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ABSTRACT 

In recent years. in manufacturing industry, their has been a great deal of interest in 

capacity planning because the focus is shifiing on techniques that determine flexibility of 

the amount and timing of work center capacity to saris@ the master production schedule. 

There are several techniques available for preparïng work center capacity plans under 

cnsp environment. but there is a scarcity of technique available for finding the required 

capacity in terms of labor hours under hzzy environment. 

In the present thesis, we analyze the Bi11 of Labor (BOL), Resource Profile (RP) 

and Capacity Requirements Planning (CRP) approaches under fuzzy environment with a 

variety of  assumptions. Chapter 1 provides an introduction to the concepts of  capacity 

planning problems considered in the thesis, followed by rhe literaturr survey in Chapter 

2. The capacity analysis under fuzzy environment using BOL approach for rough cut 

capacity planning (RCCP) is considered in Chapter 3. Assuming that al1 the components 

of an item are rnanufactured in the same time period as the end item' i-e. lead-time offsets 

are considered to zero. Chapter 4 deals with the capacity analysis under fuzzy 

environment using RP approach for RCCP by including the Iead-time dimension in it. 

Chapter 5 deals with the capacity requirements planning under fuzzy environment. 

Finally, conclusion, contribution and recornmendations for further research on the afore- 

mentioned problems are presented in Chapter 6. 
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INTRODUCTION 

The architecture of any in-house production system, built up fiorn several 

production cells, may be implemented in different fashions (flow lines or work centers 

for instance). This macro-structure fùrther refines as each production cell provides the 

capability to perfom a group of operations. Raw materiais and component parts float 

concurrently through the cornplex system in order to be processed and assembled, until a 

final product cornes out ready for delivery. 

Capacity anaiysis and planning is one of the most challenging subjects for the 

management. It appears to be a hierarchical process ranging from long to medium to 

short term decisions. Vaiidating the master schedule (MS) with respect to capacity is one 

of the very important step in matend resource planning (MRP), because an overstated 

MS c m  cause a variety of problems in an organization (for example, because of  an 

overstated MS an organization can end up with increased raw materials and work-in- 

process inventories due to the reason that more materials are purchased and released to 

the shop than are completed and shipped out). Furthemore, to use the capital-intensive 

equipment of modem manu facturing optimally, the accurate capacity planning decisions 

at both strategic and tactical levels are of utmost importance (Gunasekaran et. al, 1998). 

According to Fogarty et. al (1991), the Bill of Labor (BOL), Resource Profile 

(RP) and C a p a c i ~  Requirements Planning (CRP) approaches use data on the tirne 

standards (a time standard is the time an average worker takes working at a normal place 

to produce one unit of an item) for each product at the key resources. The time standard 
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for any part has built into it for a worker an allowance for rest to overcorne fatigue, and 

an allowance for unavoidable delays etc. This leads to imprecise estimates of the time 

standards because of which many companies are reluctant to use time standards in 

performing the capacity analysis for the purpose of capacity management. Furthermore, 

fast changes in technology, continua1 changes in the production processes, and heavy 

dependence of many manufacturing processes on technology. use of crisp estimates of 

tirne standards is less than satisfactory and much less reliable. Also, usually the figures in 

the MS are forecast by the marketing and finance departments and thus are not precise. 

Therefore, it is reasonable to assume that the everyday problems in many organizations 

are becoming more and more complex and the relevant information available is becoming 

more and more imprecise, vague, and sometimes incornplete. Hence, it is natural to deal 

with such problems through fuuy systems. The Fuuy numbers. for example c m  be 

obtained from experts who, instead of one but possibly forecasted estimate, provide three 

imprecise estimates in the case of triangle fuuy numbers (four imprecise estimates in the 

case of trapezoidal fuzzy nurnbers) of the parameters involved. Such an approach is 

useful because, most of the data available in capacity planning problems in the industry is 

in the form of füzzy estimates. Under such circ~unstances, using the Fuzzy approach 

yields a relatively "more satisfactory and flexible solution". The huy approach used in 

the present thesis is a small step in this direction. 

The present thesis seeks to provide an altemate, easy to understand and hopefiilly 

improved means of obtaining satisfactory capacities in t ems  of labor hours. We consider 

bill of labor, resource profile and capacity requirements planning approaches. under 

fuzzy environments, with a finite planning horizon. 



1.1 Basic Concepts of Capacity Planning 

Capacity Requirements Planning 

A Capacity Requirements Planning (CRP) is the process of determining how 

much labor and machine resources are required to accomplish the task of production. 

Open shop orders, and planned orders in the material requirements planning (MRP) 

system, are input to CRP, which 'translates' these orders into hours of work by work 

center by tirne period. Capacity requirements planning is a detailed cornparison of the 

capacity required by the material requirements planning and orders currentiy in process 

verses available capacity. According to Smunt (1 W6), the area of capacity planning is 

receiving increased emphasis in the management of operations due to the financial 

benefits of efficiently utilizing capacity and to the importance of accurate capacity plans 

for use with M W  and other information oriented planning systerns. 

Figure 1.1 Flow Diagram of  Planning Activities 
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Benefits of Capacity Requirements Planning 

Provision of capacity planning data highlights overloads and under-loads. 

Early waming o f  jobs, which will be late due to insufficient availability of 

resources. 

Gives the information to plan shifi changes or sub-contracting and to review 

due dates if necessary. 

Advance overtime planning improves labor relations. 

Highlights bottlenecks in production. 

Ability to plan the availability and improve the utilization of resources (labor 

and machinery). 

Waming of jobs approaching to each work center allows tirne for tools 

required to be requisition and in place when required. 

Jobs automatically prioritized at each work center. 

Taal and Wortmann ( 1 997) address the capacity problems by improving capacity 

planning at the rnatenal requirements planning level tlirough integration of MRP and 

infinite capacity planning. The human planner is still a critical factor in capacity planning 

because the MW-II ignores capacity constraints and leaves the capacity pro blems to the 

planner. Also the MRP-Il does not give clear insight into the cause of capacity problerns. 

Therefore, the hurnan factor cannot be ignored when designing planning methods. This 

view is reflected in the basic concepts discussed below: 
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Supporting, not Replacing the Planner 

It is not possible to mode1 every aspect of a production system within an 

information system. This rneans that the human planner still has (and will continue to 

have) an important fimction in capacity planning. The human evaluates and controls the 

planning process. The main function of a planning system is to support the planner in the 

planning process, i.e. give a clear insight into capacity problems and suggest solutions. 

Mathematical versus Human Perspective 

Many planning methods are designed from a mathematical perspective and focus 

on reaching a mathematical optimal value. From a planner's point of view, a planning 

process over which the planner has control reaches Optimality. A planner's optimum 

often corresponds to a feasible and reasonable plan that reflects the planning methods of 

the planner. 

Robusmess of Capacity Planning Methods 

Planning methods are called robust if they are relatively insensitive to the 

dynamic behavior of a production environment. Robust planning methods react smoothly 

on changes in the production environment, Le. they avoid nervousness. This is especially 

important in production system where the situation changes constantly, such as machines 

go dokvn, people get sick and customer demand is unknown etc. A prirnary characteristic 

of a robust planning method is that it has memory. This memory hnction result of the 

previous planning run is used to compute a new plan. Using robust planning methods 

results in a less nervous and more stable planning process over which the planner has 

better control. 
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Aggregated versus Detail Planning 

When designing planning methods it is important to explicitly decide on the 

aggregation level of the planning. The approach of the Bake and Hellberg (1993) is to 

plan in as much detail as possible to prevent the loss of information caused by 

aggregation. However, using detaii information can result in a very nervous planning 

process. This nervousness depends on the reliability of the information and the robustness 

of the planning method. Unreliable information fiequently changes and therefore resul ts 

in a nervous planning process. 

1.2 Time Horizon for Capacity Planning 

Long Range Planning 

The long-range-planning horizon should exceed the time required to acquire new 

facilities and equipment. This may require 10 years or Longer for organizations involved 

in the extraction process. where new mines must be developed. It rnay be as short as 18 

months for the machine shop, where the facilities and equipment are catalog items. 

Medium Range Planning 

The medium range planning usually covers a penod beginning 1 to 2 months in 

the future and ending 12 to 18 montlis in the future. In medium range planning, capacity 

may be varied by such alternatives as hiring, layoffs, new tools, minor equipment 

purchases, and subcontracting. 
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Short Range Planning 

There is no precise definition for the length of the shon terni planning horizon. 

This is tied into the daily or weekly scheduling process and involves making adjusrments 

to eliminate the variance between planned output and actual output. This includes 

alternatives such as overtime, personnel transfers and alternative production routing. 

1.3 RoughCutCapacityPlanning(RCCP) 

According to Fogarty et. ai (199 l), before management approves the production 

plan or the MPS, it m u t  vet-ï@ the organization's ability to carry out the plan. Rough cut 

capacity planning includes the following: 

Determining that sufficient working capital will be available to meet the cash flow 

requirements. 

Determinimg that key vendors have the required capacity and obtaining 

cornmitment of that capacity. 

Advantages of Rough Cut Capacity Planning (RCCP) 

A routing for every part number is not necessary. 

It does not require as much detail as capacity requirernents planning (CRP). 

It quickly defines potential capacity problems with few critical work centers. 

If capacity imbalances exist. it can aid in the rescheduling of the MPS until 

capacity problems can be solved. 

It c m  be r u  ptior to MRP to validate production and purchasing plans. 

It can be run more fiequently because it does not require cornputer capacity. 



1.4 The Role of RCCP in the Production Planning and Control 

System 

Production and inventory planning is the process of dealing with flexibility to 

meet the desires of the customer. the need for stability in manufacturing and the resultant 

inventory levels to compensate for the mismatch. The process involves performing two 

Functions effectively: 

Developing an achievable Master Production Schedule. 

PIanning and controlling capacities. 

Master Schedule (MS) 

It is a plan to manufacture specific items or provide specific service (s) within a 

given time period. The Master Scheduling is a key link in the manufacturing planning 

and control chain. The MS interfaces with marketing, distribution planning, production 

planning and capacity planning. Master Scheduling calculates the quantity required to 

meet demand requirements from al1 resources. 

Capacity Planning 

Capacity planning is the task of  determining how much output is needed €rom the 

facilities and from the supplier. 

Capacity Control 

Capacity control is the cornparison between planned levels and actual output 

achieved and the identification of significant variances above or below plan. Corrective 
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action must be initiated prornptly if control is to be maintained, that usually means 

adjusting capacity or preferable in most cases to the alternative of changing the master 

schedule. 

1.5 Adjusting Capacity Available and/or Capacity Required 

According to Fogarty et. al (1991). when capacity available is less than the 

capacity required then four basic options are available to increase the available capacity 

by using overtime, subcontracting, alternate route. or adding personnel. If no combination 

of the four options can provide suEcient capacity, then the master production schedule 

wil1 have to be reduced. 

Overtime 

Overtime is probably the popular solution to insufficient capacity because few 

advance arrangements must be made. Increasing labor capacity by scheduling overtime 

avoids the cost of hiring and training and also does not increase the total fringe benetit 

cost for holidays, vacations, and insurance. However, direct costs usually increase due to 

both premium wages and decreasing productivity rates. This decrease in productivity is 

especially true when the weekly overtime becornes excessive or lasts for more than a 

month or so. Over-timehnder-time should be the first choice in case the due dates are 

rigid. 



Subcontracting 

A second way to obtain additional capacity is through subcontracting. Using other 

firms on a regular basis to perfom manufacturing and professional services, such as 

engineering, marketing research. and software development. c m  be an effective method 

of balancing supply and dernand. Subcontracting c m  be especially valuable when treated 

as an important link in the production chain. Arrangements for subcontracting must begin 

well in advance to permit time to find a vendor capable of perfoming quality work. 

Subcontracting usually is more expensive than building an item in house on regular time. 

However, subcontracting may be cheaper than building the part in house on overtirne. 

Disadvantages of  subcontracting: 

Lead-time usually increases. 

Transportation cost rnay increase. 

It is more difficult to guarantee a quality product. 

Alternate Routing 

If only a few work centers have excess work, the remaining work centers will 

tend to have too little work during a given period. It is, therefore, possible to consider a 

temporary change in the routing of specific parts so that work usually performed in work 

center A temporary is performed in work center B. If work center B cannot achieve the 

needed quality, then altemate routing should not be consider. If work center B presently 

is nat used because of tirne, then alternate routing should be considered. 



Adding Personnel 

There are three 

shift, or move existing 

adding a shifi is when 

ways to add personnel: add a shift, 

personnel f?om an underused work 

the master schedule is formulated. 

I l  

add new hires to an existing 

center. The time to consider 

and when the demand chase 

versus Ievel production versus mixed strategy choice is made. Adding new hires to an 

existing shift is likely to be an option only when the budget for the next fiscal year is 

being approved. Thus. the only short-term way to obtain additional personnel is to shifi 

people from an underused work center to one that is overload. 

Revising the Master Production Schedule 

Most companies consider a revision to the MPS to be a solution of Iast resort in 

the event of insufficient capacity, only when all other options are exhausted. The MPS 

revision actually should be the first thing a Company considers because if insufficient 

capacity exists, it is impossible to complete al1 orders on tirne. Then the management has 

to decide whose order is going to be Iate based on the impact of the whole enterprise or to 

have a worker on the shop floor to make the choice based on the convenience of one 

department. When capacity overloads exist we may prefer to have jobs completed out of 

strict due date sequence. Rescheduling of MPS should be the first choice in case the due 

dates are flexible and the overtime working expensive. 

According to Pandy and Hasin (1997), alternative, adding personnel (Le. hiring 

man power and purchasing machines) is a long-term strategy, which cannot be 

considered under short-terrn capacity planning. Two other planning alternatives, e.g. (a) 

allocation of overtimehmder-time to existing workers and machines, and (b) rescheduling 
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of the MPS shoufd be exercised together for the purpose of short-term capacity 

adjustments. 

1.6 Material Requirernents Planning (MRP) 

Material Requirements Planning (MRP) is a technique aimed to fulfill the 

replenishment function in industry. It "creates schedules. identi@ing the specific pans 

and materials required to produce an end item. the exact numbers needed, and the dates 

when orders for these materials should be released and be received or completed within 

the production cycle". 

The pnnciple of M W  is a Iogical consequence of atternpting to meet a dependent 

demand (Le., the demand for materials, parts. and components depends on the demand for 

an end product). Ultimately, this approach will govem the ordering of the diverse 

requirements and consequently their inventory behavior. The main purpose of a basic 

MRP system are to control inventory levels. assign operating priorities for items. and 

plan capacity to load the production system. These may be briefly expanded as follows: 

Order the right part. 

Order in the right quantity. 

Order at the right time. 

Order with the right due date. 

Keep the due date valid. 



Capacity 

Plan for a complete load. 

Plan an accurate load. 

Plan for an adequate time to view future load. 

The theme of MRP is "gerting the right materials to the right place at the n'ghi 

time". It also removes the guesswork from forward procurernent plans, eliminates tedious 

calculations and triggers procurement activity at the precise time. 

Benefits of Material Requirements Planning 

M W  quickly converts the MPS to net material and component requirements. 

Quickly determines shortage within lead-time threshold and avoids unnecessarily 

premature commitrnent to purchase or manufacture. 

Reduced costs by lowering stock and work in progress Levels. 

Improved productivity by ensuring that materials are available when required. 

Improved customer service levels through deliveries consistent with promises. 

Ability to negotiate becter material prices with the knowledge of scheduled 

requirements. 

Potential shortagees revealed at planning stage, prior to kitting, and insufficient 

time to allow for purchasing action or component manufacture. 

Greater management control over materials and work in progress. 

Greater flexibility and changes in plan can be quickly put into effect. 
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1.7 Bill of Materiat (BOM) 

nùs is a very cornriion document issued by the design department. To be suitable 

for an MRP analysis, it is not enough that this bill unambiguously identifi materials. 

components or sub-assemblies (product specification), but also that it provides other 

features such as the support for the planning via the identification of relationships among 

components. The bill of materials will show the structure of the actual products. from raw 

materials, components. and parts subassemblies up to the end item. We may be able to 

Say that the language in a master production schedule is stated in the same terms as it is 

for the bill of materials. Basically there are two types of BOM as follows: 

Single Level Bill of Material 

The simplest format is a single level BOM. It consists of a list of al1 components 

needed to make the end item. including for each component (1) a unique part nurnber, (2) 

a shon verbal description, (3) the quantity needed for each single end item. and (4) the 

part's unit of measure. 

Multilevel Bill of Material 

The single level BOM is sufficient wben a product is assembled at one time from 

a set of purchased parts and raw materials, it does not adequately describe a product that 

has subassemblies. In multilevel BOM the numbers for the cornponents of each 

subassembly are intended under the respective subassembly numbers. When a cornponent 

is used in more than one subassembly a common parts bill may be produced for use by 
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inventory planning. In this type of bill there is only one occurrence of the item dong 

with its total quantity per final assembly. 

1.8 Other Definitions (Fogarty et. a1 (1991)) 

Order Release 

Order release initiates the execution phase of production. it authorizes production 

and/or pwchasing. The planned order becomes a released (open) order. Placement of a 

purchase order or the initiation of manufacturing follows shortly. Order release planning 

may take place until the movement of the order release. Authorization of order reIease is 

based first on the planned orders in the MRP output, the current priority. the availability 

of materials and tooling, and the loads specified by input/output planning. Release of an 

order triggers the release of the following: 

Requisitions for material and components required by the order. If some of these 

items are not required immediately and have not been allocated previously. they 

are allocated now. 

Production order documentation to the plant. This documentation rnay include a 

set of both engineering drawing and manufacturing specifications and a 

manufacturing routing s heet. 

Requisitions for tools required in the first week or so of production. Tooling, 

including tapes for numerically controlled machines, required in later operations 

is reserved for the appropriate period. Tooling can be incIuded in the master 

production schedule and the bill of material. 



Dispatching 

Dispatching informs first line supervisor of the released orders and their priority. 

that isT the sequence in which orders should be nin- This information can be transrnitted 

via a hard copy (handwritten, typed, or cornputer printout). Dispatching list identifies the 

date, the plant, and the work center? it includes the work center capacity, and it lists the 

orders, their quantity, their capacity requirements, and their priority. If orders take a day 

or Iess to process, dispatch lists usually are prepared daily. 

Lead Times 

The time intervals necessary to either manufacture or purchase the components 

are referred to as the lead-times. The lead times are used to cornpute lead-time offsets for 

each component. 

Scheduled Receipts 

Scheduled receipts corne from orders already released either to rnanufacturing 

(production, manufacturing, or shop orders) or to suppliers (purc hase orders). When an 

order is released it becomes an open order and has schedule receipt. 

Backward Scheduling 

In Backward Scheduling, activities start at the planned receipt date (due date) and 

move backward in tirne. 



Queue 

Week 1 Week 1 Week 2 

Setup & Move & 
Run Queue 

Setup & Move & Setup & 
Run 1 Queue 1 Run 1 

Week 2 Week 3 Week 3 

Operation 1 Operation 2 Operation 3 

Fonvard Scheduling 

in Forward Scheduling, activities start at the planned release date and move 

forward in time. In Chapter 5 of this thesis. we used a fonvard scheduling. For exampie. 

Part 3 goes to WC3. WC 1 and W C 2  

Week 1 Week 1 Week 2 Week2 Week 3 Week 3 

Operation 1 Operation 2 Operation 3 

Queue 

Chase Strategy 

The chase strategy is designed to allow for suficient capacity and flexibility to 

enable production output to match the demand. The rationale of the chase strategy is to 

avoid high inventory carrying cost when demand varies substantially by varying 

employrnent levels, using overtime, subcontracting, and/or assigning production 

ernployees to maintenance or training activities during low demand periods. However the 

chase strategy is not necessary or economically practical in many situations. Example 

Setup & 
Run 

Move & 
Queue 

Setup & 
Run 

Move & 
Queue 

Setup & 
Run j 
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includes situation in which employees have a guamnteed annual wage and those in 

which equipment capacity is well below the maximurra demand rate. 

Level Production Strategy 

The level production strategy is designed to allow for the same production rate 

throughout the year and to have inventory or backorders absorb variations in demand. 

This makes sense when the demand is relatively stable. but following this approach in 

some situations, such as the manufacture or artifici al Christmas trees. will resuh in 

excessive inventory carrying costs. 

Standard Time 

The observer will observe one or more operators continuously and record the time 

taken. This time is called observe time. Then this observed time is adjusted (given a 

rating) to obtain the time that a typical expenenced operator would take. 

Normal Time = (Observed time) x (Rating) 

However, normal time is not representative of the time an experienced worker would take 

working al1 day. Additional time must be given for persona1 requirements, fatigue, and 

delay allowances. The resulting time is called standard t h e .  

Standard Time = (Normal tirne) x (1 + work time allowances). 
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1.9 Fuzzy Set Theory 

in this section we introduce some of the basic concepts and terrninology of fuzzy 

set theory. Theory of f u v y  sets is basically a theory of graded concepts (Zimmerman. 

1991). A central concept of fuzzy set theory is that it is permissible for an element to 

belong partly to a fuuy set. 

1.9.1 FuzzySet 

Let X be a classical set of objects. called the universe. whose generic elements are 

denoted by x. The membership in a crisp subset of X is viewed as a charactenstic 

Function y, from X to [O' 11 such that: 

where [O, 1 ] is called a valuation set (Lai and Hwang, ( 1992)). 

If the valuation set is allowed to be the real interval [O, 11, A is called a f u v y  set 

proposed by Zadeh (1996). p,(x) is the degree of membership of x in A. The closer the 

value of pA(x) is to 1, the more x belongs to A. Therefore, A is cornpletely characterized 

by the set of ordered pairs: 

A = {(x' ~ A ( x ) )  / S E X} 

where pA(x) maps X to the membership space [O. I l .  Elements with zero degree of 

rnembership are usually not listed. If Sup p(x) = 1, V x E R, then the fiizzy set A is 

called a normal fuzzy set in R. A fuzzy set that is not normal is called subnormal funy 

set. 



1.9.2 a - Level Set or a - Cut 

One of the most important concepts of fuvy sets is the concept of an u-cut or 

a-level set. An a-cut denoted by A, is the crisp set of elements x in R whose degree of 

belongings to the fuuy set A is at least a E [O, 11. This means 

A, = (x E R 1 pA(x) 2 u, u E [O. 111 

that is. the a-cut or u-Ievel set of a f u a y  set is the crisp set A, that contains al1 elements 

of the universal set X E R whose membership grades in A are greater than or equal to the 

specified value of a, a E [O, 11. 

1.9.3 Support of a Fuzzy Set 

The support of a fuzzy set A is a set S(A) such that x E S(A) o p,(x) > O. If 

pA(x) is constant over S(A)' then A is non-fuzzy. 

1.9.4 Intersection of F u q  Sets 

Intersection of two hzzy  sets A and B is a fuzzy set C denoted by C = A n B. 

whose membership function is related to those of A and 0 by 

PC(X) = min [PA(X)Y CLB(X)], X E X 

1.9.5 Algebraic Operations on Funy Sets 

In addition to the set theoretic operations, we can also define a nurnber of other 

ways of forming combinations of fuzzy sets and relating them to one another. Here we 

present some more important operations arnong those: 
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1. Algebraic product of two fuuy sets A and B, is A (-) B, whose membership 

f i c t ion  is 

P A ( - ) B ( ' ~  = PA(X) ( -1 PB(.Y), b' x E X 

2. The algebraic sum of A and B is A +- B whose membership function is defined as 

P(A+B)( '~ = I.IA(X) (5) ~ B ( x ) ,  b' x EX 

provided FA('<) (+) p&) 5 1, b' x E X 

3. The absolute difference /A - BI of A and B is given by 

1.9.6 Convexity of F u v y  Set 

The notion of convexity c m  be extended to fuzzy sets in such a way as to 

preserve many of the properties that it has in case of crisp sets. In what follows, we 

assume that the set X is the n-dimensional space Rn. We now have the following two 

equivalent definitions of convexity of a f u q  set. 

A firzzy set A is convex if and only if every set A, = {x E X 1 p ( x )  2 CL} for ail 

o! E [O, 11 is a convex set. 

The second definition of convexity of a fuvy set is as follows: 

A fuzzy set A is said to be a convex set if 

p (?LX[+ ( 1-Qxz) 2 min (p(xi), ~(x?)) ,  xi. xz E X, h E [O, 11. 
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1.10 Fuzzy Arithmetic 

The first definition of a fuvy set allows us to extend various properties of crisp 

sets and operations on crisp sets to their hzzy counterparts. 

An ordinary number 'a' c m  be characterized by using the notation of membership 

fùnction as? 

A fuzzy number A is a hzzy set on the real line R. which possesses the followinç 

properties: 

A is a normal, convex fuzzy set on R 

The a-level set A, must be a closed interval for every u E [O, I ]  

The support of A, S(A) = (x 1 > O ). must be bounded. 

Fuzzy arithmetic is based on two properties of fuzzy numbers: 

1. Each f i u z y  set and thus. each fuzzy number c m  be fùlly and uniquely represented 

by its u-level sets. 

2. u-level sets of each fuzzy numbers are closed intervals of real numbers for ail 

(2 E [O, 11 

These properties enable us to define an arithmetic operation on fuzzy nurnbers in ternis of 

arithmetic operations on their a-level sets (Le. arithmetic operations on closed intervals). 

1.10.1 Fuzzy Arithmetic Based On Operations On Closed Intewals 

A fuzzy number can be characterized by an interval of confidence at level u, 

A, = [ai(a), 



which has the property 

u s a  a A,* c Au 

According to Kaufmann and Gupta (1985, 1988), let A = [a- b] E R and B = [c, dl E R be 

two fuzzy nurnbers. then the arithrnetic operations on thern as follows: 

Addition A + B = [ a + c , b + d ]  

Subtraction A-B=[a-d ,  b - c l  

Multiplication AB = [min (ac, ad, bc, bd), max (ac, ad, bc. bd)J 

Division AIB = [min (ak? a'd. b/c. b/d). ma,, (dc? dd. bk. b/d)] 

Minimum ( A ) A  AB=[^ ~ c . b ~ d ]  

Maximum (v  ) A v B = [a v c ,  b v d ]  

Let A and B be two fùzq numbers. A, = [ai'u', a$"] be the u-level set of A. and 

B, = [bi'a'. b2(a'] be the a-level set of B. 

Let * denote any of the arithrnetic operations +, -, ., /, A and v on fuzzy nurnbers. 

Then, we define a  füuy set A * B in R. by defining its a-level sets (A * B), as 

(A * B), =A, * Bu for any a E [O' 11 

Since (A * B), is a closed interval for each a E [O. 11 and A and B are fuzzy numbers, 

A * B is also a fuzzy nurnber. 

The multiplication of fiizzy number A c R by an ordinary number k E R+ can also be 

defined as 

k (-) A. = [ka,'"', kapl] 

or equivalently, V~.A(X)  = k(x/k) t/ x E R. 
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1.10.2 Triangular Fuzzy Num ber 

A tnangular Fuzzy number (T.F.N.), A, is denoted by the triplet (al, az, a3) and its 

membership function is written as 

a-, 5 x 1 a 3  - 

x 2 a 3  

The u-level set of a triangular Füzzy number is 

Figure 1.2 Graphic representation of a Tnangular F u z q  Number 

- -.. - -- _ -_ _ .  ._ 

Triangular F u v y  Number 

al a2 233 
-- - - - - -- - - - ---- -. - -  - - .- . - 

Algebraic Operations on T.F.N. 

Let A = (al, az, a3) and B = (br, b2, b3) be two T.F.Ns then. 

Addition A + B =  (ai +bi ,  a? + bz, a3 + b3) 

Subtraction A - B  =(a l  - b3. ar - b2, a3 - bi) 

For the following two operations, we assume that ai and bi, i = 1.2,3 are positive. 



1.10.3 Trapezoidal Fuzzy Num ber 

A trapezoidal fuuy number (Tr.F.N.), A, is denoted by a quadruplet (al, ar? a3_ Q) 

whose membership function is written as 

The a-level set of a trapezoidal fùay number A is 

A, = [a?), = [(a? - a l ) a  + al,  -(a - a3)a + a] V a E [O, 11 

Figure 1.3 Graphic representation of a Trapezoidal F u v y  Nurnber 

Trapezoidal Fuvy  Nurnber 

Algebraic Operations on Tr.F.N. 

Let A = (ai, az, q, Q) and B = (bi, b2, b3, b4) be two Tr.F.Ns then, 



Addition A + B =(al + bi, a2+ b2, a3 + b3, a4 -f- b4) 

Subtraction A -  B =(a i  -bq, a2- b3. a3 - b2, ai - bl)  

For the following two operations, we assume that a; and bi, i = 1 2. 3 are positive. 

MultipIication A (-) B = (aibi. a ~ b ~ .  a3b;. ab4) 

Division 

1.1 1 Organization of the Thesis 

In the present thesis, an important problem in the field of Industnal Engineering 

Le. capacity planning problem (addressed by Forgarty et al, 1991) has been considered. 

The bill of labor for RCCP. resource profile for RCCP and capacity requirements 

planning approaches has  been modeled under fuuy environments. 

Chapter 1 provides an introduction to the concepts of capacity planning problems 

considered in the thesis. Chapter 2 deals with the literature review of the related work 

done by other researchers. The capacity analysis under hzzy environment. using bill of 

labor approach for rough cut capacity planning (RCCP) is considered in Chapter 3. 

Chapter 4 deals with the capacity analysis under fuvy environment using the resource 

profile approach for RCCP. Chapter 5 deals with the capacity requirements planning 

under fuzzy environment. Finally, the conclusion and the discussion on the contributions 

made by the thesis, along with sorne recommendations for further research, are given in 

Chapter 6. 



LITERATURE SURVEY 

This chapter provides a survey of the literature dealing with capacity analysis and 

planning problems. and other concepts considered in this thesis. The purpose of this 

chapter is to review the developments. and to identie the status of existing literature in 

these areas. 

2.1 Review of Literature on Capacity Anaïysis and Planning Problems 

Recentiy. several papers dealing with various aspects of capacity analysis and 

planning have appeared in the literature. Some major sources of this literature include the 

APICS publications (such as Production and Inventory Management Journal, Journal of 

Operation Management), international Journal of Production Research (IJPR), European 

Journal of Operations Research (EJOR) etc. According to William et. al (1983), in many 

firms the execution of MPS is handicapped because adequate capacity has not been 

planned at individual departments or work centers. Also, in the resource profile approach, 

the planning horizon must be sufficiently long, so that the few periods do not exhibit an 

end of horizon effect. The first few periods of a planning horizon are ones that must be 

accurate to provide MPS verification. Jones and Williams (1992) discuss a cornparison 

between rough cut capacity planning and capaciw requirements planning. Many 

manufacturing companies have moved fiom intermittent to flow production in order to 

reduce Lead-time, work in process, order quantity, and transaction processing. These 
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improvements have not reduced the need for capacity planning but will influence the 

decision regarding the use of the appropriate tools. Smith and Pickard (1993) formulate 

an integer-programming mode1 for a capacity planning problern and illustrate their 

method using a real example. Bretthauer (1 996) and Bretthauer and Cote (1 997) address 

the problern of capacity planning in rnanufacturing and computer networks and use the 

branch and bound technique to solve the mathematical models of those problerns. Zijm 

and Buitenhek (1996) discuss a framework for capacity planning and lead time 

management in manufacturing companies with an emphasis on the machine shop. 

Glasserman (1996) consider the problem of  allocating production capacity among 

multiple items, assuming that a fixed proportion of overall capacity can be dedicated 

exclusively to the production of each item. Pandey and Hasin (1997a) address the 

problems of, considering the actual processing sequence used in the processing of a 

product as described by shop routing, and accounting for the effect of rescheduling of the 

MS on the inventory holding cost, using rough cut capacity planning (RCCP). 

Crepeau and Eugene (1995) aims to help people understand and apply the 

fundarnentals of capacity planning and control, in both the traditional job shop and flow 

manufacturing environments and also help people to recognize and avoid common 

blunders, such as blindly trying to maximize utilization (ofien a mistake in process 

industries as well as the job shop), loading in hot order and other such as paths to career 

termination. Aghezzaf and Houssaine (2000) developed an algorithm that produces an 

efficient mixed strategies-based stafing plan. The labor capacities resulting from this 

algorithm are then translated into available regular time and overtime unit production 

capacities. Pandy and Hasin (1997b) implement a scheme for the integration of Rough- 
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Cut-Capacity-Planning with MRPII, with more constraints and elements than 

considered presently by considering shop capacity during MPS generation (i-e, making 

the MPS more feasi ble/realistic). According to Pandy and Hasin ( 1 997c). two important 

factors (the actual processing sequence used in the processing of a product and the effect 

of rescheduling of the MPS on inventory holding cost) must be considered during RCCP 

and rescheduling of MPS. 

Akkan and Can (1997) develop a heuristic to minimize the present value of  the 

cost of rejecting orders and inventory holding cost due to early completion. Ta11 et. al 

(1997) considers the capacity problems by improving capacity planning at the material 

requirements planning (MW) level through integration o f  M W  and finite capacity 

planning. Also the planning rnethod is based on a new and more accurate pnmary process 

model, giving the planning algorithm more flexibility in solving capacity problems. 

Guide et. al (1997) develops a new capacity planning techniques and implemented it 

dong with some standard capacity planning techniques in a rernanufacturing 

environment. The results show that the new techniques are significantly better than the 

standard techniques. 

Smunt (1996) discusses an overview of leaming curve analysis for rough cut 

capacity planning and illustrates the effective use of learning c w e s  for capacity planning 

Sirough a cornparison of traditional approaches with ones that incorporate the leaming 

curve concept. To solve capacity planning problems, Bretthauer and Kun (1996) present 

a branch and bound algorithm that globaily minirnizes a concave cost function over a 

single convex nonlinear performance constraint and lower and upper bounds on  the 

discrete capacity variables. Chung and Shu (1995) designed capacity requirements 
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planning (CW) system for flexible manufacturinp systems (FMS) to determines the 

requested capacities by carrying out part type selection. batch size determination and 

process plan selection, and by estùnating tool slot request. If there is insufficient capacity. 

then the CRP system calculates the overtirne hours required to complete the production of 

demand quantity for a specified part type. 

According to Toyce and Charles (1990), the CRP logic rnust be expanded and 

refined to give manufactures more efficient tools for planning and controIlin_e both 

material and capacity resources. So that, to provide realistic delivery promise dates. 

irnprove on time delivery performance and reduce work in process inventory through 

Iead-time reduction and queue control. BemeImans (1985) developed a capacity oriented 

system of production and inventory control and then compared its performance tvith the 

pefiormance of a product-oriented system. Matsuura and Haruki (1 993) deals with the 

problem of determining plamed lead times in a periodic loading system, such as material 

requirements planning (MW). The planned lead-time should be deterrnined under a 

management policy. taking a trade off between work in process quantity and capacity 

requirements variations into consideration. 

2.2 Effect of Over-timemnder-tirne 

Pandy and Hasin (1997a) analyze and formulate the impact of capacity planning 

functions on inventory holding cost time penod. Operating with over-time and under- 

time can have a significant impact on inventory holding time and cost because when 

production of a batch continues over a period of time, the finished products, at a certain 

tirne, or day are stored temporarily until the batch is complete, specially when the total 
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throughputkycle tirne for the batch extends beyond a day. The time for which a 

partidly processed batch waits in the stockroom until complete processing of the entire 

batch. is temed as the inventory holding time period during production (IHTPDP)? where 

as the total inventory holding time period (IHTP) c m  be defined as the surnmation of 

IHTP dunng production and the period from the completion of the batch up-to the due 

date or shipping/dispatching date. By using overtime, IHTPDP is shortened, thereby 

decreasing inventory-holding costs. 

2.3 Lead Times for Capacity Planning 

Pandy and Hasin (1996b)? formulate a strategy for the measurement of 

manufacturing lead time based on shop routing. and accessing the impact of overtime 

capacity planning on manutàcturing lead time (MLT). According to Pandy and Hasin 

(1 996b), the manufacturing lead-time for a batch of parts is the time penod that the batch 

spends in the production shop. It is the difference between the time when the raw 

materials enter the production, and the instant the completed batch exits the shop as a 

finished product. MLT is one of the important elements used in the computations of the 

total lead-time for use in manufacturing resource-planning systems. The total lead-tirne 

comprises the sum of purchasing, ordering, transportation, inspection, inventory. 

manufacturing, delivery lead-time etc. 

2.4 Production Capacity Planning and Control 

To support capacity planning at the production h c t i o n  level, Gunasekaran et. al 

(1998) develop a mathematical mode1 for determining the optimum lot sizes for a set of 
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products and the capacity required to produce them in a multistage production system. 

The purpose of the modeling is to determine the capacity required and batch sizes at each 

stage by minimizing the total system cost per unit time. which consists of (i) set up cost. 

(ii) cost due to the quenching of batches, and (iii) hiring cost of the machines. Accurate 

capacity planning decisions at strategic and tactical levels are essential for the optimal 

use of the capital-intensive equipments of modem manufacturing. The level of demand 

and lot size determine the capacity required at each machine stage and forms the basis of 

the production mode1 and associated costs to be integrated into the corporate rnodel. The 

optimization of batch sizes and capacity reduce the hiring cost of machine and other costs 

such as set-up cost and inventory cost due to queuing of matches. 

2.5 Motivation and Objectives of the Research 

The present research was largely motivated by the benefits of capacity planning in 

terms of labor hours. The selection of research probIems and the objectives in this thesis 

depends on the following factors discussed below: 

Throughout industrial establishments worldwide, it is commody experienced that 

the demand for the products manufactured by them varies periodically. According 

to Fogarty et. al (1991), the BOL, RP and CRP approaches use data on the tirne 

standards for each product at the key resources. The time standard units for any 

part has built into it for a worker an allowance for rest to overcome fatigue, and 

an allowance for unavoidable delays etc. This leads to imprecise estimates of the 

time standards because of which rnany cornpanies are reluctant to use time 



standards in performing the capacity analysis for the purpose of capacity 

management. 

The fast changes in technology, continual changes in the prodiiction processes. 

and heavy dependence of many manufacturing processes on technology. use of 

crisp estimates of time standards is tess than satisfactory and much less reliable. 

Also, the figures in the MS are forecast by the marketing and finance departments 

and thus are not precise. Therefore, it is reasonable to assume that everyday 

problems in many organizations are becoming more and more complex and 

relevant information available is becoming more and more imprecise, vague. and 

some-tirnes incomplete. Hence, it is naturd to deal with such problems through 

fuzzy system. 

VaIidating the master schedule (MS) with respect to capacity is one of the very 

important step in material resource planning (MW), because an overstated MS 

can cause a variety of problems in an organization (for exampie, because of an 

overstated MS, an organization can end up with increased raw materials and 

work-in-process inventories due to the reason that more materials are purchased 

and released to the shop than are completed and shipped out). 

bfost of the data available in capacity planning problems in industry is in the fom of 

fuzzy estimates. Under such circumstances, using the fuzzy system approach is more 

reaIistic and yieIds a relatively "more satisfactory" solution. 
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CHAPTER 3 

CAPACITY ANALYSIS UNDER FUZZY ENVIRONMENT USING 

BILL OF LABOR APPROACH 

In this chapter, vie consider a problem in which the number of master schedule 

items. the number of products in the bill of Iabor. and the number of work centers are 

finite. We extend the crisp Bill of Labor (BOL) approach to find the capacity required in 

Work Center i for Period j, assuming that the BOL amount for a given Product k in a 

given Work Center i is represented, in terms of time units. not by a crisp number but by a 

triangular füzzy number, and similady, the MS arnount for the given Product k in a given 

Penod j is represented. in terms ofproduct units, by another triangular f u u y  number. The 

approach can be extended hrther when the Bill of Labor amount for a given Product k in 

a given Work Center i is represented, in terms of time units, by a trapezoidal hzzy 

nurnber, and the MS arnount for the given Product k in a given Penod j is represented. in 

t ems  of product units, by another trapezoidal f u v y  number. 

3.1 Introduction 

According to Fogarty et. al (1 99 1), the bill of labor (BOL) (also known as the bill 

of capacity or  bill of resources) is one of the vanous important techniques used in the 

process of RCCP. Rough cut capacity planning is a process that, using various 

techniques, determines whether the organization has suficient capacity to cany out a 

given production plan. The bill of labor approach assumes that al1 components are built in 
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the same time period as the end item, i-e. lead-time offsets are not considered. BOL is 

designed to convert the MS fiom units of end items to be produced into the arnount of 

time required for certain key resources. Using RCCP. Fogarty et. al (1991) deaIs with the 

capacity-planning problem in which al1 o f  the number of MS items. the nurnber of 

products in the BOL and the number of work centers are finite. It may be emphasized 

here that in d l  of the above references (Chapter 1 and 2)' the data and the values of the 

parameters are assurned to be cnsp. 

3.2 Bill of Labor Approach for RCCP under Crisp Environment 

We assume that k represents the number of products in an MS, j represents the 

number of pet+iods, and i represents the number of work centers, where k = 1.2: . . . , n : 

i = 1 , 2  , . . . ,  p ; a n d j = I , 2  ,..., m .  

3.2.1 Assumptions: We assume that 

1. each bill of Iabor is time phased, and 

2. al1 components of an item are manufactured in the same time penod as the end 

item, Le. lead-time offsets are not considered. 

3.2.2 Notations 

Let, aik = BOL arnount in Work Center i for Product k (measured in time units). 

bs = MS arnount Product k in Penod j (measured in product units), 

CU = Capacity required in Work Center i for Period j (rneasured in tirne units), 

Pk = Product k, k = l , 2  ,..., n ,  

WCi = Work Center i, i = 1 , 2 , . - . , p ,  



Mj = Period j, j = I , 2 y . . . ? m .  

In matrix form we can represent âii;'sy bkj6s and cij's as follows: 

BOL in t h e  units MS in product units 

3.2.3 GeneraI Formulation 

Then the formula to compute cij's is given as follows: 

In (1): if for al1 values of i, j, and k, sin's, bkjis be crisp nurnbers. then their multiplication 

is also a cnsp number, and as a result each cij. the sum of those individual muiti, 

is also a crisp number. Thus, in this case, it is easy to compute each capacity val 

In view of ( l) ,  we obtain the following capacity matrix 

Capacity in time units 

plications. 

Ue Cij. 
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3.3 Bill of Labor Approach for RCCP under Fuzzy Environment 

When at least one of aikcs, bkjbs is a fupy number, then their product is also a 

huy number? and as a result the corresponding Cij the sum of the individual products. is 

also a Fuvy number. Thus. in this case computing c,,'s is relatively more involved than 

the crisp case. 

The values of ais = (aiki - aiu. aii,;) and br, = (bkj I ,  bkj2. bW) c m  be obtained by using the 

experts who share the same information but different opinions on certain problems. 

(i) each term in the rïght hand side expression is obtained by multiplying two T.F.N.'s. 

(ii) each term obtained in (i) is itself a Füzzy number but not necessarily a T.F.N., and 

(iii) CG is obtained by adding the results of each individual multiplication obtained in (i). 

Thus, we have 

In view of (ii), it is important to point out here that in (3) though each of the values for ci, 

is a fuzzy number yet it i s  not necessarily a T.F.N. (Kaufmann and Gupta (1 985, 1988)). 

Thus, ci, is a fuzzy nurnber given by 

Cij = (cij~, C i j ~ ,  cij3) (4) 

for, i = 1, 2, . . , p ; and j = 1, 2, . . . , m . Each hzzy number c i  in (4) and its 

membership h c t i o n  are determined on the lines of Kaufmann and Gupta (1985, 1988) 
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by using the interval of confidence for aik and by respectively, at a-level (see 

for k = 1. 2. . . . ' n ; i = 1' 2, . . . . p ; and j = 1. 2. . . . . m . We multiply the two intervals 

in (5) and (6) and add the individual multiplications as suggested in Kaufmann and Gupta 

This yields the following interval of confidence with quadratic fiinctions in a . 

[ [(aiE - aiki) (bkj2 - bkj i ) ] d  + 1 [ait i (hjz - h j i )  + (aiu - ait[) btj i ] ~  
k = l  k = 1 

n 1 " 
[ ( a  - a , )  ( b  - b )  - [aiw (bkj3 - bU2) + ( a i ~  - aiu) bkj3]t( 

k = l  k=L 

In this interval of confidence 

1. Setting cc = O, we get the end points ct t  and c03 

of the fuuy number ci,. 

7 -. Setting a = 1 gives the following middle point cij2 of cij 



Also, 

The membership fùnction is obtained from the interval of confidence by setting separately. 

each of the quadratic Function, equal to x and solving each of those two quadratic 

equations for w. Thus, 

Solving (7) for positive root a gives rnembership function between ci,, and cg? satisfying 

oscc 11. 

Next, we set 

Solving (8) for positive root a gives membership function between c , , ~  and cij3 satiseing 
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3.3.1 Numerical Example under F u m  Environments 

In this section we consider a numerical exarnple in which we have five products 

Pi. PZ. P3, P4 and Pj, four work centers WC[, WC2, WC3 and WC+ and six time periods 

Ml, MzV M3. MJ, Mj and Mg. It is a~surned that the biIl of labor (BOL) is ineasured in 

terms of  hours, master schedule (MS) is measured in terms of number of units cof 

products, and the T.F.N.'s. for the BOL and the MS are as follows: 

Table 3.1 Bill of Labor in time units 

Table 3-2 Master ScheduIe in product units (Month 1 to Month 3) 

Table 3.3 Master Schedule in product units (Month 4 to Month 6) 

p4 (90, 101, 105) (LOO, 105, 108) (1 07, 109, 1 10) 



Using (5): (4) and ( 3 ) ,  we obtain the capacities, measured in terms of hours, as follows: 

Table 3.4 Fuzzy Capacities in hours (Month 1 to Month 3) 

Table 3.5 F u z q  Capacities in hours (Month 4 to Month 6) 

These capacities computed above are compared with the available capacities to 

permit planning for expansion of these resources in a timely fashion by revealing those 

L 

resources that may be short in capacity. 

(1 10.9, 135.53, 157.44) WC, 

We now demonstrate the calculation for cl 1 using the approach suggested above and in 

(1 15.35, 140.4. 170.7) (99.45, 118.61, 141.6) 

Kaumiann and Gupta (1985, 1988). The rest of the cu7s are calculated on similar lines. 

However, for al1 tu's, we provide the numencal results in the form of the intervals of 

confidence for various values of a in Appendix 1, and the bar graph of the average f u q  

capacities and the graphs of the membership functions in Appendix 2. 
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3.3.2 Intewals of Confidence 

Using Definition (1 -9.6) and (1.10.2), we have the intervals of confidence as follows: 

3.3.2.1 Intervals of Confidence of Bill of Labor 

ai = [.Osa + -25, -3 1 - .Oh]  al2 CL = [-02a + .12? -15 - .Olu] 

al3" = [.O la c -25, -28 - .02u] alJa = [.04u + -24. -30 - .Ozal 

aisu = [.02a + .12_ -16 - .02a] a21 u = r . 0 3 ~  + -24, -29 - .02a] 

a$ = [.02a + -18. 2 3  - .03a] a$ = [.04a + -36, -41 - .OIa] 

QP = [.O 1 a + 2 5 ,  -30 - .04a] azsU = [.02u + -30. -35 - - 0 3 ~ 1  

a;," = [.02a + -15, -19 - -024  ajzn = 1 . 0 2 ~ ~  + -3 0, -3 3 - .O 1 u] 

a3;" = [.O3a t -40, -44 - .O 1 u]  a$ = [.Ozu + -50. -55 - .03u] 

a3j" = [ . 0 4 ~  + 3 6 ,  -41 - .01a] aila = [.04a + -12. -18 - . 0 2 ~ ]  

a2" = [.02a + -35: -40 - .03a] a3'L = [.02a + - 1  5. -20 - . O h ]  

wu = [.Osa + 50 ,  .60 - .Oja] ajU = [.O3u + -40. -46 - - 0 3 ~ 1  

3.3.2.2 Intervals of Confidence of Master Scheciule 

bl ," = [10a +50.65 - 5a] b2[" = [12a + 60. 75 - 3a] 

b3[OL = [50. + 75) 90 - 1 0 ~ 1  bJiU = [1 I U  + 90. 105 - Iu] 

bjlu = [10a + 70, 85 - 5a] blza = [ ~ C X  + 42, 55 - 9 4  

b2$ = [3a + 75, 80 - 2a] b3P= [10a t 80, 100 - 10al 

bd2" = [5a + 100, 108 - 3x1 bjzu = [lOa t 80, 95 - 5 ~ ]  

b13a= [ ju  + 40, 55 - 10a] bZ3" = [2u + 90,95 - 3a] 

b33u = [5a + 1 15, 128 - 8a] b43a= [2a+ 107, 110- la]  

bjjU = [10a + 60, 80 - 1 Oa] b14u = [SC( + 100, 1 10 - 5a] 



3.3.3 Calculating the Required Capacity in Work Center 1 for Period 1 (cl I )  

Using (3). we have 

where (.) is multiplication of two intervals of confidence. 

+ (.Ozu + -12, .16 - - 0 2 ~ ~ )  (.) (1 Ou. + 70' 85 - 5 ~ ) ]  

= [(1 .43a2 + 18.18~ + 68.45, .46u2 - 1 3 . 8 ~ ~  + 101.7)] 

We now set 

1.43a2+ 18.48~ +68.4S = x  and . 4 6 a c  13.8a+ IOI .7  = x 



This yields, 

and .46a2- 13.8a+(101.7- x) = O  

In (9) setting cc = O we get x = 68.45 

In (1 0) setting a = O we get x = 101.7 

Setting a = I  in either 1.43n2 i 1 8 . 4 8 ~ ~  + (68.45 - x) = O 

yields x = 88.36. therefore ci 1 = (68.45: 88.36. 101 -7) 

Now, the membership function is obtained foIIows. 

Solving the quadratic equation 1.43a2 + 1 8 . 4 8 ~ ~  + (68.45 - x) = O 

for a we obtain 

- 18.48 + 4- 50.02 + 5.72 x 
a = for 68.45 2 x < 88.36 

3-86 

and solving the quadratic equation .46a2 - 1 3 . 8 ~  + (1 0 1.7 - x) = O 

For a we obtain 

13.8 - 43.3 1 t 1-84 x 
CC = for 88.36 I x _< I O 1  -7 

-92 

Thus, the membership function for ci 1 = (68.45. 88.36. 10 1 -7) is 

L0 x 2101.7 

Similarly, we obtain the f ü z q  capacities for rest of cij's. 
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3.3.4 Results 

Table 3.6 F u u y  Capacities (in terrns of labor hours) in Work Center i for Penod j 

wiith the mernbership functions given below: 

Mernbership fimction for  CI^ = (73.1 O, 90.12, 104.65), 



Membership fùnction for 

Membership function for c 14 = (7 1 -59, 86.64, 99.6), 

l 
Membership function for ci j= (78.48.95.68, 107.98). 

Membership Function for 



Membership function for 

Membership function for 

Membership function for 

Membership fimction for 



Membership fùnction for 

Membership function for 

Mernbership function for 

Membership function for 



Membership fùnction for 

Membership fùnction for 

Membership function for 

Membership function for 



Membership function for 

Membership Function for 

Membership fünction for 

Membership hnction for CJ.I= (99.45. 1 18.6 1, 14 1.6)' 



Membership function for cqj= (1 10.9, 135.53. 157.44). 

Membership fùnction for c46= (1 15.35, 140.4. 170.7). 

x 5 1  15.35 

3.3.5 Interpretation of the Results 

From Table 3.6, we calculate the average f u v y  required capacity in terms of 

hours for each Work Center for the six Periods. The average required capacity in Work 

Center 1: Work Center 2, Work Center 3 and Work Center 4 are (75' 93, 107)' 

(103, 122, 142), (133, 156, 174), and (1 16. 139, 163) respectively for 6 Periods, which 

are required to satise the requirernents of the master production schedule (MPS). The bill 

of labor approach is superior to capacity planning because it better predicts the actual 

change in hours required from week to week. 

In Appendix 1 and 2, we calculate the various values of x, when u lies between O 

and 1 and plot the membership function graphs for different values of x. For example, the 

required capacity in Work Center 1 for Period 1 is (68.45, 88.36, 10 1.70). As we can see 
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in graph cil, when 68.45 x 88.36 the membership function increases 

monotonically to the left and goes to its maximum value of I at an intenor point 

x = 88.36, and when 88.36 5 x S 101.7 the membership fùnction decreases 

monotonically to the nght and goes to O at a right end point x = 10 1.70. starting from 1 at 

x = 88.36. Similarly we can see the membership function graphs for rest of c i j3  dong 

with the values of x. Most of the data available in capacity planning problems in the 

industry is in the form of f u u y  estimates. Fuzzy set theory permits the partial belonging 

of an element to a fuzzy set characterized by a membership function that takes values in 

the interval [O, I l .  Thus, fuzzy approach yields a relativety "more satisfactory and 

flexible solution" within a pre-specifted intervals, whereas a conventional crisp set theory 

only permits an element either to belong (mernbership grade 1) or not to belong 

(membership grade O) to the set. Another advantage of the present approach under fuuy 

environrnents is that. it also provided us a range of labor hours showing the lower and 

upper bounds of the possible solution. 

According to Cox (1995)- fuvy rnodels are much more compact. encode a higher 

degree of knowledge, usually execute faster, are less prone to error. work well with 

missing decision points, and c m  be maintained much .more easily. This means less 

experienced knowledge engineers can build more complex models. 



53 
CHAPTER 4 

CAPACITY ANALYSIS UNDER FUZZY ENVIRONMENT USING 

IRESOURCE PROFILE APPROACH 

In this chapter, we consider a problem in which the nurnber of master schedule 

items, the nurnber of products in the resowce profile- and the number of  work centers are 

finite. We cxtend the crisp resource profile approach to find the capacity required in 

Work Center i for Period j, assurning that the resource profile amount for each Product k 

in a given Work Center i due in Period t - j is represented, in terrns of time units. not by a 

crisp nwnber but by a triangular fiizzy n~unber. and similady. the master schedule 

amount for each Product k in a given Period t is represented, in terms of product units, by 

another triangular fùzzy number. The approach c m  be extended further when the 

resource profile amount for each Product k in a given Work Center i due in Period t - j is 

represented, in terms of time units, by a trapezoidal fuzzy number, and the master 

schedule arnount for each Product k in a given Period t is represented, in t e m s  of product 

units, by another trapezoidai fuzzy number. 

4.1 Introduction 

Neither the bill of labor approach nor the capaciq using overall factors considers 

lead-time offset. According to Fogarty et. al (1991), it is not uncornmon to find products, 

whose manufacturing lead-time nins over several months. For parts having lengthy lead- 

times, the resource profile approach might be very usefiil because the bill of labor 



54 
approach assumes that ail components are built in the same time penod as the end 

item. The resource profile approach relaxes the Assumptions 3.2.1 by including the Iead- 

time dimension in it. A resource profile is different from the bill of Iabor approach in the 

sense that the time at each department or work center is now associated with a specific 

time period, reflecting lead-time for the corresponding part. To create a resource profile 

approach, the Iead-time must be converted to periods pnor to the period in which the 

order is prornised. 

4.2 Resource Profile Approach for RCCP under Crisp Environment 

We assume that k represents the nurnber of products in an MS, j represents the 

number of periods, t represents the time to due date, and i represents the number of work 

centers,wherek=1?2 ,..., n ; i = 1 , 2  ,..., p ; j =  1 ,2  ,.... m ; a n d t = j , j + l ,  -.- , m .  

4.2.1 Notations 

Let, 

aii,ct - j> = Resource profile arnount in Work Center i for Product k due in Penod 

t - j (measured in tirne units), j = 1,2, . . . , m ; and t = j, j + 1, .. . , m . 

bkt = MS arnount Product k in Penod t (measured in product units), 

cg = Capacity required in Work Center i for Period j (measured in time units), 

Pk = Product k, k = l , 2  ,..., n ,  

WCi = Work Center i, i = 1 , 2  , . . . ,  p ,  

Mj = Period j, j = 1 , 2  ,..., m .  



In matrix form we c m  represent aact - j ) '~ ,  bktCs and cij's as follows: 

E2P in Time Units MS in Product Units 

4.2.2 General Formulation 

Then the formula to compute cij's is given as follows: 

In (l), if for al1 values of i, j, t, and k, aiiict - j>cS? bktbs be crisp numbers, then their 

multiplication is also a crisp nurnber, and as a result each CU, the sum of those individual 

multiplications, is also a crisp number. Thus, in this case, it is easy to compute each 

capacity value CU. 

In view of (1), we obtain the foIlowing capacity matnx 

Capacity in Time Units 
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4.3 Resource Profile Approach for RCCP under Fuzzy Environment 

When at least one of aikct - ,>'s, bttCs is a füzzy nurnber? then their product is also a 

fuzs. nurnber, and as a result the corresponding CG the sum of the individual products. is 

also a fuzzy nurnber. Thus, in this case computing cij's is relatively more involved îhan 

the crisp case. 

We now assume that in (I) ,  each of aii,(i-jl and bt, for k = 1,2, . . . , n ; i = 1' 2, . . . . p ; 

j = 1 . 2  ,..., m ; a n d t = j , j + I ,  .... m ; i s a  T.F.N.oftlietype 

3) 
k t  - = (a k t  - j). ik(t - j ) .  a' ik(t - j)) and bl,t = (bkci, bru. b i ;~ )  (2)  

,Ci a(3 As already suggested in Chapter 3 ,  the values of aik(r -j) = (a'l'iir(t - j). i , - ,)) and 

bkt = @kIi, b k ~ .  bl ;~)  also can be obtained by using the experts who share the sarne 

information but différent opinions on certain problems. 

( 1 )  In (1 ) if we set aii;<t-j> = (a ;ii(t - j), d2)ii ,( t  - j>, a'3'ii,(t - j>) and bi;t = (bkt 1. bkQ. bkr3), then 

(i) each term in the nght hand side expression is obtained by rnultiplying two T.F.N.'s, 

(ii) each terni obtained in (i) is itself a f ù z q  number but not necessaily a T.F.N., and 

(iii) ci, is obtained by adding the results of each individual multiplication obtained in (i). 

Thus, we have 

In view of (ii), it is important to point out here that in (3) though each of the values for ci, 

is a fuvy number yet it is not necessarily a T.F.N. (Kauhann  and Gupta (1985. 1988)). 

nius, CO is a fùzzy number given by 

c, = (Ci,l. cijz. ci,;) (4) 
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for i = 1, 2, . . . , p ; and j = 1, 2, . . . , m . Each fuzzy nurnber cij in (4) and its 

membership fùnction are determined on the lines of Kaufmann and Gupta (1 985, 1988) by 

using the interval of confidence for ait(,-,) and bi,, respectively, at a-level (see Def. 1-92). 

'd u E [O, 11. (3 

[ b i  lu7 b12~ ]=  [(blia - bkti)a + h t i ,  -@tu - bkd.t2)a + ha] v E [O, 11- (6) 

f o r k = 1 , 2  , . . . ?  n ; i = 1 , 2  , . . . ,  p ; j = 1 , 2  ,.... m ; a n d t = j ? j + l ,  .... m. Wemultiply 

the two intervals in (5) and (6) and add the individual multiplications as suggested in 

Kaufmann and Gupta (1985, 1988). 

This yields the following interval of contidence with quadratic Functions in u . 

Thus, fork=1,2  ' . . . ,  n ; i = 1 , 2  ,..., p ; j = 1 . 2  m ; a n d t = j , j + l . . . .  .m.,weget 

In this internai of confidence 

1. Setting a = O, we get the end points ci,[ and cij3 

of the fuzzy number c~ . 



2. Setting a = 1 gives the following middle point cij2 of CG 

Also, 

The membership function is obtained from the interval of confidence by setting separately. 

each of the quadratic function, equal to s and solving each of those two quadratic 

equations for a. Thus. 

Solving (7) for positive root a gives membership function between ciji and cijl satisfying 

O l a S l .  

Next, we set 

n rn 
(2) 7 n m  Z r(a'3'ik(t -J> - a ik(i - j)) ( b t ~  - blii2)]C - 1 [a(3)ik(t - j) (bkri - bku) k=I t = j  k=l t = j  
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Solving (8) for positive root a gives rnembership function between cg2 and ci,3 

4.3.1 Numerical Example under F u q  Environments 

In this section we consider a numerical exarnple in which we have five products 

Pi, P2, P3, Pd and P5, four work centers WC [, WC2, WC3 and WC4_ six time periods MI, 

Mz, M3' IV&? M5 and Ms and six months lead time (time to due date) It is assumed that the 

resource profile (RP) is measured in tenns of hours, MS is measured in tenns of number 

of units of products, and the T.F.N.'s. for the resource profile and the MS are as follows: 

Table 4.1 Resource Profile in time units for Work Center 1 

Table 4.2 Resource Profile in time units for Work Center 2 

Time to due date 

5 4 3 - 3 1 O 

pi  

p2 

Pj 

P4 

Pj 

(.2,.3,.7) 

(.6, -7, -9) 

(-65, .7, .9) 

(.6- .8, .9) 

(.6, .7, -9) 

(.3,.4,.8) 

(-4, .5, -9) 

(.6, .8, -9) 

1 15 ,  2 )  

(-4, -5, -9) 

(.3,.7,-8) 

(-2, -6, -9) 

( 1  7 )  

(-15, -25, -4) 

(-2, -6, -9) 

(.4,.6,.8) 

1 -5, 6 

(-4' -8, -9) 

(-4, -9, .95) 

(-1, -5,  -6)  

(.2,.3,-7) 

5 . 5 )  

(-2, -8, .9) 

(-3, -6, -8) 

(.15, -2, -5) 

(-35,-4,-7) 

(.6. -75, .8) 

(-3. -4, -5) 

(-4, -6 -9) 

( -6 ,  -757 -8) 



Table 4.3 Resource Profile in time units for Work Center 3 

Table 4-4 Resource Profile in time units for Work Center 4 

Table 4.5 Master Schedule in product units (Monthl to Month 3) 

Table 4.6 Master Schedule in product units (Month 4 to Month 6) 



Using (9, (3) and (3), we obtain the capacities, measured in t ems  of hours. as follows: 

Table 4.7 Fuzzy Capacities in hours (Monthl to Month 3) 

Table 4.8 Fu- Capacities in hours (Month 4 to Month 6) 

These capacities computed above are compared with 

permit planning for expansion of these resources in a timely 

resources that may be short in capacity. 

the available capacities to 

fashion by revealing those 

We now demonstrate 

Kaufmann and Gupta 

the calciilation for cil using the approach suggested above and in 

(1985, 1988). The rest of the cv's are calculated on sirnilar lines. 

However, for al1 cg's, we provide the numencal results in the form of the intervals of 

confidence for various values of a in Appendix 3, and the bar graph of the average Fuzzy 

capacities and the graphs of the membership fünctions in Appendix 4. 
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4.3.2 Intewals of Confidence 

Using Definition (1 -9.6) and (1.10.2), we have the intervals of confidence as follows: 

4.3.2.1 Intervals of Confidence of Resource Profile for Work Center 1 

4.3.2.2 Intewals of Confidence of Resource Profile for Work Center 2 

azioa = [.la + -4, .9 - .4a] a2iIu = [.2a + -4, -8 - .2a] 

azizu = [.lu + -2, -7 - - 4 4  azljCL = [. la + -4, -8 - .3a] 

azi4a = [.05a + .l5, -25 - .05a] azl su = [.05a + -2.5, -3 1 - .O 1 a] 



aZloa = [Sa -t -3, -9 - . la]  a2tl" = [.3a + -6, -95 - .05u] 

azzZa = [ . la+ .7. -9 - . l a ]  an3" = [.7a+ .l, -9 -.la] 

ama = [.2a + 2, -9 - .5a] aDja = [.OSCC + -25. -3 1 - .O l a ]  

a& = [Sa + -2, -9 - - 2 4  a23,= = [.4u + - 1 ,  -7 - .2u] 

a232a = [Sa + -3, .9 - . 1 a] a=," = [.2a + .1. -7 - - 4 4  

aE4" = C.05~ + -8, -95 - .la] ja = r . 2 ~  + .2, -9 - .ja] 

a240a = [.3u + -1. -7 - .3u] ârJlCL = [.la + -5. -9 - .3a] 

aZ4P = [.3a + -6, -95 - - 0 5 ~ 1  aZ43a= [ . l a+  -7, .9 -.lu] 

a& = [-4a + .3, -9 - .2a] a145" = [Sa + -1, .9 - .3a] 

a 
a20 = [.05u + 2 5 .  -7 - .3u] auiu= [ . la  + -7. -7 - -4a] 

aZjru = [.2a + -4, -8 - .2a] a2j;a = [.4a + -3. -8 - . lu] 

a& = [. la + -3, .8 - .4a] û 2 j j u = [ . l ~ +  -2, -7-.4a] 

4.3.2.3 Intervals of Confidence of Resource ProfiIe for Work Center 3 

a310u = [Sa + -3, -9 - .ln] a311G= 1 . 2 ~  + -6, -9 - . la]  

U aZizu= [ . la+.7 ,  -9 -  . ln]  aji; = [.4u+ -1-7- .2a] 

a3iP  = [.2a + -2. -7 - .3a] a 3 1 j " = [ . l ~ + . l ,  - 4 - . 2 ~ ]  

a 3 2 0 " = [ . l ~ +  .7$ -9 - . l a ]  a321U= [Sa + -2, -8 - . la]  

aZ22"= [.7a + -1, .9 - .la] a& = [. 1 a + -4, -7 - .lu] 

~ ~ 3 ~ 4 "  = [.la + -7, .9 - .la] aizju= [.la + -4, -7 - . k ]  

a330" = [.2a + .3, .6 - -1 a] a33iu = [ . l a c  .l, -3 - . la]  

= [.2a + .3, .8 - .3a] a333" = [.2u + 2, .6 - .2a] 

a;%" = [.4a + -3, .9 - .2a] a3; jU = [Sa + .l , -9 - . 3 ~ ]  



= [.4a + -3, -8 - -1 or] a3+,"= [.la + -2, -6 - .3u] 

a342a = [-2a + -4, -8 - .2a] a343a = [.2a + -4, -9 - .3a] 

a344a = [. la + .3, -8 - .4a] a34 j" = [.la + -2, -7 - .4u] 

a3 SOU = [.2a + -1 -5 - .2a] a3jIU = [.ln + .6, .9 - .2u] 

ajszU = [.Osa + -15, -3 - .lu] a3 = [.2u + -6, -9 - -1 a] 

ajsJU = [.la + .3' .7 - .3a] a3 S5" = [.2u + -5, -8 - - 1  U] 

4.3.2.4 intewals of Confidence of Resource Profile for Work Center 4 
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4.3.2.5 Intervais of Confidence of Master ScheduIe for Month 1 to Month 6 

bl = [30a + 200,270 - 40a] 

b13a = [70a + 170,250 - 10nJ 

bisu = [jOa c 100, 160 - IOu] 

bZia = [75a + 100,210 - 35a] 

bz3" = [SIX t 95, 150 - SOU] 

bzja = [40u + 100,200 - 60a] 

b3 = [4a + 295,309 - 1 OU] 

b;," = [10a + 200,260 - 50a] 

b 3 P  = [SOa + 125, 200 - 25x1 

bslu = [Sa + 300,390 - 85a] 

bua = [10a + 210,280 - 60u] 

b4 ja = [3 OU + 100,200 - 7 0 ~ 1  

bsla = [7Sa + 100,210 - 35u] 

bs3" = [5a + 95: 150 - 50a] 

bjjU = [40a + 100: 200 - 60a] 

4.3.3 Calculating the Required Capacity in Work Center 1 for Period 1 (cl i )  

Using (3, we have 



C I  = [(a[ loU (.) b1 l a  + a[ 1 l a  (.) bizU + a1 lza (.) + a1 1 3 ~  (.) b ~ ?  + al 14" (.) bis CL 

a + a1 !sa (-1 b 1 6 ~  +- alZOa (-1 b21a + aizla (-) b22 + a 1 2  (-1 bu" + ai23" (-) b 2 ~ ~  

CL + a124u (.) bzja + aizju (.) bzsu + a 1 3 2  (.) b3lU + a13F (-) bj2 + a 1 3 2  (-1 b3jY 

+ aij3" (.) b34" + a 1 3 ~ ~  (.) b3ja + a13jP (-) b3ti" + ai4oU (-) bii" + ~ I J I "  (-1 b - ~  Cr 

+ a14ra (.) b&' +- alau (.) b$ + aua (-) ka + a14P (-1 bu + alsou (-1 b j ~  a 

U U U + al jIU (-) b jZU + al j2u (.) b j3 + al jj (.) bwa + al j~~ (.) b j j + al jju (.) bj6u)]. 

where (.) is multiplication of two intervals of confidence. 

C [(al = [(.05a + -35, -7 - .3a) (.) (30a + 200, 270 - 40a) 

+ ( . l a +  2, -7 - .4a) (.) (5a+  200,250 - 45a) 

+ (-2a + -4, -8 - .2u) (.) (70u + 170,250 - 1 Ou) 

+ (.4a + -3, -8 - . l a )  (.) (25u + 300. 375 - SOU) 

+ ( . l a  + -3, -8 - -4a) (.) (50u + 100, 160 - 1Oa) 

+ ( . la  + .2, -7 - Au) (.) (75u t 100, 200 - 25a) 

+ (-15a + -6. -8 - - 0 5 ~ )  (.) ( 7 5 ~  + 100,210 - 3 5 a )  

+(.OSa+ .15, -5 - .3u) (.) (10u+330.260 -20a)  

+ (.4a + -1, -6 - . lu)  (.) ( ~ C Y  + 95, 150 - 5 0 a )  

+ (.4a + 2, -9 - .3a) (.) (85a + 105, 195 - 5 ~ )  

+ ( . la  + .4, .9 - - 4 ~ )  (.) (40a t 100, 300 - 6 0 ~ )  

+ (. 1 CC + -6, .9 - .2u) (.) (5Ou + 200.270 - 20a) 

+ ( . l a +  -3, -5 - . l a )  (.) (4a+29jY3O9 - IOa) 

+ (.6a + -2, -9 - . l a )  (.) (10u + 300.390 - 80a) 

+ ( . 4 ~  + -4, -9 - - 1  CC) (.) (1 OCX + 200,260 - 5 0 ~ )  



We now set 

191.3u2+ 1609.3a+1727=x and 219a2-2347.4a+5656=x 

This yields, 

191.3a2 + l609.3a+ (1727 - x) = O 

and 219a2 - 2347.4a + (5656 - x) = O 

In (9) setting a = O we get x = 1727 



In (IO) setting a = O we get x = 5656 

Setting a = 1 in either 19 1 .3a2 + 1609.3a + (1 727 - x) = O 

or 219a2 - 2347.4a + (5636 - x) = O 

yields x = 3527.6, therefore C I  1 = (1727,3527.6, 5656) 

Now, the membership function is obtained as follows. 

Solving the quadratic equation 191 .3a2 + l6O9.k + (1 727 - x) = O 

for CI we obtain 

- 1609.3 + J1268346.09 + 765.2 x 
a = for 1727 2 x 5 3527.6 

3 82.6 

and solving the quadratic equation 2 1 9a2 - 2347.4a + (5656 - x) = O 

for cc we obtain 

2347.4 - 4555630.76 + 876 x 
Q = for 3537.6 x ,< 5656 

43 8 

Thus, the mernbership function for cl 1 = (1727,3527.6, 5656) is 

fo x 21727 

(0 

Similady, we obtain the fuzzy capacities for rest of cg's . 



4.3.4 Results 

Table 4.9 F u z q  Capacities (in terms of labor hours) in a Work Center i for Period j 

with the membership hnctions given below: 

Membership function for cl2 = (1375.2, 2735.5,4429.5), 



Membership function for c l 3  = (793.5, 1963.5,3289), 

Membership fünction for c 14 = (659, 1606,2463 S),  

Membership function for cf, = (395.5, 844.5. 15 1 1.5). 

Membership function for c 16 = (3 89, 651 920.5), 



Membership function for 

Membership function for 

Membership function for 

Membership f i c t i o n  for 



Membership function for 

Membership function for 

Membership fimction for 

Membenhip Function for c j l= (1 jO4.25,2865, 4478). 



Membership fünction for c33 = (1 047.5,22 18, 3300), 

Membership function for ~ 3 4  = (688.5, 1683.5, 2478.5), 

Membership fiinction for c35 = (449.5, 1045.5, 1569.5), 

Membership function for c3j = (283, 66 1, 895), 



Membership h c t i o n  for C ~ I  = (1733, 3402.8, 5738.1), 

Membership hnction for c42= (1388.271 7, 4555.3, 

Membership function for c43 = (1 022.25, 2065.5. 3390), 

Membership function for c44= (656.75, 1509.5, 2468), 



Membership function for c ~ j  = (397.5,955.5, 1548.5), 

Membership function for c46 = (1 53,396.5, 703 -5) 

4.3.5 Interpretation of the Results 

From Table 4.9, we calculated the average hzzy required capacity in terms of 

hours for each Work Center for the six Periods. The average required capacity in Work 

Center 1. Work Center 2, Work Center 3, and Work Center 4 are (890, 1888, 3045). 

(897, 1995, 3334), (938, 198 1, 3021), and (892, 1841, 3067) respectively for 6 Periods, 

which are required to satisfy the requirements of the master production schedule (MPS). 

The advantage of IV approach over BOL approach is that, the resource profile approach 

relaxes the Assumptions 3 -21  by including the iead-time dimension in it. The potential 

benefit of the resource profile is that it accommodates both product mix variations and 

production lead times in the preparation of capacity plans. 
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In Appendix 3 and 4, we calculate the various values of x, when u lies betwen 

O and 1 and plot the membership fünction graphs for different values of x. For exarnple, 

the required capacity in Work Center 1 for Period 1 is (1727. 3517.6, 5656). As we can 

see in the membership function graph cil. when 1727 a x < 3527.6 the membership 

function increases rnonotonically to the left and goes to its maximum value of 1 (level of 

o n e 3  believe about the belongingness of x to A, or level of tmth of x belonging to A, 

or degree of compatibility of x to A) at an interior point x = 3527.6. and when 

3527.6 < x < 5656 the membership fùnction decreases rnonotonically to the right and 

goes to O at a right end point x = 5656, starting from 1 at x = 3527.6. Similarly we can 

see the membership function graph for rest of cij7s along with the values of x. Most of the 

data available in capacity planning problems in the industry is in the form of fùvy 

estimates. Fu- set theory permits the partial belonging of an element to a hzzy set 

characterized by a membership function that takes values in the interval [O, 11. Thus. 

f u v y  approach yields a relatively "more satisfactory and flexible solution" within a pre- 

specified intervals, whereas a conventional crisp set theory only permits an element either 

to belong (membership grade 1) or not to belong (membership grade O) to the set. 

Another major advantage of the present approach under filzzy environments that it also 

provided us a range of labor hours showing the lower and upper bounds of the possible 

solution. 



CAPACITY REQUIREMENTS PLANNING UNDER FUZZY 

ENVIRONMENT 

In this chapter. we consider a problem in which, number of the setup times per lot 

and run times per piece for planned order releases and for the released orders, the number 

of lot size of each parts, and the number of work centers. are finite. We extend the crisp 

capacity requirements planning (CRP) approach to find the capacity required in Work 

Center i for Period j. assurning that the setup tirne per lot and the run time per piece for 

the planned order releases and for the released order arnount for each Part k in a given 

Work Center i for a given Penod j is represented, in terms of time units. not by a crisp 

nurnber but by a triangular hzzy number, and similarly, the lot size arnount for each Part 

k in a given Penod j is represented. in t e m s  of product units. by another triangular fuzzy 

number. 

5.1 Introduction 

Implementing and operating an MRP system is a major chalknge for many 

companies. Success of M W  requires accurate data, timely data processing, a realistic 

master production schedule, methods of controlling as well as planning priority. and a 

balance approach to processing changes (the handling of unplanned events). Material 

Requirements Planning (MW) calculates the exact quantity, need date, and planned order 

release date for each of the subassembIies, components. and materials required to 
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manufacture the products listed on the master production schedule. Open shop orders. 

and planned orders in the MRP system are the input to CRP, which translate these orders 

into hours of work-by-work center by time period. Planned order rdeases are taken fiom 

the M W  system and used to perform a deterministic simulation that uses lead-time 

offsets to determine the tirne eacli order passes through each workstation and continues 

by including jobs already released to the shop floor. From this simulation, a machine load 

report is produced. The machine load report for each workstation is compared to capacity 

available at that station. Thus. implementing CRP requires both a far more detailed 

Industriai Engineering database, e-g., work standards and routing files, but also formai 

system for handling transaction on the shop fioor and in the store room. 

5.2 Capacity Requirements Planning under Crisp Environment 

We assume that k represents the number of parts in setup and run time matrices. 

j represents the number of periods, and i represents the number of work centers, where 

k = 1 , 2  , . . . .  n ; i = 1 , 2 , .  . . t p ; a n d j = 1 , 2  ,.... m .  

5.2.1 Assumptions: We assume that 

1. Machines do not break down, and are available throughout the planning horizon. 

2. Machine utilization up to the extent of 100% is possible. 





In view of (l), we obtain the following capacity matrix 

Capacity in Time Units 

5.3 Capacity Requirements Planning under Fuzzy Environment 

When at least one of aikjbs, bikj6s, and Lkj6s is a fuzzy number, then as a result the 

corresponding cij, the sum of the individuai multiplications with additions, is also a fuzzy 

number. Thus, in this case computing c,'s is relatively more involved than the crïsp case. 

We now assume that in (1). each of aiy, bir, and L,. for k = 1,  2, . . . , n ; i = 1, 2, . . . . P ;  
andj  = 1, Z ? .  . . m; i sa  T.F.N.ofthetype 

. 14. 1 4 ,  rhj 
(2) (3)  aikj = a(". . a'3'- .-) b. .. = (b"'ii, b"'ikj - bl3Iikj) and Lkj = (L( 'la , L kj . L kj) (2 )  

As already sugges ted in Chapter 3 and 4, the values of aii, = (a' l lil, - a'2'i4 . a"'ikj). 

( 1 )  bii, = (b ikj j. b'"il, , b'3'ikj) and Li, = (~"'kj, ~" 'kj ,  L ' ~ ' ~ ~ ) ,  also be obtained by using the 

experts who share the same information but different opinions on certain problems. 

In (1) if we set aii, = (a(')ii, , a(2)iu , a"'ik), bikj = @(Ilikj , b(2)ikj , b(3)ikj) and 

(i) each term in the right hand side expression is obtained by (aii, -+ bii, (.) Lkj) 

T.F.N's, which may not be a T.F.N. 

(ii) each term obtained in (i) is itself a f u u y  number but not necessarily a T.F.N., and 
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(iii) cij is obtained by adding the results of each individual term (aii, + bi4 (.) Lkj) 

obtained in (i). 

Thus. we have 

In view of (ii), it is important to point out here that in (3) though each of the values for CG is 

a fuvy nurnber yet it is  not necessarily a T.F.N. (Kaumiann and Gupta (1985, 1988)). 

Thus, CU is a fuvy number given by 

iJ ,JI. I J ~  . Gj3) C-- = (c-- c.. (4) 

for, i = 1, 2, . . . . p ; and j = 1' 2, . . . . m . Each fuzzy number ci, in (4) and its 

membership function is detennined o n  the lines of Kaufmann and Gupta (1985. 1988) by 

using the interval of confiidence for a i k j ,  bib, and Lkj respectively. at u-level 

(see Definition 1 -9.2). 

[a(a) a'")121 = [(a(2)il, - a(')- , - ) a  + i j  . - ( a 3  - a )  + ] V a E [O, 11. ( 5 )  

[b'Q'I *, b'u'''lz] = [(b'2'ikj - b"'ikj)~ + b" 'ii, , -(b"'ii, - b'2)'ikj)a + b'3'ikj] 'V a E [O. 11. (6 )  

L 1, L ,  = L - L ' ~ )  + L - ( L ~  - L U  + , V a E [O. il. (7) 

for k = 1, 2, . . . , n ; i = 1,2, . . . . p ; and j = 1. 2, . . . , m . We multiply the two intervals 

in (6) and (7) and then add with interval (5) as suggested in Kaufmann and Gupta (1983, 

1988). 

This yields the following interval of confidence with quadratic functions in a . 



In this interval of confidence 

1. Setting a = O. we get the end points cil and ci,; 

of the fuzzy number C G .  

2. Setting u = 1 gives the following middle point ci,z of ci, 

Also, 

The mernbership function is obtained from the interval of confidence by setting separately, 

each of the quadratic function, equal to x and solving each of those two quadratic 

equations for cc. 



Solving (8) for positive root a gives membership Function beween col and ci,z satisfying 

0 5  cc I l .  

Next, we set 

Solving (9) for positive root a gives membership hnction between cijr and c,3 satisbing 

0 5  a 5 1 .  

5.3.1 Numerical Example under Fuzzy Environments 

In this section we consider a numerical example in which we have four parts P I -  

Pz, Pj, and P4, three work centers WCi. WC2. and WC;. and six time periods M i ,  M7, Mj. 

m, M5 and Mg, It is assumed that the setup time per lot and run time per piece for 

planned order releases and for the released orders are measured in terrns of time units. lot 

size is measured in terms of number of units of products, and the T.F.N.3 for the order 

quantity, on hand, on order, setup time and run time are as follows: 
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Item Master Record Files for (XYZ) 

Table 5.2 

Part 

PI  

PL 

Pj 

P4 

Routing Files for ( X Y Z )  

Work Center 1 Setup Time per Lot (minutes) 1 Run Time per Piece (minutes) ( 

Order Quantity 

(190,200,205) 

(395,400,410) 

(2395,2400.2410) 

(5995' 6000,60 10) 

Table 5.3 Planned Order Releases of ( X Y Z )  for hdonth 1 to Month 3 

On Hand 

(90, 100, 105) 

(3 95,400,4 1 O) 

(1490, 1500, 1505) 

(2490,2500,2505) 

Part 

PI  

On Order 

(190,200,205) 

(395,400,410) 

(2395.2400,2410) 

(5995, 6000,60 10) 

1 

(190,200,205) 

Due Date 

First wk 

Second wk 

Second wk 

Second wk 

Ld-Time 

1 week 

2 weeks 

3 weeks 

4 weeks 

2 3 

(190,200,205) 1 (190,200,205) 



Table 5.4 Planned Order Releases of (XYZ) for Month 4 to Month 6 

The setup time per lot matrix in time units is created directly fiom the planned 

order releases of the M W  systern. 

Table 5.5 Setup tirne per lot computation for planned order releases in time units 

Part 

P I  

p2 

p3 

p4 

4 

(190,200,205) 

(395,400.4 1 O) 

- 
(5995,6000,60 1 O) 

Week 

WC, 

5 

(190,200,205) 

(395,400,410) 

(2395,2400,2410) 

- 

6 

(190.200,205) 

(395,400,410) 

(2395,2400,241 O) 

- 

Part 

P,  

p2 

p3 

p4 

1 

(25.30.45) 

- 

- 

- 

2 

(25- 30.45) 

( 5 , 1 5 3 )  

(10,25, 30) 

- 

3 

, (23,30,45) 

( 5 , 1 5 3 )  

- 

(50, 75, 90) 

4 

(25.30.43) 

(5.15.35) 

(10,25, 30) 

- 

5 

(25.30.45: 

(5,15.35) 

- 

- 



Table 5.6 
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Run time per piece computation for planned order reIeases in time units 

Week 

1 2 3 4 5 6 

7 2.5:2.7) (2,2.5.2.7) (2?2.5,2.7) (2:2.5,2.7) (2,2.5,2.7) (2.2.5.2.7) ( - 7  

- ( 4 5 7 )  (.4,.5,.7) ( -4 .5 .7 )  (.4,.5.-7) (-4.-L.7) 

- (2, -25, -4) - (2, -25, .4) - (2, 2 5 .  -4) 

- - (-3, -5. -6) - - ( - 3 ,  -5, -6) 

The setup time per lot added to the (run time per piece) (.) (lot size at each work 

center for a given time period) to produce required capacity by the planned order releases 

from the MRP system. 

Table 5.7 Fuzzy Capacity Requirements in Work Center i for Penod j of PIanned 

Order Releases 



According to Table 4.1 four orders (1 90' 200, 205)' (395, 400, 41 O), (2395, 2400, 24 1 O), 

and (5995. 6000. 6010) have been released to the shop floor. These four orders are al1 on 

schedule, that is, the number of operations remaining to be completed is equal to the 

number of weeks until due date. Part P I  has one operation to be completed. the other 

three orders have two-operation (the final two) to be completed. 

In matrix form we can represent ûikjLs, bikjbs, LkjLs, and  ci,'^ as follows: 

Setup time per lot in time units Run time per piece (.) Lot Size 

5.3.2 General Formulation 

Then the formula to compute cij's is given as follows. 
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When at least one of ai4's, bikjGs, and Lkj's is a fuvy nurnber, then as a result the 

corresponding CG, the surn of the  individual multiplications with additions? is also a fuzzy 

nurnber. Thus, in this case computing cUys is relatively more involved than the crisp case. 

In view of (i)? we obtain the €0 llowing capacity matrix 

Capacity in Time Units 

Table 5.8 Setup time per log and Run tirne (.) Lot size for Released Orders 

Table 5.9 Fuzzy Capaciv Required by the Released Orders for c,'s 

Part 

pi 

p2 

pz 

p3 

p3 

p4 

p4 

WC 

1 

2 

Z 

1 

- 7 

1 

3 

Work Center 

WC I 

WC2 

WC3 

Week 

1 

1 

2 

1 

- 7 

1 

- 7 

Week 1 

<2742.5,4230, 5288.5) 

(245,3 1 O, 353) 

- 

Week 2 

(163,315,3220 

(371 -25,615, 748) 

(1818.5,2130, 2739.5) 

Setup aime 

(25,30., 45) 

(8, 10, 25) 

(5, 15. 35) 

(10,25,30) 

Run time (.) Lot size 

(380, 500, 553.5) 

(337,300, 328) 

(158,200, 287) 

(479,600, 964) 

Total time 

(405, 530, 598.5) 

(245,3 1 O, 353) 

(163,215,332) 

(489,625, 994) 

(3 7 1 -35. 6 15, 738) 

(50, 75,. 90) 

(20, 30, 35) 

(1798.5,3000.3606) 

(1798.5,2100, 2704.5) 

(1848.5, 3075, 3696) 

(18 18.5, 2130, 2739.5) 
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The capacity required by planned order releases (Table 5.7) is now added to the 

capacity required by the released orders (Table 5.9) to the shop floor to produce the total 

hzzy capacity requirements plan in Table S. 10 and 5.1 1. 

Using (3, (4) and (3)- we obtain the capacities, measued in terrns of minutes, as follows. 

- - - - - - - - - 

Table 5.1 1 F t z q  Capacities in minutes for Month 4 to   mon th 6 

Table 5.10 Fuzzy Capacities in minutes for Month 1 to Month 3 

These capacities computed above are compared with the available capacities to 

MI 

permit planning for expansion of these resources in a timely fashion by revealing those 

resources that may be short in capacity. 

Mî 

We now demonstrate the calculation for cl 1 using the approach suggested above and in 

M3 

Kaufmann and Gupta (1985, 1988). The rest of the cij7s are calculated on similar lines. 

However, for ail cU7s, we provide the numerical results in the form of the intervals of 

confidence for various values of a in Appendix 5, and the bar graph of the average fùzzy 

capacities and the graphs of the membership functions in Appendix 6. 
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5.3.3 Intervals of Confidence of Planned Order Releases 

Using Definition (1 -9.6) and (1.10.2), we have the intervals of confidence as foltows: 

5.3.3.1 Intervais of Confidence of Setup Time per lot for Planned Order Releases 

(from Page 85). 

u U U Each of a&, , al24 , al25 , aizsa = [lOu + 5, 35 - 20~1,  

Each of a132", ai& al$ = [15u + 10, 30 - 5a], 

Each of al& a,.isa = [25a c 50, 90 - 15a], 

u a u u Each of az& a i  , az2; , a?% , a225 , a226u = [2a + 8.25 - 15~x1, 

Each of a&, az35u = [3a + 12,25 - 10~1,  



Each of bl& blUu7 blZ4u7 b12Su7 b126CL = [.la + .4? -7 - - 2 ~ 1 ,  

Each of b ~ $ ,  b ~ ~ ~ ~ ,  b136EL = [.Osa + -2, -4 - -15x1, 

Each of btzia, bi3iU7 bi;3&, b13ja, b141~7 b14za, bluU, bldsa = [O, O7 O]. 

Each ofb1& b 1 ~ ~ ~ =  [.2a + -3. .6 - . lu] ,  

CL Each o f  b i l a ,  bzzt , bua, bz& b2& bZzbU = [. 1 5 a  + .6' -8 - .Osa], 

Each o f  b233a7 bZ ja = [. 1 a + -15, -3 - .05a], 

Each ofb24la7 b244u= [.05a + -7, -85 - . l a ] ,  

ct CL Each of brilu, b212 , bz13 , b214u. b21Sa, b216a = [O, 0. O] .  

cf. CL CC u Each of  bz3 la, bula, bZ3 J , bu6 , b24zCL, blJj , bZq j , b246a = [O, 0' O]? 

Each of b33 la, b333u7 b3; ju, b33jU = [. 1~ + .2. -35 - - 0 5 ~ 1 ,  

Each of bxP, b34,-" = [ . O j a  + . 1, -3 - - 1 5 ~ 1 ,  

b344a = [.O50 + -3, -45 - -1  a],  

Each of b3 I t u 7  b312: b3 1 3 ~ ~  b31qa, b31jU7 b3 1 6 ~  = [O, 0, 01' 

Each of b l n ,  b322a, b 3 ~ ~ ,  b32qCL, b32jU7 b3XU7 b 3 3 ~ ~ ,  b334a7 b34iU, b 3 ~ 3 ~ ,  b346a = [O7 0- 01- 

5.3.3.3 Intewals of Confidence of Lot Sizes for Part k in Period j (from Page 84). 

Li j  =   OU + 190,205 -SU], LZj = [h + 395,4 10 - 1 OU], 

L3j = [Sa + 2395,2110 - IOa], L4, j= [kt + 5 9 9 5 6 0  10 - 1 OU]. 

5.3.4 Intervals of Confidence of Released Orders 

Using Definition (1.9.6) and (1.10.2), we have the intervals o f  confidence as follows: 

5.3.4.1 Intervals of Confidence of Setup Time per lot for Released Orders (from Page 88). 

ai = [sa + 25,45 - 1 5x1, a131a = [1 5 a  + 10' 30 - 5a], 



a i 4 i a  = [25a + 50,90 - 15a], aiz2" = [ I O a  t 5, 35 - 204,  

a2lU = [2a + 8,25 - 15ct], a232U = [3a + 12,25 - IOa], 

= [10a + 20,35 - Sa], and 

Rest of aikjj's = [O, O, O]. 

5.3.4.2 Intewals of Confidence of Run Time per piece for Released Orders 

(from Page 88). 

b i i l u  = [.su +2, 2.7 - .2u], bi3[" = [.Osa + -2. -4 - . ~ j u ] ,  

b lJIu  = [.2a c -3, -6 - .la], bizzu= [ . la  t -4, -7 - .2u], 

bzziu = [Ma + .6, -8 - .05a], b& = 1. l a  c -15, -3 - .05u], 

b342rr = [.Osa + 3, .45 - .la], and 

Rest of biUys = [O. 0, O]. 

5.3.5 Calculating Required Capacity for Planned Order Releases in Work Center 

1 for Period 1 (cl*) 

Using (3)' we have 

u 
ci 1'"' (P) = [(ai 1 l a  + bi i l U  (-) LI  la) f (a121 + b121U (.) L21U) 

+ (al3 l u  f bi j l a  (-) L31") + (a14LU bl4lU (-) L41a)]F' 

where cl (P) stands for required capacity of planned order releases, and 

(.) is multiplication of two intervals of confidence. 

C I  1 ("'(P) = [(5a + 25,45 - 15a) + (Sa + 2, 2.7 - .2a) (.) (10a + 190,205 - 5a) 

-1- 0 + O + O] 

= [(sa' + 120a + 405, 1 a' - 69.5a + 598.5)] (10) 



93 
5.3.6 Calculating Required Capacity for Released Orders in Work Center 1 for 

Period 1 (cl l )  

Using (3, we have 

CL c i I ' " ) ( ~ )  = [(ai11"+ b , ~ ?  (-) h a )  + (al21 + b1tia (-) L217 

(a131u + biji" (-) L31u) i- (a141Y f bi4lU (-) L4i0) ]~  

where cl (R) stands for required capacity of released orders. 

ci (R) = [ ( j a  + 25,45 - 15u) t (.5a + 2,2.7 - -2a) (.) (1 Ou + 190- 205 - 5a) 

+ O  + ( l k +  10.30 - 5a)+(.O5a+.2, -4 - - 1 5 ~ )  (.) (5a cZW, 2410- I O a )  

+ (25a + 50: 90 - 15a) + (.2a + .3. .6 - -1 a) (.) (Sa + 5995' 60 10 - 1 Oa)] 

7 
= [(6.25u2 + 148 1 . 2 5 ~ ~  + 2742.5, 3 . 5 ~ -  - 1 062a c 5288.5)J ( 1  1 )  

By adding (10) and (1 1), we get the total required capacity for cl 1. Therefore. 

cl  = cl  ['"' (P) + CI l'=' (R) 

cl = (1 1 Z a 2  + 160 1.Xa + 3 147.5, 4.5a2 - 1 13 1 .5u + 5887) 

We now set 

11.25u2+ 1601.25a+3147.5=~ and 4.5a2- 113l .5a+5887=x 

This yields, 

1 l . î & +  l6Ol.2ja + (3 147.5 - x) = O 

and 4.5az-1131.5~+(5887-x)=O 

In (1 3) setting cc = O we get x = 3 147.5 

In (13) setting a = O we get x = 5887 



Setting a = 1 in either 1 1 .25a2 + 160 I .25a + (3 147.5 - n) = O 

yields x = 4760, therefore cl 1 = (3 147.5,4760, 5887) 

Now, the membership fùnction is obtained follows. 

Solving the quadratic equation 1 1 .25a2 + 160 1 . 2 5 ~  + (3 147.5 - x) = O 

for cc we obtain 

- 160 1-25 + J2472364.06 + 45x 
u = for 3 147.5 5 ?c L 4760 

and solving the quadratic equation 4.5u2 - 1 13 1 Sv. + (5887 - x) = O 

For a we obtain 

for 4760 5 x < 5887 

Thus, the membership fiinction for cl 1 = (3 1475.4760. 5887) is 

Similarly, we obtain the fuvy capacities for rest of $S. 



5.3.7 Results 

Table 5.12 Fuzzy Capacities (in terms of labor hours) in Work Center i for Period j 

with the rnembership functions given befow: 

(3 147.5.4760. 5887) 

C I  I 

(1057. 1370, 1914.5) 

c 14 

(4706.5. 5 143, 5859.5) 

c2 1 

(446 1 -5, 4835, 5506.5) 

c2-t 

(489, 735. S73.5) 

c3 1 

(1 8 18.5. 2 130, 2739.5) 

c34 

Membership f i c t ion  for = (1 220, 1585, 2236.5). 

Membership fùnction for cl; = (24 16.5' 3 820.46 16.5), 

(1220, 1585,2236.5) 

c 1 2 

(568. 745, 920.5) 

cl5 

(6 16.25, 925, 1 10 1) 

c22 

(6 16.25, 925, 1 10 1) 

c25 

(2428, 3060,4582.5) 

c32 

(1 098.5, 1665.27 16.5) 

c35 

(24 16.5.3820,46 16.5) 

cl3 

(2905.5. 4443. 56 10.5) 

cl6 

(6 16.35.925. 1 1 O 1)  

C E  

(245.3 10.353) 

c26 

(489, 735, 873 -5) 

c33 

(489. 735. 873 -5) 

c3 6 



Membership function for 

Membership tinction for 

Membership function for 

Membership function for 



Membership function for CD = (6 16.25, 925. 1 10 1): 

Membership function for c~ = (6 l6.25,925. 1 1 0 1 ), 

Membership function for cz4 = (446 1 -5,483 5. 5506.5), 

Membership h c t i o n  for C z j  = (6  16.25, 925, 1 1 O 11, 



Membership function for C26 = (245, 3 10,353, 

Membership function for cj 1 = (489, 735, 873.5), 

Membership function for ~ 3 2  = (2428, 3060, 4582.5), 

Membership h c t i o n  for c33 = (489, 735, 873 -9, 



Membership function for c34 = (1 8 18.5. 2 130' 2739.5)' 

Membership function for c3 j = (1 098.5, 1665' 2716.5): 

Membership fiinction for c;6 = (489. 73 5, 873 -5).  

5.3.8 Interpretation of t h e  Results 

The Capacity requirements planning (CRP) approach is better than rouçh cut 

capacity planning (RCCP) approaches (bill of labor and resource profile) brcause the 

RCCP processes ofien plan by month or by week. whereas CRP processes plan by week. 

by day or even hourly. Also, the RCCP does not consider the on hand inventory or work 

in process, whereas the CRP does. Capacity requirements pIanning (CRP) is a detailed 
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cornparison of the capacity required by the materiai requirements planning and the 

orders currently in process versus available capacity. CRP examines cumulative capacity 

while RCCP is generaily interpreted using average capacity. 

As shown in Table 5.10 and 5.1 1, we calculate the total required capacity plan in 

Work Center i for Penod j in time units. In Appendix 5 and 6. we calculate the various 

values of x, when a lies between O and 1 and plot the membership fùnction graphs for 

different values of x. For exampie. the required capacity in Work Center 1 for Period 1 is 

(3 147.5, 4760. 5887). As we can see in the membership function graph cl 1, when 

3 147.5 5 x < 4760 the membership function increases monotonically to the lefi and goes 

to its maximum value of 1 at an interior point x = 4760, and when 4760 5 x 5887 the 

membership function decreases monotonically to the right and goes to O at a right end 

point x = 5887, starting from 1 at x = 4760. Similarly we c m  see the membership 

function graph for rest of cij's dong with the values of x. 



CHAPTER 6 

CONCLUSION, CONTRIBUTION AND RECOMMENDATIONS 

In the present chapter, we state the contributions and conclusions of this thesis. 

Finally, we give some recommendations for further research on the problems considered 

in this thesis. 

6.1 Conclusion and Contribution 

The major contribution of the present thesis is that the results obtained here. using 

the theory of fuzzy sets and hzzy logic, provide more satisfactory solution and flexibility 

in the form of range of estimates/values in the area of Capacity Planning and Capacity 

Resource Planning. In Chapter 3, we discuss the problem of finding the req~iired capacity 

of various workstations for different tirne penods under fuzzy environment. Assuming 

that the data for both bill of labor (BOL) (measured in tirne units) and master schedule 

(MS) (measured in product units) is known in the form of triangcilar hzzy numbers 

(T.F.N.'s). we find the required capacity (measured in time units) in the form of fuzzy 

nurnbers, which are not necessarily T.F.N's. 

Literature is full of definitions of resource profile but there is no general 

formulation available for the resource profile approach under fuLly environments. In 

Chapter 4, we develop a general formula to calculate the required capacity for a specific 

work center and a particular penod (For exarnple: the i" work center for jh period) under 

fuvy environment by including the lead-time dimension in it. Furthemore, we discuss the 
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problem of fmding the required capacity of various workstations for different time 

periods. Assuming that the data for both resource profile (W) (measured in time units) 

and master schedule (measured in product units) is known in the form of T.F.N.3, we find 

the required capacity (rneasured in time units) in the form of fuzzy numbers. which are not 

necessarily T.F.N's. 

In Chapter 5, we develop a general formula to calculate the required capacity for a 

specific work center and a particular period under f i r q  environment. Furthemore. we 

discuss the problem of finding the required capacity of various workstations for different 

time periods. Assurning that the data for setup time per lot (measured in time units). nin 

time per piece (measured in time units) and lot size (rneasured in product units) of 

planned order releases and for released orders is known in the form of T.F.N.?s, we find 

the required capacity (measured in time units) in the form of hzzy numbers, which are 

not necessarily T.F.N's. The results obtained in this chapter consider both on hand 

inventory or work in process. 

It is suggcsted that the methods presented in this thesis are computationally 

effective and usehl for determining the satisfactory solution to capacity planning 

problems. 

6.2 Recornrnendations for Future Research 

It is believed that a number of extensions are possible to the capacity planning 

problems. The results (3)-(6) of Chapter 3 c m  be extended to the case when the estimates 

for BOL and the MS are provided in the f o m  of trapezoidal fuzzy nurnbers (Tr.F.N.3). 
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SimiIarly, the results (+O) of Chapter 4 c m  be extended to the case when the 

estimates for RP and the MS are provided in the forrn of Tr.F.N.'s. Also. the results 

(3)-(7) of Chapter 5 can be extended to the case when the estimates of  setup time per lot 

and nin time per piece for planned order releases and for the released orders. and the lot 

sizes are provided in the form of Tr.F.N.'s. 

The sarne concepts can be used: 

To solve the aggregate planning problems, when the production rate and dernand 

of the products are imprecise/uncertain. 

In economic order quantity model. when the penod requirements, preparation 

cost, canying cost and the cost of one unit are uncertain and can be represented in 

the form of triangular fuzzy numbers or trapezoidal huy nurnbers. 

In operation overlapping problem when the management is unable to provide the 

exact information about the lot size, processing time per unit For different 

operations, and set up time. 

In Maîerial Requirements Planning (MW) to calculate the least total cost 

(the minimum surn of ordering and carrying costs) when the gross requirements. 

schedule receipt, projected on hand inventory and planned order releases are 

Iuzzy. 

Also, the sarne concepts can be utilized in the field of financial management for 

determining the master investment schedule under the condition when resources in the 

form of available fund are imprecise. 
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In brief, in any type of industry' the basic goal remains the sarne: to identiQ 

the most cost effective or profitable way of getting the right product to the right place at 

the nght time, given a host of working and business constraints and parameters. 

Therefore, for an organization with multiple locations, production processes. products. 

models and customers, where instinct and experience are not able to cope up with the size 

and complexity of the operation. use of füzzy logic and hzzy sets is an aid to be 
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1 Corresponding to Cl  1 

Corresponding to CI 

u x = .93 a'+ 16.27 a + 78.48 

I Corresponding to C 16 



Corresponding to CZI 

a 
O 

o. 1 
0.2 
0.3 
O -4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

Corresponding to C= 

a 
O 

O. 1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 - 
1 

x = 1.05 a2+ 20.1 1 a + 93.30 
93-30 
95 -3 2 
97.36 
99 -43 
lOIS1 
103 -62 
105.74 
107.89 
1 10-06 
1 12.25 
1 14-46 

x = -61 a'+ 16.73 a + 1 11.95 
11 1.95 
113.63 
1 15.32 
1 17.02 
1 18.74 
120.47 
122.2 1 
123.96 
125.72 
127.50 
129.29 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0 -3 
0 -2 
O. 1 

O 

x = -6 ai- 20.39 a + 134.25 
1 14.46 
1 1  6.39 
1 18-33 
120.27 
122.23 
124.2 1 
136.19 - 

128.19 
130.20 
132.22 
134.25 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 

x = -71 a'- 22.7 a + 151.28 
129.29 
13 1.43 
133.57 
135.74 
1 3 7.92 
140.1 1 

O .4 - 
0.3 
0.2 
0.1 

O 

142.3 1 
* 144.53 

146.77 
149.02 
15 I .28 







Corresponding to C34 

1 Corresponding to C36 1 

CC 

O 
O. 1 
O -2 
0.3 
O .4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

Corresponding to C35 

x = -59 cc2+ 17.04 a t 115.60 
'r 15.60 
117.31 
119.03 
120.77 
122-5 1 
124.27 
126.04 
127.82 
129.6 1 
13 1.41 
133.23 

x =  -37 a'- 16.12 a + 172.88 
157.13 
158.67 
1 60 -22 
161.78 
163 -34 
164.9 1 

a 
1 

0.9 
O. 8 
0.7 
0.6 
0.5 

OC 

O 
O. 1 
0.2 
0.3 
0.4 
0.5 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
O -4 
O .3 
O .2 
0.1 

O 

x = -94 or'+ 21.89 u + 134.30 
134.30 
136.50 
13 8.72 
140.95 
143.21 
145.48 

x = .55 a'- 17.58 a + 130.26 
133.23 
134.88 
136.55 
138.22 
139-9 1 
141-61 
143.32 
145.04 
146.77 
148.5 2 
1 50.26 



1 Corresponding to C4, 1 

Corresponding to C43 

a 
O 

O. 1 
0.2 
O .3 
O -4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

x = -74 a'+ 19.9 a+ 131.05 
131 -05 
133 .O5 -- 
135.06 
137.09 
139.13 
141.19 
143 -26 
145.34 
147.44 
149.56 
151.69 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.3 
O. 1 

O 

x = -88 a'- 25.49 cx t 176.30 
151.69 
154.07 
1 56.47 
158.89 
161.32 
163.78 
166.24 
168.73 
171.24 
173.76 
1 76.3 O 
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Graph of Membership Functions for cij ' s  
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Bill of Labor A ~ ~ r o a c h  

Frorn Table 3.6, we calculate the average f u q  capacities in Work Center i for 
Period j. 

Bill of Labor Approach 
200 ,-- - . 

Period 
WC 1 
WC2 
WC3 
WC4 

Period 

I 
87 
114 
150 
138 

2 

89 
121 
161 
148 

3 
98 
130 
173 
153 

4 
86 
115 
13 3 
120 

5 
94 
124 
155 
135 

6 
95 
127 
156 
142 
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Interval of Confidence for O 5 a 5 1 
Corresponding to CI, 

a 
O 

O. 1 
0 -2 
0-3 
0 -4 
0.5 
0.6 
0.7 
0.8 
0.9 
I 

x = 191.3 a'+ 1609.3 cc + 1727 
1727.00 
1889.84 
2056.5 1 
2227.0 1 
240 1 33  
2579.48 
276 1.45 
2947.25 
3 136.87 
3330.32 
3 527.60 

Corresponding to C12 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
O. 1 

O 

x = 219 cc2- 2347.4 a + 5656 
3 527.60 
3 720.73 
39 18.24 
4120.13 
4326.40 
453 7.05 
4752.08 
497 1.49 
5 195.28 
5423.45 
5656.00 

a 
O 

O. 1 
O .2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
O .9 
1 

x = 208 a2+1 151.45 cr + 1375.2 
1375.20 
1492.43 
1613.84 
1 73 9.43 
2 869.20 

-- - 

2003.14 
2141 -26 
2283 -55 
2430.02 
2580.67 
2735.50 

a 
1 

0.9 
0.8 
0.7 
0-6 
0.5 
O -4 
0.3 
0.2 
O. 1 

O 

x = 190.5aZ- 1884.5 a + 4429.5 
273 5.50 
2887.76 
3043.82 
3203 -70 
3367.38 
3 534.88 
3706.18 
388 1.30 
4060.22 
4342.96 
4429.50 

Corresponding to C I3 

a 
O 

O. 1 
0.2 
0.3 
O -4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

x = 202 ci2 + 968 a + 793.5 
793.50 
892.32 -- 
995.18 
1 102.08 
1213.02 
1328.00 
1 447.02 
1570.08 
1697. 18 
1828.32 
1963.50 

a 
1 

0.9 
0.8 
O -7 
0.6 
0.5 
0.4 
0.3 
0.2 
O. 1 
O 

x = 117 8- 1442.5 a + 3289 
1963.50 
2085.52 
2209.88 
3336.58 
2465.62 
2597.00 
2730.72 
2866.78 
3005.18 
3 145.92 
3289.00 



Corresponding to C I j  

a x = 86 a'+ 363 a + 395.5 a x = 6 7 a 2 - 7 3 4 a +  1511.5 
O 395.50 1 844.50 

O. 1 432.66 0.9 905.17 
0.2 47 1 -54 0.8 967- 18 

129 

Corresponding to C14 

I Corresponding to C t6 
1 I I  1 - i 

a 
O 

O. 1 
0.2 
0.3 
O -4 
0.5 
0.6 
0.7 
0.8 
0.9 - 
1 

x = 170.25 a2 + 776.75 a + 659 
659.00 
738-38 
821.16 
907.35 
996.94 
1089.94 
1 186.34 
1286.15 
1389.36 
1495-98 

1606.001 

a 
1 

0.9 
0.8 
O -7 
0.6 
0.5 
0.4 
0.3 
0 -2 
O. 1 

O 

x =  111 a2-968.5u+2463.5 
1606.00 
168 1.76 
1759.74 
1839.94 
1922.36 
2007.00 
2093 -86 
2 182.94 
2274.24 
2367.76 
3463 -50 



130 

Corresponding to CZ1 

a 
O 

O. 1 
O .2 
0.3 
O .4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

x = 238.5 a2+ 1541 -55 a +1582.5 
1583.50 
1739.04 
1900.35 
2066.43 
2237.28 
24 12.90 
2593 -29 
2778 -45 
2968.3 8 
3 163.08 
3362.55 

Corresponding to Czz 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
O -3 
0.2 
O. 1 

O 

a 
O 

0.1 
O .2 
0.3 
O -4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

x = 272.75 a2 - 2722.3 a +58l2.l 
3362-55 
3582-96 
3808.82 
4040.14 
4276.9 1 
4519-14 
4766.82 
50 19.96 
527855 
5542.60 
5812.10 

x = 159.25 a'+ 1400.25 a + 1324.5 
1324.50 
1466.12 
16 10.92 
1758.91 
19 10.08 
2064.44 - - -  
222 1.98 
2382.71 
2546.62 -- 
2713.72 
2884.00 

Corresponding to Cu 

' a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
O .4 
0.3 
0.2 
O. 1 

O 

CL 

O 
O. 1 
0 -2 
0 -3 
O .4 
0.5 
0.6 
0.7 
0.8 
0 -9 
1 

x = 202.75 a'- 21 97.5 a + 4878.75 
2884.00 
3065.23 
3250.5 1 
3439.85 
3633 -24 
3 83 0.69 
4033.19 
423 7.75 
4447.36 
466 1 .O3 
4878.75 

~=189 .25~~+1124 .5a+979 .25  
979.25 
1093 -59 
12 1 1.72 
1333.63 
1459.33 
1588.8 1 
1722.08 
1859.13 
1999.97 
2144.59 
2293 .O0 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
0 -4 
0.3 
0.2 
O. 1 

O 

x=140.75d-i565ac3717.25 
2293.00 
2422.76 
2555.33 
2690.72 
2828.92 
2969.94 
31 13.77 
3260.42 
3409.88 
3562.16 
3717.25 





132 
I Corresponding to C3 

Corresponding to C33 
1 I I I 

- 
Corresponding to C32 

a x = 202.55 a2+ 1552.7 a + 1655.7 
O 1655.75 

cc 
O 

0.1 
0.2 

" 

0.3 - 
0.4 
0.5 
0.6 
0.7 
0.8 
0-9 

I 

a 
1 

0.9 
0.8 
0.7 
O -6 
0.5 
0.4 
O .3 
O -2 
O. 1 
O 

O. 1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
O -9 

1 

x = 234 a'- 2228.4 a + 5405.4 
341 1.00 
3 589-3 8 
3 772.44 
3960.18 
4 152.60 
4349.70 - 
455 1.48 
4757.94 
4969.08 
5 184.90 
5405.40 

1813.05 
1 974.3 9 
2139.79 
2309.24 
2482.74 
2660.39 
284 1.89 

--. 

3027.54 
32 17.25 
34 1 1 .O0 

x = 200.75 a'+ 1 160 a + 1504.25 
1504.25 
1622.26 
1744.28 
1870.32 

7 1  
2 134.44 
2272.52 
24 14.62 
2560.73 
27 10.86 
2865.00 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
O -4 
0.3 
0.2 
O. 1 

O 

s= 179a2- 1792a+4478 
2865.00 
3010.79 
3 158.96 
33 11.3 1 
3467.24 
3626.75 
3789.84 
3956.5 Z 
4 126.76 
4300.59 
4478 .O0 



I Corresponding to C34 I 

Corresponding to C3, 

a 
O 

O. 1 
0.2 
0.3 
0 -4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

Corresponding to C3(j 

a 
O 

O. 1 
O -2 
O -3 
0 -4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

x =  113 a2+483 a+449.5 
449.50 
498 -93 
550.62 -- 
604.57 
660.78 
7 19.25 
779.98 
842.97 
908.22 
975.73 
1045.50 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
0 -4 
0.3 
0 -2 
O. 1 
O 

x=15u '+249a+895  
66 1 .O0 
683 .O5 
705.40 
728.05 
75 1 .O0 
774.25 
797.80 

- v v  

82 1.65 
845.80 
870.25 
895.00 

x = 74.5 a'+ 303.5 a + 283 
283 .O0 
3 14.10 
346.68 
3 80 -76 
4 16.32 
453 -3 8 
49 1 -92 
53 1.96 
573.48 
6 16.50 -- 
66 1 .O0 

x = 55.5 a' + 579.5 a + 1569.5 
1045.50 
1092.9 1 
1 141 -42 
1191.05 
124 1 -78 
1293 -63 
1346.58 
1400.65 
1455.82 
1522.1 1 
1569.50 

a 
1 

O -9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
O. 1 

O 



Corresponding to C4, 

I Corresponding to Ca 
1 I I  I 

a 
O 

O. 1 
0.2 
O -3 
O -4 
0.5 
0.6 
0.7 
0-8 
0.9 
1 

Corresponding to CJ2 

1 I 1 7 -  . - -  
I l l  2065.50 I I  O 1 3390.00 1 

a 
O 

O. 1 
O -2 
0.3 
0.4 
0.5 
0 -6 
0.7 
0.8 
O -9 
1 

x =214.35 a2+ 1455.45 a+ 1733 
1733.00 
1880.69 
2032.66 
2188.93 
2349.48 
25 14.3 1 
2583.44 
2856.85 
3034.54 
32 16.53 
3402.80 

x = 185 a'+ 1144 cc + 1388 
1388.00 
1504-25 
1624.20 
1747.85 
1875.20 
2006.25 
2141 .O0 
2279.45 
242 2 -60 
2567.45 
27 1 7.00 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
O .4 
0.3 
O -2 
O. 1 

O 

x = 257 a'+ 2592.3 a + 5738.1 
3402.80 
3613.20 -- 
3828.74 
4049.42 -- 
4275.24 
4506.20 
4742.30 
4983.54 
5329-92 
548 1.44 
5738.10 

cc 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
O. 1 

O 

x = 204 a'+ 2042.5 u + 4555.5 
27 17.00 
2882.49 
3052.06 
3225.71 
3403 -44 
3585.25 
3771.14 
3961.1 1 
4155.26 
43 53 -29 
4555.50 



I Corresponding to C4 1 

Corresponding to Cd4 

a 
O 

0.1 
0.2 
0 -3 
O .4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

Corresponding to Ca6 

x = 150.25 ar2 + 702.5 a +. 656.75 
656-75 
728.50 
803 -26 
88 1 .O2 
96 1 -79 
1 045 -56 
1 132.34 
1222.12 
13 14.91 
1410.70 
1 509.50 

CC 

O 
O. 1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

a 
1 

0.9 
O -8 
0.7 
0.6 
O -5 
0 -4 
0-3 
O -2 
O. 1 
O ,  

x = 5 5 a Z + 1 8 8 a + 1 5 3  
153 .O0 
172.3 5 
193.80 
214.35 
237.00 
260.75 
285.60 
31 1.55 
338.60 
3 66.75 
396.00 

x=111 a2+1069.5a+2468 
1509.50 
1595.36 
1683.44 
1773.74 
1866.26 
196 1 .O0 
2057.96 
2157.74 
2258.54 
2362.16 
2468.00 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
0 -4 
0.3 
0.2 
O. 1 

O 

x = 32.5 a'+ 340 a + 703.5 
396.00 
423.83 
452.30 
48 1.43 
51 1.20 
54 1 -63 
572.70 
604.43 
636.80 
669.83 
703 .50 
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Graph of Membership Functions for cij 's 
- 

















Resource Profile Aparoach 

From Table 4.9, we caiculate the average fuzzy capacities in Work Center i for 
Period j. 

Period 

Period 
WC1 
WC2 
WC3 
WC4 

' 1 
3610 
3530 
3471 
3569 

2 
2819 
2993 
2928 
2844 

3 
2002 
2321 
2196 
2136 

4 
1584 
1813 
1634 
1536 

5 
899 
1080 
1028 
964 

6 
652.9 
595.1 
625 
412 
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145 
Interval of Confidence for O L u 5 1 

Corresponding to CI  , 
or 
O 

O. 1 
0.2 
0.3 
O -4 
O S  
0.6 
0.7 
0.8 
0 -9 
1 

x=11.25a2+1601.25a+3147.5 
3 147.50 
3307.74 
3468.20 
3628.89 
3789.80 
3950.94 
41 12.30 
4273 -89 
443 5.70 
4597.74 
4760.00 

Corresponding to C l 2  

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
O .4 
0.3 
O -2 
o. 1 

O 

CC 

O 
O. 1 
O .2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

x=4 .5a2 -  1131.5a+5887 
4760.00 
4872.30 
4984.68 
5097.16 
5209.72 
5322.38 
5435.12 
5547.96 
5660.88 
5773 -90 
5887.00 

x = 6.25 cc2+ 113 1.5 a + 1220 
1220.00 
1255.94 
1292.00 
1328.19 
1364.50 
1400.94 
1437.50 
1474.19 
151 1-00 
1547.94 
1585.00 

Corresponding to C13 

CC 

1 
0.9 
0.8 
0.7 
0.6 
0.5 
0 -4 
0.3 
0.2 
O. 1 

O 

a 
O 

O. 1 
0.2 
O -3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

x = 6 . 5 ~ '  - 658 a + 2236.5 
1585.00 
1649.57 
1 7 14.26 
1779.09 
1844.04 
1909.13 
1974.34 
2039.69 
2105.16 
2 170.77 
2236.50 

x=6.5  a'+ 1397a+2416.5 
2416.50 
2556.27 
2696.16 -- 
2836.19 
2976.34 
3 116.63 
3257.04 
3397.59 
3538.26 
3679.07 
3820.00 

a 
1 

O .9 
0.8 
0.7 
O -6 
0.5 
0.4 
0.3 
0.3 
O. 1 
O 

x = 4  a'- 800.5 u +4616.5 
3 820.00 
3899.29 
3978.66 
4058.1 1 
4 13 7.64 
42 17.25 
4296.94 
43 76.7 1 
4456.56 
4536.49 
46 16.50 



1 Corresponding to CI, 1 

Corresponding tu C L4 

1 Corresponding to C I6 

(X 

O 
O. 1 
0 -2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

x = 5.75 a'+ 307.25 a + 1057 
1057.00 
1087.78 
1 1 18.68 
1 149.69 
1 180.82 
12 12.06 
1243 -42 
1274.89 
1306-48 
1338.28 
1370.00 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
O 2 
0.1 
O 

x = 4.5 cc2- 549 a + 1914.5 
1 3 70.00 
1424.05 
1478.18 
1532-4 1 
1586.72 
1641.13 
1695.62 
1750.2 1 
1804.88 
1859.65 
1914.50 



1 Corresponding to C2,  1 

Corresponding to Cz2 

a x = 1.25 a2t 307.5 a + 616.25 a x =  1 a'- 177u+ 1101 
O 6 16.25 1 925.00 

Corresponding to Cz3 

a 
O 

O. 1 
0.2 
0.3 
0.4 
O .5 - 
0.6 
0.7 
0.8 
0.9 
1 

x =  1.25 a2+ 307.5 a+616.25 
6 16.25 
647.0 1 
677.80 
708.61 
739.45 
770.3 1 

8 0 1 . 2 0 1  
832.1 1 
863 .O5 
894.0 1 
925.00 

a 

1 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
O. 1 

O 

x =  1 a'- 1 7 7 a +  1101 
925 .O0 
942.5 1 
960.04 
977.59 
995.16 
1012.75 
1030.36 
1047.99 
1065.64 
1083.31 
2 101.00 



Corresponding to CZ4 

CC 

O 
O. 1 
0.2 
0 -3 
0-4 
0.5 
0.6 
0.7 
0.8 
0.9 - 
1 

Corresponding to Czj 

a 
O 

O. 1 
0.2 
0.3 
0.4 
0.5 
O -6 
0.7 
0.8 
O .9 
1 

Corresponding to C26 

x = 1 d+ 372.5 a +4461.5 
446 1.50 
4498.76 
4536.04 
4573 -34 
46 10.66 
4648.00 
4685.36 
4722.74 
4760.14 
4797.56 

4835.001 

CC 

O 
O. 1 
O -2 
0.3 
0.4 
0.5 
O .6 
0.7 
0.8 
O -9 
1 

x = 1.25 ai + 307.5 a + 6 16.25 
6 16.25 
647.0 1 
677.80 
708.6 1 
739.45 
770.3 1 
80 1.20 
832.1 1 
863 .O5 
894.0 1 -- 
925.00 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
O. 1 

O 

x = -75 u2 + 64.25 CC + 245 
245.00 
25 1.43 
257.88 
264.34 
270.82 
277.3 1 
283.82 
290.34 
296.88 
3 03 -43 
3 10.00 

x = 1.5 a2 -673 a + 5506.5 
4835.00 
4902.02 
4969.06 
5036.14 
5 103.24 
5 170.38 
5237.54 
5304.74 
5371 -96 
543 9.22 
5506.50 

CC 

1 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
O. 1 

O 

x =  1 u2- 177a+  1101 
925.00 
943.5 1 
960.04 
977.59 
995.16 
1012.75 
1030.36 
1047.99 
1065.64 
Z 083.3 1 
1101.00 

a 
1 

0.9 
0.8 
O .7 
0.6 
0.5 
O .4 
0.3 
0.2 
O. 1 

O 

2 x = .5 a -43.5 at353 
3 10.00 
3 14.26 
3 18.52 
322.80 
327.08 -- 
33 1.38 
335.68 
340.00 
344.32 
348.66 
3 53 .O0 I 



149 
Corresponding to C3 

a 
O 

O. 1 
0.2 
O -3 
0.4 
0 -5  1 - 
0.6 
0.7 
0.8 
0.9 
1 

Corresponding to C;2 

01 

O - 
O. 1 
0.2 
0.3 
0.4 - 
0.5 - 
0.6 
0.7 
0.8 
0.9 

1 

Corresponding to C3; 

x = .5 a'+ 245.5 a + 489 
489.00 
513.56 
538.12 
562.70 
587.28 
61 1-88 
636.48 
661.10 
685.72 
710.36 
735.00 

a 
O 

O. 1 

x= .5  a2+631.5 a t 2 4 2 8  
2428.00 
2491.16 
2554.32 
26 1 7.50 
2680.68 
2743.88 
2807.08 
2870.30 
2933.52 
2996.76 
3060.00 

CC 

1 
0.9 
0.8 
0.7 
0.6 
0.5 
O -4 
0.3 
0 2 
O. 1 

O 

x = -5 a'+ 245.5 a + 489 
489.00 
5 13.56 

x =  Sa2- 1 3 9 ~ ~ 8 7 3 . 5  
735.00 
748.8 1 
762.62 
776.45 
790.28 
804.13 
8 17.95 
83 1.85 
845.72 
859.6 1 
873 .50 

1 

a 
1 

0.9 
0.2 
0.3 
0 -4 
0.5 

a 
1 

0.9 
0.8 
O. 7 
0.6 
0.5 
0.4 
0.3 
0.2 
O. 1 

O 

x = . 5  a'- l 39ac873 .5  
73 5.00 
748.8 1 

0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
O. 1 

O 

538.12 
562.70 
587.28 
61 1.88 

x = 2.5 a'- 1525 a c 4582.5 
3060.00 
32 12.03 
3364.1 O 
3 5 16.23 
3668.40 
3 820.63 
3972.90 

-- 
4 125.23 
4277.60 
443 0.03 
4582.50 

762.62 
776.45 
790.28 
804.13 
8 17.98 
83 1.85 
845.72 
859.6 1 
873.50 

0.6 1 636.48 
0.7 
0.8 
0.9 
1 

661.20 
685.72 
710.36 
735.00 



150 

Corresponding to C34 

a 
O 

O. 1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

Corresponding to C3 

a 
O 

O. 1 
0.2 
0.3 
O -4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 

Corresponding to C3(, 

x = -25 a2+ 31 1.25 a + 1818.5 
1818.50 
1849.63 
1 880-76 
1911.90 -- 
1943 .O4 
1974.19 
2005-34 
2036.50 
2067.66 
2098.83 
2 130.00 

a 
O 

O. 1 
0.2 
0.3 
0.4 
0.5 
0-6 
0.7 
0.8 
0.9 
1 

x = -75 a'+ 565.75 a + 1098.5 
1098.50 
1 155.08 
121 1.68 
1268.29 
1324.92 
1381.56 
143 8.22 
1494.89 
155 1 .58 
1608.28 
1665 .O0 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
O -2 
O. 1 
O 

x = -5 a'+ 245.5 a + 489 
489.00 
513.56 
538.12 
562.70 
587.28 
61 1.88 
636.48 
661.10 
685.72 
710.36 
735.00 

x =  1 a2+610.5 a+2739.5 
2 130.00 
2 190.86 
225 1.74 
23 12.64 
23 73 .56 
2434.50 
2495.46 
2556.44 
26 1 7.44 
2678 -46 
273 9.50 

CL 

1 
0.9 
0.8 
0.7 
0.6 
0.5 
O -4 
0.3 
O 2 
O. I 

O 

x = 2 a'+ 1053.5 a + 2716.5 
1665.00 
1769.97 
1874.98 
1980.03 
2085.12 
3 190.25 
2295.42 
2400.63 
2505.88 
261 1.17 
27 16.50 

a 
1 

0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
O -3 
0.2 
O. 1 

O 

x = -5 a'- 139 a + 873.5 
735.00 
748.8 1 
762.62 
776.45 
790.28 
804.13 
3 17.98 
83 1.85 
845.72 
859.6 1 
873 .50 
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Membership Fuiictioii Membersliip Fonctioii 
P P P P  
0 t3 p. O\ 
0 0 0 0 

Membership Function 













Caoacitv Reauirements Planning 

From Table 5.12, we calculate the average fiuy capacities in Work Center i for 
Period j. 

Capacity Requirements Planning 

1 
_- - - - _ _  -_---_-..  - -  

Period 
WC1 
WC2 
WC3 

Period 
EI WCI rn wc2 O w c 3  

1 
4639 
5214 
708 

2 
1657 
892 

3283 

3 
3668 
892 
708 

4 
1428 
4910 
2205 

5 
745 
892 
1786 

6 
4352 
305 
708 




