rejected at the aggreéate level,
with a level of significance alpha=0.0001. Also, 62 % of
the total variability of the cost per cwt has been explained
by the predictor variables. Also, Duncan's multiple range
test was performed in order to evaluate the different ship-
ment strategies. The results of Duncan's test at an al-
pha=0.01 is given in appendix F. The results show that the
mean cost per cwt for one day holding time and for unconso-
lidated shipment scheme are not significantly different.

The mean cost per cwt for holding time of three days, five
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days, and seven days are not significantly different between
themselves, although these are‘ different from either one
day-consolidation or no consolidation. These results will

be evident from Table 4.4 below.

TABLE 4.4

Duncan's Test Results for Cost per cwt, Alpha=0.01

Mean cost Number of Holding Time
Duncan Grouping per cwt Observations " Days
A 25.337 136 1
A 25.268 200 0]
B 22.592 114 3
B 21.986 122 7
B 21.899 116 5

Note: Means with the same letter in Duncan grouping are not
significantly different. Letters 'A', 'B' etc. merely
signifies different groups as measured by the dependent
variable, e.g., mean cost per cwt in this case. Each
observation represents a simulation run for 125 days.
This is true for all other similar tables in this
chapter.

Since Duncan's test only controls the type I compari-
sonwise error rate, we also did Tukey's studentized range
test which controls the type I experimentwise error rate.
The results of the Tukey's test supports the above results
of Duncan's test. The results of the Tukey's test are given
in Appendix F. A graph showing the relation of cost per

hundredweight and holding time at the consolidation center

is shown in Figure 4.1.




“UIDCrOoA~ —=HEO MMT V00

- - - - - ] ) 3] ) r) (%]
o @ [} 3 + o~ D 3 (X} § 3 ] w <
TS P TV PUTIR P TN T PETW WIS FUUDY FITDUN FUUIN FUUEY Frees FETws §

H

8]

(o]

@

1+ 4
W

b

Figure 4.1.

T T T T T

4 S - I ? 8
HOLDING TIHME (DAYS)

Cost per cwt Vs Holding Time

84



85

It was clear from Figure 4.1 that the cost per cwt be-
gan to decrease for holding tiﬁes beyond one day, and the
decrease was sharp between one-day holding time and three-
day holding time. Thereafter, the rate of reduction in cost
somewhat leveled off. This phenomenon of reduced slope of
the cost line may have been due to a gradual reduction in
the rate of increase of the proportion of truck-load dis-
patches. Finally, there could be a point where shipments
from all vendors located within the territory are shipped as
truck-loads. Duncan's multiple range test was then per-
formed to identify the effect of the other predictor vari-
ables, e.g., load factor (LFACTR), order number factor
(OFACTR), maximum distance around a consolidation center or
consolidation center boundary (MAXD), line-haul distance be-
tween consolidation center and destination (LHD), and number
of consolidation centers (NCNTR) on mean cost per cwt. The
results of these tests bring out some interesting informa-
tion. These results have been given in Appendix F. As ex-
pected, we observe that as shipment sizes reduce, cost per
cwt increases, as would be evident from Table 4.5 below.
Duncan's test to find significantly different mean cost due
to order number factor however, was not so clear. For cer-
tain range of values of order number factor, the mean cost
was not found to be significantly different. The results of
the Duncan's test are given in Appendix F and also shown in

Table 4.6 below.
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Duncan's Multiple Range Test for Variable Cost per cwt

(DOLRAT) at Alpha=0.01
Mean Cost Number of
Duncan Grouping per cwt Observations Load Factor
A 25.725 120 0.25
A 25.613 168 0.33
B 24.056 172 0.50
o 20.920 228 1.00

Note: Means with the same letter as Duncan grouping are not
Load factor is merely a
multiplier to the load generated at any origin.

significantly different.

TABLE 4.6

Duncan's Multiple Range Test for Variable Cost per cwt

(DOLRAT) at Alpha=0.01
Mean Cost Number of Order Number

Duncan Grouping per cwt Observations Factor

A 25.725 120 4.0

B 24.556 160 3.0

B 23.977 180 2.0

C 22.665 32 1.5

C 21.634 196 1.0

Note: Means with the same letter as Duncan grouping are not
Order Number Factor is a
multiplier to the number of orders generated on a certain

significantly different.

day.

To further probe the effect of order numbers,

the data set was separated.

a portion of

This data set had load factor
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fixed at one, and Order number factor had values greater

that one. Duncan's test was performed with the data set.

The results of the Duncan's multiple range test shows that

mean cost per cwt is not significantly different despite a

variation of order numbers.

test are given in Table 4.

below.

TABLE 4.7

The results of the Duncan's

Duncan's Multiple Range Test for Variable Cost per cwt
(DOLRAT) at Alpha=0.01

Mean Cost

Number of Order Number

Duncan Grouping per cwt Observations Factor
A 24.718 6 1.50
A 24.559 6 1.75
A 24.476 6 2.25
A 24.433 6 1.00
A 24.401 6 1.25
A 24.282 6 2.75
A 24.221 6 2.50
A 24.205 6 3.00
A 24.110 6 2.00

Note: Means with the same letter as Duncan grouping are not
significantly different.
of order number factors do not result in significantly

different costs.

In other words,

the above values

However, it was quite clear that cost per hundredweight de-

creases as number of orders increase and with it the per-

centage of shipments moved as truck-loads increases. Figure

4.2 demonstrates this.
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The next step was to study the effects of the consoli=-
dation center boundary (MAXD), on cost per cwt (DOLRAT). At
the aggregate level, the null hypothesis that cost per cwt
does not significantly vary with the boundary, was rejected
at level of significance, alpha=0.0013. The results of the
Duncan's test, shown in the Table 4.8 below, suggests that
significant differences exist in the cost per cwt when
boundary was one hundred miles and that when boundary was

two hundred miles.

TABLE 4.8

Duncan's Multiple Range Test for Variable Cost per cwt
(DOLRAT) at Alpha=0.01

Duncan Mean Cost Number of Consol Center
Grouping per cwt Observations Boundary('00 miles)
A 24.096 290 1
A B 23.710 206 1.5
B 23.052 192 2

Note: Means with the same letter as Duncan grouping are not
significantly different.

Apart from the above, the MANOVA tests on aggregate data set
also rejected the null hypothesis that cost per cwt denoted
by DOLRAT, does not vary with the line-haul distance between
the consolidation center and the destination at level of
significance, alpha=0.001. The results of the Duncan's test

are shown below in Table 4.9.
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TABLE 4.9
Duncan's Multiple Range Test for Variable Cost per cwt at
Alpha=0.01
Mean Cost Number of Line-haul Distance
Duncan Grouping per cwt Observations (in '00 miles)
A 25.179 449 13
B 20.887 239 8

Note: Means with the same letter as Duncan grouping are not
significantly different.

It is generally expected that cost rises with the distance
traveled. To probe the effect of line-haul distance fur-
ther, the effect of line-haul distance was examined on the
cost per cwt per hundred miles. MANOVA results showed sig-
nificant differences in the cost per cwt per hundred miles
(MILRAT) depending on the line-haul distance. The MANOVA
results are given in Appendix F. The MANOVA results were
supported by Duncan's test also; The results of the Dun-
can's test are given below in Table 4.10.

However, the MANOVA tests on the aggregate data failed to
reject the null hypothesis that cost per cwt does not sig-
nificantly vary with the number of consolidation centers at
a level of significance, alpha=0.01. The results of the
MANOVA test are shown in Appendix F. The results of Dun-
can's test, as reproduced below in Table 4.11, also failed
to show any significant difference in the mean cost based on

changes in the number of consolidation centers used.




TABLE 4.10

Duncan's Multiple Range Test for Variable Cost per cwt per
100 mile at Alpha=0.01

Mean Cost/
cwt /100 Number of Line-haul Distance
Duncan Grouping miles Observations (in '00 miles)
A 2.6109 239 8
B 1.9681 241 13

Note: Means with the same letter as Duncan grouping are not
significantly different.

TABLE 4.11

Duncan's Multiple Range Test for Variable Cost per cwt as
the Dependent Variable with Alpha=0.01

Mean Cost Number of Number of consolidation
Duncan Grouping per cwt Observations centers
A 23.956 338 1
A 23.429 350 2

Note: Means with the same letter as Duncan grouping are not
significantly different.

In order to demonstrate that the above results are also
true in the just-in-time inventory conditions, a subset’®® of

the aggregate data set was created simulating the just-in-

3% In this subset pairwise changes were made in load
factor and order number factor. Changes made in all other
independent variables were according to the experimental de-
sign given in Chapter 3.
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time conditions. This subset consisted of data in which
pairwise changes were made in the loads received and the
number of shipments received per day. In Chapter One it was
discussed that the primary effects of implementation of
just-in-time inventory system on the shipments will be a
drastic reduction in the shipment sizes and a steep increase
in the frequency of deliveries. These effects were simulat-
ed in the model by ensuring that as load reduces, the number
of shipments received per day increase, and their product
remains unaltered. Load received in an incoming shipment
was reduced by choosing lower values of the 1load factor
(LFACTR) and number of incoming orders were increased by in-
creasing the values of order number factor (OFACTR). In-
creased value for order number factor also simulated the
condition of increased vendor concentration. The results of
this test with the above defined subset have been given in
Appendix F. Highlights of this test are given in Table 4.12
.below.

For better understanding of the relative costs of the
various shipment strategies, four sub-hypotheses were test-
ed. In this case the following alternate hypotheses, as
restated below, were accepted.

1H, a: Direct unconsolidated shipment scheme, is less
expensive than consolidated shipment with 1 day holding

time at the consolidation center.

1H,p: Direct unconsolidated shipment scheme, is more
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TABLE 4.12

MANOVA Tests to Demonstrate Effects of a Just-in-time
Inventory System on Cost per cwt

Source of Variation Sum of Squares Mean Squares
Model 6844.0753 622.1866
Error 1308.9202 2.7968
Total 8152.93855

F=-value 222.4600

PR>F 0.0001

R-Sguare 0.8394

expensive than consolidated shipment with 5 days holding

time at the consolidation center.

1H,.: Direct unconsolidated shipment scheme, is more
expensive than consolidated shipment with 7 days holding

time at the consélidation center.

In case of three-day holding time however, the following
null hypothesis was accepted.
1H,: Direct unconsolidated shipment scheme, is no more
expensive than consolidated shipment with 3 days holding

time at the consolidation center.

The above results were supported in Duncan's test also as
would be evident from Table 4.13 below.
" The influence of load factor on the cost was clearly

shown in the MANOVA test with the just-in-time data set. As
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TABLE 4.13

Duncan's Multiple Range Test for Variable Cost per cwt as
the Dependent Variable with Alpha=0.01

Mean Cost Number of Holding Time
Duncan Grouping per cwt Observations days
A 26.968 96 1
B 22.814 96 0
B 22.814 96 3
Cc 21.875 96 5
C 21.760 g6 7

Note: Means with the same letter as Duncan grouping are not
significantly different.

would be apparent from the MANOVA results in Appendix F,
load factor contributed to very very significant difference
in the mean cost per cwt. This result was well supported by
Duncan's test also. The results of the Duncan's test which
clearly shows the significant differences in mean cost are
shown below in Table 4.14. The effect of other independent
variables on the cost was similar to what was observed in
case of the aggregate data set.

To further study the effects of vendor concentration in
a just-in-time inventory situation, two small subsets®® were

created with high values of order number factor.

3¢ In these subsets load factor was fixed at a value of

unity to simulate existing condition, and order number fac-
tor was assigned high values to simulate high vendor concen-
trations. All other independent variables, except the num-
ber of consolidation centers, were kept constant in order to
separate the effects of vendor concentration.



95
TABLE 4.14

Duncan's Multiple Range Test for Variable Cost per cwt as
the Dependent Variable with Alpha=0.01

Mean Cost Number of
Duncan Grouping per cwt Observations Load Factor

A 25.725 120 0.25
B 24.551 120 0.33
c 22.947 120 0.50
D 19.762 120 1.00

Note: Means with the same letter as Duncan grouping are not
significantly different.

In the first subset,®’ moderately high values of order
number factor were combined with holding times of one and
three days, while all other variables were Xkept constant.
The MANOVA tests on this data subset further demohstrated
that holding time at the consolidation center contributes to
significant changes in the cost. Order number factor, how-
ever, did not show significant effect on cost for range of
values included in this data subset. Duncan's test support-

ed this, as would be e&ident from Table 4.15.

37 This subset of data was termed 'JIT subset 2' in the
MANOVA test, as would be found in Appendix F.
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TABLE 4.15

Duncan's Multiple Range Test for Variable Cost per cwt as
the Dependent Variable with Alpha=0.01

Mean Cost Number of Crder Number
Duncan Grouping per cwt Observations Factor
A 24.718 6 1.50
A 24.559 6 1.75
A 24.476 6 2.25
A 24.433 6 1.00
A 24.401 6 1.25
A 24.282 6 2.75
A 24.221 6 2.50
A 24.205 6 3.00
A 24.110 6 2.00

Note: Means with the same letter as Duncan grouping are not
significantly different.

The second data subset®® contained higher values of or-
der number factor. The MANOVA test in this case rejected
the null hypothesis that cost per hundredweight is the same
irrespective of the extent of order number factor at a level
of significance, alpha=0.03. In other words, order number
factor showed significant impact on the cost for range of
values considered in this data subset. This result was sup-
ported further in the Duncan's test, as would be clear from

Table 4.16 below.

3% In this subset higher wvalues of order number factors
were combined with changes in the number of consolidation
centers. All other variables were kept constant. The
MANOVA test results on this data set appear with a heading
'JIT data subset/hi vendor concentration' in Appendix F.
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TABLE 4.16

Duncan's Multiple Range Test for Variable Cost per cwt as
the Dependent Variable with Alpha=0.01

Mean Cost Number of Order Number
Duncan Grouping per cwt Observations Factor
A 25.742 4 2.00
A B 24.948 4 3.00
A B 24.931 4 4.00
A B 24.729 4 5.00
A B 24.542 4 6.00
A B 24.444 4 9.00
A B 24.282 4 8.00
A B 24.248 4 1C.00
B 23.723 4 7.00

Note: Means with the same letter as Duncan grouping are not
significantly different.

By including two consolidation centers, we were able to
study the effects of percentage of shipments dispatched
through consolidation centers. This variable can be expect-
ed to produce similar effect as that of vendor concentration
within the boundary of a consolidation center. As would be
apparent from Figure 4.3, with higher percentage of ship-
ments dispatched through the consolidation center, as ob-
served in a consolidated shipment scheme with two consolda-
tion centers, the cost per cwt is lower as compared to the
case of one consolidation center. It would also be clear
from Figure 4.4 that, as number of orders increases, cost

per cwt decreases.
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The results of the MANOVA test have been given in Appendix
F. Next, results of MANOVA teét for the customer service

aspects are discussed.

4.2.2 Delivery Time

The null hypothesis of no difference of delivery time
between an unconsolidated system and a consolidated system
was rejected at the aggregate level at a level of signifi-
cance, alpha=0.0001. When the data set was classified ac-
cording to holding time, and four such subsets were created,
each pair comparing unconsolidated delivery time with con-
solidated delivery time with different values of holding
time, the null hypothesis was also rejected in each case
with the level of significance, alpha=0.001. Duncan's mul-
tiple range test also showed significant differences in the
mean delivery time at a level of significance, alpha=0.01.
The mean delivery time for the wunconsolidated shipment
strategy was higher for shipment schemes with one, three,
and five days holding time at the consolidation center.
However, mean unconsolidated delivery time was found to have
no significant difference with that in the case of a seven
day holding time at the consclidation center. The results
of the above tests are given in Appendix F. Excerpts from

the above tests are reproduced below in Table 4.17.
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TABLE 4.17
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Source of Variation

Sum of Squares

Mean Sdquares

Model
Error
Total
F-Value
PR>F :
R-Square:

280.
122.
402.
97.
0.
0.

9293
0544
9837
9300
0001
6971

25.5390
0.2608

The results of Duncan's multiple range test with deliv-

ery time as the dependent variable,

and showing effects of

holding time at the consolidation center are given below in

Table 4.18.

TABLE 4.18

Duncan's Multiple Range Test for Variable Delivery
Time(TSYS) at Alpha=0.01

Mean Delivery

Number of

Holding Time

Duncan Grouping time(days) Observations (days)
A 8.0347 96 7
A 7.9865 96 0
B 7.0729 96 1
B 6.9764 96 5
B 6.4705 96 3

Note: Means with the same
significantly diffe

letter as Duncan grouping are not

rent.
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A graph showing the relationship between delivery time
and holding time at the consoiidation center is given in
Figure 4.5. From the above graph it can be seen that the
delivery time is significantly reduced with consolidation.
Between no-consolidation and one-day consolidation there was
a reduction of almost two days in the delivery time. How-
ever, with higher holding time, the delivery time increases
substantially.

In the following section we have discussed the results
of hypotheses tests regarding the delivery time standard de-

viation.
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4.2.3 Delivery Time Standard Deviation

The results of the MANOVA tests with delivery time
standard deviation as the dependent variable are given below

in Table 4.19.

TABLE 4.19

MANOVA Results with Delivery Time Standard Deviation (TSD)
as the Dependent Variable for the Full Model

Source of Variation Sum of Squares Mean Squares
Model : 413.1461 37.5587
Error : 69.6323 0.1487
Total : 482.7784

F-Value : 252.4300

PR>F : 0.0001

R-Square: 0.8557

The results of the MANOVA tests led to the rejection of the
null hypothesis that unconsolidated shipment scheme did not
differ significantly with a consolidated shipment scheme as
far as delivery time standard deviation was concerned.

The fésults of Duncan's multiple range test, with de-
livery time standard deviation as the dependent variable,
and showing the effects of holding time at the consolidation
center, are given below in Table 4.20.

A graph showing the relationship between the delivery
time standard deviation and the holding time at the consoli-

dation center have been shown in Figure 4.6.
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TABLE 4.20

Duncan's Multiple Range Test with Delivery Time Standard
Deviation (TSD) as the Variable at Alpha=0.01

Delivery time Number of Holding Time
Duncan Grouping std.dev. (days) Observations (days)
A 3.0477 96 1
B 2.8507 =1} 3
C 1.8672 96 5
D 1.3448 g6 7
E 0.7061 96 0

Note: Means with the same letter as Duncan grouping are not
significantly different.
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HOLDING TIME (DAYS)

Figure 4.6. Delivery Time Standard Deviation Vs Holding
Time
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The results of Duncan's multiple range test showed that
mean standard deviations were‘significantly different for
different holding times at the consolidation center. The
mean standard deviation of an unconsolidated shipment scheme
was shown to be the least. The mean standard deviation for
a seven day holding time was the least among the consolidat-
ed shipment schemes. It showed a gradual increase as hold-
ing time was reduced. As holding time increases, more con-
solidated loads travel as truck-loads, thereby reducing the
variability to a certain extent. The reduction in the mean
standard deviation of delivery time may have been the result
of this phenomenon.

However, manova tests also showed that delivery time
standard deviation was not significantly affected by pre-
dictors like, consolidation center boundary and number of
consolidation centers used.

Likewise, the number of consolidation centers did not
show any significant effect on the delivery time standard
deviation. The results of the Duncan's multiple range test

have been shown below in Tables 4.21 and 4.22.




TABLE 4.21

Duncan's Multiple Range Test with Delivery Time Standard
Deviation(TSD) as the Variable at Alpha=0.01

Delivery time Number of MaXD
Duncan Grouping std.dev. (days) Observations (in '00 miles)
A 1.7921 182 2
A 1.6869 206 1.5
B 1.3977 290 1

Note: Means with the same letter as Duncan grouping are not
significantly different.

TABLE 4.22

Duncan's Multiple Range Test with Delivery Time Standard
Deviation(TSD) as the Variable at Alpha=0.01

No. of
Delivery time Number of . Consol
Duncan Grouping std.dev. (days) Observations Centers
A 1.6301 338 1
A 1.5598 350 2

Note: Means with the same letter as Duncan grouping are not
significantly different.

4.2.4 Other Results

One not-so-apparent result, is the effect of consolida~-
tion, in general, on the number of shipments received at the
final destination. It was observed that consolidation
brings about a substantial reduction in the number of ship-

ments received at the destination. Figure 4.7 shows the
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percentage reduction in the number of shipments received for
a holding time of one day for vﬁrious values of order number
factor. It is expected that, for higher holding times, as
the number of truckload shipments rise, the percentage re=-

duction will further increase.
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CHAPTER 5

CONCLUSIONS

This chapter consists of four sections. First, a short
summary of the research project, its objectives, the hypoth-
eses, the methodology adopted, and the conclusions based on
the hypotheses tests are given. The conclusions were based
on the results obtained in the previous chapter. As already
pointed out, the results were based on a specific data set.
Therefore, caution must be observed in making global gener-
alization of these results. The second section contains the
implications of the study in the field of logistics. The
third section contains the limitations of the study. The
final section contains suggestions for future research aris-

ing out of the present study.

5.1 REVIEW OF THE STUDY

Faced with mounting competition from foreign sources,
the industry has been compelled to make a closer scrutiny of
its procurement costs. Aided by the recent relaxation of
the governmental regulations in the transportation industry,

an opportunity has come up to design more imaginative and

110
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cost-effective transportation strategies for procurement of
inbound materials without sacrificing service levels. Such
a strategy should naturally be justifiable in a just-in-time
inventory system. One likely strategy was the consclidation
of inbound freight. This research sought to compare the
consolidation strategy with the existing strategy of direct
shipments from vendors and also wanted to focus on the im-
portant considerations in freight consolidation. Addition-
ally, this research sought to consider the workability of
such a strategy under just-in-time inventory system.

The objectives of the research were to compare the ef-
fects of various shipment alternatives on consolidated and
unconsolidated shipment schemes, and to locate the role of
various factors for the management of a consolidation
scheme, especially under just-in-time conditions. It was
also the objective to test whether the results of the previ-
ous consolidation research on the outbound side of logis-
tics, could be used for inbound freight consoclidation alsc.

Based on the above objectives, a comparison was made
between a consolidated system and an unconsolidated system
across procurement costs, delivery time and delivery time
standard deviation. The comparison revolved round a specif-
ic set of data for an organization. The scheduled shipment
strategy, i.e., shipment at predetermined intervals, was

followed throughout the study. Previous research on the
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outbound side, suggested that cost would be reduced, mean
delivery time would generally increase, and delivery time
standard deviation would not generally increase from the di-
rect shipment.

Another major question was whether certain combinations
of shipment or location strategies would provide an attrac-
tive shipment scheme. The effect of the following factors
were studied:

1. Direct shipment from vendors with no consolidation.

2. Shipment through consolidation c¢enters with one,
three, five, or seven day-consoclidation under sched-
uled shipment strategy.

3. Use of one or more consolidation centers.

4. Line-haul distance of the destination from the con-
solidation center.

5. Boundary of consolidation centers.

The other area investigated was related to the consoli-
dation parameters which assume greater importance under the
just-~in~time inventory system.

The methodology adopted for this study comprised the
following steps:

1. Collection of all data related to inbound shipments
for a Virginia- based medium sized organization, from

all vendors located in the mid western United States.
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2. Heuristic selection of locations of consolidation
centers, based on concentration of shipment load.
Two locations were considered, e.g., Chicago, Illi-
nois and Cincinnati, Ohio.

3. An event-oriented Monte-Carlo simulation model based
on the above to evaluate overall procurement costs,
delivery time, and delivery time standard deviation
for consolidated and unconsolidated systems across
different levels of other relevent factors 1like,
holding time, number of orders, load factor etc.

4., Multivariate analysis of variance and Duncan's multi-
ple range tests to determine if significant differ-
ences exist between the different shipment alterna-
tives and to find the most attractive alternative.

Having provided this short summary of the research ob-
jectives and methodology, the stage is now set for present-

ing the conclusions of the specific research hypotheses.

5.2 INTERPRETATION OF TEST RESULTS

A discussion of the results in this section consists of
interpretation of the test results reported in Chapter Four
and possible explanations thereof. As pointed out earlier,
the following conclusions revolve round the specific data
set considered in the study. Therefore, global generaliza-

tion may not be applicable.
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5.2.1 Cost
In this section we presenf the interpretation of the
test results relating to cost. That is, this section ad-
dresses the first four research objectives set forth in

Chapter One.

5.2.1.1 Effect of Shipment Strategy

The null hypotheses that cost per unit shipment weight
are the same for both consolidated and unconsolidated ship-
ment schemes were rejected in all cases tested, although un-
consolidated shipment costs were not necessarily the great-
est. It was consistently shown that consolidated shipment
with one day holding time at the consolidation center came
out to be the most expensive scheme. However, with a higher
concentration of 1load, cost for one day consolidation was
signifcantly reduced. Cost for three- day consolidation was
found to be comparable to the cost for unconsolidated ship-
ments. Seven-day consolidation proved to be the least ex-
pensive one, although the difference with five-day consoli-
dation cost was rather small.

The area served by the consolidation center, however,
had little impact on the cost. The cost savings on account
of more consolidated shipments obtained by including more
vendors in the area, might have been offset by the higher

pick=-up and consolidation costs.
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Cost per unit shipment weight per unit distance was
found dependent on the line-haﬁl distance between the con-
solidation center and destination. As the line-haul dis-
tance increased, the cost per unit weight per unit distance
reduced for the levels tested. This should be an important
consideration for the establishment of consolidation cen-

ters.

5.2.1.2 Effect of Mean Shipment Weight

Effect of mean shipment weight clearly demonstrated
that cost reduces as the mean weight of the shipments in-
creases. This result was consistently shown both in the

aggregate data set and in the just-in-time data set.

5.2.1.3 Effect of Vendor Concentration

Vendor concentration showed less significant effect on
the cost in general. However, vendor concentration specifi-
cally within the area serviced by the consolidation center
as noticed in the data set with high vendor concentration,
showed substantial influence on the cost. Cost decreased
with the rise in vendor concentration.

With a just- in-time inventory program, when load sizes
reduce, and frequency of shipments increase, for consolida-
tion program to be successful, one day consolidations may

have to be more attractive from a cost point of view. The
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whole idea of a just-in-time technique being, to bring ma-
terial just in time for use, holding materials at the con-
solidation center perhaps runs contrary to the basic motiva-
tion behind it. Our results from the just-in-time data set
however, did not justify one-day consolidation from cost
point of view except, in case of very high order numbers.
Most probably, the load pattern, both the extent and the
concentration of vendors were not high enough to justify
one-day consolidation. This poses a very important point
for the implementation of a working just-in time inventory
program. Before the installation of a consolidation program
in a just-in-time inventory system, a thorough analysis of
the load pattern would be essential. In cases of insuffi-
cient load, perhaps a stand-alone system may not be the ju-
dicious alternative. Instead, utilization of a consolida-
tor, who could manage the consolidation program for a few
other similar customers, could be a more prudent step. This
was amply demonstrated by the fact that cost per unit weight
begins to reduce as percentage of truckload shipments in-
creases as a result of high wvendor concentrations, and also
by the fact that cost reduction was noticed only with very

large number of orders.
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5.2.1.4 Effect of Number of Consolidation Centers
The number of consolidatioﬁ centers, however, showed no
effect on the cost per unit weight. Whether there was one
consolidation center in the system or more, had little im-
pact on the cost. This was somewhat contrary to what is
generally believed. By including more consolidation centers
more vendors may be included in the consolidation system.
This is likely to generate more consolidated load and therby
lead to less cost. It did not turn out that way in the
study. Perhaps, the load pattern, especially the concentra-
tion of vendors, did not justify more than one consolidation
center. However, with large number of orders in the just-
in-time data subset, number of consolidation centers did
produce the desired effect on cost. That is, cost per hun-
dredweight showed significant reduction with more than one
consolidation center. It was also shown that more shipments
passing through consolidation center, as was the case with
two consolidation centers, gave rise to a reduction in cost.
This observation, perhaps, supports our earlier conclusion
that in a just-in-time system, vendor and/or load concentra-
tion within the area serviced by the consclidation center,
is one of the most important determinants to be analyzed be-

fore installing a consolidation program.
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5.2.2 Customer Service Aspects
In this section, the interpretation of the test results
relating to the customer service aspects, 1i.e., delivery
time and delivery time standard deviation have been present-

ed in two separate subsections.

5.2.2.1 Delivery Time

The null hypothesis that consolidated and unconsolidat-
ed shipments involve the same amount of time, was rejected
at level of significance, alpha=0.0001 for variables 1like
holding time at the consolidation center and line- haul dis-
tance between the consolidation center and the destination.
The same null hypothesis was rejected at a level of signifi-
cance, alpha=0.04 when the independent variables were ship-
ment weight and concentration of wvendors, and at alpha=0.06
and 0.10 for the independent variables, consolidation center
boundary and number of consolidation centers respectively.
The result of these tests showed that overall delivery time
reduced for one-day, three-day, and five-day consolidation
schemes; while there was no significant difference in deliv-
ery Dbetween unconsolidated and seven-day consolidation
scheme. It was interesting to note that delivery time in a
three-day consolidation was lower than that in a one-day
consolidation despite having two days of extra holding time.

A larger number of full truckload shipments taking less time
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in a three-day consolidation might have completely offset
the extra holding time. The séme observation was not true
however, between five-day consolidation and seven-day con-
solidation or between three-day and five-day consolidation.

Shipment sizes were found to have little impact on the
overall delivery time, except when the load factor became
too smail, e.g., LFACTR=0.25. Apparently, this runs contra-
ry to the general belief. That 1is, as shipment size in-
creases, the extent of a consolidated locad also increases
and more shipments could go as truckloads, therby reducing
the delivery time. However, in this study, in the aggregate
data set shipment size increases were in most cases matched
with proportionate reduction in the order numbers. Thus,
total load generated during a period of time did not rise
and perhaps that is why the delivery time did not show the
likely impact. This wview was further strengthened when it
was observed that delivery time was not at all affected by
shipment sizes in a subset of data created to simulate the
just-in-time conditions by reducing load factor with matched
increases in the order numbers.

Delivery time also did not show any effect of the con-
solidation center boundary. Expected reduction in delivery
time, if any, due to inclusion of more vendors in the terri-
tory of a consolidation center and thus probably generating

more truckload shipments, might have been completely offset
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by the increased pick-up time for the more distant vendor
locations.

Finally, it was shown that delivery time was not influ-
enced at all by the number of consolidation centers in the
system. This may have been due to the reason that available
load pattern and/or concentration of vendors did not justify

more consolidation centers.

5.2.2.2 Delivery Time Standard Deviation

The null hypothesis of no difference in delivery time
standard deviation between unconsoclidated and consolidated
dispatch schemes was rejected at alpha=0.0001, for the inde-
pendent variables, holding time at consolidation center,
mean shipment weight, and/or concentration of vendors, and
line-haul distance bétween consolidation center and destina-
tion. Delivery time standard deviation was the least in the
case of unconsolidated shipments. Among the different con-
solidated shipment schemes, delivery time standard deviation
tended to decrease as holding time at the consolidation cen-
ter increased. With lower holding time, the proportion of
full truck-load dispatches diminished and this may have ad-
versely affected the delivery time standard deviation. This
should be a very important consideration in installing con-
solidation as a viable proposition in a just-in-time inven-

tory program. In a just-in-time inventory program, one has
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to work with reduced or ideally, zero buffer stocks. Con-
sistency of delivery is of utmoét importance. Any shipment
schemes that contribute to the increase of delivery time
standard deviation would not likely be an attractive propo-
sal. For example, in cases where load pattern does not jus-
tify a majority of volume load dispatches from the consoli-
dation center, a stand-alone <consolidation program to
achieve just-in-time benefits may not be justified. The ex-
tent of the differences in delivery time standard deviation
due to shipment weights and concentration of vendors were
very very marginal. Line-haul distance, however, made sig-
nificant differences in the delivery time standard devia-
tion. As line-haul distance increased, the standard devia-
tion increased. This is in conformity with the findings of
Piercy®® and Ballou, who in a performance evaluation study
of over 17,000 military and industrial shipments showed that
the variability of transit time increases with the distance
traveled,

However, the null hypotheses of no difference in deliv-
ery time standard deviation was not rejected for independent
variables like consolidation center boundary and number of
consolidation centers in the system. Also Duncan's test did

not show any significant difference in the standard devia-

% Piercy, James E., and Ballou, Ronald H.,"A Perform-

ance Evaluation of Freight Transport Modes," The Logistics
and Transportation Review, Vol.14, No.2, pp.99-115.
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tion based on the consolidation center boundary and the num=-
ber of consolidation centers. Again, this may have been due
to insufficient available load. In a system where there
could be enough load for both the consolidation centers, in
their respective territories, s¢ as to greatly enhance the
proportion of full truck-load dispatches, more consolidation

centers may reduce the delivery time standard deviation.

5.3 IMPLICATIONS OF THE RESEARCH

The primary objective of this reserch was to study the
effectiveness of a consolidation program as a stand-alone
system from the receivers' point of view, especially within
a just-in-time inventory concept. As would be evident, the
stress was on merging consolidation with the inbound materi-
al procurement system, and thus extend the freight consoli-
dation literature.

The second objective was to explore the effects of var-
ious factors like consolidation center boundary, shipment
weight, concentration of vendors, and line-haul distance, on
the working of a consolidation program. These factors were
not explicitly considered in earlier studies. Also, the ef-
fects of a just-in-time inventory system on a consolidation
program was assessed to highlight some important considera-

tions.
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5.3.1 Cost and Customer Service

In the absence of customer‘service constraints, consol-
idation of inbound freight with three or more days holding
time proved to be less expensive. Direct shipments from
vendors were almost always more expensive and resulted in
longer delivery times in general. The exception was consol-
idation with seven days holding time, in which case the de-
livery time was slightly more than a direct shipment from
the vendors. Delivery time standard deviation, however, in
general, increased in a consolidated shipment scheme. The
more the holding time, the less the delivery time standard
deviation. The lowest delivery time standard deviation was
when holding time was seven days. However, even this was
slightly higher than the delivery time standard deviation in
the case of direct shipments from vendors. In essence, the
lowest cost shipment scheme was not necessarily the one re-
sulting in the least delivery time, or the minimum delivery
time standard deviation. Direct shipments from vendors al-
most always involved maximum shipment cost, maximum delivery
time and least delivery time standard deviation. This is in
line with Masters'“® conclusion that the configuration which
minimized cost was not the one which resulted in the shor-

test delivery time or the least delivery time variance.

42 Masters, James M., "The Effects of Freight Consoli-
dation on Transportation and Delivery Times in a Physical
Distribution System", Ph.D dissertation (Unpublished), Ohio
State University, 1979.



5.3.2 Consolidation in Just-in-time Inventory System

In a just-in-time inventroy program, when shipment
sizes are likely to decrease and the frequency of shipment
likely to increase, thereby probably necessitating daily
shipments, it was observed that a minimum total mean weight
was necessary to justify a consolidation program. Any
stand-alone consolidation program would most likely be re-
gquired to have that minimum load available in order to have
a cost-effective consolidation program. This point may need
to be thoroughly investigated in each individual case before
establishment of a consolidation program in an organization.
Organizations failing to meet this load stipulation may do
well to entrust the consolidation program to an outside con-
solidator, who may be interested in setting up such programs

for a number of organizations.

5.3.3 Effect of Other Factors

The other objective was to study the effects of other
consclidation variables like mean shipment weight, concen-
tration of vendors, consolidation center territory, number
of consolidation centers, and line-haul distance moved be--
tween the consolidation center and the destination. Cost
per hundredweight decreased with the increase of the mean
shipment weight and the concentration of suppliers. The ad-

ditional volume so generated, perhaps helps in obtaining
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more truckload/volume shipments. Consolidation boundary or
number of consolidation centers; however, had hardly any im=-
pact on the cost per hundredweight except, with very high
volume of orders. On the contrary, line-haul distance had a
significant effect on the cost per hundredweight per hundred
miles traveled.

Ffom the practitioners' or the managers' perspective,
this study might be able to provide a framework for consid-
eration of various factors before the actual launching of a
consolidation program. Although consolidation may be able
to reduce the costs in general, with a few exceptions, some
trade-off may be necessary on the customer service aspects.
Perhaps, that is how the results of this research interface
with managements' decision-making function.

One of the less tangible benefits of consolidation, as
noticed from this study, is perhaps, the possibility of a
drastic reduction in the number of shipments to be received
at the destination. This may considerably reduce the order

handling costs at the destination.

5.4 LIMITATIONS OF THIS STUDY
The results of the study are limited to a certain ex-

ten£ primarily because of the test environment. The use of

simulation instead of studying real systems may raise sever-

al huestions of appropriateness of the results. 1In a con-
\
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solidétion problem, which is both dynamic and stochastic,
simulation is preferable to a study of real-life systems for
reasons of cost and time.*! Also, once a simulation model is
builtL it can be used repeatedly to analyze various aspects
of a ﬁonsolidation system. Validity of simulation is evalu-
ated égainst actual performance data. Another wvalidation is
donéjby comparing the model formulation with other consoli=-
datiQn model formulations. The model in this research uses
simiLar assumptions and methodology as those of Coop-
er(1984), House(1979), and Jackson(1980).

The study is also limited to a certain extent since the
shipﬁent data used was obtained from a particular firm. An-
other firm may or may not follow the same type of load dis-
tribﬁtion. Therefore, the results of this study can only be
genefalized to specific firms having the same type of load
distribution. This need not be seen as a serious shortcom-
ing,;since a similar study can be easily done for another
type:of firm with very few changes in the computer coding.

- Furthermore, in evaluating the procurement cost under
diffkrent shipment alternatives, an important element, the
cost of carrying inventory, was not considered for want of
reliable data for the highly heterogeneous group of items

1

. 4! See Jackson, George C., in unpublished Ph.D disser-

tation on "An Experimental Investigation of the Order Con-
solidation System", Ohio State University, Columbus, Ohio,
1980 for a complete discussion on the applicability of simu-
lation in a freight consolidation problem.
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consi@ered. As a conseqgquence, the test results may seem to
be le$s reliable. However, a major portion of this weakness
can be adequately compensated by a judicious interpretation
of the results.of delivery time and delivery reliability

I
comparisons.

5.5 SUGGESTIONS FOR FUTURE RESEARCH

'This study leads to some new facets of freight consoli-
datién which need further investigation. In the following
paragraphs some suggestions are made for future research.

1., Similar investigation with different load distribu-
tion and perhaps, for different type of organizations
dealing with different classes of commodities.

2. Investigation of the possibilities of using similar
models as operational decision making tools. For ex-
ample, by incorporating in the models ways to handle
rush orders.

3; Investigation into the possibility of integrating the
vendors' distribution strategy with the organiza-
tions' procurement strategy. In other words, explore
the possibilities of working with the vendors to re-
duce shipment size and increase shipment frequency.

4. Investigation of other methods for the selection of

| consolidation centers. Concentration of demand was

used as the heuristic in this study. In particular,
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can we revise the heuristic by using a combination of
demand and line-haul digtance as the criterion for
selection for better results? Can there be any other
heuristics?

Determination of a break-even point value for the
product of load factor and order number factor, above
which consolidation would be more economical with one
day holding time, thus providing a possible answer to
the just-in-time inventory system.

Integration of inbound consolidation systems with an
outbound consolidation systems. This could be possi-
ble due to the availability of advanced information
systems in today's logistics systems. This could be

a smart way to negotiate empty back-hauls.
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NOTATION:

nc, =
m . =
n ! -
p =
DHI =
S| =
xljkl =
Ykji1 =
; .
| \
i ASSOCIATED
|
Clkls =
|
Cuja' =
fk I =
Fy ! =
Ck =
! =

Number of classes of items involved.

Number of origins (i.e. suppliers).

Number of destinations.

Number of consolidation centers.

Quantity of item class 1 ordered on origin i.
Requirement for each item, Periodic.

Quantity of ietm class 1 shipped from origin i to
consolidation center k.

Quantity of item class 1 shipped from consolidation
center k to destination j.

1 if consolidation center k is selected, 0 otherwise.

COSTS:

Shipping cost per unit of item 1 from origin i to consol.
center k (LTL rate), rate can be obtained from a computer data
base.

Shipping cost per unit of item 1 from consolidation
center k to plant j (TL rate), rate can be

obtained from a computer data base.

Variable cost per unit shipped via consolidation center k.
Fixed operating cost for consolidation center k, if
selected.

Capacity constraint for consolidation center k.

1, if origin i is serviced by consolidation center k,

0 otherwise.
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FORMULATION:

Minimize (Fixed cost of consolidation center + Transportation cost from
origin to consolidation center + Transportation cost from consolidation
|

center to destination + Variable cost of consolidation center including

inventory carrying expenses), i.e.,

Minimize

p nc m p nc n p n p m
szYk‘l’Z z T Cixi - X142 )3 L Cuyji1.¥uy 1+ L T fu( I Div.2ks)
k=1 1=; i=1 k=1 1=1 j=1 k=1 1=1 k=1 i=1

Subjeﬁt to:
(1)... Demand constraint for each item:
b m
z L Xyk1.¥k - Diy =0, for 1=1,2,...,nc
k=1"' i=1
(2)... Capacity Constraint for the Consolidation Center:
m

£ Xiki1.¥yx <= Ck, for k=1,2,...p
i=1

[ =]

(3)... Material In = Material Out for each class of item
and each consolidation center.

m
I xikyr =
i=l i

Ykji1 , for all 1 and p.

[ I

1
(4) PRI X|k| >=0
(5) ««. Yky1 >=0

(6) y« =0or 1
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Subscripts:
b indexes commodity bundles for a given customer zone
i | indexes commodities
j  indexes plants
k ' indexes distribution centers
1  indexes customer zones
Variables:

vk (Vi) the amount of underflow (overflow) of
VMIN, (VMAX.), at a penalty rate of PLy« (PUy), for
| distribution center k.
Xijka the amount (cwt/yr) of commodity i flowing from
plant j through distribution center k to customer zone 1.
Yuiob a binary variable indicating whether or not
‘ customer zone 1 is assigned to distribution center
k for bundle b.
Zk a binary variable indicating whether or not
distribution center k is selceted for use.

|
Coefficients

Cﬂjk. unit production plus transportation cost (§/cwt)

associated with the flow X, ;x1 ; equal to




where:

Fu

PL.

PUk

in out
P Ci;x +Cix, if transit does not apply
Ci, +
Cijki if ‘transit applies
p
Ci; unit production cost
in

Cijxk unit inbound transportation and associated
pipeline inventory costs

out
Ciwi unit outbound transportation and associated
pipeline inventory costs

t
Ci,«1 unit transit transportation costs

fixed cost ($/yr) associated with distribution
center k

variable throughput cost ($/cwt) for commodity i at
distribution center k

demand (cwt/yr) for commodity i at customer zone 1;
D,y >= 0

burden factor for commodity i to be used in
calculating the weighted annual throughput of
the distribution centers (e.g., the units of B,
would be cubic ft/cwt if weighted throughput in
cube is desired)

penalty rate ($per unit of violation) for weighted
throughput less than VMINy at distribution center
k; PL, >=0.

penalty rate ($ per unit of violation) for weighted
throughput greater than VMAXy at distribution center
k; PUx>= 0,

lower limit on the total shipment of commodity i
by plant j (cwt/yr)

upper limit on the total shipments of commodity i
by plant j (ewt/yr); SL,; <= SU,,

lower limit on the total annual weighted throughput
of distribution center k if it is open
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VMAXy wupper limit on the total annual weighted throughput
' of distribution center k if it is open;
VMIN, <= VMAX.
Bundling Structure
B a set composed of the bundle indices defined for
customer zone 1 (often a single commodity partition
type is used for all customer zones, in which case
By = B for all 1)
I,(b) a set composed of the commodity indices
‘ corresponding to bundle b for customer zone 1; thus
iel, (b) means that commodity i is in bundle b for
customer zone 1l; for any given 1, the set U I,(b)
beB,
consists of all commodity indices.
Optimization Problem
Minﬁmize
‘ 2222C|Jk|x;1k| + EIFKZK + I z 2 Vik
v,X,y,2z ijkl k 1 beB, ielp
‘ + I[PLkvk + PUkvk] (1)
k
subject to:
SL|J <=2le JKk 1 <= SU| i all ij (2)
© okl
IXijwi =Dy .Yk, all klbi such that b &Bl
i and i €I, (b) » (3)
ZYK; e = 1, all 1 b such that beB, 4)
k I
Ykip <= zk, all k 1 b such that beB, (5)
VMINKZK - vk <=1 I ) B,D,tykn, <= VMAXizk
1 beB, ieI, (b)
Vk ,and v >= 0 all k (7)
} Yo = 0or 1, all k 1 b such that beB, R
Zy = 0 or 1, all k

Xijki >=0, all i j k 1- (8)
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It is 'understood that all indicial summations and constraint enumera-

tions run only over extant combinations of subscripts.

The oﬂjective function (1) is made up of three parts: a production-
transpbrtation pipeline inventory cost part, a distribution center cost
part, and a throughput violation penalty part. A net sales revenue term
is not included because it would just be a constant in view of the as-

sumption that all demands must be met exactly.

Source: Geoffrion et al., "Strategic Distribution Systems Planning: A
Status Report," in studies in Operations Management, ed. by

Arnoldo C Hax, North-Holland, NY 1978, pp. 179-204.
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The many hundreds of the inbound materials were considered simi-

lar in nature with respect to their ability to move together in a

' truck or trailer. In the present study this information was .

. based on the past experience of the firm whose data was used in

the study. All quantities were measured in gross shipping

weight.

Consolidation center locations to be considered in the model were
limited to a short list of locations composed of major cities in
the region having high concentrations of supplies. Each candi-
date location had a small specific hinterland where supplies
originated.

It was assumed that public warehouses would be utilized for con-
solidation centers and we did not constrain the model with capac-
ity constraint at the consolidation center. The model will be
relaxed to this extent. Without loss of generality, this will
reduce the magnitude of the problem to a certain extent.
Historical records were utilized, wherever possible, to obtain

actual transportation costs for alternative shipment schemes.

The costs of each consolidation center consisted of a variable
cost($/cwt) applied to each shipment. This cost included all
pick-up, handling, storage, inventory carrying, and other operat-
ing expenses. In the present study this cost was estimated from
information* available from the consolidators operating in the

region under consideration.

* is information was obtained through the courtesy of Logistics Re-
source, Inc., & wholly owned subsidiary of Leaseway Transportation
Corporation, 3700 Park East Drive, Cleveland, Ohio 44122.



APPENDIX D

EORTRAN CODE FOR CHI-SQUARE GOODNESS OF FIT TEST

‘ 146




Q

aoOoaaaaa

147

PROGRAM GOFFIT

THIS PROGRAM HAS ADAPTED FROM SUSAN SOLOMON'S SIMSTAT PACKAGES.
Tests the goodness of fit of either the negative exponential
distribution, the poisson distribution, the normal distributionm,
the uniform distribution, or an empirically derived
distribution. The user must provide the mean and/or standard
deviation if appropriate as well as classes and

class frequencies. The user may select either a chi square

test or a Kolmogorov-Smirnov test.

REAL MEAN,II1,II2

DIMENSION WTH(100),0BSFRQ(100),ULIM(100),CCHISQ(100),CHI(25)
DIMENSION CRLFRQ(100),CTHFRQ(100),EXPFRQ(100),RELFRQ(100)
DIMENSION ADIFF(100),0RLFRQ(100),XKS(35),PR(100),BOUND(100)

DATA CHI(1),CHI(2),CHI(3),CHI(4)/3.841,5.991,7.815,9.488/

DATA CHI(5),CHI(6),CHI(7),CHI(8)/11.070,12.592,14.067,15.507/
DATA CHI(9),CHI(10),CHI(11),CHI(12)/16.919,18.307,19.675,21.026/
DATA CHI(13),CHI(14),CHI(15),CHI(16)/22.362,23.685,24.996,26.296/
DATA CHI(17),CHI(18),CHI(19)/27.587,28.869,30.144/

DATA CHI(21),CHI(22),CHI(23)/32.671,33.924,35.172/

‘DATA CHI(24),CHI(25),CHI(20)/36.415,37.652,31.410/

DATA XKS(1),XKS(2),XKS(3),XKS(4)/.975,.842,.708,.624/
DATA XKS(6),XKS(7),XKS(8),XKS(9)/.521,.486,.457,.432/
'DATA XKS(11),XKS(12),XKS(13),XKS(14)/.391,.375,.361,.349/
DATA XKS(16),XKS(17),XKS(18),XKS(19)/.328,.318,.309,.301/
DATA XKS(21),XKS(22),XKS(23),XKS(24)/.287,.281,.275,.269/
'DATA XKS(26),XKS(27),XKS(28),XKS(29)/.259,.254,.250,.246/
DATA XKS(31),XKS(32),XKS(33),XKS(34)/.238,.234,.231,.227/
DATA XXS(5),XKS(10),XKS(15),XKS(20)/.565,.410,.338,.294/
'DATA XKS(25),XKS(30),XKS(35)/.264,.242,.224/

I TCHISQ=0

 TOBSFR=0

TORLFR=0.
 TTFRQ=0.
, DIFF=0.

TEXPFR=0
I TRELFR=0
DO 3 I=1,100
‘WTH(I)=0.

OBSFRQ(I)=0.

ORLFRQ(I)=0.

ADIFF(I)=0.

ULIM(I)=0.

CCHISQ(I)=0.

EXPFRQ(I)=0.

CRLFRQ(I)=0.
- CTHFRQ(I)=0.
. BOUND(I)=0.

PR(I)=0.

RELFRQ(I)=0.
| IOUT=6



36

40

57

61

10

11

12

13

38

16

18

20
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WRITE (I0OUT,2)

FORMAT('0Goodness of fit tests')
WRITE(IOUT,4)

IORMAT('ODO you want instructions?',
1' type 1 for yes, 0 for no.')

READ*, INST

IF(INST .EQ. 0)GO TO 57
WRITE(IOUT 36)

FORMAT( O0You may choose either a chi square or a '/
1' Kolmogorov-Smirnov goodness of fit test. D)
WRITE(IOUT 5)

FORMAT( Owhich dlstrlbutlon do you want to test !
1/' for goodness of fit?'/' Your alternatives are:'
2/' 1. Negative exponential distribution'

3/' 2. Poisson distribution'/' 3. Normal distribution'
4/' &. Uniform distribution'/' 5. Empirically defined
5'distribution')

WRITE(IOUT 40)

FORMAT( 0 ***WARNING*** Be sure that the classes you '/

1' defined INCLUDE a mutually exclusive,collectively '/

2' exhaustive set of possible outcomes, such as '/

3' "plus or minus infinity", if appropriate')

' WRITE (IOUT,6)

. FORMAT('OType the number of the distribution you want to test')

READ*, IDIST
" WRITE (IOUT,7)

FORMAT('0You have chosen the goodness of fit test for:')

IF(IDIST .EQ. 1) WRITE(IOUT,8)

FORMAT(' 1. Negative Exponential Distribution.')

* IF(IDIST .EQ. 2) WRITE(IOUT,9)
FORMAT(' 2. Poisson Distribution.')
IF(IDIST .EQ. 3)WRITE(IOUT,10)

' FORMAT(' 3. Normal Distribution.')

IF(IDIST .EQ. 4)WRITE(IOUT,11)

FORMAT(' 4. Uniform Distribution.')

IF(IDIST .EQ. S5)WRITE(IOUT,12)

. FORMAT(' 5. Empirically Defined Distribution.')

IF(IDIST .GT. 5)WRITE(IOUT,13)
FORMAT('0You must choose a number from 1 through 5.')

r IF(IDIST .GT. 5) GO TO 61
‘ WRITE(IOUT 38)

FORMAT('0If you want to do a chi square test, type a 1. /

1' if you want to do a Kolmogorov-Smirnov test, type a 0. "

READ*, ITEST
IF(IDIST .EQ. 1)WRITE(IOUT,16)
FORMAT('OEnter the mean time')
| IF(IDIST .EQ. 2)WRITE(IOUT,18)
FORMAT('OEnter the mean rate')
IF(IDIST .EQ. 3)WRITE(IOUT,20)
' FORMAT('OEnter the mean')
IF(IDIST .LE. 3)READ*, MEAN
IF(IDIST .EQ. 3)WRITE(IOUT,25)

1



25

29

31

30

705

710

750

760
720

770

790

54
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FORMAT('OEnter the standard deviation')

IF(IDIST .EQ. 3)READ*, STDEV

JF(ITEST .EQ. 1)WRITE(IOUT,29)

FORMAT('0You have chosen a chi square test.')

IF(ITEST .EQ. O)WRITE(IOUT,31)

TORMAT( 0You have chosen a Kolmogorov-Smirnov test D)
WRITE(IOUT 30)

FORMAT('OEnter the number of classes')

READ*, NCLASS

JIF(IDIST .EQ. 2) GO TO 300

IF(IDIST .EQ. 3) GO TO 400

IF(IDIST .EQ. 4) GO TO 500

IF(IDIST .EQ. 5) GO TO 600

‘IF(IDIST .NE. 1) GO TO 1

'WRITE (IOUT,705)

'FORMAT('0If you want to do a goodness of fit test,'

1' type a 1.'/' If you want to compute boundaries,',

2' type a 0.'")

'READ*, IPRO

"IF(IPRO .EQ. 1) GO TO 790

'XINC=1./NCLASS

'MEAN=1. /MEAN

PR(1)=XINC

, WRITE(30,710)

, WRITE (IOUT,710)

. FORMAT('0CLASS', 3X, 'CUMULATIVE GT',5X, 'CLASS',5X, 'CLASS'/
1' IDENT',3X,'PROBABILITY',5X, 'BOUNDARY',4X, 'WIDTH'/)

. DO 750 1J=1,NCLASS

BOUND (IJ)=ALOG(PR(1J))/(-MEAN)

+ PR(IJ+1)=PR(IJ)+XINC

- DO 760 IJ=1,NCLASS
+ IF(IJ .NE. NCLASS)WTH(IJ)=BOUND(NCLASS-IJ)-BOUND(NCLASS-IJ+1)
+ IF(IJ .EQ. NCLASS)WTH(IJ)=9999.99
' WRITE(IOUT,720)1J,PR(NCLASS-1J+1),BOUND(NCLASS-I1J+1) ,WTH(IJ)
' WRITE(30,720)IJ,PR(NCLASS-IJ+1),BOUND(NCLASS-I1J+1),WTH(IJ)
' CONTINUE

' FORMAT(1X,15,6X,F6.4,6X,F8.2,2X,F8.2)
‘ WRITE(IOUT 770)

FORMAT('0If you want to proceed to a chi square goodness '/

'1' of fit test of this negative exponential distribution, '/
'2' type a 1. Otherwise, type a 0.')
" READ*, NEGF

IF(NEGF .EQ. 0) GO TO 178

IF(NEGF .EQ. 1)GO TO 55

WTH(NCLASS)=9999,

NXTLST=NCLASS-1

WRITE (30,54)

WRITE (I0UT, 54)

FORMAT('0','If all classes except the last are of equal width,'/
1' enter that width.',' Otherwise,enter 999.99')

READ*, X

IF(X .EQ. 999.99) GO TO 59




53
55

56

58

59

60

80

95

96

98

100

C BEGIN POISSON CALCULATIONS

300

303

305

310

- EXPON1=(2.71828%%*(-1.*MEAN*ULIM(1)))

" CRLFRQ(I)=1.-2.71828%¥*(-1.*MEAN*ULIM(I))

' ULIM(NCLASS)=9999

- FORMAT('OEnter the class midpoint for class ',I3)
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DO 53 I=1,NXTLST
WTH(I)=X

DO 58 I=1,NCLASS
NXTLST=NCLASS-1
WRITE(IOUT,56)1
'FORMAT('OEnter the observed frequency for class ',I3)
'READ* N

OBSFRQ(I)=N

' TOBSFR=TOBSFR+0BSFRQ(I)
GO TO 98

DO 95 I=1,NXTLST

_ WRITE(IOUT,60)I

'FORMAT('OEnter the class width for class ',I3)
'READ*, WTH(I)

WRITE(IOUT,80)I

' FORMAT('OEnter the observed frequency for class ',I3)
+ READ*, N

 OBSFRQ(I)=N

TOBSFR=TOBSFR+0BSFRQ(I)
! WRITE(IOUT,96)
 FORMAT('0', 'Enter **ONLY** the observed frequency,'
1'not the class width, for the last class')
' READ*, N

OBSFRQ(NCLASS)=N

TOBSFR=TOBSFR+0BSFRQ(NCLASS)

ULIM(1)=WTH(1)

IF(IPRO .EQ. 1)MEAN=1./MEAN

RELFRQ(1)=1.-EXPON1
CRLFRQ(1)=RELFRQ(1)

DO 100 I=2,NXTLST
ULIM(I)=ULIM(I-1)+WTH(I)

RELFRQ(I)=CRLFRQ(I)-CRLFRQ(I-1)
RELFRQ(NCLASS)=2.71828%%*(-1.*MEAN*ULIM(NXTLST))

GO TO 700

NXTLST=NCLASS-1

WRITE (IOUT,303)

FORMAT('0 **NOTE** Only sequential integer values beginning '/
1' with zero may be used.')

DO 320 I=1,NXTLST

WRITE (I0UT,305)1

READ*, MPT

ULIM(I)=MPT

WRITE(IOUT,310)I

FORMAT('OEnter the observed frequency for class 'I3)
READ*, OBSFRQ(I)

TOBSFR=TOBSFR+0BSFRQ(I)
RELFRQ(I)=MEAN**MPT+*2.71828%%* (-MEAN) /FCTRL(MPT)
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IF(I .EQ. 1)CRLFRQ(I)=RELFRQ(I)

320 IF(I .NE. 1)CRLFRQ(I)=CRLFRQ(I-1)+RELFRQ(I)
WRITE (IOUT,330)NCLASS

330 FORMAT('OEnter **ONLY** the observed frequency for class ',I3)
READ*, OBSFRQ(NCLASS)
RELFRQ(NCLASS)=1.-CRLFRQ(NXTLST)
TOBSFR=TOBSFR+0BSFRQ(NCLASS)
ULIM(NCLASS)=9999
GO TO 700

C BEGIN NORMAL CALCULATIONS

400 NXTLST=NCLASS-1
WRITE (I0UT,405)

405  FORMAT('OEnter the upper class boundary for class 1')
READ*, ULIM(1)
WRITE (IOUT,408)

408  FORMAT('OEnter the observed frequency for class 1')
‘READ*, OBSFRQ(1)
‘'TOBSFR=TOBSFR+0BSFRQ(1)
XLOW=MEAN-4 .*STDEV
'XHI=ULIM(1)
'NN=10
'P1=1./(2.%3.1415926)**(0.5)
'A=(XLOW-MEAN) /STDEV
'B=(XHI-MEAN)/STDEV
'NN=2*NN
‘D=(B-A)/NN
'111=0
112=0
II3=NN-1
,DO 425 1I=1,113,2
, Z=A+II*D
 P=P1%2,71828%%(~72%%2/2.)
- II1=I11+P
c Z=A+(II+1)*D

‘ - P=P1%2.71828%%(~Z2%%2/2.)

425  112=I12+P
|  ZA=P1%2 . 71828%% (-A**2/2 )
| ' ZB=P1%2,71828%*% (-B*¥*2/2.)
P 8=(4./3.)*D*I11+(2./3.)*D*112+(1./3.)*D*(ZA-ZB)
' RELFRQ(1)=S
" CRLFRQ{1)=RELFRQ{1)
" IF(NCLASS .EQ. 2)GO TO 460
i - DO 450 I=2,NXTLST
| " WRITE(IOUT,410)I
410 ' FORMAT('OEnter the upper class boundary for class ',I3)
|

' READ*, ULIM(I)
- WRITE(IOUT,420)I
420 | FORMAT('OEnter the observed frequency for class ',I3)
, READ¥*, OBSFRQ(I) .
| , TOBSFR=TOBSFR+0BSFRQ(I)
 XLOW=ULIM(I-1)
XHI=ULIM(I)
|




435

450
460
470

A=(XLOW-MEAN)/STDEV

B=(XHI-MEAN)/STDEV

D=(B-A)/NN

111=0

112=0

DO 435 II=1,113,2

Z=A+IT*D

P=P1%2.71828%*(-2%%2/2.)

JII1=I11+P

2=A+(II+1)*D

P=P1%2,71828%*(-2%%2/2.)

II12=1124P

'ZA=P1%2.71828%%(-A**2/2.)
'ZB=P1%2.71828%%(~B*%2/2.)
'S=(4./3.)*D*II1+(2./3.)*D*I112+(1./3.)*D*(ZA-ZB)
'RELFRQ(I)=S

"CRLFRQ(I)=CRLFRQ(I-1)+RELFRQ(I)

'"WRITE (IOUT,470)NCLASS 4
'FORMAT('OEnter *%*0ONLY*** the observed frequency for class ',I3)
'READ*, OBSFRQ(NCLASS)

ULIM(NCLASS)=9999.
:TOBSFR=TOBSFR+OBSFRQ(NCLASS)
- RELFRQ(NCLASS)=1.-CRLFRQ(NXTLST)

GO TC 700

C BEGIN UNIFORM CALCULATIONS

500

505

, DO 520 I=1,NCLASS
. WRITE (I0UT,505)1
. FORMAT('OEnter the class midpoint for class ',I3)

. READ*, ULIM(I)

510

WRITE (IOUT,510)I
FORMAT('OEnter the observed frequency for class number ',I3)

+ READ*, OBSFRQ(I)

520

' TOBSFR=TOBSFR+OBSFRQ(I)

' DO 530 I=1,NCLASS

530

" RELFRQ(I)=1./NCLASS

GO TO 700

C BEGIN EMPIRICAL CALCULATIONS

600

610

615
|
630

700 |

- DO 630 I=1,NCLASS

WRITE (IOUT,610)I

FORMAT('OEnter the observed frequency for class ',I3)
READ*, OBSFRQ(I)

TOBSFR=TOBSFR+0BSFRQ(I)

WRITE (IOUT,615)1I

FORMAT('OEnter the empirical relative frequency for class ',I3/
1' as a decimal fraction')

ULIM(I)=1

READ*, RELFRQ(I)

GO TO 700

DO 110 I=1,NCLASS

IF(ITEST .EQ. O)TORLFR=TORLFR+OBSFRQ(I)/TOBSFR
IF(ITEST .EQ. O)ORLFRQ(I)=TORLFR

IF(ITEST .EQ. O)TTFRQ=TTFRQ+RELFRQ(I)
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IF(ITEST .EQ. O)CTHFRQ(I)=TTFRQ
IF(ITEST .EQ. O)ADIFF(I)=ABS(ORLFRQ(I)-CTHFRQ(I))
EXPFRQ(I)=TOBSFR*RELFRQ(I) .
IF(EXPFRQ(I) .LT. 0.0001) CCHISQ(I)=999.99
IF(EXPFRQ(I) .LT. 0.0001) GO TO 110
:CCHISQ(I)=((OBSFRQ(I)-EXPFRQ(I))**2)/EXPFRQ(I)
110 CONTINUE
JF(ITEST .EQ. 0)GO TO 900
WRITE(30,120)
WRITE(IOUT,120)
120 FORMAT('0',8X,'CLASS',3X, 'OBSERVED',3X, 'RELATIVE',
13X, 'EXPECTED',3X,' CHI')
'WRITE (30,130)
'WRITE (IOUT,130)
130 'FORMAT(1X, 'CLASS',3X,'IDENT',3X,' FREQ. ',3X,' FREQ. ',
13X,' FREQ. ',3X,'SQUARE'/)
'DO 140 I=1,NCLASS
‘TCHISQ=TCHISQ+CCHISQ(I)
TEXPFR-TEXPFR+EXPFRQ(I)
140 TRELFR-TRELFR+RELFRQ(I)
‘DO 150 I=1,NCLASS
WRITE(30 160)I,ULIM(I),0BSFRQ(I),RELFRQ(I),EXPFRQ(I),CCHISQ(I)
WRITE(IOUT 160)I,ULIM(I),0BSFRQ(I),RELFRQ(I),EXPFRQ(I),CCHISQ(I)
C CHANGED FROM 160  FORMAT(1X,I5,2X,F6.1,2X,F8.2,3X,F8.3,3X,F8.2,3X,F6.
C CHANGED TO
160  FORMAT(1X,I5,2X,F7.1,2X,F8.2,3X,F8.3,3X,F8.2,3X,F7.2)
150 | CONTINUE
 WRITE(30,170)TOBSFR, TRELFR, TEXPFR, TCHISQ
 WRITE (IOUT,170)TOBSFR, TRELFR, TEXPFR, TCHISQ
170 . FORMAT('0','**TOTALS** ' 3X,F9.2,2X,F9.3,2X,F9.2,
13X,F6.2/)
IF(IDIST .EQ. 1 .OR. IDIST .EQ. 2)GO TO 210
" IF(IDIST .EQ. 3)GO TO 220
' NDF=NCLASS-1
' WRITE(30,171)NDF
WRITE (IOUT,171)NDF
171 FORMAT('ODegrees of freedom equals number of classes '/
1' minus one, or ',I3,'.")
MIN1=NDF
' MIN2=NDF
- GO TO 195
190  MIN1=NCLASS-NDF1
. MIN2=NCLASS-NDF2
, WRITE(30,172)NDF1,MIN1
| WRITE(IOUT,l?Z)NDFl,MINl
FORMAT( 0','If you used these observed data to estimate
1’ hypothe51s parameters, / degrees of freedom equals '
'2'number of classes minus ,I3," or ',13,' .Y
I WRITE(30,173)NDF2,MIN2
: WRITE(IOUT 173)NDF2 MIN2
173 FORMAT( 0','If you used an independent estimate of the
' hypothe51s parameters, '/' degrees of freedom equals ',

172

]
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anumber of classes minus ',I3,' or ',I3,'.")
195 IF(MIN1 .LE. 0 .OR. MIN2 .LE. O)WRITE(IOUT,200)
JIF(MIN1 .LE. O .OR. MIN2 .LE. O)WRITE(30,200)
200 FORMAT('ODegrees of freedom are dubious.')
IF(MIN? .GT. O .AND. MIN2 .GT. O .AND. IDIST .LE. 3
1.AND. MIN2 .LE. 20)WRITE(30,201)CHI(MIN1),MIN1,CHI(MIN2),MIN2
JIF(MIN1 .GT. O .AND. MIN2 .GT. 0 .AND. IDIST .LE. 3
1.AND. MIN2 .LE. 20)WRITE(IOUT,201)CHI(MIN1),MIN1,CHI(MIN2),MIN2
'TF(MIN1 .GT. O .AND. MIN2 .GT. O .AND. IDIST .GT. 3
1.AND. MIN1 .LE. 20)WRITE(30,202)CHI(MIN1),MIN1
JIF(MIN1 .GT. O .AND. MIN2 .GT. O LAND. IDIST .GT. 3
1.AND. MIN1 .LE. 20)WRITE(IOUT,202)CHI(MIN1),MIN1
201 FORMAT('OCritical chi-square values at the .05 level of',
1' significance are '/F9.3,' for ',I3,' degrees of freedom ',
2'and ',F8.3,"' for ',I13,' degrees of freedom.')
202 FORMAT('OCritical chi-square value at the .05 level of',
1' significance is '/F9.3,' for ',I3,' degrees of freedom.')
203 ‘DO 174 1=1,NCLASS
EXPFRQ(I)=EXPFRQ(I)+.001
i IF(EXPFRQ(I) .LT. 5)GO TO 175
174  CONTINUE
GO TO 178
175 'WRITE(IOUT,176)
, WRITE(30,176)
176 FORMAT('0At least one expected frequency is less than 5.',
1' you might combine classes.')
178  WRITE(IOUT,180)
180  FORMAT('OIf you want to solve another problem, type a 1.',
1' otherwise, type a 0.')
' READ*, J
, IF(J .EQ. 1) GO TO 1
STOP
210 ' NDF1=2
. NDF2=1
GO TO 190
220 NDF1=3
I NDF2=1
GO TO 190
900 WRITE(IOUT,910)
WRITE(30,910)
910 FORMAT('O',26X,'OBSERVED',3X,'THEORETICAL')
WRITE(30,915)
' WRITE(IOUT,915)
915 . FORMAT(BX,'CLASS',ZX,'OBSERVED',3X,'CUMULATIVE',2X,
‘l'CUMULATIVE',4X,'ABSOLUTE')
WRITE (30,920)
| WRITE(IOUT,920) '
920 FORMAT(IX,'CLASS',ZX,'IDENT',2X,'FREQUENCY',ZX,
I'PROPORTION',ZX,'PROPORTION',3X,'DIFFERENCE'/)
' DO 940 I=1,NCLASS
| WRITE(30,930)I,ULIM(I),0BSFRQ(I),ORLFRQ(I),CTHFRQ(I),ADIFF(I)
WRITE (IOUT,930)I,ULIM(I),0BSFRQ(I),ORLFRQ(I),CTHFRQ(I),ADIFF(I)



930

940

945

950

960

9000
9001

fORMAT(lX,IS,lX,FG.1,4X,F5.0,5X,F6.4,6X,F6.4,8X,F6.4)
IF(ADIFF(I) .GT. DIFF) DIFF=ADIFF(I)

CONTINUE

WRITE (30,945)TOBSFR

WRITE (IOUT,945)TOBSFR

FORMAT('0',' #**TQTAL***' 3X,F6.0)

WRITE (30,950)DIFF

WRITE (IOUT,950)DIFF

FORMAT('Othe maximum sample difference is ',F8.4)
IF(TOBSFR .LE. 35)CXKS=XKS(TOBSFR)

'TF(TOBSFR .GT. 35)CXKS=1.36/SQRT(TOBSFR)

'WRITE (30,960)CXKS

'WRITE (IOUT,960)CXKS

FORMAT('OTHE CRITICAL VALUE OF D IS ',F8.4,'AT .05 LEVEL')

GO TO 178

END

'FUNCTION FCTRL(NUM)

FCTRL = 1

IF(NUM .EQ. O .OR. NUM .EQ. 1)GO TO 9001
‘DO 9000 L=1,NUM

 FCTRL=FCTRL*L

'RETURN

'END
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a Man@facturing Engineer at the Philips plant at Calcutta,
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Project and Materials Management with Philips in various
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position of Manager of Planning and Material Control at the

Philip$ plant at Calcutta.
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Sciencé degree with a major in Management Science in March
1984. EHe received the Doctor of Philosophy degree with a
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