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Preface

Aboul fifteen years ago, when [ started teaching Operations Management to undergraduate
students, | faced the difficulty of identifying a textbook from which I could teach the subject. |
could neither get a book to my satisfaction nor suggest an affordable book to my students.
Today, however, many popular foreign books are available in Indian reprint for graduate
students, particularly the MBA students. Very good books written by Indian authors are also
available for the benefit of MBA students.

Then why do we need another book on this subject? Is it because [ have added supply chain
management to the title? Or, is it because of the quantitative emphasis that | have tried to
provide in this book? Or, is it because [ believe in a more quantitative approach to the subject?
Or, is there a real need for a book that starts with principles of operations management and leads
1o a more complex subject of supply chain management?

When [ started teaching Supply Chain Management (SCM) in 2002 to MBA students, |
again faced the problem of identifying a textbook for the subject for my own benefit and for use
by my students. I spent the first two years teaching the course in a more qualitative and
descriptive manner and later shifted to a more quantitative approach since most of the siudents
had a background in engineering (and science). I could understand the importance of
quantitative models and the need to highlight the concepts in SCM from an understanding of the
basics ol operalions management.

The three major activities that constituie an effective supply chain managemeni are
manulacluring, distribution, and mlormation technology, Topics [rom operalions managemenl
and operations research are central to the understanding and appreciation of the decision-
making processes in SCM. Hence this book that addresses largely the quantitative models in
operations and supply chain management.

This book has a quantitative bias, as the name suggests, It iz meant o understand the
models used in decision-making in operations and supply chain management. It is primarily
designed for the students of mechanical and indusirial engineering. Besides, the book will also
be the useful to postgraduate students of management.

(. Srinivasan
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Role of Manufacturing and Operations Management

The volumes and variety of manufactured products have increased considerably in the last two
decades. Today, manufacturing organizations should have the capability to produce a large
variely ol products mm smaller lots and volumes so that the customer demand can be mel
Manufacturing organizations have been applying several tools, techniques and methodologies

o help them optimize their costs and profits to achieve customer satisfaction.

Consider yourself wishing to buy a mobile phone. You are aware of several models from
different manufacturers that are available in the market. You can identify and see your choice of
the product through the internet. When you go to a nearby retailer to buy the equipment of your
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2 Quantitative Models in Operations and Supply Chain Management

choice, yvou want it to be available in the store. Many times vou confirm if the product is
available before you even go to the shop simply because vou want it then and there.

Assume that the retail store deals with products from five manufacturers and has a total of
Lilty or more models al a ime. Il 15 necessary lor the relailer o have exactly the same model
from the manufacturer that you have asked. Otherwise, the retailer loses the profit as well as the
goodwill because a customer has been lost. The retailer would also incur inventory cost for the
ilems that have nol been sold. The retailer, therefore, should ensure that as much vanely has (o
be available and should be replemished quickly so that the next customer leaves with the product
ol her (his) choice,

Consider the company that makes the mobile phones. It has to make a large variety of
products because the customer of today wants to choose from a variety. These have to be
produced in the right quantities and distributed 1o the various retailers so that the customer is
able to buy the model of his choice. Also newer varieties have to be introduced so that the
customer continues to buy the same product by changing the model more because it has become
obsolete.

1.1 CHANGING CUSTOMER

Customer preferences and approach to buying have changed. The customer was once satislied
with a “black car” because that was the only car available, when the customer wanted 1o buy a
car. The customer was initially not worried about variety, but wanied volume and availability
simply because he wanled o buy. It was also true that these decisions were governed by the
limitations of manufacturing, which did not gear itself 10 handle variety

Once manufacturing met the requirement by producing large quantities, both manufacturing
and the customer wanted variety. This was necessary because when the customer went to buy
the product a second time, he did not want to buy the same model. Manufacturing systems
geared themselves to provide variety. The type of manufacturing moved from product-based
manufacturing to process-based manufacturing. The layouts and other production requirements
changed to meet this requirement.

Along with volume and variety, cost was of concern to the customer because the product
has to be affordable. The emphasis was more on minimizing the cost of the product so that more
people can buy. Manulacturing systems started using concepis and techniques of optimization
so that cost can be minimized. This led to the development of various gqualitative and
quantitative models for cost minimization. With the advent of computers and tools of operations
research this could be addressed significantly.

The next emphasis was on quality. Aspecis such as performance, alter sale service, hife of
the product, warranties, etc. had to be looked into because these became the differentiators i a
more compelilive and mmtense markel. Manulacluring orgamzabons concentraled on these
aspects, Quality Control systems and Quality Management systems were imtroduced such that
gquality became a way of life in manufacturing. Customer requirements related to quality were met.

The customer next wanted new products to be available. This not only is an offshoot of the
requirements to increase variety, but also to meet the need for better and newer products with
more features for the same price. A typical example would be to have mobile phones with
features such as storage, text messaging, music, camera and e-mail facility. Newer products



Intraduction to Operations and Supply Chain Management 3

provide additional features that make the product compact, versatile and flexible.
Manufacturing systems geared themselves to meet this requirement also.

The present day customer wants all the above aspects such as volume variety, cost. quality
and new products. In addilion the customer 1s impalient and wanls very quick delivery al the
preferred time of the customer. This has been necessitated due to the changes in the size and
structure of families. This poses the additional requirement that manufacturing has (o combine
with distribution o ensure that the products are sold and delivered exactly as the customer
requires. The customer also wants product knowledge and the businesses have started
customizing products using data from choices and preferences of customers.

1.2 REQUIREMENTS OF MANUFACTURING

Manufacturing systems produce a variety of products that can be sold to customers. The

purpose of existence of these organizations is to make money (Goldratt, 1983). Organizations

make their money and stay in the business by manufacturing a product or by providing a service

to the customer. Today, the customer is the most important person in an organization, which

survives by satisfying the requirements and wants of the customer profitably for both.
Today’s customer requirements are to have products with

High volume
Large variety
Less cost
High quality
New products
Quick delivery

Manufacturing systems have to be designed and equipped to meet these requirements. The
requirements of manufacturing as defined by Skinner (1985) are:

Make an increasing variety of products, en shorter lead times with smaller runs and
flawless quality. Improve ROD by automarting and introducing new technology in
process and materials so that price can be reduced 1o meer local and foreign
caompetition. Mechanize, but keep schedules flexible, imventories low, capital costs
minimeal and workforce contented.

Skinner's definition, though about two decades old, clearly establishes the requirements of
manufacturing. It addresses all the customer requirements in terms of volume, variety, cost,
quality and new products. Since it only looks at the manufacturing processes and systems, 1t
does not add the requirements of distribution, which is equally important in loday's contexl.

Skinner's delinition also addresses the requirements of manufacturing syslems and
methodologies that have evolved (or necessary) to meel the challenges of manufacturing.

Belore we define supply chain management and its features, lel us trace some aspects of
history of manulacturing systems and the tradiional methodologies thal were used. We will also
trace the advancements in manufacturing methods and their charactenstic features.
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1.3 HISTORY OF MANUFACTURING SYSTEMS

Omne could start this discussion with the realization of the need and desirability of a factory
system involving capital and labour. This was the contribution of Adam Smith. This was made
possible by the invention of the steam engine by James Watt in 1764, where for the first time
man could convert one form of energy into another and one form of motion to another, and
understood the importance and versatility of rotary motion. The industrial revolution happened
in the nineteenth century and manufacturing systems and factories were established. The era of
scientific revolution happened in the first-half of the twentieth century.

Dale Carnegie 15 credited with introducing scale in manufacturing industry with the
introduction of steel plants. The Steel Industry was credited with a large stable output. It also
slarted the concept of cost control o increase profits.

The principles of scientific management were enunciated by FW. Taylor in 1910, Taylor is
also called the Father ol Scientilic Managementl, afler whom the principles ol scientific
management and industrial engineering started. The locus here was on bringing efficiency nlo
the manufacturing systems. The standard of performance was benchmarked against the best
performing worker. The approach followed was the carrot and stick, where the worker who is
fast and efficient was rewarded, while the inefficient was discharged. This stick approach was
subsequently modified by Ganit, where the inefficient were expected to perform at a minimum
accepiable level, while the efficient workers got a bonus

The next important contribution is from Gantt, where the focus was on providing a chart
to represent the time table of a schedule in a pictorial way. Emerson, who is credited with
creating dispatching rules in scheduling also agreed on the modification to the carrot and stick
approach.

Franklin and Lilian Gilbreth created the concept of motion study and incorporated the
human aspects of work study.

Perhaps the most significant contribution was from Henry Ford, who concentrated on speed
and efficiency. He believed in taking the work to the man and not man to the work. The Ford
production system did not concentrate on variety.

Traditional manufacturing systems used conlinuous production systems when the volume
was high and batch manufacturing systems when the vanety mcreased. The product or line
layoul was used for continuous manufacturing and the process layoul was used [or balch
manulacturing. Figure 1.1 shows the vanous Lypes of production systems depending on volume
and variety.

The carly twentieth century was the era of Industrial Engineering. With the advent of
computers and management science lechnigques (operations research tools), the decade of the
19505 onwards saw the exiensive use of optimization and computers in the management of
manufacturing systems, The 19705 onwards saw the advancements in manufacturing
methodologies and technologies with the introdoction of cellular and flexible manufacturing
systems, and automation. The decade of the 1980s onwards saw the emphasis on quality with
quality control being changed to total quality management with focus on employee
empowerment and quality management systems. Meanwhile production control methods such
as Just-in-time manufacturing systems and synchronous manufacturing were introduced in 1962
and 1983 respectively.
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Variety
P—Projects
C—Continuous

Bateh Production

Volume
Figure 1.1 Different types of production systems

Since the early 19905 and in the last few vears, the emphasis has shified (0 combining
manufacturing and distribution into a single entity for analysis and performance excellence.
This is possible with the advent of enterprise resources planning systems and principles of
supply chain managemenlt. The present era of knowledge and data management along with the
supply chain managemenl practices helps organizations i achieving the requirements ol
manufacturing, distribution and service,

1.4 IMPROVEMENTS BASED ON MANUFACTURING METHODOLOGIES

Though several improvements and changes in manufacturing methods came about, we will
briefly mention three important changes that have taken place over the years. These are cellular
manufacturing, just-in-time manufacturing and flexible manufacturing.

As already mentioned, process and product layvouts were used for batch and conlinuous type
manufacturing depending on volume and variety. Most manufacturing svstems involved
production of several parts that are assembled into the final product. This meant that process
layout with functional specialization was used extensively. The process layout concentrated on
poaling of similar resources to minimize cost by maximizing utilization of resources. Here, the
parts move from one department to another. Quality was inspected between the various stages
ol the manufacluring process.

The process layoul also called functional layout has several disadvantages. There was a lot
of material movement among the departments and this increased the vnproductive time in the
system. The set-up and changeover times in between processes were large because consecutive
parts produced on a machine was dissimilar. Since set-up times were large, baich sizes were
large mcreasmg the mventory mn the system. When delects were observed, the enltire balch had
to be reworked increasing the time taken to produce the products. Scheduling the operations
were complex and time-consuming, and non-availability of machines and ineffective scheduling
increased the waiting time for the parts in front of the machines.

It 15 also necessary thal in order to meet the increased varety ol products, the tme taken lo
manufacture should be reduced. Lesser time in the system would also reduce the cost of making
the products, which would merease the prolit o the orgamization.
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To reduce the production times and production costs, it was necessary to try and change the
manufacturing system that can handle middle volume and variety. It was also observed that the
functional specialization concentrated on ownership of the processes, while the ownership and
responsibility for the product was missing.

Burhidge (1963) i1s credited with the concept of Group Technology or Cellular
Manufacturing, though others earlier had mentioned the possibility moving inlo simpler
systems. The fundamental principle behind Group Technology is that similar “things ™ should
be done similarly. Similar things would include product design, process planning, fabrication
and assembly, production control and administrative functions. In cellular manufacturing, we
divide the manufacturing facility into small groups or cells of machines. Here machines are
grouped into cells and parts into families such that the parts are manufactured completely
within the assigned cells.

Figure 1.2(a) shows a schematic representation of a functional layout.

Assembly i C B A

i e 1A
@x

7,,‘_“& ~( 15
00 |\C
L :

00 O®
+

A Raw Materials B c

o)
e

Figure 1.2(a) Functional layout.

Figure 1.2{b) shows a schematic representation of a cellular layoul.

Assembly A Assembly B Assembly C

Raw Materials

Figure 1.2(b) Callular layout



Intraduction to Operations and Supply Chain Management 7

In Figure 1.2{a). machines 1, 2 and 3 are similar and belong to one department. In
Figure 1.2(b), machines 1. 4, 9, 10, 11 and 14 are functionally dissimilar, but are grouped
together based on the manufacturing requirement of a part family that has a group of parts all
made in this machine cell.

The advantages of cellular manufacturing include reduced material handling time, reduced
changeover limes, better quality and better throughput, less space and above all increased
ownership and responsibility. This 1s because the cell 15 complelely responsible for all the parls
made within. Disadvantages could be mcreased number of machines, less machine utilization,
inability 1o address fluctuating demands and sudden increase in demand and less flexibility.

Organizations that implemented cellular manufacturing observed that the advantages far
ouwtweighed the disadvantages. They reported a set-up time reduction of 41%, throughput time
reduction of 24% and an increase in number of machines 10%.

The Toyota Production System was started in 1962 in the Toyota Motor Company and is
the starting point of what is called Just-in-Time Manufacturing (JIT) systems. JIT is a
manufacturing svstem where the goal is o optimize processes and procedures by continuously
pursuing waste reduction. Waste is anything other than the mimimuon amount of equipment,
malerials, parts, space, and worker’s time, which are absolutely essential to add value to the
product.

JIT is a philosophy of manufacturing based on planned elimination of all waste and
contimuous 1mprovement of productivity. The primary elements of JIT are to have only the
required inventory; to improve quality to zero defects: Lo reduce lead times by reducing set-up
umes, queue lengths and balch sizes: o improve the operations themselves: and o accomplish
these al mmimum cosl. In the broad sense, it can be apphed to all forms of manufacturing
including job shop and repetitive. Along with JIT came the production control method called
kanban where the desired inventory is released into the sysiem using containers and cards.
Through these methods organizations adopted the policy of “make daily—sell daily™.

Organizations implementing JIT reported set-up time reduction of 20%. fimshed goods
inventory reduction of 30%, scrap reduction of 20%, and work in progress inventory of over 50%.

Potential benefits of JIT include reduced inventory, improved quality, lower costs, reduced
space requirements, shorter lead time, increased productivity, greater flexibility, better relations
with suppliers, simplified scheduling and control activities, increased capacity, better use of
human resources and more product variety.

Flexible Manufacturing System (FMS5) is a manufacturing philosophy based on the concept
of effectively controlling material flow through a network of versatile production stations using
an efficient and versatile material handling and storage systems. Each workstation in an FMS is
capable of processing a variety of part types with relatively small change over times.

There are several advantages in using FMSs over conventional manufacturing systems.
Because ol the inherent llexibility, meeling demand [luctuations or changes in product mux 1s a
simple matter of readjusting part routing and adjusting workstation capability. Market
compeliliveness is enhanced by the shorter lead times. Because of reduction of set-up limes,
delivery imes have been reduced. There 15 also a significant reduction in WIP inventory and the
corresponding reduction in floor space and carrying costs. Automation of work cells and
elimination of human handling results in betier guality. Since the entire production organization
is structured, it 15 also easier to have better real time control.
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Organizations are increasingly using FMSs fully or partly in situations where there is a very
large variety and high volume. Products involving mass customization such as electronics
goods are produced using this type of manufacturing system. Here the accuracy is high,
production time 1s laster and ability lo increase varety is high.

Among other things production systems have started using automation and computer-
integrated manufacturing systems in addition to the above-mentioned methodologies and
lechnologies.

1.5 IMPROVEMENTS BASED ON HUMAN RESOURCES AND
PROCESSES

Orgamzations started concentrating on quality and the human aspects by which quality can be
improved. Here, we will restrict ourselves to Total Quality Management and Quality
Management Systems

As mentioned earlier, quality was restricted to inspection and quality control. When the
defects increased, quality control tools were used to measure whether the processes were under
control. With increasing emphasis on quality, the quality control techniques were replaced by
quality managemeni methods.

Total Quality Management (TQM) is defined as an approach of an organization centred on
gquality based on participation of all its members and aiming at long-term success through
customer satisfaction, and benefits to all members of the organization and to society. TQM is
based on continuous improvement and involves a cultural change.

Traditional definitions of quality such as “fitness for purpose” and “conformance to
specilications” were replaced by delinibions that concentrated more on the cuslomer.
150 8402-1994 defined quality as, “the totality of characteristics of an entity that bear on 1s
ability to satisly the staled and implied needs ol the customer”. A more recenl delmition ol
quality is that it is the “ability of a set of inherent characteristic of a product, system or process
to fulfill requirements of customers and other interested parties™

TOM implementation would involve the organization and ils lop management lo:

Develop deep understanding and conviction that quality is important.

® Develop a vision and promote 1l

& 5S¢t clear directions based on data and analysis.
s Practice QC way of thinking.

* Provide conlinuing education for all.

* Ensure participation.

Organizations started defining their vision (long-term goals). mission (purpose of
existence), quality policy {(ways to achieve the vision and mission) and core values and started
synchronizing the goals of the individuals towards the goal of the organization.

Orgamzalions also starled implementing practices such as qualily circles, kaizen, and
suggestion schemes such thatl there 1s participation and mvolvemenl from all the people
meluding the operators.

Organizations also started developing quality management systems that led o 150 9000
certification. These certifications represented the commitment of the organization towards
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quality and helped in getting more business. Subsequently, these have become a minimum
requirement than a competitive advantage and organizations started to look at other techniques
as compeltitive advantage in the market

Apart [rom showmg their commitmen! to gualily, organizations loday show their
commitment to environmenl, health and safety of employees, social accountability and
responsibility by creating and implementing management systems for each of these. Organizations
adopl green practices through which they also sinive o protect and preserve the environment.

1.6 METHODOLOGIES BASED ON INFORMATION SYSTEMS AND
DECISIONS

The earliest application of information in improving the manufacturing processes was the
Materials Requirement Planning (MRP) software. The Bill of Materials (BOM) was
computerized using this software and this resulted in consistency in BOM. Purchasing decisions
could be linked once the BOM was computerized. Once the demand for the end products was
known, demands for all items could be computed and lot sizes for ordering items could be
compuied and implemented. This, along with efficient manufacturing and production conirol
methods also helped organizations moving towards pull systems from traditional push systems,
The MREP systems helped in significant inventory reduction and also reduced errors in planning
and control because of the computerization. MRP systems were expanded to include capacity
planning and resulted in Manufacturing Resources Flanning (MRF 1) systems.

Enterprise Resources Planning (ERP) was a logical extension of MRP systems, where all
aspects of the organization or enterprise were integrated into a large information system. The
ERFP systems integrated the various lunctions of the organizations such as finance, human
resources, marketing, maintenance, purchase, stock, production planming, etc. There 15 also
another school ol thought that ERP 15 not a logical extension of MEP, bul a full-tledged
approach m 1ts own right. The ERP syslems are expensive and require a long period before the
benefits can be realized. Organizations that have spent the money and have waited till they have
vielded results have beneliled immensely by using these syslems.

One of the gains that came along with the ERP systems was the concept of e-conunerce.
Purchasing systems that were part of the ERP systems could be integrated with customers so
that businesses could be carried out electronically. The entire purchasing systems, tender
systems and auction systems changed with the implementation of electronic commerce
practices. Reverse auctions, where the lowest bidder gets the order, are carried out in real time
and are replacing traditional tender systems. Electronic business also enables the customers in
being able to know the status of their orders.

Retail businesses use Customer Relationship Management (CRM) techniques where
customers order items that are delivered at home. The CEM systems provide information about
the demand for the various items and imitate real time shopping electronically.

Lastly and most importantly, organizations use supply chain management tools and methods
in their decision-making. These systems integrate production and distribution decisions.

We will desenibe supply chain management i detail in the next section. Belore doing so,
we will also describe certain newer practices that are used to improve business performance by
organizalions.
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1.7 IMPROVEMENTS TO BUSINESS PERFORMANCE

Business Process Reengineering (BPR) was introduced by Michael Hammer and James
Champy. BPR can be defined as, “the FUNDAMENTAL rethinking and RADICAL redesign of
business PROCESSES to achieve DRAMATIC improvements in critical, contemporary
measures of performance, such as cost, quality, service, and speed” It is more than automation
but, has a strong automation and information technology component in it

The method suggests that we must examine the “root” of business processes, structures, and
policies. It recommends not modifying old processes to meel newer requirements but to cas
away the old processes and begin anew. It recommends rethinking rather than only change.
Reengineering is reinvention and nol modification or enhancemeni.

BPR 15 nol aimed at small, mcremental improvements. It secks order of magnitude
improvements in cost, quality, service, and speed and uses information technology o assist in
these.

It is not ke redecorating an existing house. It 1s hke demolishing it and reconstructing it all
over again. [t can be viewed as a one change method and not as a continuous improvement
technique. It involves both cultural and structural changes in an organization.

BPR becomes necessary because organizations are tending to be virtual. Most sales and
purchases have become computerized at IT-enabled. In any virtual orgamzation, there are three
important aspects (o be considered:

1. Customers take charge and are well informed.

2. Competition intensifies and technology creates opportunity for competition.

3. Change becomes constant due to increased need for new products and reduced time in
developing these.

Companies practicing BPR concentrate on mass customization and are well equipped to
handle change. Competition also forces organizations to look at practices in a radically different
way.

Electronic commerce, smart cards, CRM websites, online educational portals, ATMs are
some examples that can be considered as processes and procedures that are radical and dramatic
In nalure.

1.8 SYNCHRONOUS MANUFACTURING (SM)

This approach was first introduced by Goldratt (1984 ) in his book “The Goal”. He defines thal
the goal of every organization is “to make money both now and in the future”. The measures of
performance are defined in accordance with the goal of the organization. These definitions are:

1. Throughput: Quantity of money generated by a firm through sales over a period
of time.

2. Imventory: Quantity of money invested in materials that the firm intends to sell.

3. Operating expenses: Quantity of money spent by the firm to convert inventory to
throughput over a period of time.



Introduction to Operations and Supply Chain Management 11

In these definitions, it may bhe noted that finished goods are not taken into account as
throughput, WIP has no value addition and all value additions are taken as operating expenses.

1.8.1 Statistical Fluctuations and Random Events

Random events are those activities that take place at irregular time intervals and disrupt
production. Examples are non-availability of raw materials, manpower, machinery. etc.
Random events can be introduced into the process from many sources and the element of
uncertainty and disruptiveness caunsed by them cannot be completely eliminated. In
manufacturing context, statistical fluctuations refer to the concept that all processes have a
certain degree of inherent variability in any system. While statistical fluctuations may he
predictable 1o a certain extent, they introduce certain instability to the process, Examples could
be delay from an otherwise reliable supplier, time to sel up equipment, time lo produce, elc.

These fluctuations and uncertainties result in throughput time increasing beyond the targei
time. Usual planning and scheduling methodologies do not take care of these to the extent
required. Buffers are the only known alternatives to take care of these effects, but buffers in
front of all resources will only mcrease the WIP and hence cost.

The production process can effectively be compared with the troop of marching soldiers.
Initially, the pace is even, bul as time progresses due lo [luctuations, the gap between rows
mcreases. The slowest person in any row decides the pace of the row and since rows cannol pass
cach other, the gaps can only widen and rows do not come closer. This example helps in
understanding several principles in manufacturing,

The lead time is the time between the first and last soldiers in the forced march. In
manufacturing, lead time is the time between the release of material and the ransformation of
these into finished goods. In production process, any material processed by some facility but not
by others 15 called work in process inventory. In the marching analogy. any distance covered by
some and not covered by others is inventory. This is the gap between the successive persons in
the march analogy, In manufacturing, throughput is the amount of product produced and sold.
In the marching analogy, it is the distance covered by the last row of soldiers. Operating
expense is the amount of energy spent by the soldiers in completing the march,

The simultaneous presence of statistical fluctuations and dependent events has a serious
consequence on the manufacturing operations. Because of the existence of dependent events,
the statistical fluctuations do not average out. The negative variances accumulate and disrupt
the planned flow.

1.8.2 Principles in Synchronous Manufacturing

Given the inherent nature of resources, it may not be possible to balance the capacity of the
resources in plant. Such a balance would be counterproductive and will result in excess
inventory. Two types of resources may be identified. These are called bottlenecks and non-
boitlenecks. Botilenecks are those resources which have to be utilized fully. while non-
bottlenecks have excess capacity.
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SM 1: Do not focus on balancing capacities, focus on balancing the flow,
Bottleneck: Any resource whose capacily 1s less than or equal o the demand placed on 1L
Idle time: Time not used for set-up or processing.

Waste time: Time spent on processing malerials that cannot be converted o throughput.

Al a bottleneck resource (X), all the time available should be used in set-up or production.
Lost ume in boltleneck 1s time lost in production {or the entire plant. It 1s necessary Lo reduce
number of changeovers i bottleneck machines and work with buflfers so thal production
INCTEASES.

Non-boltlenecks (Y) have more capacily than demand. Time gained in these does nol
coniribute much and are in fact idle times.

SM 2: Marginal value of time at a bottleneck resource is equal to the throughput of the
product.

SM 3: Marginal value of time at a non-bottleneck is negligible,

SM 4:  Level of utilization of a non-bottleneck resource i1s controlled by other constraints in
the system.

SM 5: Resources should be utilized and not simply activated. Activation refers to
employment of a resource o process material, while utilization is activation that increases
throughput.

1.8.3 Capacity Constrained Resource (CCR)

Any resource which if not properly scheduled and managed is likely to cause the actual How of
the product through the plant to deviate from the planned product tlow. A CCR may or may not
be a bottleneck.

1.8.4 A Systematic Approach to Improve Performance

[t is necessary to understand the role of consiraints in system performance and 1o build logically
a framework for improving the system performance. Goldrait suggested a five-step approach,
which is given below:

1. ldentify the constraints in the system.

2. Determine how to exploit the constraints to improve the performance.

3. Subordinate all the parts of the manufacturing system to support step 2.

4. Carry oul steps necessary to umprove the performance of the system,

3. If in the previous step, a constraint has been broken and a new constraint develops, go

to step 1.

The above five-step approach emphasizes the fact that there are only a lew constraints that
primarily limit the [irm's performance at any given time. This approach also provides a basic
structure that can be used to implement synchronous manufacturing.



Introduction to Operations and Supply Chain Management 13

It is necessary to obtain a single unit flow in manufacturing where every piece moves o the
next machine immediately after completion in a machine. If this is not possible, small batches
are to be produced and transported. The production batch size can be more than the transfer
balch size so thal materal is fed continuously.

SM 6: Transfer batch need not and should not be equal to process batch.
SM 7: Process batch should be variable along its route and over time.

It may be observed that the transfer baich is similar to the transportation kanban in the just-
in-time (JIT) environment and some of the ideas are common Lo both JIT and SM. It may be
noted that JIT 1s 1deal for repetitive manufacturing, while 5M can be used anywhere. JIT solves
problems as they come, while SM plans and eliminates problems.

Svnchronons Manufacturing is an all encompassing management phifosophy thar includes
a consistent set of principles, procedures and technigues where every action is evaluated in
terms of the common goal of the organization,

SM 15 a currently evolving manufacturing philosophy that is being practiced by many
indusiries. An appropriate combination of SM, JIT and MEP will help orgamizations in
achieving their ultimate goal.

1.9 AGILITY PRINCIPLES

The concept of agile manufacturing was coined to look beyond current best practice towards the
enterprise ol the uture.

Agility 1s being used as an all in one phrase lo describe the various changes and ideas being
promoted, such as lean production, business process re-engineering, lime compression and
S0 On.

Agility 15 a dynamic, context-specific, aggressively changed embracing and growth-
oriented concept. It is aboul succeeding and about winning profits, market share and customers
in the very centre of competitive storms that many companies now fear. (Goldman, Nagel and
Preiss, 1995)

Agility is the capability of an organization to respond rapidly and effectively to
unanticipated opportunities and to proactively developed solutions for potential needs. 1t is the
result of an organization and the people who comprise it working together in ways which
benefit the individual, the organization, and their customers.

The important principles in agility are

* Enriching the customer

o Leveraging human resources
* Cooperate o compete

o Create virtual organizations

Organizations are increasingly practicing agility principles o make themselves more
compelilive and cuslomer onenled.
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1.10 SUPPLY CHAIN MANAGEMENT

Cost, quality, delivery and flexibility were the traditional requirements from the products of a
firm. The firm leveraged on one of them, mostly at the expense of the others. Trade-offs were
made in achieving the objectives of the firm. If a company competed on flexibility and quality,
cost was of secondary concern. Customers were willing to pay a premium price.

The quality revolution in 19805 changed the thinking process and flawless quality was
required al extremely competitive prices lfor all products. Quality became a necessary
mstrument for survival than a competitive advantage. Today, most organizations do nol try o
use quality as a unique selling point, but as a necessary condition for survival. They make sure
that quality is flawless, well documented and recognized by their customers.

To meet the customer expectations, manufacturing has to reorient itself. The requirements
of manufacturing as defined by Skinner (1985) are given under Section 1.2,

In the context of customer expectations, and the corresponding requirements of
manufacturing. organizations do not trade off one priority against another, bul fry (o
simultaneously prioritize all of them. Cost, flexibility, quality and delivery are not traded off
against one another, but are simultaneously prioritized.

As discussed earlier, orgamzations adopled newer methodologies in achieving their
objectives. Total Quality Management (TQM) helped organizations to achieve flawless quality.
Flexible Manufacturing Systems (FMS) were used to achieve quick response, and provided the
ability to produce large variety and high volumes if necessary. Just-in-time manufacturing gave
locus on waste mimimization, and production control. Lean manulacturing lor low cost and
ownership and responsibility o people and supply chain management to deliver products
quickly with low inventories.

A supply chain is defined as a network of facilities and disiribution options that performs
the functions of procurement of materials, transformation of these materials into intermediate
and fimished products, and the distribution of these fimshed supply chain management (Lee and
Billington, 1992},

A supply chain is the sequence or network organizations—their facilities, functions, and
activities—that are involved in producing and delivering a product or service. The facilities in
a supply chain are [actories, warchouses, processing centres, distribulion centres, retail outlets,
offices, elc.

A typical supply chaim would consist of three stages—purchase, production and
distribution. Supply chains ditfer slightly between manufacturing and service. A typical supply
chain for a manufacturer would start with the purchase and would have many storage points
between purchasing, production and distribution. A typical supply chain for a service would
mvolve purchase of spares, storage and the customer. Within a manufacturing system in an
organization, we have material moving from one workplace to another. This is sometimes called
an internal supply chain where every entity acts like a customer to the previous entity and as a
supplier to the next enfity.
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Figure 1.3(a) shows the typical supply chain for manufacturing.
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Figure 1.3{(a) Supply chain for manufacturing,

Figure 1.3(b) shows the typical supply chain for service.
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Figure 1.3(b) Supply chain for service.

Some of the reasons based on which organmizations feel a need for supply chain
managemenl are:

Improve operations

Increasing levels of outsourcing
Increasing transportation cosis
Competilive pressures

Increasing globalization

Increasing importance of e-commerce
Complexity of operations

Manage inventories

0o =) O Lh B W b =

Most of the above reasons are sell-explanatory. Increasing levels ol oulsourcing brings the
need to manage the production and distribution. Increased variety of products also necessitates
outsourcing. Increasing globalization makes new products available quickly and increases the
varieties available for a product. The importance of e-commerce is significant becaunse this
forces speed into manufacturing and distribution. The customer 15 impatient and expects the
good to be delivered quickly. This is largely because the customer gets used to the speed of
electronic business,

Several organizations have benefited using supply chain management. The benefits are
increase in inventory turnover rate due to less inventory in the system and less supply and
distribution cost. These help in meeting customer expectations and increase the profits of the

organization.
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The elements in supply chain management in terms of facilities, systems and people are
as follows:

Customer

Demand forecasting
Design
Manufacturing
Inventories
Distribution
suppliers

Location

Logistics
Information lechnology

=

The customer is the most important person whose wants and requirements are met by the
organization. We need forecasting and demand planning systems to understand what the
customer wants in terms of variety, volume and new products. The suppliers provide the raw
material to manufacture these products. The manufactured items have to be distributed
efliciently to the retailers so that they are available to the customer. Suflicient inventories have
to be available with every retailer to meet the fluctuating demand at high service level. The
factories, warchouses and the retailers have 1o be located elfectively 1o minimize costs and o
maximize reach. Logistics support such as warchouses, packaging, killing and returns
management are (0 be made available and these functions have to be carried out at least cost
quickly. Information technology provides access, information, knowledge and conlents o the
vanous playvers and more importantly the customer so that demand can be increased

1.10.1 Supply Chain Decisions

The various decisions in supply chain management are classified (Ganeshan and Harrison,
1995) as:

1. Location decisions

2. Production decisions

3. Inventory decisions

4. Transportation decisions

These decisions are both gualitative and quantitative in nature and are addressed with both
qualitative and quantitative models. This book aims at providing quantitative models to help
effective decision-making in operations and supply chain management. We now proceed (o
detail the various decisions.

The location decisions are concerned with the geographic placement of production
facilities, stocking points and sourcing points. These are strategic in nature and are usually
solved through an optimization routine that considers production costs, taxes, duties, tariffs,
distribution costs, production capacities, elc.

The important production decisions are what product to produce and which plants
produce them in. This mvolves allocation of suppliers o plants, plants o distribution centres,
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and distribution centres lo customers. Production decisions also involve detailed production
scheduling, construction of master production schedules, scheduling on machines, equipment
maintenance, workload balancing and quality control. These decisions are tactical and
operalional m nature and are solved using a combination of optinuzation, simulation, empirical
models and heuristics.

The inventory decisions include determining the amount of stock of raw material,
semilinished and finished goods. They also address the quantities in process between locations.
These inventories are aimed to provide buffers against any uncertainty. The inventory decisions
are the control policies, optimal level of order gquantities, reorder levels and safety stock levels
at each location based on customer service levels. These decisions are tactical and are addressed
using quantitative models ranging from deterministic o stochastic models.

The transportation decisions are largely the trading-off between the costs of transportation
with the indirect cost of holding inventory, They also consider customer service levels,
geographic locations and desired buffer and inventory levels. Transportation cosis are found o
be more than 30% of the logistics costs, Shipment sizes, routeing and scheduling of equipment
are key factors that influence transportation decisions. These are tactical in nature and are
solved using mathematical programming and heuristics.

Several questions have to be addressed in solving production and distribution planning
problems in the context of decision-making in operations and supply chain management.
These are:

How many suppliers should be there for each category of items?
What criteria are used in selection of suppliers?

What is the volume and frequency ol deliveries from each supplier?
How many distribution centres to be operated and where should they be located?
How much inventory to be held n intermediate distribution centres?
What decisions should be used to control imventory in these centres?
Which supplier supplies in what quantities to each distribution centre?
What 15 the network conliguration of the transformation process?
Where should the transformation process be located?

What ellect do invenlory practices of one plant have on other plants?
What 15 the configuration of the distnbution network?

How are customer demands met?

Are there intermediate stocking points”

What is the aggregate capacity of the distribution centre”

Which demands does each centre meet?

What is the amount of inventory maintained at each cenire?

What is the inventory policy in each centre?

1.10.2 Purchasing in Supply Chain

Purchasing 1s an important task in the management of supply chains. This 1s due to increasing
outsourcing, lean production and increasing globalization. More the outsourcing, more
important is the purchase function. The number of suppliers also increases with increase in
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outsourcing. Lean production among other things, emphasizes the minimizing costs and the
choice of good suppliers who can provide quality items at less cost is necessary. Increasing
globalization brings more competition and variety and this results in the ability to identify
suppliers for diverse products and are [lexible with respect o changes m vanety. I 1s also well
known that about 60% of the cost 15 in raw materials bought through the purchasing function.

Some important tasks in purchasing include negotiation process with suppliers, contracts,
wentifymg new suppliers, and admmistration of the supply process. A stralegic partnership
between buyer and supplier involves understanding demand uncertainty and understanding
supply charactenisiics.

1.10.3 Electronic Commerce

Today, more and more organizations resort to electronic commerce (E-commerce ) which is the
use of electronic technology to facilitate business transactions. E-commerce applications
include internet buying and selling, order and shipment tracking, electronic and data
interchange. The advantages include improved competitiveness and quality, ability to collect
and analvze customer buymg patterns, reduced supply chamn response time, etc.

Electronic purchasing systems have now replaced traditional systems. Online auctions and
reverse auctions (where the price goes down and the lowest bidder gets the order) have replaced
traditional tender-based systems. These systems provide unprecedented speed and reach to the
purchasing process. The reach comes because the required item could be available in an
organizalion that may not be in the same business and the speed comes from the internet and the
instantaneous decision-making of the online auction systems. The process is also very
transparent and hence is increasingly accepted by organizations. These have to be designed and
operated in accordance with the regulatory requirements of the country.

1.10.4 Types of Supply Chain
Fisher (1997) categorized supply chains into two. These are:

1. Efficient supply chain
2. Responsive supply chain

The efficient supply chain is to be designed for functional products and responsive supply
chain for mnovative products. Fisher also stressed the need to understand the category of the
product based on its characteristics and then decide the right kind of supply chain for the
product

Functional products have less forecast error, high product life cycles, less profit margins,
higher volumes, less variety, less stock out and more production lead times. Innovative products
have large forecast error, large margins, less volume, more variety and less production lead
times. Efficient supply chains concentrate on cost mininization, while responsive supply chains
concentrate more on meeting customer demand.

Efficient supply chains use continuous replenishment programmes for information sharing.
They capture Point-of-Sale data for accurately and immediately updating forecast. The
emphasis 15 more on in bound logistics and purchasing. They also concentrate more on the
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optimization and cost minimization of their operating processes and procedures. They also
develop optimized inventory control mechanisms to accurately fix reorder points and order
quantities.

Responsive supply chains accepl uncertlainly i demand and large lorecasl errors as reality
and devise strategies tor managing uncertainty, They try to improve responsiveness by cutting
lead times, using postponement strategies and delayed differentiation. Manufacturing processes
concentrale more on Ume reduction and vanetly so thal more of customer demand 15 reahzed.

Both the supply chains concentrate on coordination with suppliers and customers, obtaining
accuraie and reliable data to be vsed in demand planning and on efficient manufacturing
processes. All the principles of production/operations management are relevant. The only
difference is the increased emphasis on cost minimization in efficient supply chains and
responsiveness maximization in the responsive supply chains.

1.10.5 Supply Chain Metrics

The efficiency of a supply chain is measured through supply chain metrics. Depending on the
type of supply chain and depending on the organization, the measures may be diflerent. The
important supply chain performance drivers are quality, cost, Hexibility, speed and customer
service. The metrics are used o measure these directly or indirectly. Commonly suggested and
uscd metrics are:

On-time delivery

Order fulfillment lead time

Fill rate (fraction of demand met from stock)
Service level (perfect order fulfillment)
supply chain managemenl cosls

Total mnventory days of supply

Cash realization lime

Value added per emplovee

L T o R S o

1.11 LOGISTICS

Logistics refers to the movement of materials and information within a facility and to incoming
and outgoing shipments of goods and materials. Logistics is an integral part of supply chain
management and is invariably concemed with the distribution function and material movement.
It includes transportation, warehousing, packaging, distribution planning and coordination, data
exchange on material movement and position, tracking. Today's advanced logistics systems
enable transportation of goods just-in-time so thalt excess inventory is reduced and
transportation fimes are brought down to reduce production lead times. Logistics systems also
used m facihtating electronie transler ol funds once the matenal 1s supphed. These resull m
improved control of operations, reduction in clerical labour, increased accuracy and efficient
cuslomer response.

Several advances have taken place in designing and executing ellicient logistics systems.
Depending on the product, shelf life and demand, organizations dispense with large warechouses
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and have resorted to milk runs where the products are exchanged without being stored. There is
also more of cross docking where warehouses act only as docking areas and not as storage
areas.

There are several challenges that have to be overcome to design and execute a good supply
chain management syvstem. Firstly, different organizations have to come together and work
together. Usually, several barriers to integration of organizations exist and these have to be
overcome. These barmiers could m the lorm of size, cullure. practices, trust, nsk-taking ability,
governance, ownership models, ete. In addition, top management ol several organizations has to
be on bhoard, planning for the collective success as against success of the individuoal
organization, There will be trade-offs, both short-term and long-term and organizations have to
learn to deal with them. The sizes ol the various organizations can be a significant factor and
large companies should learn o work with smaller businesses that may not have the same
electronic infrastructure as large organizations. Variahility and uncertainty always pose
challenges and organizations should learn to plan strategies to counter their effects. Finally,
manufacturing being a time-consuming activity can result in long production lead tumes, which
organizations have to reduce by working together and by supplementing resources.

Supply chain involves several trade-olls. Some ol these are:

o Inventory=transportation costs
® Lead ume—lransporlalion cosls
* Producl vanety—inventory

There is always a trade-off between inventory and transportation costs. When we want o
reduce inventories by reducing the stock with the retailers, there has to be frequent
replenishment. The quantity to be stocked will be more because of the loss of pooling synergy.
The same can be said of transportation cost vs production cost. If we wanl smaller runs, the
production and transportation costs increase, but, the inventory cost reduces and vice versa, The
same 15 true of varety and ventory. More the variely more is the inventory for the same
service level The same is true of lot-size and inventory. More the variety less is the production
lot-size. This mereases the product changeover cosl.

1.12 BULLWHIP EFFECT

One of the important aspecls o be studied in supply chain management is called the bullwhip
effect. Let us consider a serial supply chain consisting of supplier, manufacturing, warehouse,
distribution centre and retailer, The retailer meets the end customer demand, The retailer while
placing order with the distributor adds a buffer to the order quantity 1o take of fluctuations and
uncertainty. This process of adding a buffer continues 1l manufacturing produces much more
than actually demanded. The supplier produces and supplies more than what manufacturing
requires and there is high inventory in the system. This keeps increasing as we move upstream
in the supply chain. After a while when each entity understands that there 1s excess inventory,
they reduce the ordering quantity. The inventory gradually reduces and redistribuied itsell into
the downstream ol the supply chain. This process ol redistnibution of the extra mvenlory Iro
upstream to downstream and back results in what is called the bullwhip etfect because the
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inventory position resembles a bullwhip. Figure 1.4 shows the bullwhip effect. The inventory
positions at any point in time are shown in the figure.

L1

Inventory in the entity

]

Supplier Production | | Warehouse | | Distributor Retailer

Figure 1.4 EBullwhip effect.

One of the ways to reduce excess inventory and the bullwhip effect is through information
sharing. Organizations tend to share demand and stock mformation so that the excess mventory
and the overall cost reduce. This is also enabled electronically through management information
systems, ERP systems and through electronic data transfer systems.

Organizations also other ways reduce the overall cost of the supply chain. This could be
through common warchouses, common distribution systems, ele. Any activily among the
members through which the overall cost of the supply chain reduces is called coordination.

A well-coordinated supply chain management system addresses the usual problems such as
large inventories, long lead times, cost, quality and variability. Large inventories are reduced by
small and frequent deliveries. Long production lead times are reduced by delaved
differentiation and postponement. These strategies aim at having a large set of common parts
that are ordered and produced together. These are finally made into different varieties as late as
possible so that pooling reduces production set-ups and inventories. Cost and quality are
addressed through better supplier management, outsourcing and just-in-time deliveries.
Variability is reduced by bringing down the overall lead time and by using better computer-
controlled forecasting (demand planning) systems and information sharing.

1.13 ROLE OF MANUFACTURING AND OPERATIONS MANAGEMENT

We have seen that supply chain management integrated the various stages from supplier,
manufacturing and distribution. In order for the supply chain to deliver the right quantity of the
products at the right time and with least cost, manufacturing should gear itself to meet the
requirements (Skinner, 1985) and reduce production time and cost. In this context, we will
discuss the various aspects and topics in operations management.

Every organization is in business by making and selling products or services. There is a
need which is converted to a business opportunity that results in a product or a service.
Crrganizations use resources such as men material, money and time to manufacture products that
are sold to end customers. The manufacturing or operations function should be well integrated
with other management functions such as Finance, Marketing and Human Resources such the
overall managemenlt of the organization 1s efficient and successtul.
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The starting point is the forecasting that says what the products are to be produced, in what
gquantities and how long. The long-term forecasts tell the organization the timeframe to change
the various products. The system capacity is usually designed for the medium-term and the
aggregale planning delermines the extenl ol oulsourcing and overtime lor the shorl and
medium-term. The inventory and materials management systems and the maintenance and
gquality systems provide information on availability of finished products, materials and
machines for production and the master production schedules are created i wlhich the quantities
of specific products 1o be made are provided. The scheduling allots the available time on the
various machine to carry oul the production. This draws information from inventory, guality
and maintenance regarding materials, inspection and machine availability. The manufactured
products are used by the customers. Figure 1.5 captures the relationship among the various
functions in the organization and within operations management. These relationships provide
the various parameters for cost optimization of the production system within the organization.

: Human
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Demand
Maonay Peaple
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! Capacity
Production /
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Materials Maintananca
Scheduling !
Cluality
Froduction Acceplance
Distrilbution

Customer

Figure 1.5 Relalionship among the various functlions in the organization.

We have stressed the need for shorter production lead times so that smaller runs and more
variety can be produced. We will now see the various reasons for delay within a manufacturing
system and identity the corresponding methodology to minimize the delay.

Firstly. the correct quantity of the correct item should arrive. This is carried out by efficient
purchasing systems, vendor management and using just-in-time manufacturing system. There
should be less raw material waiting time and these purchased items come directly into stores or
manulacturing area rather than getl stored mn the warchouse. The nexl delay happens when
material has to wait for machines. Good scheduling systems minimize waiting time of both jobs
and machines. The machine should be available when the job arrives and organizations resort (o
total productive maintenance systems o make the machines available when required. These
systems plan carry out preventive and repair maintenance activities quickly and make the
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machines available. The set-up time is the net component where the material spends time in
front of the machines. Every organization concentrates on set-up reduction technigques such as
single minute exchange of dies so that the set-up times are kept within a single digit. The
processing lmes are made laster by using llexible manulacturing systems and compuler-
integrated manufacturing systems. There should be very few rejects and well-established guality
control, process control systems take care of this aspect. Organizations have Total Quality
Management (TQM) and [SO 9000 systems that plan and execule the various quality and other
related mitiatives. Six sigma programmes ensure that rejects are kept to a bare minimum. The
transportation limes among the machines are reduced by efficient matenal handling sysiems and
by switching over to cellular manufacturing systems. Production control systems such as
kanban systems and synchronous manufacturing principles ensure that production lead times
are shortened and due dates are met, Finally, efficient logistics and distribution systems ensure
that less inventory is stored and the products reach the customers in time.

Thus, supply chain management encompasses all the essential components of operations
management and distribution management.

QUESTIONS

What is the goal ol every organization?

What are the requirements of manufacturing?

= e =

What are the customer expectations in today’s business setting'?

Mention some importanl landmarks i the history of manufacturing management.

Ll

Mention three new methodologies based on changing the production systems.

Define quality.
What is total quality management?

What 15 130 90007

B RS -

-

What iz business process engineering”

1. What is ERP?

11. What is cellular manufacturing? Why do organizations follow this technique?
12. Define JIT. Why do organizations follow this technique”

13. What 15 synchronous manufacturing?

14. What are the seven principles of synchronous manufacturing?

I15. What are statistical fluctuations and random events” How do they influence the
performance of manufacturing systems?

16. What iz supply chain management”

17. How have e-purchasing systems helped organizations?

I18. What are the four types of decisions in supply chain management?
19. What is bullwhip effect?
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21.
22,

23.

285.
26.
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What are the challenges in the successful implementation of SCM systems?
Mention some commonly vsed SCM metrics,

What 15 logistics?

What are the important functions within operations management?

Mention the possible delays in manufacturing.

How organizations overcome lhese delays?

What is agility? What are the principles of agility?
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m Chapter Topics =

= Model 1: p-Median Location Models

s Model 2: Fixed Charge Problem or Location-Allocation Problem

« Model 3: Fixed Charge with Dedicated Facilities

+ Model 4: Supply Chain—Location and Allocation in Multiple Stages

« Maodel 5. Supply Chain—Localion and Allocation in Multiple Slages and Dedicaled
Supply

+ Facilities Layout

* Mathematical Programming Formulation

* Heuristic Algorithms

« Cellular Layout—Cellular Manufacturing Systems

+ Production Flow Analysis

*« Rank Order Clustering

+ Methods Involving a Distance Matrnx

In this chapter, we will consider the location and layout decisions. Location decisions are about
locating factories. warehouses and distribution centres, while layout decisions are about relative
allocation of facilities in a given location. It is also customary to study location and layout
together. We will also discuss the various issues and models in layout and include various forms
of layout in manufacturing such as functional and cellular layout.

25
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chosen medians is the largest. Point 6 qualifies as the third median. The rest of the points are
allotted to the median with minimum distance. This would give us the solution

:{11 = x_u_ :Xﬁ,ﬁ: | ﬂ-“d xm:xg.]: x_‘!,?. :I. “’ilh ?:5{]

Here points 3, 4 and 6 act as medians where the plants have to be located. Points 1 is
altached 1o median 6, pomnt 2 15 altached o median 3 and poinl 5 15 allached o median 4.
Point 5 is equidistant with respect to both 3 and 4 and can be allotted to either of the medians
resulting in an alternate solution with the same distance. We would prefer the given solution
because all the medians attract a point. The solution to the corresponding grouping problem is
{1, 6}, {2, 3} and {4, 5}.

2.2 MODEL 2: FIXED CHARGE PROBLEM OR LOCATION-—
ALLOCATION PROBLEM

Consider an illustrative network shown in Figure 2.2.

Figure 2.2 Nelwork for fixed charge problem.

We show eight demand points (in circle) and three potential locations for factories (or
warehouses, shown in square). In general, we may have n demand points and m potential
locations. There is a fixed cost f; of locating a facility in site . There is a capacity K; if a facility
is located in site /. There is a demand d; in point j and there is a transportation cost of
between § and j. The formulation is as follows:

Let ¥, = 1if a facility is located in site i.

Let X be the quantity transported from sile ¢ to customer (demand point) j.
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Plants Warehouses

Customers
Figure 2.3 A two-stage network.

The mathematical programming lormulation ol the problem 15 as lollows:

Let ¥; =1 if plant 1 is opened.

Let W; =1 if warehouse j is opened.

Let X;; be the quantity of the product transported from plant i to warchouse j.

Let T be the quantity of the product transported from warchouse j to customer k.

The objective function is to minimize the total cost of location and allocation. This is to

Minimize ijr}"r + ifjwj +ii.{*&;x|}. +ii(wﬁ?}k
i=l f=l

fm] j=i Jml k=l
Subject to

?
PRI PY, Vi

i=l
ZI,-I- = Z?}i W, ¥j
=] =1
»
DT > dy ¥ k
j=i
Y, W:=0,1
Xi T2 0

TLLUSTRATION 2.4  Consider the iwo-stage network given in Figure 2.3,
The unit cost of transportation from the plants to the warehouses 15 given in Table 2.3,

Table 2.3  Transportation cost between
plants and warchouses

Wl W2 W3
Flant 1 4 . 4.5
Plant 2 3 3.6 +

Plant 3 412 3 4.5
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We have both qualitative as well as quantitative models for layout. Both types consider the
load that moves among the facilities and the distances the load has to travel. Minimizing the
load distance travelled is the most important objective in layout problems.

The qualitative models start with a matnx where the user provides information on how
much the user wants two facilities to be closed to each other. This 1s given in the form of a
malrix where the entry represents the importance. The [ollowing letters are used representing
various levels ol importance:

A = Absolutely essential
E = Esscntial
[ = Important
0 = Ordinary closeness desirable
U = Unimportant
A = Not to be placed next to each other

We explain a qualitative model using [llustration 2.6,
TLLUSTRATION 2.6 Consider the problem of relatively placing four departments (called 1 to 4).

The matrix of closeness is given in Table 2.6.

Table 2.6 Mairix of closeness

I 2 3 4
| —_ o A |
2 i
3 — O
4 o

We are given that the area requirement for the four facilities are 240, 160, 260 and 140
square units. An area of 40 x 20 iz available,

We start the algorithm by randomly picking a department for allocation (say, 2). Let us
assume that we will pick any department that has an A with an already picked department and
place it nearby. We do not have any department having an A with departinent 2. Therefore, we
randomly pick another department (say, 4) and place it next to 2. Again we do not have any
department with A in row 4. We pick 3 randomly and place 1 next to it. Since it has an A rating
with department 3. A possible layout where the departments are shown next to each other is
given in Figure 2.4,

8 15 28 40
Figure 2.4 A layout for lllustration 2.8,
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Let us assume that we will pick any department that has an A or E with an already picked
department and place it nearby. We start the algorithm by randomly picking a department for
allocation (say, 2). We pick another department 3 that has an E ranking and place it next to 2.
We place | next to 3 since 1l has an A rating with department 3. We pick 4 and place il next o
2 because of an E ranking. A possible layout where the departments are shown next to each
other is given in Figure 2.5.

i 15 28 40
Figure 2.5 Another layout for lllustration 2.6

Let us give scores for the rankings as follows:
A=-64 E-161=4,0=1,U=0and X =-512

The score associated with the layout in Figure 24 15 E + O + A = 81

The score associated with the layout in Figure 25 s E+ E + A =96

The layout in Figure 2.5 preferred to the layout in Figure 2.4,
The above algorithm explains the principles of a popular computer-based package called
ALDEP

From the rank matrix, we may observe that department 3 has the highest total ranking
among the four departments. We pick department 3 and place it as a 26 x 10 rectangle. From
row 3, we observe that there is an A ranking with department 1. Therefore, department 1 placed
as a 24 x 10 rectangle next to department 3. Department 2 is placed next to department 3
(E rank) and department 4 is placed next to department 2 (E rank). The lavout is shown
Figure 2.6.

26 16
10 3 4
10 1 2

24 14

Figure 2.6 A layoul for lllustration 2.6 based an CORELAP.

The total score associated with the closeness in the layouts shown in Figure 2.6 is A + E +
O + E + 1 =101. Closeness between departments 1 and 2 is not considered since they do not
share a common boundary.

The above steps are the basis of another computerized layoul package called CORELAP.
The above two algornithms are qualitative in nature and are construction algorithms. We explain
a quanfitative model using [ustration 2.7,

HLLUSTRATION 2.7 Consider the problem of relatively locating 4 facilities in four sites. The
load maltrix (in tons) among the four facilities 1s given in Table 2.7.
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Table 2.7 Load matrix

1 2 3 4
| — 3 7 4
2 — ] 3
3 it 2
4 _

The loads are assumed to be symmetric and wj; = wj;
We assume that the facilities require equal area (and of same shape) and the four sites are
shown in Figure 2.7 {marked sitel to site 4).

Figure 2.7 A layout for lllustration 2.7,

Considering the given layout, the distance among the sites is given in Table 2.8 (as a
multiple of a unit distance ).

Table 2.8 Distance malrix

1 2 3 4
1 — 1 | 2
2 —_ 2 1
3 — 1
4 i

The distances are rectilinear distances and not Euclidean (or erow flying). The rectilinear
distance between two points (¥, v;) and (x,, v;} is given by [x, — ;| + |y = ¥ |.

Let us use a notation where a{i) represents the site to which facility i is allotted. a =[2 1 3 4]
would indicate that facility 1 is allotted to site 1, facility 2 is allotted to site 2, facility 3 is
allotted to site 3 and facility 4 is allotted to site 4.

The ton—km or load—distance associated with a = [2 1 3 4] is given by
= 2w Xy + wys X daa + wig X odyg + was X dys + wyy Xdyy + Wiy X dy).
This 15 given by
L=203x1+T7Tx2+4x1+6x1+5x2+2x1)=7T8
Due to the symmetry of the load matrix and the distance matrix, we have calculated six

terms and have multiplied with 2.
The problem is to find the allotment that minimizes 2.
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2.7 MATHEMATICAL PROGRAMMING FORMULATION

Let X = 1if facility 1 is allotted to site £ and Xj; = 1 il facility j is allotted to site [,
Each facility goes to exactly one site and each site gets exactly one facility. These are given
by

1]
D X, =1V and
fem=]

23:;; =1Vi

J=1

X;=0,1

Given Xy and X, their contribution to Z is XpXwady, . The objective function is, therefore,

Minimize iiiiwﬁdﬂxﬁﬂ_

i=1 j=1 k=1 =l

Lt

This can also be wrillen as

IT

Minimize ii iz‘ﬂ}ﬂ.ﬁf L i

i=1 j=1 k=l I=i

The above problem has a quadratic objective function and the usual assignment constraints
and is called the Quadratic Assignment Problem. It is not a linear Integer Programming (IP)
problem, but is a quadratic problem. It is a difficult problem to solve,

The optimum solution to our example is given by @ = [1 4 2 3] with £ = 64. There are
several alternate optima, such as [1 4 32}, [2314],[3214].[41 3 2], elc.

2.8 HEURISTIC ALGORITHMS

We explain the heuristic algorithm using the data given in Tables 2.7 and 2.8,

TLLUSTRATION 2.8 'We may start with an arbitrary solution a = |1 2 3 4] with Z=74. If we
consider, pairwise exchanges in this solution, we gel six new solutions where the tour numbers
are exchanged pairwise. These are:

[2 13 4] with Z= 78
[3 21 4] with Z = 64
[423 1] with Z = 74
[132 4] with # =74
[1432] with ¥ = 64
[1243] with # =78
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We can choose the best solution and repeat the pairwise exchanges till there is no
improvement. Choosing the best among the pairwise solutions is called the Method of Steepest
Descent and is a widely used heurnistic to solve the problem.

For our example, the method lermmates with the oplimal soluion with Z = 64, This method
15 only a heunstic algorithm and does not guarantee the optimum solution always.

We may start with an arbitrary solution @ = [1 2 3 4] and try adjacent pairwise exchanges.
Three such solutions are possible. These are:

[21 3 4] with Z = 78
[1324] withZ=74
[124 3] with Z= 78

The adjacent pairwise interchange does notl show any improvement for our example and the
algorithm terminates with a solution with 2 = 74,

2.8.1 Computerized Algorithm for Layout CRAFT

Let us consider the modification or adaptation of the pairwise interchange heuristic to consider
different area requirements for the facilities. This is explained using the same workload data in
Table 2.8.

TLLUSTRATION 2.9 Let us assume that the area requirements of the four facilities are 240,
160, 260 and 140 square units. Let us assume that a total of 800 square units of area is available
and we start with a solution shown m Figure 2. 8. Here we represent the lacilibes as A, B, C and D.

24 16
A B
c D

o6 14

Figure 2.8 A layout for lllustration 2.9,

The coordinaies of the centroids of the four areas are
A=(12,15), B=(32,15), C= (13, 5) and D = (33, 5)
The rectangular distances in the above layout between the pairs of facilities is given by
AtwB=20AtoC=11,A10D=31,BtoC=29. BtoD=11and Cto D =20

The load—distance 15 given by
Z=3x20+Tx11+4x31+6x29+5x11+2x20=530

{The actual load=distance should be multiplied by 2, but due to symmetry we consistently
use the computed values for comparison, which is half the actual load—distance).
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We consider the pairwise interchange A to B. Temporarily, we shift only the centroids and
the new centroids are

A=(32,15),B=(12, 15),C=(13, 5) and D = (33, 5)
The rectangular distances in the above layoul between the pairs of lacilities 1s given by
AwB=20AtC=29 AwD=11,LBtoC=11,BtoD =31 and C to D = 20
The load=distance is given by
L=3x20+T7Tx29+4x11+06x11+3x31+2x20=D568

The exchange A and C gives £ = 481

The exchange B and C gives / = 593

The exchange B and D gives 2 = 503

The exchange C and D gives £ = 572

We exchange facilities only when we have a common border. We, therefore, consider the
exchange A to D since these facilities do not have a border.

The best exchange is between B and D which has a value lesser than the starting value

of 5330, We carry oul the exchange by inserting the smaller area into the larger area and giving
the rest o the larger area. The new layout is given in Figure 2.9,

24 16

10 o B
10 A (W
2 24 14

Figure 2.9 Improved layoul using CRAFT.

From Figure 2.9, the centroids for the facilities are A = (14, 5). B = (32, 15) and D = (33, 5).
Facility C now has been split into two rectangles and the centroid is calculated as

40 0 5 5
[2 %12 +2 xl){!ﬁl‘-ﬂﬁl +20 % ]=[Il.]i14.23]
260 260

The rectangular distances n the above layout between the pairs ol facihities using the new
centroids 1s given by

AwB=22 AlwC=120 AtoD=19BtoC=2162 BlwoD=1land Cto D = 31.08
The load—distance is given by
=328+ 7 %1208 +4 =x19+6x2162+535x44 +2x31.08=49] .44

With the solution in Figure 2.9, we carry out five possible pairwise exchanges and the
results are shown as follows:
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The exchange A and B gives /£ = 507.29
The exchange A and C gives /£ = 53474
The exchange A and D gives 7 = 620.44
The exchange B and C gives /= 615.36
The exchange B and D gives / = 533 28

We do not consider the exchange between the facilities C and D, since they do not share a
border. Otherwise exchanging them would be difficult.

We do nol have an improvement in the load—distance measure with the exchanges. The
algorithm terminates with the layoul given in Figure 2.9.

The above algorithm is called the CRAFT (Computerized Relative Allocation of
Facilities Technigue) by Armour and BuiTa (1964). This algorithm is considered as one of the
most significant contributions in the area ol layout design/Industrial Engineering, The
significance comes {rom the fact that a computer program written in FORTRAN generated the
layout on a screen/print out. Several organizations benefited by using this algorithm to
determine a good layout.

2.8.2 Some Observations

1

T [l

It

shape.

Though there 15 a general feeling that the computer generated layout could be optimal,
it is well known that CRAFT does not provide the optimal solution.

CRAFT 15 an ellicientl pairwise mlerchange heuristic programme using a compuler.
CRAFT can also be modified for three-way exchange and in some instances works
better than pairwise interchange.

. CEAFT can also give non-rectangular shapes as i our example.

CRAFT uses the centroids as the representative point to compute distances among the
facilities. If the areas are very thin rectangles, the distance between the centroids need
nol adequately represent the distance between the facilities.

CRAFT is an improvement algorithm that attempts to give a better layout than a given
starting layout,

15 also observed that the layout in Figure 2.9 has facility C occupying a non-rectangular
This can now be modified to the layoul shown in Figure 2.10. It 15 also observed that the

layouts in Figures 2.6 and 2.10 are the same indicating that CORELAP and CRAFT have given
the same solution to our example.

26 18

10 C B

10 A D
24 14 4

Figure 2.10 Modified layout using CRAFT.
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Cuantitative Models in Operations and Supply Chain Managemenl

Given a time series model of the form ¥ = a + br + £ where £ is a measure of ‘random
ellects’. Whal 15 the expected value ol g7

. As a forecasting technigue, exponential smoothing 15 nothing more than a form of a

moving average and il sullers Irom the same deliciency as moving average methods, It
cannot distinguish between random variations and significant changes and is not a
Torward looking technugue, comment

Distinguish between forecasting and prediction using a good example.

9. Why do we need causal and time series forecasting models” When do we choose either?

1.

11.

3.2

Give an example for each model from your experience.

What are the advantages ol double exponential smoothing models in the context of
forecasting?

When do you use double exponential smoothing models to forecast and how do you

evaluale the goodness ol such lorecasts?

(ive evidences that suggest that lorecasting 15 an important ool m the service seclor,

. What are the salient features of an exponential smoothing model?

. Why do we use seasonal models for certain types of data?

What is forecasting? Why do you need forecasting?

. Give two measures of goodness of a forecast.

- What type of lime series models would you expect o be suitable for forecasting the

following situations” Why?

{a) Quarterly sales of ice creams

(b} Daily sales of cars in a dealer showroom
{c) Monthly sales of shirts in a showroom
{d} Stock price of a software company

AGGREGATE PLANNING

Aggregale Planning 15 an important activity that is the [irst slep in manufacluring planning and
control,

To begin with, et us consider that we make one product, whose demand or lorecast of
demand is known. Table 3.21 shows an example where the forecast is available for 12 months.
Here demand means actual demand or forecast of the demand.

Table 3.21 Demand data

.FHHJI'I'H".'E: Fl‘b.l'll'l'l.l"- Hfrn".rr a'i.}.lh'll 11-{"_1' .irrur-r' JIEII:\' .-‘lrc;l,;]r:sr S-l"'PIE'.IHII-FJ' i:ll'rl'.FI-'\-l"'J' .llrl'.FI'l'hlﬂ:llE"F ﬂrrﬂu.’.ﬂrr

el AKX 0K DA | TS0 | MO0 | 200 | 3000 i) M) 280 20 1]

It is observed that the demand fluctuates and is not constant every month. The total demand
15 30300 units. Let us assume that the plant works 16 hours/day. It takes 10 hours to produce a
unit and there are 65 people working. The output per day is
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3
6% 6 —104

Output =

It the average number of working days per month is 235, the company can make 2600 in a
month and 31200 i a year which 1s more than the demand. The company cannot lollow the
approach of making each month’s demand and selling it because of two reasons:

1. Some months will require more than the average demand and we will incur shorlage and
loss of profit by not meeting the demand.

2. Some months may have fewer than 25 working days and the production can be less.
In order to meet the annual demand, two possible approaches exist:

l. To produce exactly the demand of each month in a month. Use over ime when
necessary. Maintain no inventory and there shall be no shortage.

2. To produce more in months where the demand 1s less. Use the excess invenlory 1o meel
the peak demand. Use only regular time production to the extent possible.

The above two strategies are called pure strategies. Sometimes a combination of these two
can give better (least cost) solution. The problem is to find a least cost solution that meets
demand. Several approaches are available. We will discuss some of them in this chapter.

3.2.1 Graphical Approach

HLLUSTRATION 3.11  Figure 3.1 shows the various graphs used in this approach. Graph 1 is
the cumulative demand curve. Graph 2 shows the cumulative regular time (RT) production
curve. This has been drawn under the assumption that the company works lor 22, 18, 22 19,23,
20, 2222, 18, 21, 20 and 22 days in the twelve months. The regular time production possible
in month 1 is 22 x 104 = 2288 and s0 on. The initial inventory is assumed (o be 1000

25000
20000
35000 —— Cumulative demand
= 20000 & Cumulative RT
5 15000 Cumulative AT + OT
10000 “— Cumulatve produchon
5000 B R e ot etttk i —
O T T T 1T T T T
1 2 2 4 B 6 7 8B 8 1017 12
Month

Figure 3.1 Graphical method.

The thrid graph in Figure 3.1 shows the cumulative sum of regular time and overtime (OT)
capacities. This is drawn under the assumption that the maximum overtime days in the twelve
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months are 4, 4, 5, 4, 5,4, 5, 5. 4, 5. 4, 5. The cumulative RT + OT for month 1 is 2288 + 416
= 2704, The cumulative RT + OT for month 2 15 2704 + 18 »x 104 + 4 x 104 = 4992,

The user can draw a curve (Graph 4) as shown in the figure such that the curve lies between
Graphs 2 and 3, Graph 4 is drawn under the assumption that cumulative production in the
twelve months is between the cumulative RT and the cumulative RT + OT curve. From
Graph 4, we may observe that the cumulative production in the twelve months are 2700, 4950,
7600, 9950, 12850, 15000, 17800, 20600, 22850, 25550, 28000 and 29300.

Four costs are considered i this plan. These are

1. RT production cost

2. OT production cost

3. Inventory cost

4. Shortage (backorder) cost

For month 1. the production i1s 2700, Out of this 2288 iz RT and 412 is OT. The demand is
3000, The ending mventory 1s 700, The cost for month 1 15 TC = RT cost + OT cost + Invenlory
cost + Shortage cost = 2288 x 100 + 412 x 130 + 700 x 20 + 0 = Rs. 296360 = Rs. 2.9636 lakh.
For month 2, beginning mventory 15 700 and cumulative production 1s 4950, Production is
4950 — 2700 = 2250. Out of this 1872 is RT and 378 is OT. The ending inventory 1s 700 +
2250 - 3000 = —50. The cost is 1872 x 100 + 378 x 130 + 50 x 500 = Rs, 2.6134 lakh. Since
the ending inventory is negative, we have shortage cosl.

Thus, the total cost for the year can be calculated, which is Rs. 40.79 lakh.

3.2.2 Tabular Method

ILLUSTRATION 3.12  In this method, we create a table where the user enters the production
quantities for each month. Let us consider the case where the user decides to produce 2700,
2250, 2800, 2350, 2900, 2450, 2800, 2800, 2250, 2700, 2400 and 900 in the 12 months. The
costs are calculated as follows:

For January

Beginning inventory = 1000 {given)
Production/day = 104 (given)
Total production = 2700
RT days = 22 {given)
RT capacity = 22 = 104 = 2288
OT days = 4 (given)
OT capacity = 4 x 104 = 416
RT production = minimum (2700, 2288) = 2288
OT production = 2700 — 2238 = 412 (less than 416 and hence possible).
Ending inventory = Beginning inventory + Production — Demand
= 1000 + 2700 - 3000 - 700

RT cost = 2230 = 100/100000 = Rs. 2.288 lakh
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OT cost = 416 x 130/100000 = Rs. 0.5356 lakh
Inventory cost = 700 x 20/1000000 = Rs. 0.14 lakh
Shortage cost =0
Total cost (January) = Rs. 2.9636 lakh

For February

Beginning Inventory = 700
Production/day = 104
Total production = 2250
RT days = 18 (given)
RT capacity = 18 x 104 = 1872
OT days = 4 (given)
OT capacity =4 x 104 = 416
RT production = minimum (2250, 1872) = 1872
OT production = 2250 — 18372 = 378 (less than 416 and hence possible).
Ending invenlory = Beginning mventory + Production — Demand
=700 + 2250 - 3000 = =50
RT cost = 1872 = 100/100000 = Rs. 0.1872 lakh
OT cost = 378 x 130/100000 = Rs. 0.4914 lakh
Inventory cost = 0
Shortage cost = 50 x 500/100000 = Rs. 0.25 lakh
Total cost (February) = Rs, 2.6134 lakh,

These calculations can be easily modelled using Microsoft Excel. Table 3.22 shows these
calculations for 12 months, The total cost 1s Rs, 35,1676 lakh. The costs of RT, OT, mventory
and shortage are considered,

Given the production quantities it is possible to compute the total cost. The optimization
problem would be to find the production quantity that minimizes total cost.

S0 [ar we have considered four costs—RT and OT costs and inventory and shorlage costs.
We can have four more costs in the production cost computation. If the production quantity
exceeds the RT + OT capacity, we assume that the excess quantity is outsourced. There can be
an outsourcing cost. If the production quantity is less than RT capacity, there is underutilization
cosl,

We may also increase or decrease the people employed in a month. This will increase or
decrease the RT and OT capacity. There is a hiring or lay-off cost associated with the increase
or decrease of people. We can, therefore. have eighl components i the total cost. Here, the
production plan would involve the production quantity and the workforce in each month.
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Let us consider the following workforce and production for 12 months given in Table 3,23

Table 3.23 Demand and workforce data

Tanpenry [Felernerry | Mearel | Aprl | May | Jweee | Jilv | Angicst | Sepremiber | Chetodier | Noveniber | Deeenilser
Dz ALK RILLE 25000 | 1500 | 2000 | 25000 [ 306M) | A4HHD SN 23001 K 1K)
Prodoction | 2500 (2500 2500 | 15040 | 2000 | 3000 | 3000 [ 000 300M 30 20040 300
Worktorce &l 56 G2 G0 | 6 [ G5 fid L] 58 55 58

TLLUSTRATION 3.13 We illustrate the calculation of

" the various costs for the month of

January.
Given:
Beginning inventory = 1000
Production/day = 104
Number ol people in December = 58
Number of people m January = 60
RT days = 22
OT days =4
RT cost = Rs. 100/unit
OT cosl = Rs. 130/unil
Inventory cost = Rs. 20/unit/month

Shortage = Rs.

Hiring cost = Rs.

Lay-oll cost = Rs.
Chutsourcing cost = Rs.
Underutilization cost = Rs.

500/unit short (backordered)
500/person hired

$ person
1 30/ umat
2/unit

Units/per person/day = 16/10 = 1.6
ET capacity = 22 days x 60 persons x 1.6 = 2112

OT capacily = 4 days x 60 x 1.6 = 354
Total production = 2500

RT production
OT production
Outsourcing

4

People hired =60 - 58 = 2

minimum (2500, 2112)= 2112
minimum (2500 = 2112, 384) = 384

Ending immventory

RT cost
OT cost =
Inventory cost =

Beginning inventory + Production — Demand
1000 + 2500 = 3000 - 500

= 211280 x 100/100000 = Rs. 2.112 lakh

384 = 130/100000 = Rs. 0.4992 Jakh

500 = 20/1000000 = Rs. 0,10 lakh

Shortage cost = 0

Hiring cost = 2 x 500 = Rs. 1000
Lay-off cost =0
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Outsourcing cost = 4 x 150 = Rs, 600
Underutilization cost =0
Total cost (January) = 2.112 + 0.4992 + 0.1 + 0.001 + 0.006
= Rs. 2.7272 lakhs

Similarly, the cost for 12 months is calculated and it is Rs. 3391168 lakh. This is shown in
Table 3.24

The tabular method and the graphical method are very similar, except for the difference that
in the graphical method, we vse cumulative values. In the tabular method, we mput the actual
values of the production. Changing the workforce in the tabular method is the same as adding a
cumulative workforce curve from which the cumulative RT and OT curves can be generated.
There are two inputs—ithe cumulative workforce and the cumulative production curves to the
graphical method.

The tabular method is more convenient and can be easily modelled using a spreadsheet. The
user can change the input values and compute the total cost quickly, Though this method is an
evaluative method and does not guarantee the optimal solution, repeated trials can give a very
good solution with less cost,

While we have represented people in numbers, production, inventory and underutilization
i units, it 15 advantageous to represent all the parameters in a single unit called man-hours.
This would make the aggregale plan independent of the number and type of products made. The
capacities and decision variables are represented in man hours. Through this, we are now
representing all the products through an aggregate product whose demand 15 matched with the
capacities to determine the aggregate production plan that minimizes total cost. The decision
variables are the production quantities and the workforce,

3.2.3 Linear Programming Model

Here, the decision variables are the workforce (in man-hours) and the production (in man-
hours). The objective is to minimize total cost

Variables
R, = Regular time production in period ¢
(3, = Overtime production in period 1
[, = Inventory at the end of period !
&, = Shortage (backorder) at the end of period
W, = Workforce hours in period ¢
H, = Man-hours hired in period ¢
L, = Man-hours laid-off in period ¢
Cut, = Man-hours outsourced in period ¢
UV, = Man-hours underutilized in period ¢

Cost Parameters
r = Regular ime production cost {per man-hour)
o = Overtime production cost (per man-hour)
i = Inventory cost (per man-hour)



81

Production Planning Decisions

BOTI6EE | TEE990 | ¥ITT ROREE TSLOE | TSLR'Y [LLE'E | TLBS'E |QLSIT'T|BTLE'T |BISTYT | T6LBRT| TLILT 1503 R,
FEOD

BEB6F0 | TERFED | O 0 0 0 0 0 9LSR0D [8F90D |0 0 0 0TI I[P
R9619 0 0 A08E0 TEeL RTSR'D [BRID | vPOL O 0 0 TEELD | 9000 1500 Sulmosing
SRO0 0 c oo OO0 QLD OO0 (0 oo {0 2000 (0 QLoD 0 | an ] .:_.I_Hm._
1o c10°0 0 0 0 0 cZ00 |0 €00 |0 £ 0 100 K503 T
0 0 ] 0 0 0 0 0 0 0 0 0 0 150 adepoys
8L°0 0 F1'0 F1'0 ' 10 o |1o _a 0 0 0 X 1503 AI0IHaAu]
TEE9T 0 TIED TE09°0 660 | 9§99°0 |9Lon | zesrolo 0 BRTIFO | T6S9TD| Te6F0 1o 10
BPO9IT | £0 9Ll RETGL BTLL BTSTT [BBIT | T |C gl FCRLT | BTI9L | TILT LI |
i 0oL Q0L Ooe Ooe 0oe s 0 Q 0 0 a0s Lopuasur pusy

D0EGT Dot 000T O00E DO0E 000  [0DDE | 0ODE  J0DOC  |00ST  |D0ST DosT 00ST uonanpoad e,
0 ] TLRE 288 TSETl [Tel |99 [0 0 ¥ #'8IS t 1503 FUTMOS-100)

0 o tor t+aE 15 |oTs |vBe O 0 TLIE +'86E 1.1 uorpnpoad 10y

tOETS tor 5% ror rRE LIS |0Ts | TBE  |BLS R |96F ' REE rRE Anaedea 10y
00E 09LL warsl #TLI RCELC [RBIT |OCel J00OC  |OOSL |¥ERIC | ®Ti9l | CLIC uonampond 1y

TeR0tT | 9IPOD | 09L1 #arel %TLl BISIT [RBIZ |OT6l |8BIFT |¥T81  |WIRITZ | ®TI91 | ZIIC Anoudea 1y
oL 0 £ z ¥ [ 0 G 0 z ¥ T 0 Jjo-Ae]
T £ 0 0 0 0 S 0 9 0 g 0 T Funry
19 gg 8g 09 to co 09 99 0w 7 95 09 8< ADIOJHI0 N

rs [~ r g r g G r g r g t v sAep L0
61T i oz Iz %l it Iz 0z T &l i %1 Iz sARp 1LY
O0E0E 0oo1 z 00T O00E D0OF  [000f | OOST  J0DOT  |O0SL  |0O0ST DO0E O00¢ PUELESL]
AIDJELALLL

0oL 0oL 00% oS oos  [oos |0 0 0 0 Dos 0001 Funmndag

.__..__...__:__L.u..un..__. .-.q_._...__:‘.u.._.__._..___._ R R .__1.._._..____..u..:..w.q..._.... __H:_w..n;.__. .__.._.1_..__. ELLL _._..th..r_ __.__.._.__.__.ﬂ... u._..,..._._“._..__..r_ .._..._._.____q._.__.m..qu.u L EEEL ) _t:__.-._..r.

IO IoM AquLEs SULIAPISUOD poiau mnge], Ty AL




B2 Quantitative Models in Operalions and Supply Chain Management

s = Shortage cost (per man-hour)
h = Hirmmg cosl (per man-hour)
[ = Lay-off cost (per man-hour)
et = Oulsourcing cost (per man-hour)
i = Underutilization cost (per man-hour)
These costs are assumed to be constant. It they vary in different periods, we can use a
subscript t for the peniod o caplure the correct value m each period.
The objective is to minimize the total costs which include regular time cost, over time cost,
inventory cost, shortage cost, hiring cost, lay-ofl cost, outsourcing cost and underutilization
cost. The objective function 15 to

T
Minimize Z“R’ + ot +il, + 58+l + 1L, + owr Owi, +ull,)
=i
The first constraint 15 10 maich production, inventory, demand and capacity. This 15 given by
[+ 85+ R+ 0+ Oune =1, =1, -5,

The ending invenlory (or shortage) m a penod 1s the beginning invenlory (or shorlage) +
regular time production + overtime production + outsourced production less the demand (or
forecast).

The second constraint is to relate the production and utilization to capacity

R+ U, =W,
The third constraint relates overtime production to capacity
= kW,
Here k is a suitable constant that relates overtime capacity to regular time capacity.
The next constraint relates the workforce to the hiring (and lay-off) variables.
Wia+ H =L =W,
Here, the workforce for period ¢ is the sum of the worforce in period ¢ = 1 and the workforce

hired {or laid-oll),
If there are restrictions on inventory, we can add a constraint of the form

I < [

All variables R, . W, I, S, H,, L,, Our, I/, 2 0
It is not necessary that we use all the variables and all the constraints. We illustrate this

through an example.

TLLUSTRATION 3.14 Consider the data shown in the tabular method. We keep workforce
constant at 65 and use only RT, OT, mventory and shortage costs, The costs and capacities are
now computed based on man-hours. The decision variables are only the production and
imventory quantities. There is a beginning inventory of 10000 man-hours in January.

r=100/10 = Rz, 10/man-hour

o=130/10=Rs. 13

F=20/10=2

¥ = 500/10 = 50

W =65 people
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RT capacity = 65 x 16/10 x number of days x 10 = 22880 man-hours (for 22 days)

OT capacity = 1040 x number of days = 4160 man-hours (for 4 days)
The LP formulation would be to

I
Minimize Y (K, +00, +il, +s5,)
=1
I +8,+R+0,-D=1-8,
R<W,
0, < kW,

Subject to

For our example, the complete formulation is Lo

T
Minimize 3 (10R, +130, + 21, +508,)

=]

Subjectto [+ 8+ R, + O, =D, =1 =4,
R sW,
(), < kW,

The formulation has 48 variables and 36 constraints. The optimal solution is given by
Ry = 22880, R, = 18720, Ry = 22880, R, = 19760, Rs = 23920, R, = 20800, R, = 22880,
Ky = 22800, Ky = 18720, K\, = 21840, K}, = 20800, K, = 10000, ¢y = 4160, &, = 4160,
(5 = 5200, 0, = 4160, 05 = 5200, O, = 4160, Oy = 5200, Og = 5200, (}y = 4160, O, = 5200,
(=120, Oy =0, 1) = 7040, Iy = 3000, [, = 11920, Is = 21040, I, = 21000, I; = 19080,
fg=T160, I; = 40, §; = 80, §;, = 920 with £ = Rs. 3301320,

Let us consider the formulation where we include all the eight costs including hiring, lay-
off, outsourcing and underutilization costs. The formulation has 108 variables (including the
variables for workforce) and 48 constraints.

Belore solving the problem, we lix values lor a lew paramelers. We lixed the beginning
inventory to be 1000 units. We fixed the mitial number of people to be 60. The outsourcing cost
is fixed at Rs. 15/outsourced hour, the underutilization cost is Rs. 0.2/hour, the hiring cost is
Rs. 50/person and the lay-ofl cost is Rs. 40/person.

The opiimal solution gave a total cost of Rs. 298004, The workforce used in the various
months were W, =60, Wo=s W, =W, =W =W, = W, = W= W= W= W, = W,,=104.1667.
The stralegy was to produce exactly the monthly demand lor all months exceptl September and
October where the additional demand of October was met by carrving some inventory at the end
of September. The solution did not show overtime and outsourcing. There were no shortages
also. The advantage of including varyving workforce 1s thal depending on the demand, the
workforce can be changed. This strategy along with carrying some inventory when required
helped in reducing the total cost.

It may be necessary to define the workforce as integers. When the problem was solved with
the additional integer resiriction on the variables, the values of the workforce changed to
W,=60 Wo=W.=W,=W; =W, =W, =W, =W,=W,,= W, = W, = 104, This necessitaied
an overtime of 48 hours in September and some inventory at the end of January and March. The
regular lime production guanhtes are Ky = 20048, K, = 29952, K; = 253000, k; = 15000,
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Rs; =20000, R, = 25000, Ry = 33392, Ry = 36608, K, = 29952, K\, = 20043, R}, = 20000,
K> = 10000, The cost was a little more than that of the LP optimum and close to Rs. 2.98 lakhs.

3.2.4 Transportation Problem

If we consider only six out of the eight costs and assume a linear relationship between the
quantities and the corresponding costs, we can formulate a transportation problem to solve the
aggregate planning problem. The six costs considered are:
1. Regular time production cost
Overtime production cost
Inventory cost
Shortage (backorder) cost
Oulsourcing cosl
Underutilization cost

Oy iy e L b

Let us consider T periods. Each period has a regular time capacity and overtime capacity.
Each ol these is a supply node. The mitial invenlory and the outsourcing are the addilional
supplies. There are 21T + 2 supply points. The demand in each month represents the demand
nodes and there are T nodes (assuming no final inventory required). Otherwise, the final
mvenlory 1s another demand node. Table 3.25 represents the transportation formulation of the

aggregate planning problem.

Table 3.25 Transportation table

0 i 3 | a | o |1
[ CRE S o R u R,
o o+l a+d 0 (o
g r i u iy
] ¥ 0+ O
2 5 r

Ry

£y
k k k k Chut
Dy D, Dy Loy

T
The supply available with the outsourcing node is the total demand {:ZD‘ }. To balance
=l
the transportation table. we have a dummy column (demand) whose quantity is equal
T

tol, + Zf K, +()). Here K, and (), represent regular time production capacity and overtime

=1
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capacity, which are known. The cost of using existing inventory to meet the first month demand
15 zero. To meel the demand of every subsequent month we incur inventory cost. Therefore, the
unit cost of using [/ to meet 3, is i. The unit cost of meeting £¥; by regular production is r and
the cost of meeting 25 through R is r + i, because the quantity is in inventory for 1 month.
Similarly, the cost of using overtime production for the months is computed. We can meet [,
using K, by allowing backordering. Therefore the cost 15 5. The unit cost of the outsourced item
is k and is used in the table. Also, when KT 15 not used fully, some of the KT capacity goes o the
dummy and carries an underutilization cost of u.

TLLUSTRATION 3.15  This transportation problem can be solved optimally to get the optimal
production quantilies.

We apply the transportation model o our [llustration, We have a total of 26 supply points
and 13 demand points. The RT and OT capacity corresponding to the twelve months, the initial
mventory and the outsourcing (with a capacity ol 303000, which 1s the sum of all the demands)
represent the 26 supplies. The demand for 12 months and the dummy (sum of all the supplies
other than the outsourcing = 325120) represent the demand points.

The optimum solution to the transportation problem is the same as the LP optimum of the
first formulation. There is no outsourcing, but there is underutilization of 12880 man-hours oul
of the BT capacity of month 12. This increases the cost by 2576 and the total cost is 3301320 +
2576 = Rs. 3303896.

The solution indicates that out of the imitial inventory of 10000, 2960 is used to meet the
demand of the first month and the balance is used to meet the demand of month 2. The rest of
the solution 15 given in Table 3.26

Table 3.26 Transportation solution

Month | Demiand | KT capaciry O eapecity Detiicnd weel Being
1 30000 22880 4160 2060 from Bl 22880 from RT1, 4160 from OT1
2 30000 18720 4160 T040 from BI, 18720 from RT2, 4160 from OT2,
20 from outsourcing
3 25000 228E0 5200 22880 from RT3, 2120 from OT3
4 15000 19760 4160 15000 from RT4
3 20000 23920 5200 20000 from RTS
& 25000 20800 4160 2000 from RT3, 20800 from RT6. 2200 from OTé
7 30000 22880 5200 1920 from RTS, 22880 from RT7. 5200 from OT7
g 40000 22880 5200 22880 from RTE, 5200 from OTE, 11920 from
outsourcing
9 30000 18720 4160 18720 from RT9. 4160 from OT9, 7120 from
DIEOUICInG
10 28000 21840 3200 21840 from RTI10. 5200 from OTL0, 960 from
LT BT et ()
11 20000 20800 4160 20000 from RTI1
12 10000 22BB0O 5200 10000 from RT12
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The above solution uses 20080 hours of outsourcing and 12880 hours of underutilization of
RT capacity. The total cost 1s Rs. 3155936 including the underutilization cost. The cost 1s lesser
than the LF optimum. This can be explained as follows:

1.
2.

3.

The LP solution provided in the example did not consider oulsourcing as an allernaiive.
The outsourcing cost is fixed at Rs. 15 per man-hour and outsourcing works oui cheaper
than a three months inventory. Hence the solution uses outsourcing.

[f we give a very high outsourcing cost (say Rs. 200 per hour), we get the same solution
as the LP optimum.

3.2.5 Dynamic Programming

Though the transportation model provides a simple and elegant tool for aggregate planning
considering six out of the eight costs, it does not nclude the set-up cost, When the same
machine or facility makes multiple products, there is a set-up cost every time a product is made.
The dynamic programming model can be used when set-up costs are to be included in the
production plan.

ILLUSTRATION 3.16  Consider the four-period model where a set-up cost is incurred il the
item is produced in the period. The data is given in Table 3.27.

Table 3.27 Data for DF model

M Deniened Sel=tip cosi Proviuciion cost | Invenrory cost
| 20 6l 5 ; 2
2 60 40 4 l 2
3 40 60 5 : 1
4 70 45 5 : 2

We ncur a set-up cost il we choose lo produce in a month. Backorders are notl permultted.

One of the ways to solve this problem is using dynamic programming (DP), where each
stage would be a month. We could wse the tabular approach in DP, but the state variable
(available Inventory) takes many values.

When we consider time-varying demand, two important observations are relevant,

L

2

It makes sense to produce at the beginning of the period than in the middle. This
restricts the number of set-ups to certain fixed points in time.

It 15 also optimal if we produce when the stock on hand 15 zero. Otherwise we carry
additional inventory which can be avoided.

Wagner and Whitin {1958) proposed an approach considering the following two aspects:

1.

-

Orders are placed at the beginning of a period when the stock is zero. The order quantity
is always equal 1o the demand of an integral number of periods starting from the period
under consideration.

If there is inventory at the beginning of a period, it is enough to meet the demand of the
period plus the demand ol addiional penods.
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Wagner and Whitin also proposed a dynamic programming (DP) formulation and under the
two rules descnibed earlier, the number of computations in the DP 15 signilicantly reduced. The
DF works as shown in lllustration 3.17.

TLLUSTRATION 3.17 Month 1: The demand of month 1 can be met only by producing in
month 1. The cost is 60 + 5 x 80 = Rs, 460.

Month 2: The demand of month 1 can be met in two ways—by producing demands of
both months 1 in month 1 and by producing in individual months. The costs are:

60+ 5x 140 + 2 x 60 = Rs. BBOD
460 + 40 + 60 % 4 = Rs. 740"

In the first approach, we also carry an inventory of 60 units at the end of month 1 which
attracts an inventory cost of Rs. 120, In the second, we add 460 to the total so that we include
the cost of meeting demands of months 1 and 2.

The minimum is 740 {(marked with a * mark) and will be used as the best way to meet the
demand of the first-two months.

Month 3: Continuing the same way, we can meet the demand of month 3 in three ways,

The costs are
00 + 180 x5+ 2 x 100+ 2 x40 = Rs. 1240

460 + 40 + 100 x 4 + 40 x 2 = Rs. 930
740 + 60 + 40 x 5 =Rs, 1000
The minimum is 930 marked with a * sign.

Month 4: Continuing the same way, we can meet the demand of month 4 in four ways.
The costs are:

60+ 250 x S+ 2 %x 170+ 2 x 110 + 1 x 70 = Rs. 1940
460 + 40 + 170 x 4 + 110 x 2 + 70 x 1 = Rs. 1470
740 + 60 + 110 x 5 + 70 % 1 = Rs. 1420

980 + 45 + 70 x 5 =Rs. 1375

The least cost solution 1s o produce the demand of month 4 in month 4 and use the best
way to produce the demands up to 3 months. This happens when we produce the demand of
month 1 m that month and produce the demands of months 2 and 3 i month 2. The production
quantities are 30, 100, O, 70 with tlotal cost = Rs. 1375,

Consider the case where backordering is allowed. Let the backorder costs be 1, 2, 1, 2
respectively. We assume that cost per unit backordered for month 1 is Re. Lunit/month.

A solution with 0, 180, 0, 70 will have cost = 40 + 720 + B0 + B0 + 45 + 350 = Rs. 1315,

We now modify the previous algorithm to consider backordering.

TLLUSTRATION 3.18 Assuming that only one month’s demand iz produced. Month 1
demand can be met in one way:

Cost = 60 + 80 x 5= Rs. 460"
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We move on to meeting demand of month 2 by producing two months” demand. The
production quaniities and cosls are given:
Quantities = [ 140, 0] Costs =60 + 140 = 5+ 60 x 2 = Rs. 880
= (80, 60] = 460 + 40 + 240 = Rs. 740
= [0, 140] =40 + 140 x 4 + 80 x 1 = Rs. 680"

We move on to meeting demand of month 3 by producing three months” demand. The
production quantities and costs are given:

Quantitics = [180, 0, 0] Costs =60+ 180 x 5+ 100 x 2 + 40 x 2 = Rs. 1240

= [30, 100, 0] =460 + 40 + 4 x 100 + 40 x 2 = Rs. 930
= [80, 0, 100] =460+ 60+ 5 x 100 + 060 x 2 = Rs. 1140
= [0, 140, 40] =680 + 60 + 40 x 5 = Rs. 940°

{Here. only the quanfity [0, 140] was considered because it was the best at the earlier slage. )
Quantities = [0, 180, 0] Costs =60+ 180 x 5+ 40 x2+80x 1 =Rs. 1120
= [0, 0, 180] =60+ 1B0x5+40x2+60x2=Rs 1160

We move on to meeting demand of month 4 by producing four months” demand. The
production quantities and cosls are given:

Quantities = [250, 0, 0, 0] Costs =60+ 250 x5+ 17024+ 110x2 4+ 70x1=Rs. 1940

= [0, 250, 0, 0] =40+ 250 x4 +B80x1+110x2+70x1=Rs 1410
= [0, 0, 250, 0] =60+250x5+80x2+40x2+70x1=Rs 1620
= [0, 0, 0, 250] =45+ 250 x5+80x3+60x4+40x1=Rs. 1815
= [BO, 170, 0, 0] =460+ 40+ 4 x 170+ 110 x2 + 70 x 1 = Rs. 1470
= [80, 0, 170, 0] =460+ 60+ 5x 170+ 60 x2 +70x 1 =Rs. 1560
= [80, 0, 0, 170] =460+ 45+ 5 x 1TO+ 60 x4 + 40 x | = Rs. 1635
= [0, 140, 110, 0] =630+ 60+ 5x 110+ 70x1=Rs. 1360

= (0. 140, 0, 110] =630 +45+5x 110+ 40 x 1 = Rs. 1315

= [0, 140, 40, 70] =680 +60+5x40+ 45+ 70x5=Rs 1335

= [0, 180, 0, 70] = 1120 + 45+ 70 x 5 = Rs. 1315

The optimum solution has a cost of Rs. 1315 and there are two optimal solutions.

In the above illustration, the cost reduced when we considered backordering, This was
because the backordering cost is cheaper than the imventory carryving cost for certain periods.
This usually is not the case. Backordering as a strategy has to be considered for implementation
only atter the backorder cost is correctly estimated, which is very difficult considering that there
15 a component of goodwill cost which is difficult to define and measure. Many times it is good
not o have backorder in the plans even though the cost may be lesser.



Production Planning Decisions 89
3.2.6 Quadratic Model

The wvarious approaches for aggregale planning that we have seen—tabular and linear
programming, transportation and dynamic programming models are linear. The assumption is
that the various costs increase linearly with increase in the variables. In practice, it is observed
that the costs have a non-linear relationship with the variables. This lead to the development of
non-linear models for aggregate planning.

The most popular among the non-linear models is the Quadratic Model of Holt, et al.,
(1960} called the HMMS model named after the authors. The model considers regular time
payroll, over time payroll, inventory costs and workforce changeover costs. The authors build
the following relationships among the costs and the variables:

Regular time payroll cost = ') + 5 W,
Overtime payroll cost = 5 (P, = C,W)° + CP, = C W, + (5P, W,
Inventory cost = Cy (I, = 1,')", where I,” = Cy + CyolD,

Workforce changeover cost = '), (W, = W _, = e

Here, D, = Demand {in man-hours) during period ¢
W, = Workforce emploved in period
P, = Total production {(in man-hours) in period &
I; = Inventory (in man-hours) at the end of period 1.

The coefficients are determined from earlier data using regression analysis. The overtime
payroll cost, inventory cost and changeover costs are modelled as a quadratic function of the
variables

The total cost to be minimized is the sum of all the costs. The problem is to

f

- . 2 “a
Minimize E{‘]+{‘2WI+E‘3{E—{"4W} +r:5.r;-r&w?

+ O EW, + G, - f: }1 +E":'[1'-rwr = Wiy s IE112}1
i

Subjectto [, =1, + P, - D,
L. P.D. =20

The above problem is a quadratic programming problem and can be solved wsing the
Wolfe’'s algorithm.

Since the constraints are equations, a Lagrangean multiplier based method can be used to
dualize the constraint into the objective function. The resultant Lagrangean function can be
differentiated to get the values of the variables, The advantage of a model with a quadratic
objective function and linear constraints is that the resultant equations after setting the first
derivatives to zero are linear and can be solved comfortably
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EXERCISES

AYZ Lid. wants to do an aggregate plan for the next periods. Kiran, the Planning

Manager 1s aware of the several models for aggregate planning. He wants to have a model

where the decision-maker has a role to play and decides to implement the graphical

model. The company wants to consider all possible options such as overtime, undertime,
inventory, shortage. off-loading, hiring and lay-off. The various costs and the demands

(forecast) are known.

{a) Would you agree with Kiran's choice of model?

(b} If vou were to develop a graphical model, how would you build it to accommodate
all the costs. Define the relationship among the variables and the costs. Assume that
you are building soflware lor the model and discuss how the total cost of the plan
would be computed. What choices of variables are available for the user?

Explain the graphical model for aggregate planning, Indicate the direct decisions o be
made by the user and how the user makes those decisions. Assume that the organization
is interested in including costs of production, regular time, overtime, inventory, shortage,
hiring, lay-off, underutilization and subcontacting in its analysis. Relate each of the costs
io the decisions made by the user. Draw free hand graphs to explain your model and the
decisions made by the user.

. Explain the linear programming model for aggregate planning. Indicate clearly the

decision variables, constraints and the objective function. Assume that the organization is
mterested in including costs of production, regular time, overtime, inventory, shortage,
hiring, lay-off, underutilization and subcontacting i its analysis. Can an LP solution give
a higher value of cost when compared to the cost of actual decisions? Why or why not?

A manufacturer has the following information on its major product:

Regular ime production capacily 2000 units/pernod
Inventory costs $2funit/period
Overtime production cosl 512 per unit
Backlog costs SS5funit/perind
Beginning inventory 400 units

The demands for four periods are 4000, 3200, 2000 and 2800 respectively. Develop an
aggregate plan and evaluate its cost.

XYZ Lid. 1s interested in an aggregate plan that determines the production gquantities in
the next six months, The forecast for the six months in man-hours is given in Table 328,

Table 3.28 Forecast [or six months

Marcl April May Jutree July Aw st

15000 12000 12000 20000 25000 20000

Initial inventory is 8000 man-hours and the expected final inventory is 10000 man-hours.
Ecgular time production hours available are 15000 man-hours and 6000 hours can be got
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through over time, The RT production cost is Rs, 20 per hour and OT cost is Rs. 30 for
the first day and Rs. 40 [or the second day. Il may be assumed thal the company works [or
five days a week and hence an additional 20% capacity can be got through OT each day.
The cost ol changing workloree 15 given by d* = 2.5d where d is the change in production
level. Cost of inventory 15 Rs. 5 per unit per month while cost of shortage i1s Rs, 20 per
unif per month,

Formulate an aggregate plan that decides the production quantities and inventory levels
for the company. State clearly your choice of the model and the assumptions.

. Shakthi Breweries Lid., at Taramani in Madras wanis to do an aggregate plan for the next
periods. Mr. Saarang, the Planning Manager is aware ol the several models [or aggregale
planning. He wants to have a model where the decision-maker has a role to play and
decides o implement the graphical model at Taarams. He had successlully implemented
this model in his earlier job at Vicky's in Bangalore. Mr. Saarang wants to consider all
possible options such as overtime, undertime, inventory, shortage, subcontracting, hiring,
lay-off and underutilization. The various costs and the demands (forecast) are known.
{a) Explain how Mr. Saarang would build his model.

{b) If Mr. Saarang wanis to create a software package for this model, what additional
features can he provide?

(¢} Is this model optimal?

(d} Mr. Saarang’s foreign pariner DeBeer & Co. uses an LP formulation and claims that
it uses optimization to solve the aggregate planning problem. Can an LP solution
give a higher value ol cost when compared 1o the cost ol actual decisions? Why or
why not?

. Whal are the costs included in the transporiation model of aggregate planning? Show the

transportation model in the form of a table.

. The forecast of demand of a product in the next four months are 130, 30, 130 and 140
respectively. Normal capacity is 100, overtime capacity is 20 and subcontractors have
capacity of 60 per month. Costs are 510, $12 and $15 respectively. It costs $1 to carry
one unit per month and no backordering 15 allowed, formulate your least cosi aggregaie
plan for this situation.

- A manulacturcr has the following information on its major product:

Regular time production capacity = 2000 per penod

Eegular ime production cost = Rs. 400/unil

Owvertime cost = Rs. 600/unit

Inventory cost = Rs. 100/unit/period (based on ending inventory)

Backlog costs = Rs. 250/unit/period

Beginning inventory = 400 units

Demands for four periods = 4000, 3200, 2000 and 2800 respectively

Develop a production plan that vields zero inventory at the end of period 4 and balances
total production m the period and minimizes total costs.
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A company makes two products and has two assembly lines, Line 1 can assemble both
the products, while line 2 can assemble product 2 only. Assume thal the me o assemble
for the products as 8 minutes and 6 minutes per piece respectively and there are no
changeover imes. Each line works for 8 hours a day lor 22 days in a month. There is an
additional OT of 4 days available at 8 hours per day. The following costs are known:
RT cost = Rs. 10/minute,

OT cost = Rs. 15/minute,

Inventory cost = Re, 1/minute

Backorder cost = Rs. 25/minute,

Underutithzation cost = Rs. S/minulte,

The demand for product | for the next three months are 2000, 1000, 1000 and for
product 2 are 3000, 800 and 500 respectively. Assuming that the company does not wani
to use the oulsourcing option. create a balanced transportation problem for the above
situation and answer the following questions:

{a) The number ol supply and demand points in the table are and

{b) The dummy has a

{supply/demand) of

(¢) Il the problem has a feasible solution, the company should consider _ in the

first month.

QUESTIONS

1. Why do we need aggregate planning?

e ih

gl

What is the meaning of the term aggregate production planning? What are its objectives
and uses?

Apgregale planning involves identifving a representative (aggregate) product and
creating a production plan. In today’s world where computing Facilities are available in
plenty, it is possible to do individual plan for each product than do an aggregate plan,
conmment.

Discuss whether the linear programming model for aggregate planning always gives the
optimum solution.

Give three pure strategies for aggregale planning and explain them.
What are the typical oulpuls of an aggregale plan?

In a linear programming formulation of aggregate planning problem, write the two
constraints where outsourcing and underutilization appear. Explain them

What is the advantage of using a quadratic model for aggregate planning”! How is this
solved?

When do you use the following aggregate planning models and why"

(a) Linear programming model

{b) Parametric model
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