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Chapter 1: Introduction 

 

      Materials requirements planning (MRP) is a widely used method for production 

planning and scheduling. Planned lead-time (PLT) and lot size are two of the input 

parameters for MRP systems, which determine planned order release dates. The 

following section describes the background of the problem under study. 

 

1.1. Background 

 Presently, planned lead-time and lot size are estimated using indeendent 

methodologies. Marlin (1986) surveyed and listed the different methods prescribed to 

determine PLT.  Mohan and Ritzman (1998) also listed the different methods 

prescribed by previous researchers to determine PLT. Sipper and Bulfin (1998) 

discussed some of the widely used or recommended lot sizing rules.  

      There are some disadvantages associated with both PLT estimation methods listed 

in Mohan and Ritzman (1998) and lot sizing rules listed in Sipper and Bulfin (1998). 

No existing PLT estimation methods consider factors such as machine breakdown, 

scrap-rate, etc. Moreover, they did not consider the capacity of a shop, which changes 

dynamically, because the available capacity at any given time is determined by the 

loading of the shop at that time. All existing PLT estimation methods use historical 

data for estimation. However, manufacturing environment changes randomly over 

time. Factors such as capacity and shop congestion vary dynamically. Therefore, the 

estimation methods based on historical data leads to a huge lead-time difference 

between the actual lead-time and PLT, i.e., lead-time error1. Moreover, the processing 

time for a product varies due to product variability.  

 

 
     1 Lead-time error is defined as the difference between actual lead-time and PLT. 
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      Considering the average value of processing time for PLT estimation misleads the 

purpose. A large PLT (i.e., a PLT that is more than the actual lead-time) leads to a high 

inventory, because lots are released early. However, it may also cause customer 

dissatisfaction because of the excessively long customer lead-time. A small PLT (i.e., a 

PLT that is less than the actual lead-time) leads to low inventory, because lots are 

released later. This also causes customer dissatisfaction, however, because of missed 

due dates.  It is up to planners to decide the right PLT that compromises both inventory 

and customer satisfaction. Since no standard-method is prescribed so far, planners 

choose PLT based on historical data and previous experience.  Lot-sizing rules, listed 

in Sipper and Bulfin (1998), are applied at each level of the bill of material separately, 

hoping to minimize the holding and setup costs.  

 In recent years, companies are trying to reduce working capital. However, an MRP 

system has no control over WIP. This is partly because that none of the conventional 

lot-sizing methods incorporates WIP cost in their objective function while they attempt 

to minimize it, i.e., they do not minimize the total cost associated with production. It is 

important to note that WIP cost determines the cost associated with queues at each 

workstation and inventory holding cost determines the cost associated with end item 

inventory for satisfying future demand. Lot-sizing rules, listed in Sipper and Bulfin 

(1998), can be effectively applied to determine the order size for an item in order to 

satisfy the future demands existing in certain periods by minimizing the holding and 

setup costs. Nevertheless, they do not minimize the actual cost associated with 

production. It can only be achieved when lot-sizing rules minimize the combination of 

WIP cost, setup cost, and holding cost. 

      However, lot size and other manufacturing system parameters, such as shop 

congestion, dynamic shop capacity, machine failures, product variability, processing 

time, setup time, waiting time, and scrap rate, interact dynamically and determine PLT.   
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 Work-in-process cost is a function of PLT. A small lot size leads to small PLT and 

hence small work-in-process cost. A big lot size leads to large PLT and hence large 

work-in-process cost. Therefore, only the best combination of PLT and lot size 

determines the lowest cost function. So far, there is no prescribed method available to 

determine PLT by considering the dynamic interactions among the various parameters 

mentioned earlier. Therefore, lot size and PLT are estimated using different 

independent methods separately. By doing so, the advantage of the dependency nature 

of PLT on lot size is omitted. The following section describes the problem statement.  
 

1.2. Problem statement 

      Based on the discussion presented in the previous section, the research problem 

under study is defined as how to set both planned lead-time and lot size in such a way 

that the total cost, i.e., the combination of setup cost, holding cost, and work-in-process 

cost, is minimized by considering the dynamic interactions among various 

manufacturing system parameters. In order to estimate PLT with less lead-time error, 

the estimation procedure should consider parameters such as, lot size, shop congestion, 

dynamic shop capacity, machine failures, product variability, processing time, setup 

time, waiting time and scrap rate. The complex problem set by these parameters is 

stochastic in nature because of the variability existing in the above-mentioned 

parameters, and it is dynamic in nature as well because these parameters can interact 

dynamically. Therefore, the estimation procedure should capture both the dynamic and 

stochastic nature of the parameters. Moreover, lot size and lead-time are dependent on 

each other. Big lot size leads to big queue time and hence, results in big lead-time. 

Moreover, changing the size of one lot will have an effect on the lead-time of other 

lots.  

      Conventional lot-sizing models are formulated based on setup and holding costs. 

Their objective is to determine lot size in such a way that the combination of setup and 
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holding costs are minimized. These, conventional models do not capture the 

interdependent nature of both lot size and lead-time. Such interdependence can only be 

achieved by combining the WIP cost with the cost function of lot-sizing models. It is 

important to note that the WIP cost of a lot is dependent on the average lead-time of 

that lot and its size. Therefore, the cost function of lot-sizing model is modified in such 

a way that the combination of setup cost, holding cost, and work-in-process cost, is 

minimized.  

 

Total cost of lot (Y) = setup cost + holding cost + WIP cost  

WIP cost = average WIP of lot (Y) * lead-time of lot (Y) * unit WIP cost 

      

      Karmarkar, Kekre, and Kekre (1985) argue that the setup cost in the cost function 

denotes the opportunity cost of lost production time, and they are incurred when 

production time is a binding constraint. However, the setup cost is not only the 

opportunity cost of the lost production time but so is the cost associated with the 

utilization of resources, such as labor for setups. Therefore, the term “setup cost” in the 

cost function represents the combination of opportunity cost of lost production time 

and the cost associated with the utilization of resources for setups.  

      WIP cost represents the cost that occurs due to parts waiting in queues. If lot size is 

too big, the holding cost and WIP cost will be high and the setup cost will be low. 

However, if lot size is too small, the holding cost and WIP cost will be low and the 

setup cost will be high. Moreover, changing the size of a lot will have an effect on the 

WIP and lead-time of other lots. Hence, changing the size of a lot will have an effect 

on the cost function of other lots also. The WIP and lead-time of a particular lot size 

are dependent on factors such as the size of remaining lots, machine failures, the 

variability of processing time, scrap rate and setup time. WIP and lead-time should be 

estimated by a method that captures both the stochastic and dynamic aspects of the 
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above-mentioned parameters. Only then can the realistic estimation of WIP and lead-

time be achieved. Thereby, lead-time error can be reduced, and lot size based on the 

realistic production cost can be estimated. The following section describes the 

discussion on the research objective.  

 

1.3. Research objective 

 Based on the discussion presented in the previous section, it is found that the 

solution procedure should tackle two different aspects of the problem simultaneously, 

in order to find the improved solution.  These two aspects are: 

1. Finding lot size dynamically for given demand values, and 

2. Estimating the WIP and lead-time of a lot realistically by considering both 

stochastic and dynamic aspects of the manufacturing parameters 

 The objective of this research is to develop a feasible methodology to determine the 

solution for the problem under study by tackling both aspects of the problem. 

 

1.4. Thesis outline 

 Chapter 1 introduces the motivation for this research and defines the problem 

statement. Chapter 2 reviews previous research work done in fields such as queuing 

network based manufacturing model, lot sizing, and lead-time effect on MRP models 

and planned lead-time estimation procedures. Chapter 3 describes the general approach 

to the problem under study and presents the fundamental theory behind the proposed 

approach. Chapter 4 describes the details of the proposed methodology. Chapter 5 

describes the details of the manufacturing system modeling in MPX. Chapter 6 

describes the details of simulation modeling and estimation procedure. Chapter 7 

describes the details of the experimental design. Chapter 8 contains experiment results 

and discussion. Chapter 9 describes the concluding remarks. Appendix A provides 

tabulated results and describes the step-by-step execution of the proposed approach.



      6                                  

Chapter 2: Literature review  

 

      The literature review is divided into three parts. They are 

•  Review of queuing network based manufacturing model, 

•  Review of lot-sizing and planned lead-time effect on MRP systems, and 

•  Review of planned lead-time estimation methods. 

 

2.1. Review of queuing network based manufacturing model 

      Karmarkar, Kekre, and Kekre (1985) proposed calculating the relationship between 

lot size and shop performance using an open queuing network model, which is then 

embedded in an optimization routine that searches for optimal lot sizes. They described 

the importance of WIP inventory cost and they modified the objective function of the 

conventional lot-sizing models by adding the WIP inventory cost. They suggested that a 

manufacturing system model, which is based on open queuing network theory, could be 

used to estimate average flow time more accurately than the conventional PLT estimation 

methods. However, they did not consider parameters such as, machine failures and scrap 

rate in their model. Because of the complex computations, the method which they 

proposed cannot be implemented easily. They did not describe any method which 

explains how an optimization routine can be embedded on an open queuing network 

model.  

      Karmarkar (1987) investigated a multi-item open queuing network model. He 

indicated that because of the multi variable nature of the model, it could not be solved 

easily. He stated “queuing delays are externalities in that changing one item’s lot size 

potentially has an impact on delays of all other items.”   

      Suri and Diehl (1985) proposed a software tool called MANUPLAN for assisting in 

the planning and designing of manufacturing systems. They embedded a dynamic model, 

which was based on queuing network theory, on static the allocation model in order to 
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capture the dynamics, interactions, and uncertainties in the system. They mentioned that 

these models estimate steady state average values. They intuitively described that “these 

estimates can be used to analyze the performance of the system over the period of 3 

months while the processing time of an item is on the order of 15 minutes to 4 hours.” 

They also mentioned some of the limitations of the software. They argued that they 

developed this software tool in order to overcome the requirement of an enormous 

amount of detailed information, labor and computer time for developing a simulation 

model. MANUPLAN overcame the computation difficulties associated with multi-item 

open queuing network model, as mentioned in Karmarkar (1987). However, they did not 

explore the possibility of using this tool to estimate lot size and lead-time simultaneously 

by embedding an optimization routine on this tool, as argued in Karmarkar, Kekre, and 

Kekre (1985).  

      Zijm and Buitenhek (1996) developed a method that determines the earliest possible 

completion time of any arriving job, without sacrificing the delivery performance of any 

other job in a shop. They used an advanced queuing model in their approach, arguing that 

treating each workstation as M/G/1 queue, as proposed by Karmarkar (1987), is not 

exact. They reasoned “it is because that the arrival streams of a work station are the 

super-positions of departure streams from other work stations and an external arrival 

stream and since M/G/1 work station’s departure streams are not Poisson, the arrival 

stream can not be Poisson.”  

 Zijm and Buitenhek (1996) suggested that lead-time estimation could be refined using 

more sophisticated approximates of queuing network models. They posited that these 

techniques are implemented in a software tool called MPX 2. However, they did not 

investigate how this sophisticated queuing network model could be used to set lead-time 

and lot size optimally.       

 

2 MPX is a registered trademark of Network Dynamics, Inc. Framingham, MA 01701, USA. 
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2.2. Review of lot sizing and lead-time effect on MRP systems 

     Karmarkar, Kekre, and Kekre (1985) illustrated the impact of lot size on queues.  

They intuitively found that big lot size causes large queue build up. They also found that 

initially lot size reduction causes queue reduction but eventually the queue started to 

build up because of an increased number of setups. They also suggested the conventional 

objective function modification for finding the optimal lot size. They argued that an 

investment associated with work-in-process (WIP) is the opportunity cost and lot size 

models should incorporate the WIP cost in their objective function in order to capture the 

implicit effect of lot size on lead-time.  

  Melnyk and Piper (1985) investigated the effect of different lot sizing rules on lead-

time error. They examined the interaction between lot sizing rules and lead-time 

estimation methods. They believed that lot size and lead-time are two inter dependent 

functions. They found that PLT inflation influences lot size effectiveness and vice-versa. 

    Billington, Mcclain, and Thomas (1983) proposed linear and integer programming 

approaches for estimating lot size and lead-time in capacity-constrained MRP systems. 

They did not consider factors such as processing time variability, machine breakdowns, 

and dynamic interactions among lots in their mathematical modeling. 

 Molinder (1997) proposed a methodology for optimizing lot size, safety stock and 

safety lead-time jointly by applying a simulated annealing based search algorithm. He 

estimated planned lead-time and demand at different levels based on their variance. He 

optimized lot size and safety stock for each constant value of planned lead-time and 

demand by applying the simulated annealing technique. Thereafter, he optimized safety 

lead-time and lot-size.  However, he did not consider factors such as processing time 

variability, machine breakdowns, and dynamic interactions among lots in his model. 
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      Guide and Srivastava (2000) reviewed different buffering techniques used for 

tackling the uncertainty in MRP systems. Their study report indicates that only a few 

research efforts have been made in the area of lead-time uncertainty in MRP systems. 

Most of the research has tackled lead-time uncertainty using the safety lead-time factor 

and they have all used independent approach for estimating lot-size and planned lead-

time.  

      Yeung, Wong, and Ma (1998) reviewed different parameters which affect the 

effectiveness of MRP systems.  They found that capacity constraint is not considered in 

most of the research.  They reasoned that it is due to complicated interactions among 

various environmental factors. They recommended further study on various uncertainties 

such as processing time, machine failures, etc.   

      Koh, Saad, and Jones (2002) reviewed and categorized uncertainties associated with 

MRP systems. They concluded that MRP, MRPII, or ERP works only as a “planner” 

rather than an “optimizer” and that these tools would be effective only under the absence 

of uncertainties. They suggested that a planner should use some other techniques to cope 

with uncertainties. They found that safety lead-time is a widely used tool to cope with 

lead-time uncertainty.  Most of the research did not consider safety lead-time as a 

function of uncertainty associated with lead-time. Instead, they all measured safety lead-

time based on the variance of lead-time distribution function.  By doing so, the inter 

dependency nature of both lot size and lead-time was neglected.  

      Marlin (1986) investigated the effect of planned lead-time accuracy on MRP systems. 

He estimated PLT using some of the widely used methods and then investigated the 

effect of planned lead-time on MRP systems using a simulation model. He concluded that 

the estimated value of PLT does affect MRP system performances and care should be 

exercised in selecting a procedure for determining planned lead-time. He found that the 

simple historical average method is preferred in many cases.  
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      Mohan and Ritzman (1998) investigated the impact of planned lead-time on MRP 

system performances. They used four different levels of planned lead-time. At each level, 

they used different magnitudes of inflation. They concluded that planned lead-time does 

affect customer service, but it has a lesser effect on WIP than that of lot size. They did 

not consider the interdependent nature of both lot size and planned lead-time.  

     Nagendra and Das (2001) proposed a method called Progressive Capacity Analyzer 

(PCA) for determining lot size subjected to capacity restrictions, for multi-level bill of 

material. They observed that no commercially available MRP and Enterprise Resource 

Planning (ERP) software tools did actually resolved the finite capacity problem 

efficiently. PCA procedure consists of two linear programs and a lot-aggregating 

heuristic, and it is embedded on the traditional MRP explosion. The authors estimated 

planned lead-time using an independent methodology. They did not consider the 

interdependent nature of both lot size and planned lead-time.  

      Pandey, Pisal, and Sunisa (2000) proposed a finite capacity-material-requirement 

algorithm for obtaining capacity-based production plans. They used an independent 

methodology to estimate planned lead-time. They also did not consider the 

interdependent nature of both lot size and planned lead-time. 

 

2.3. Review of planned lead-time estimation methods 

       Boeder and Gurnee (1982) proposed a heuristic method for estimating planned lead-

time. They used the following set of data to estimate planned lead-time: 

•  Routings 

•  Transit time table 

•  Structured bills of material  

•  Standard run time 

•  Standard setup time  

•  Queue time 
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       Planned lead-time is estimated by summing setup time, run time, transfer time, and 

queue time, for a given lot size. This method does not consider the dynamic interactions 

among various parameters. Orlicky (1975) derived a linear equation for estimating 

planned lead-time. The linear equation is of the form 

NbaPLT += . 

The parameters, a and b are derived empirically and N denotes the total number of 

operations to be performed on a part.  Marlin (1986) investigated the above-mentioned 

equation in his research. He said, “Unless the work content of and backlogs at each 

operation are identical, this method performs poorly.”  

      Hoyt (1978) proposed a technique called “QUOAT (QUeue/Output Analysis 

Technique)”. QUOAT is developed based on the principle that “the lead-time through a 

given work center is the most recent week’s average queue divided by its average 

output”. However, this method did not consider the dynamic interactions among various 

parameters completely.  

    Pandey, Pisal, and Sunisa (2000) used a conventional method to estimate planned 

lead-time.  

PLT = K *(setup time + processing time), where K= two and eight. 

This heuristic method also did not consider the dynamic interactions among various 

parameters completely.  

       Based on the exhaustive literature review, it is evident that there is no research has 

been done on calculating both planned lead-time and lot size simultaneously in such a 

way that the combination of setup cost, holding cost and work-in-process cost is 

minimized. Moreover, it can be reasoned from the previous discussion that the PLT 

estimation methods cannot produce a better solution if they do not consider the dynamic 

interactions among various factors such as lot size, processing time variability, etc. 

Therefore, the need exists for developing a methodology to find an improved solution. 
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Chapter 3: Approach 

  

      The core objective of the proposed approach is to find a solution by tackling two 

different aspects of the problem under study. The core idea is to apply dynamic 

programming concept to estimate lot size for lumpy demand and apply advanced 

queuing network theory to estimate realistically the WIP and lead-time of a lot. This 

proposed approach embeds an optimization routine, which is based on dynamic 

programming of a manufacturing system model, which is based on open queuing 

network theory. Then, it optimizes lot size using realistic estimates of WIP and lead-

time of different lots simultaneously for single-product, single-level bill of material. 

Figure 1 shows the schematic representation of the proposed approach. 
 

                                

 

Demand

Dynamic
programming

routine

Advanced queuing
network theory

based
manufacturing

model

Lot size and
Planned lead

time  

 

Figure 1: Schematic diagram of the proposed approach 
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3.1. General assumptions 

1. End item demand is dynamic in the sense that it may vary across periods and 

they are deterministic in the sense that the expected values of demand are 

known a priori. 

2. Setup time is deterministic. Processing time and machine failures are stochastic.  

3. Backordering is not permitted.  

4. Setup cost denotes the combination of opportunity cost of the lost production 

time and the cost associated with the utilization of resources for setup. Since the 

lost production time and the utilization of resources for setup are very difficult 

to quantify, the value of setup cost is chosen by applying a rule of thumb. In 

this model, the value of setup cost is ten times higher than that of holding cost. 

5. Production cost remains constant for the entire period of the planning horizon. 

6. Queue space is infinite at each workstation.  

7. Material handling and labor resources are not considered in the modeling.  

8. The release date of each lot is found by offsetting its PLT from its due date. At 

each workstation, lots are processed based on the FCFS rule.  

 

3.2. Dynamic programming based optimization routine 

 One of the challenges of the problem under study is to find lot size dynamically. A 

dynamic lot-sizing model can be represented either as dynamic programming problem 

or as mixed integer-programming model. Details of the various dynamic lot-sizing 

models can be found in Shapiro (1993). However, the representation of the dynamic 

lot-sizing model as mixed integer-programming model is only possible when work-in-

process cost is not present in the objective function of the dynamic lot-sizing model. 

This is because work-in-process cost is a function of average WIP and lead-time. 

Moreover, the average WIP and lead-time of a lot is dependent on the dynamic and 

stochastic nature of the various manufacturing system parameters, which were 
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discussed previously. Therefore, the formulation of mixed integer-programming model 

for the problem under study will be very difficult and time consuming. As a result, the 

problem under study is modeled as a dynamic programming model. The following 

section describes the general approach of dynamic programming.   
 

3.2.1. General approach  

      Dynamic programming (DP) is a mathematical approach designed to solve a 

problem by breaking it into smaller sub-problems. Dynamic programming solves the 

problem in stages. At each stage, exactly one variable is optimized. Computations at 

different stages are linked through recursive computations in a manner that yields a 

feasible optimal solution to the entire problem. The dynamic programming approach 

solves a multi-stage problem by solving a series of single-stage problems. This is 

achieved by tandem projection onto the space of each variable. In other words, it 

projects first onto a subset of variables, then onto a subset of these, and so on. 

    DP facilitates the easy formulation of the problem under study. In each stage of the 

DP model, lot sizes are chosen from a set of values which are determined by 

combining different demand values existing over the period of planning horizon. 

Wagner and Whitin (1958) proposed that lot sizes assigned by combining different 

demand values existing over the period of the planning horizon actually produce the 

better solution.  

 DP converts a sequential or multistage decision process containing many 

interdependent variables into a series of single-stage problems and each single-stage 

problem contains only a few variables.  Each demand period can be represented as a 

stage in dynamic programming because it has to be decided at each period whether to 

order some quantities for production. Actually, the decision made at each period 

decides the quantity due in that period. Inventory at the beginning of each period 
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represents the initial state of the stage. Inventory at the end of each period represents 

the final state of the stage.  
 

Stage 1 Stage t

Decision

Beginning
state

Ending
state

Return

Stage T

 

Figure 2: General schematic diagram of dynamic programming 

 

 

*
tF = min ( ))(*

1 tlKFl −+−      tl ≤<∀ 0                                    (3.1) 

 

Where, 

 *
tF = Optimal cost incurred to satisfy the demand existing from period 1 to period 

t, 

( )tlK −  = Cost incurred to satisfy demand existing from period l  to period t at 

period l . 
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     The above-mentioned equation will be evaluated recursively from period 1 to period 

T and lot size will be estimated dynamically in such a way that the shortest path from 

stage T to stage 1 is obtained.  By applying the dynamic programming concept, it is 

evident that the lot size can be determined dynamically for lumpy demand.  
    

Period 1 Period t

Lot size

Inventory at the
beginning of period t

Inventory at the
end of period t

Cost function
value

Period T

 

Figure 3: Schematic diagram of modified dynamic programming for lot-sizing model 

                                 

3.2.2. Principle of optimality 

      Bellman’s “principle of optimality” is quoted in Nemhauser (1966)  

     An optimal policy has the property that whatever the initial state and decision are, 

the remaining decisions must constitute an optimal policy with regard to the state 

resulting from the first decision. 

 

 The proof of the principle of optimality (by contradiction) can be found in 

Nemhauser (1966). It simply states, “If the remaining decisions were not optimal then 
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the whole policy could not be optimal.”  It can be proved that equation 3.1 actually 

satisfies the principle of optimality.  

 

Proof: 

      Consider a lot-sizing problem with 3 periods. The lot-sizing problem can be 

represented by nodes. Node 1 in Figure 4 represents the beginning of period 1 while 

node 2 represents the end of period 1. A path in Figure 4 from node 1 to node 4 

corresponds to setting up for production only in periods that correspond to nodes in the 

path. The path distance is determined by the total production cost. All possible 

combinations of setups in periods1 through 4 are represented by some path from node 

1 to node 4 on this graph. Therefore, finding the shortest path on this graph 

corresponds to the optimal production lot-sizing schedule with minimum total cost. 

 
  The objective of the lot-sizing problem is to satisfy the demand of all periods at 

minimal (optimal) cost, i.e., find the shortest path from node 1 to node 4. It can be 

found by moving backwardly from node 4 to node1.  

 

1 2 3 4
K1-2 K2-3 K 3-4

K1-4
K1-3

K2-4

 
Figure 4: Node representation of the multi period lot-sizing problem 
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      Let, Ki-j represents the cost of an arc emanating from node i to j , i.e., the cost 

incurred to satisfy demand existing between period i and j . Let, *
tF represents the 

optimal cost of reaching node t, i.e., the cost incurred to satisfy demand existing until 

period t. Then, the optimal cost of reaching node 4 can be written as follows: 
 

*
4F   = min
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     The optimal value of *
4F is based on the value of *

1F , *
2F  or *

3F  , i.e., the decision 

made at node1, node2, or node3. It can also be said that whatever the initial state and 

decision are, the remaining decision constitutes an optimal policy with regard to the 

state resulting from the first decision. Similarly, the optimal cost of reaching nodes 3, 2 

and 1 can be written as: 

 

*
3F   = min
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*
2F   = min { }21
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*
1F   = 0.                                                                    (3.5) 

In general, it can be said that,  

 
*

tF = min ( ))(*
1 tlKFl −+−      tl ≤<∀ 0 .                (3.6) 
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3.3. Queuing network theory based manufacturing system model 

      The need for incorporating a manufacturing system model in the proposed 

approach is to estimate realistically the WIP and lead-time of a lot by considering the 

stochastic and dynamic nature of the parameters, which were discussed earlier. 

Simulation techniques are commonly used for stochastic modeling of manufacturing 

systems. However, such models are difficult and extremely time consuming to develop 

and validate.   

     Suri and Diehl (1985) discussed the difficulties associated with using simulation 

based manufacturing models for short-period analysis. Substantial research has been 

done in the field of queuing theory based manufacturing system modeling. It has been 

shown that queuing theory based manufacturing system models can effectively be used 

for a quick analysis of a manufacturing system. 

 

3.3.1. Basic elements of queuing model for manufacturing system 

      As a part arrives at a facility, it joins a queue. A workstation chooses from the 

queue line to begin service part based on the service discipline rule. Upon completion 

of the service, the process of choosing a new part is repeated. It is assumed that no time 

is lost between the release of a serviced part from the workstation and the admission of 

a new one from the queue. The principal actors in a queuing model are parts and 

workstations. In queuing models, the interaction between parts and workstations is of 

interest only in as far as it relates to the period of time a part needs to complete its 

service. Thus, from the standpoint of parts arrivals, the time interval that separates 

successive arrivals needs to be measured. In the case of the workstation, it is the 

service time per part that counts in the analysis. In queuing models, parts arrivals and 

service times are summarized in terms of probability distributions, normally referred to 

as arrivals and service time distributions. Although the patterns of arrivals and 

departures are the main factors in the analysis of queues, other factors, such as queue 
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size, service discipline rule and number of workstations are important in the 

development of a model.  

     The queuing process is usually described using a shorthand notation. It consists of a 

series of symbols and slashes such as A/B/X/Y/Z, where A indicates the inter-arrival-

time distribution, B indicates the service time distribution, X indicates the number of 

parallel service channels, Y indicates the restriction on system capacity, and Z indicates 

queue discipline. Taha (1987) can be referred to additional information on queuing 

theory. 

     A manufacturing system can be modeled using networks of queues.  Networks of 

queues can be described as a group of nodes where each node represents a workstation. 

In general, parts arrive at any node from inside or outside of the system and depart 

when service is completed. Thus, parts may enter the system at some nodes, traverse 

from node to node in the system, and depart from some node, not all the parts 

necessarily entering and leaving at the same nodes, or taking the same path once 

having entered the system. An open network of queues suits the modeling of a 

manufacturing system where the arrival rate (distribution) is a controlled parameter. As 

this occurs in most manufacturing systems (job shops, flow shops, GT systems), the 

open network approach will be used in this research.  

 

3.3.2. Analysis of approximate GI/G/m queues  

      Zijm and Buitenhek (1996) argued that the arrival stream at a workstation, which is 

modeled as M/G/1, is determined by combining a departure stream from other 

workstations and an external arrival stream. Additionally, it can be said that the 

departure stream from a workstation, which is modeled as M/G/1, cannot be Poisson. 

Therefore, the arrival stream at a workstation, which is modeled as M/G/1, cannot be 

Poisson.  However, the M/G/1 queuing model assumes that the inter arrival time of 

parts follows the exponential distribution. Since, it is evident that the inter arrival time 
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of parts can not follow an exponential distribution, the M/G/1 queuing model can not 

exactly represent a realistic manufacturing work station.  

      Suri, Sanders, and Kamath (1993) stated that when parts do not assure the condition 

of Poisson arrival streams and workstations do not assure the condition of exponential 

service time in networks of queues, it would be effective to implement approximate 

network decomposition. This decomposition consists of a set of workstations, which 

are approximately represented as GI/G/m models linked together using a set of 

equations similar to those required for Jackson networks. In general GI/G/1 queues, 

both inter arrival-time and service time of a part follow a general probability 

distribution. The symbol GI is often used to specify that inter arrival-time of a part is 

general and independently distributed. Kuehn (1979) proposed an approximate method 

for the analysis of general queuing networks. According to his method, a network is 

split into subsystems which are analyzed in isolation. 

 

3.3.2.1. Basic GI/G/1 open queue network and decomposition analysis 

      GI/G/1 queue network consists of various elements such as, servers, queues, 

transition path, feedback loops, decomposition points (splitting of processes), and 

composition points (super position of processes). The GI/G/1 queue network is formed 

by linking a series of GI/G/1 queue stations together.  

      An elementary queuing station consists of a single server, a single queue with 

unlimited capacity, an input terminal (composition point Ci), and an output terminal 

(decomposition point Di). It is assumed that external parts arrive at a composition point 

and depart from the network at a decomposition point. Since it is an open network of 

queues, there exists at least one external arrival process and at least one station from 

which customers can leave the network.  Parts arrive from the outside of a queuing 

network based on GI arrival process and they are served at the various stations based 

on G service processes. 
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Figure 5: Elementary GI/G/1 queue station 

 

 The basic principle of decomposition analysis is defined in the following steps: 

•  Queuing networks are decomposed into single GI/G/m queue models;  

•  Each GI/G/m model is analyzed independently related to its network 

surroundings by arrival and departure process; 

•  All non-renewal processes are approximated using stationary renewal 

processes (A renewal process is defined as a process arises from any 

sequence of random variables which are non-negative, identical, and 

independently distributed); and 

•  Two moments, the mean and the coefficient of variation are considered for 

all renewal processes consistently. 

 

         Some basic operations necessary for implementing the decomposition analysis 

are discussed in the following section. They were all developed by Kuehn (1979). 

Before presenting the basic operations, the following notations have to be defined. 
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3.3.2.2. Notations  

iλ     The mean arrival rate of workstation or node i 

oiλ    The external arrival rate of parts at workstation or node i 

oλ     The external arrival rate of parts 

      oc     Vector of coefficients of variation of the external arrival processes 

G     Vector of service processes 

GI    Vector of external arrival processes 

iµ     Service rate at node i 

Hc    Vector of coefficients of variation of the service processes 

Ac     Vector of coefficients of variation of the arrival processes 

ijq     Routing probability for customers leaving station i  and changing to station j  

 where i =1, 2 ...N, j =0, 1….N, 

       N     Total number of queuing stations 

      iρ     Server utilization of station i  

 

3.3.2.3. Mean arrival rates 

      The mean arrival rate at workstation i is developed based on the stationarity 

assumption. It is obtained from the following set of linear equations representing the 

conservation of flow: 

iλ = oiλ  + ,
1

ji
N

j
j q∑

=
λ          i = 1, 2 … N.                                         (3.7) 

In the stationary case, for all stations it must hold that 

iii µλρ /= ,                                                                                    (3.8) 

                    ,1<iρ    for all i  = 1, 2 …N. 
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The transition rate jiλ  of the path from station i to station j follows from  

ijiij qλλ = , for all i = 1, 2 … N   & j =0, 2….N.                          (3.9) 

                                                                        

3.3.2.4. Mean values of GI/G/1 queuing system 

      The arrival process is a renewal process, which follows the general probability 

distribution function, GI, with a mean arrival rate at node i ( iλ ), and a coefficient of 

variation of the arrival processes at node i ( Aic ). The service process follows the 

general probability distribution function of G with a mean service time at node i 

( iih µ/1= ) and a coefficient of variation of the service processes at node i ( Hic ). Then, 

the closed form equation for mean waiting time at node i ( iw ), which was developed 

by Kuehn (1979), who applied a new approximation formula developed by Kraemer 

and Langenbach-Belz for GI/G/1 queuing stations which rests on the first two moments 

of the arrival and service processes, is used. 

 

iw = ih * ( ) ( ) ( )2222 ,,**
12 HiAiiHiAi
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Flow time if  can be calculated using the following relationship. 

if = iw + ih .                                                                                  (3.12) 

 

3.3.2.5. Output process of GI/G/1 queue system 

      The output process is characterized by the distribution function of the inter 

departure time at node i (TDi). The first moment of TDi is the reciprocal of the arrival 

rate iλ , and the second moment of TDi is calculated from the following set of 

equations: 
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3.3.2.6. Traffic and traffic variability equations 

      Suri, Sanders, and Kamath (1993) calculated the arrival rate at station i ( iλ ) and the 

vector of coefficients of variation of the arrival processes at station i ( Aic ) by solving 

two sets of simultaneous linear equations, which are developed based on the above-

mentioned relationships.  

     The following set of linear equations, taken from Suri, Sanders, and Kamath (1993). 

iλ , is calculated by solving the following equation: 

( ) 1
0

−−= Oi QIλλ                                                                         (3.14) 
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where ( ) 1−− OQI  is known as the “fundamental” matrix and the elements of this matrix, 

say ijn , are the expected number of visits to station j  by a part which enters the system 

at station i  before that part departs the system. Similarly, the coefficient of variation of 

a composite arrival process at each station is obtained from the following set of 

equations: 

 

 ij

M

i
aijaj bcac ∑

=

+=
1

22  ,                                                                     (3.15) 
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where 

                              ( ) ijjiij pq λλ /= ,                                                          (3.18) 

                              [ ]( )12.0,max1 25.0 −+= −
Hiii cmx ,                                    (3.19) 
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                               ( ) ( )[ ] 12 1141
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ijp  represents the probability with which a part received  service at station i and will 

go to station j next.   
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3.3.3. GI/G/m queuing model with interference 

      The above-mentioned GI/G/1 open queuing network model assumes that there is no 

stoppage at the workstation. Therefore, this model cannot represent workstations with 

failures. This type of problem is generally called a machine-operator interference 

problem. Suri, Sanders, and Kamath (1993) reviewed a wide range of literature, which 

addressed the machine-operator interference problem. Practical solutions to the 

machine-operator interference problem have been applied and used in a few software 

tools. Suri, Sanders, and Kamath stated, “The MPX package models multiple classes of 

operators tending multiple classes of machines.”  MPX a powerful analytical tool 

developed by Network Dynamics Inc., Framingham, MA, solves the machine-operator 

interference problem in two stages. In the first stage, the problem is analyzed as a 

multiple-class-closed network and the performance measures are generated. In the 

second stage, the performance measures calculated, which are calculated in the first 

stage, will be used to modify the machine service time in open network of queues. Zijm 

and Buitenhek (1996) mentioned, “All of the approximation procedures for GI/G/1 

open queuing network models are implemented in MPX.”  

 

3.3.4. Summary of queuing model discussion  

      Based on the above discussion, it can be reasoned that the following characteristics 

are required for a queuing model so that it can be used for calculating the WIP and 

lead-time of a lot by capturing the dynamic and stochastic nature of the various 

parameters, which are mentioned earlier. The characteristics are: 

•  Each node in the queuing model should be modeled as a GI/G/m queue 

•  Advanced approximate procedures should be applied to evaluate the 

performances of the GI/G/m queue 

•  Machine-operator problem can be addressed and solved 

•  Machine failures can be captured in the model 
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3.3.5. MPX  

      MPX is a powerful analytical tool used for modeling manufacturing systems via 

advanced queuing theory. MPX can be used to estimate WIP and lead-time of lots by 

capturing the dynamic and stochastic nature of the system. Details of MPX are 

discussed in the following subsections.  

 

3.3.5.1 Theory behind MPX  

      MPX is based on open network model with multiple classes of customers. It is 

solved using a node decomposition approach. Each node is analyzed as GI/G/m queue, 

with an estimate for the mean waiting time based on the first two moments of the 

arrival and service distributions. Then, MPX solution considers the interconnection of 

nodes as well as the impact of failures on service time and departure distributions for 

further calculations. The machine-operator problem is solved by applying the method 

proposed by Suri, Sanders, and Kamath (1993). 

     The exact algorithm, which runs MPX, is not published yet. However, based on the 

investigation performed by Suri, Sanders, and Kamath (1993) as well as Zijm and 

Buitenhek (1996), the approximate algorithm, which runs MPX, is developed. The 

approximate algorithm consists of two stages. They are: 

 

1. In the first stage, the machine – operator interference problem is solved by 

treating it as a multiple class closed queuing network and the required 

performance measures are calculated. Details of a multiple class closed queue 

network are illustrated in Suri, Sanders, and Kamath (1993). 

2. In the second stage, each node is treated as GI/G/m queue and the performance 

measures, which are calculated in the stage 1 as well as the factor corresponds 

to the effect of machine failures are used to modify the service time of GI/G/m 
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queue. Then, the performance measures are calculated for GI/G/m queue by 

applying the decomposition technique that is discussed earlier.  

 

3.3.5.2. Input parameters of a MPX model  

      MPX model captures the dynamic and stochastic nature of the following input 

parameters. The input parameters are: 

•  Scrap rate ( percentage of parts rejected at work station i ), 

•  Mean time to failure of work station i, 

•  Mean time to repair of work station i, 

•  Labor availability, 

•  Work station utilization limit, 

•  Number of labors for each kind of group, 

•  Number of work stations for each kind, 

•  Processing time, 

•  Setup time, 

•  Lot size. 

 The Variability factor of each of the above-mentioned parameters can be altered.  
 

3.3.5.3. Limitations of modeling in MPX  

 Some limitations exist in modeling a manufacturing system using MPX. They are 

as follows: 

1. MPX models a manufacturing system based on the assumption that the buffer 

capacity or queue length at each workstation is unlimited. Therefore, MPX 

cannot model manufacturing systems which have finite queue capacity at 

each workstation.  

2. MPX applies the FCFS (First Come First Serve) service discipline rule for 

selecting parts from a queue for service at each workstation.  
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3. The MPX model cannot be directly used for MRP calculations. For example, 

the lumpy demand values that exist at different periods cannot be loaded 

directly. Moreover, MPX cannot apply any dynamic lot sizing rules. 

4. MPX can only be used directly for a uniform demand pattern, i.e., the EOQ 

model. 

5. MPX output values, such as WIP, flow times, etc., are steady-state average 

values. 

6. The MPX model executes the production of different lots at the same time. 

Time phasing among different lots cannot be achieved directly. 
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      Lot size and planned lead-time are estimated simultaneously by embedding a dynamic 

programming based optimization routine on MPX. The core mechanics of this method 

can be described in three steps as follows: 

 

1. At each stage of the optimization routine, different lot sizes are evaluated to 

satisfy demand existing across a planning horizon.  

2. For each lot size determined in the first step, the average WIP and planned 

lead-time are estimated by running the MPX based manufacturing model. The 

estimation of average WIP for each lot is required in order to calculate the 

WIP cost.  

3. The total cost of each lot is calculated by executing the modified cost function 

described in Section 4.4.  

 

      All the above-mentioned steps will be executed iteratively at each stage of the 

dynamic programming based optimization routine. At the end of the execution, the 

optimal path is chosen by moving backward from the destination node (period) to the 

starting node as explained in Section 3.2.2. Figure 6 describes the simultaneous lot size 

and lead-time setting methodology.   

      However, developing a MPX model for estimating WIP and planned lead-time is not 

straightforward. MPX limitations are discussed in Section 3.3.5.3. Some of the 

limitations can be overcome by circumventing MPX. Discussion on overcoming the 

MPX limitations is in Section 4.1.  
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Figure 6: Description of the simultaneous lot size and lead-time setting (SLLS) 

methodology  
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4.1. Overcoming the MPX limitations 

   Various MPX limitations are discussed in the previous section. The following 

sections describe how these limitations are overcome in the proposed algorithm (SLLS). 

 

4.1.1. Unlimited buffer capacity  

      MPX assumes that the buffer capacity and queue length at each workstation is 

unlimited. Therefore, MPX cannot model manufacturing systems which have finite queue 

capacity at each workstation. MPX (2001) investigated and found, “in general, most 

discrete manufacturing systems do not have significant blocking effects and typically 

only highly automated, and integrated manufacturing lines are affected by blocking.” 

However, MPX can calculate the waiting time (queue time) of parts in queues. In general, 

finite queue capacity is not commonly encountered in manufacturing systems. It is quite 

frequently encountered in highly automated manufacturing systems such as FMS. Hence, 

this limitation does not have a huge impact on the application of SLLS algorithm in low-

level automated manufacturing systems like a job shop. Therefore, the proposed 

algorithm (SLLS) considers manufacturing systems with unlimited buffer capacity. The 

following section describes the discussion on introducing time phasing among lots. 

 

4.1.2. Introducing time phasing among lots 

      The first step of the optimization routine determines lot size at each stage. Each lot 

will have a different due date. Its starting date is determined by offsetting its lead-time 

from its due date. Therefore, different lots may have different starting dates. Hence, time 

phasing among lots is important and has to be captured in the analytical model. 

Unfortunately, MPX does not permit the time phasing among different lots directly.  
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 Different lots of a product will be treated as different products in the MPX model. All 

these products will visit the same set of “STANDARD” type equipment. MPX provides 

an option of treating equipment as “DELAY” type equipment. When a lot visits a piece 

of equipment of the “DELAY” type, the lot will simply be delayed for a specified amount 

of time.  Time phasing among lots is achieved by introducing a piece of dummy 

equipment of the “DELAY” type in their routings. By allowing a lot to visit the 

equipment of the “DELAY” type first, the required time phasing effect for that lot is 

achieved. The length of the delay time for lot Y is determined using either the completion 

time of the first operation of all the previous lots or the time difference between the 

starting dates of lot 1, which is started first for processing, and lot Y. 

 It is important to note that MPX can estimate the time required for processing the 

operation of each lot separately. Figure 7 displays the implementation of the time phasing 

concept in MPX. For example, in Figure 7, lot 1 of size 60 will be released to a 

manufacturing shop at time zero. Lot 2 of size 60 will visit the first workstation after 

2600 minutes from time zero. This is shown in Figure 8 and Figure 9. MPX actually 

releases lot 2 at time zero. However, lot 2 will be held for 2600 minutes at the dummy 

workstation, “delay1,” as shown in Figure 8 before it is allowed to start its actual routing. 

Thereby, lot 2 is made to start its original routing after 2600 minutes. 
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Figure 7: Display of time phasing concept in MPX 

 

 

Figure 8: Display of “DELAY” concept in MPX for lot2 
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Figure 9: Display of “DELAY” concept in MPX for lot1 

 

 The estimation of average WIP and lead-time for a time-phased lot is not exact. This 

is because MPX calculates WIP and lead-time for the time-phased lot by considering all 

the workstations in the routing including the dummy workstation. Therefore, the effect of 

the dummy workstation on WIP and lead-time has to be truncated.  It is important to note 

that the delay time, which is set in the dummy station, is a constant.  

 λ    Mean arrival rate of a time-phased lot 

 L  Average number of parts in the system  

 aL  Average number of parts in all the workstations except the dummy station, d 

 dL  Average number of parts in the dummy station, d 

 W  Average time a part spends in the system 

 dW   Average time a part spends at the dummy station, d 

aW  Average time a part spends in all workstations except the dummy station, d 
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  MPX calculates L  and W . However, it is desired to estimate aL and aW .  

da LLL +=                                                                                 (4.1) 

da WWW +=                                                                              (4.2) 

From Little’s law, 

WL *λ=  

( )da WWL += *λ                                                                        (4.3) 

( ) ( )da WLW ** λλ −=                                                                 (4.4) 

By using Little’s law, equation 4.4 can be written as, 

( )da WLL *λ−=                                                                         (4.5) 

λ
a

a
L

W =                                                                                       (4.6) 

Where, 

                                      
periodprod

lotsize
n

=λ       

 

 dW  is equivalent to the delay time set in the dummy equipment and L  is found from the 

MPX output result. From equation 4.5 and 4.6, the actual WIP and lead-time of a time-

phased lot can be calculated.  
 

4.1.3. Discussion on using steady state average values  

  As mentioned earlier, the estimates of WIP and lead-time calculated by MPX are 

steady state average values. Obviously, achieving steady state in a discrete manufacturing 

system is not always possible. This is because the manufacturing facility has to start from 

an idle system in most cases. Therefore, the transition state will have an effect on the 

performance of the manufacturing system. There are some issues associated with using 



Chapter 4: Methodology 

 38

the steady state average values of WIP and PLT. These issues are discussed in the 

following subsections. 

 

4.1.3.1. Determining the arrival rate of a lot 

 As discussed in Section 4.3.2.3, the mean arrival rate is one of the critical factors for 

estimating parameters using an open queuing network model. In MPX, the arrival rate of 

lot λ is determined using the following equation, 

 

PP
D=λ                                                                                        (4.7)           

 In equation 4.7, D denotes end demand and PP denotes production period. Since, end 

demand and lot size are the same in this research, equation 4.7 can be written as 

PP
lotsize=λ                                                                                   (4.8) 

  From equation 4.8, it is evident that the arrival rate of lot λ  is dependent on lot size 

and production period. Since lot size is determined by applying the optimization routine, 

the selection of production period value is quite critical. It is important to note that the 

value of the production period has to be chosen in such a way that all lots, which are 

determined at different stages of dynamic programming, can be released into the shop 

and the production can be completed during the production period. Therefore, the 

production period should represent the period measured between the earliest release date 

and the latest due date of all lots.  As a result, it is very difficult to determine the exact 

production period value. That is because the production period is determined by using the 

size of the planning horizon and the earliest release date of all lots which are quantified at 

each stage of dynamic programming. Nevertheless, lot size varies over different stages of 

dynamic programming. It adds a further complication to the problem. Generally, the 

production period can be found by using the following relationship: 
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Production period = Latest due date - earliest release date         (4.9)   

 

 

 In the above relation, the latest due date is constant, for any given dynamic lot-sizing 

model. However, the earliest release date may vary over different stages of dynamic 

programming. In order to resolve this complex issue, the following trial and error 

methodology is used: 

 

Step1. Set a big value for the production period 

Step2. Execute the SLLS algorithm and determine the first optimal lot. 

Step3. Reset the production period at a value determined by using the following 

relationship, 

Production period = Planning horizon + lead-time of the first optimal lot size. 

Step4. Repeat Step 2 and Step 3 until the production period does not change. 

 

 The above-mentioned methodology implicitly assumes that the first optimal lot size 

has the earliest release date. Though it happens often in many cases, it does not happen 

always in all the cases. If it is found that the earliest release due date has been changed, 

the production period value should be reset to a new value, and the execution of SLLS 

algorithm should be started again.  The following section describes the comparison 

between MPX steady state values and corresponding simulation results. Figure 10 

describes a “general data” sub-menu bar in MPX.  
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4.1.3.2. MPX steady state values vs. simulation results 

 As mentioned earlier, MPX estimates steady state average values. It is significant to 

compare the values of WIP and PLT estimated by using the MPX model with values 

estimated by using a simulation based manufacturing model. In order to facilitate this, an 

experiment is conducted. The objective of the experiment is to evaluate and compare both 

WIP and lead-time for different lot sizes of a product whose structure and other 

manufacturing system parameters are mentioned in the next paragraph, by using both 

MPX and simulation models. The details of the simulation model are discussed in Section 

6.1. 

 

 

 

 

Figure 10: Display of “production period” parameter in MPX 
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 Product structure, which specifies the parent-component relationship, can be 

characterized by using parameters such as number of items, number of levels, average 

number of components per parent, and average number of parents per component. Values 

of those parameters for this experiment are given below: 

1. Number of items                                              = 1 

2. Number of levels                                             = 1 

3. Average number of components per parent     = 1 

4. Average number of parents per component      = 1 

 

   A manufacturing facility, working in one eight-hour shift each day, 5 days per week, 

has two machines organized in to two departments. Each department has one machine. 

Labor is not considered in the design. Machine utilization limit is set at 95% for both 

machines. Parts routing and operation parameter values are described in Figure 11. The 

scrap rate is set at zero for both machines. These parameter values are loaded in both 

MPX and simulation models. Other parameters are set as follows. 

•  Setup cost    = 50 units per setup 

•  Holding cost  = 0.1 unit per day per item 

•  WIP cost   = 0.1 unit per day per item 

•  Due date missing cost  = 8 units per day per item 

•  Planning horizon          = 15 days, i.e., 3 periods    

 

 

Work station 1 Work station 2

Processing time= 5 minutes
Setup time = 145 minutes

MTTF = 4800 minutes
MTTR = 130 minutes

Processing time = 3 minutes
setup time = 130 minutes
MTTF = 4800 minutes
MTTR= 150 minutes

 
Figure 11: Parts routing 1 
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 The experiment results are shown in Table 1. The notations used in the table are 

defined as follows: 

iQ         Size of lot i, 

SD   Starting date of the lot, 

DD   Delay of a lot measured from the starting date of the first lot (in days), 

DM   Delay of a lot measured from the starting date of the first lot (in minutes), 

PLT    Planned lead-time of a lot (in days), and 

WIP     Work in process of a lot (in number of parts). 

 
Test No. Production Lot no. Qi SD DD DM      MPX results     Arena results

period PLT WIP PLT WIP

1 27 lot1 500 1 0 0 12 207 9 159

lot2 300 7 6 2880 8 86 6 62

lot3 200 11 10 4800 6 44.5 6 28

2 29 lot1 600 1 0 0 14 276 11 215

lot2 100 8 7 3360 5 15.6 5 14

lot3 400 10 9 4320 10 136.3 8 99

3 35 lot1 800 1 0 0 20 454 15 318

lot2 500 10 9 4320 15 210.2 10 125

lot3 600 16 15 7200 17 281.6 11 182

4 46 lot1 1300 1 0 0 31 870 23 632

lot2 500 16 15 7200 18 185.4 11 115

lot3 650 22 21 10080 20 277.2 12 160  
Table 1: Comparison between MPX and simulation results 

 

 From Table 1, it is apparent that the steady state values of WIP and PLT are higher 

than those of the simulation results. It is because that MPX did not capture the effect of 

transition state on the performance of the manufacturing system. However, this inference 

cannot be guaranteed since it has been made based on the sample size of four. Since, the 

steady state values and the simulation results are not the same, it is significant to clarify 
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whether the steady state values introduce any bias into the solution, which is generated 

using a dynamic programming based optimization routine. It is discussed in the next 

section. 

 

4.1.3.3. Unbiased nature of steady state values 

 In this section, it is shown that the quality of the solution generated by applying the 

proposed optimization routine does not appear to be degraded by using the steady state 

average values of WIP and PLT. The proposition is stated as, 

 

By using the steady state average values, the objective of finding the best lot size is 

not biased. 

 

    An experiment is conducted to evaluate the proposition. The objective of the 

experiment is to compare the solution evaluated by using the steady state average values 

and simulation results for a two-period lot-sizing problem. The product structure 

parameters used in this experiment, are defined as follows: 

 

1. Number of items                                              = 1, 

2. Number of levels                                             = 1, 

3. Average number of components per parent     = 1, 

4. Average number of parents per component      = 1. 

 

   A manufacturing facility, working in one eight-hour shift each day, 5 days per week, 

has two machines organized in to two departments. Each department has one machine. 

Labors are not considered in the design. The machine utilization limit is set at 95% for 

both machines. Parts routing and operation parameter values are described in Figure 12. 

Scrap rate is set at zero for both workstations. These parameter values are loaded in both 

the MPX and simulation models. Other parameters are set as follows: 
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•  Setup cost    = 50 units per setup 

•  Holding cost  = 0.1 unit per day per item 

•  WIP cost   = 0.1 unit per day per item  

•  Due date missing cost  = 8 units per day per item 

•  Planning horizon          = 10 days, i.e. 2 periods    

 

 

Work station 1 Work station 2

Processing time= 5 minutes
Setup time = 145 minutes

MTTF = 4800 minutes
MTTR = 130 minutes

Processing time = 3 minutes
setup time = 130 minutes
MTTF = 4800 minutes
MTTR= 150 minutes

 
Figure 12: Parts routing 2  

  

  In Figure 13, nodes one, two and three represent current period, period one and 

period two, respectively. The dynamic programming mechanism finds the shortest path to 

reach node three.  

 

1 2 3

D1 D2

Path 2

Path 1Path 1

 
Figure 13: Node representation of the two-period lot-sizing problem 

      

 In this experiment, different demand values are generated, the optimal path for 

reaching node three is evaluated using both steady state average values (using MPX) and 

simulation results, and the results are compared. Details of the simulation model are 
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discussed in Section 6.1. The sets of demand values and lot sizes are shown in Table 2. 

The experiment results are shown in Table3. Notations used in Table 3 are defined as 

follows: 

 

 PP Production period in days 

 WIP Work-in-process of a lot (in units) 

 PLT  Planned lead-time of a lot (in days) 

 

 
Sl.No            Period

1 2

Demand 1 500 450

Path 1 lot size 500 450
Path 2 lot size 950

Demand 2 500 60

Path 1 lot size 500 60
Path 2 lot size 560

Demand 3 550 525

Path 1 lot size 550 525
Path 2 lot size 1075

Demand 4 1025 1030

Path 1 lot size 1025 1030
Path 2 lot size 2055

Demand 5 1100 1090

Path 1 lot size 1100 1090
Path 2 lot size 2190  

Table 2: Set of demand values and lot size            
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Sl.No PP Path Lot size        Steady state values          Simulation values 

days units WIP PLT Total cost WIP PLT Total cost

1 30 1 500 177.43 11 445.77 144 9 339.4

450 136.9 11 122 9
2 950 556.62 18 1276.92 522 17 1162.4

2 22 1 500 237.33 11 363.44 196 9 278.8

60 7.9 3 8 3
2 560 267.6 11 374.36 247 10 327

3 30 1 550 218.46 12 602.58 174 10 437

525 200.35 12 163 10
2 1075 715.48 20 1743.46 665 19 1576

4 49 1 1025 465 23 2250.5 370 18 1478.5

1030 470 23 375 19
2 2055 1597 39 6793.3 1483 36 5903.8

5 52 1 1100 503.5 24 2497.36 401 20 1694

1090 495.4 24 396 20
2 2190 1707 41 7593.7 1581 38 6602.8  

   Table 3: Comparison of the decisions made by using both the steady state average 

values and the simulation results  

 

 In Table 3, highlighted cells represent the optimal path. It appears from Table 3 that 

the steady state average values, which are estimated by using MPX, did not bias the 

solution, i.e., the decision made based on the steady state values turns out to be the same 

as the decision made based on the simulation results. However, this inference cannot be 

guaranteed since it has been made based on the sample size of five. Therefore, the 

solution generated by the SLLS algorithm may or may not be optimal, though it embeds 

dynamic programming based optimization routine. Therefore, the quality of the solution 

generated by SLLS algorithm has to be tested. From this experiment, it can be concluded 

that the heuristic approach applied by the SLLS algorithm has to be validated by 
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conducting a series of experiments. These experiments will determine the quality of the 

solution generated by the SLLS algorithm. Details of the experiments are discussed in 

Chapter 7. 

 

4.2. Assumptions on lot-sizing problem formulation 

      The following assumptions concerning the conditions for the lot-sizing problem are 

made: 

 

� Unit processing cost, unit setup cost and unit holding cost remain constant over 

the production period; 

� Size of a time bucket (period) is set at 5 days; 

� Weekends and holidays are not accounted in holding cost calculation; 

� Back ordering is not allowed; 

� Demand values are known a priori; 

� Negative demand values are not allowed; 

� Resource capacity, such as number of servers and number of labor, cannot be 

altered; 

� Production can only be achieved during regular time, 8 hours per day, and 5 days 

per week; 

� Over-time and work on weekends are not allowed; 

� Buffer capacity between workstations is infinite; 

� The due date of a period is always the first day of that period; 

� The variability of processing time is set at 30%; 

� Processing time follows the Triangular distribution function; and 

� The machine utilization limit is set at 95%. 
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4.3. Notation definitions 

sC                     Setup cost per lot 

hC                   Holding cost per unit item per unit time 

wipC                WIP cost per unit item per unit time 

jd                   Demand in period j  

i
kjL ,                 Lot size, evaluated at stage (node) i , covers the demand existint 

                      between period j  and k , due at period j . 

( )iM
L        Set of lot sizes, evaluated for the M th incoming path of stage 

(node) i and covers the demand exists up to the period i.   

iL*                  Optimal set of lot sizes, evaluated at stage i  

( )i
kjLWIP ,        Average WIP of lot size, i

kjL ,  

( )i
kjLLT ,          Average lead-time of lot size, i

kjL ,  

( )iLTC *          Total cost of optimal set of lot sizes, evaluated at stage i  

{ }i
kjLTC ,                   Total cost of lot size, i

kjL ,   

( )






 iM
LTC   Total cost of set of lot sizes, evaluated for M th incoming path of 

stage (node) i and covers the demand exists between period j  

and k . 

N                           Total number of periods 

( )i
kjLES ,    Early start length of lot size, i

kjL ,  

G                    Total number of lots in the set ( )iM
L  
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i
kj

M
g L ,            g th lot of size i

kjL ,  in the set ( )iM
L  

( )i
kjLDT ,                      Setup time of i

kjL ,  for “DELAY” type equipment 

 

4.4. Problem formulation 

      Equation 4.10 is executed at each stage of dynamic programming. Equation 4.10 

determines the optimal way to satisfy the demand existing up to period i . In other words, 

it determines the critical path to node i. 

 

 ( )iLTC * = min ( )















 iM
LTC                                     (4.10) 

 Since,    

        ( )






 iM
LTC  = ( ) ( )i

il
l LTCLTC ,1

*
++ ,                                            (4.11)      

 ( )iLTC *  = min ( ) ( ){ }i
il

l LTCLTC ,1
*

++                                             (4.12)         

 

where, ilM ≤+≤∀ 1,1 ,   Ni ≤≤∀ 1 . 

 

The stage i =0, represents the time at zero. Therefore,  

 

    ( )0*LTC = 0                                                                        (4.13)                                                

 

  ( )i
ilLTC ,1+  = setup cost + inventory cost + WIP cost + early starting cost 

 WIP cost = ( ) ( )i
il

i
ilwip LLTLWIPC ,1,1 ** ++                             (4.14) 
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 Inventory cost = ( )∑
+=

+ −
i

lk
k

i
ilh dLC

1
,1**5                                   (4.15) 

 

 Early starting cost = ( ) i
kj

i
kjh LLESC ,, ***5                                (4.16) 

 

( ) ( ) ( ) ( ) ( )i
il

i
ilwip

i
kj

i
kj

i

lk
k

i
ilhs

i
il LLTLWIPCLLESdLCCLTC ,1,1,,

1
,1,1 *****5 ++

+=
++ +














+−+= ∑

                                                                                             (4.17) 

 

 ( )iMi LL =*   : ( ) ( )






= iMi LTCLTC *                                         (4.18) 

 Where, 

 

 ( )iM
L   = { }i

il
l LL ,1

*
++                                                               (4.19) 

                    

Where, ilM ≤+≤∀ 1,1 ,   Ni ≤≤∀ 1 . 

 

4.5. Determination of lot release dates 

    Release dates of lots are determined by offsetting their PLT from their due dates. 

Then, order by which lots are released into the shop is determined by using their release 

dates. The notations are defined as follows: 

 

( )i
kjLCT ,       Cumulative time of lot size, i

kjL ,  

( )i
kjLDD ,       Due date of lot size, i

kjL ,  
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( )i
kjLP ,          Order of lot size, i

kjL ,       

( )






 iM
LLD   Period in which latest due date falls for lot set ( )iM

L  

 

If ( )a
cbLDD ,  < ( )d

feLDD ,  , then cumulative time of a
cbL ,  and d

feL , are defined as, 

 

 ( ) ( ) ( )beLLTLCT a
cb

a
cb −+= *5,, ,                                          (4.20)                 

 

 ( ) ( )d
fe

d
fe LLTLCT ,, =  .                                                         (4.21)                  

In general, 

 ( ) ( ) ( ) 







−







+= jLLDLLTLCT iMi
kj

i
kj *5,,                         (4.22) 

 

 If                     

 ( )a
cbLCT ,  < ( )d

feLCT , ,                                             (4.23)                             

then  

 ( )a
cbLP ,  < ( )d

feLP ,                              (4.24) 

 

        The objective of using cumulative time is to find the datum line, which can then be 

used to find release dates for lots. Lot release dates cannot be determined simply by 

offsetting their PLT from their due dates. This is because different lots will have different 

due dates. Moreover, the calendar system is not adopted in the algorithm. The earliest 

release date can be found by finding a lot, which has the longest cumulative time. Then, 

release dates for remaining lots are determined by keeping the earliest release date as the 

datum line. Figure 14 shows the concept of cumulative time. 
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Lot 1 Due date
Lot 2 Due date

Lot1 PLT

Lot 2 PLT ( cumulative time of lot 2)

Lot1 starting date

Lot2 starting
date

5 days

Cumulative time of lot 1

0 11 163

 

Figure 14: Description of cumulative time concept 

 

 

      Consider the problem of finding the release date for lots 1 and 2. Lead-time of lot 1 is 

11 days. Lead-time of lot 2 is 13 days. Lot 2 is due 5 days later than lot1. In order to find 

the release date for lots 1 and 2 with a common reference point, cumulative time for both 

lots is calculated. Cumulative time of lots 1 and 2 are 16 and 13 day, respectively. 

Therefore, lot 1 has the earliest release date. The following section describes estimating 

lead-time using the MPX model.  

 

4.6. Lead time estimation in the MPX model 

      The MPX model applies FCFS priority-queue-discipline rule. Moreover, MPX can 

calculate the time required for each operation of a lot.  The planned lead-time of a lot 

which has the earliest due date is calculated directly from MPX model. The lead-time of a 

lot, which does not have the earliest due date, is calculated by using the following 

algorithm. The logic of this algorithm is that it uses individual operation time of a lot 

along with that of its immediate predecessor to calculate the average waiting time of the 

lot before it is taken up for production. Before presenting details of the algorithm, the 

following notations have to be defined. 
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     ( )i
kj

M
g LP ,          Priority of lot i

kj
M
g L ,  

     ( )i
kj

M
gxy LO ,       Operation time of thy operation, in workstation x , of lot i

kj
M
g L ,  

     ( )a
cb

M
gz LO ,        Operation time of a

cb
M
g L ,  in work station z , while i

kj
M
g L , is next in 

sequence for processing its ( )1+y th operation. 

     ( )i
kj

M
g LTW ,       Total waiting time of lot i

kj
M
g L ,  due to prioritization 

 ( )i
kj

M
gxy LW ,     Waiting time of thy operation, in work station x , of lot i

kj
M
g L ,      

due to prioritization 

      ( )i
kj

M
g LTO ,        Total number of operations required for lot i

kj
M
g L ,  

 TM  Total number of machines 

      ( )i
kj

M
g LPLT ,   Planned lead time of lot i

kj
M
g L ,  

 

  The Algorithm can now be described in detail. 

Step 1. Define i
kj

M
g L ,  and a

cb
M

g L .1−   

Step 2. Set 2=y , where y= 2, 3… ( )i
kj

M
g LTO , . 

Step 3. Set ( )i
kj

M
g LTW , =0. Find workstation x corresponding to operation y , where x = 

1 ...TM. 

Step 4. Calculate ( )i
kj

M
gxy LO ,  with dynamic interaction between i

kj
M
g L , and a

cb
M

g L .1− . 

This is achieved by running the MPX model with i
kj

M
g L ,   and a

cb
M

g L .1− as the 

only loads. 

Step 5. Find workstation z , for operation y +1. 
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Step 6. Calculate ( )a
cb

M
gzy LO ,11 −+ . 

Step 7. Calculate the waiting time. If  ( )i
kj

M
gxy LO ,  < ( )a

cb
M

gzy LO ,11 −+  ,  

then ( )i
kj

M
gxy LW ,  = ( )a

cb
M

gzy LO ,11 −+  - ( )i
kj

M
gxy LO , ; other wise ( )i

kj
M
gxy LW , = 0. 

Step 8. Calculate ( )i
kj

M
g LTW ,  = ( )i

kj
M
g LTW ,  + ( )i

kj
M
gxy LW ,  

Step 9. If ( ) 1, −= i
kj

M
g LTOy , then go to the next step; otherwise 1+= yy  and go to step 

2. 

Step 10. Calculate ( )i
kj

M
g LLT ,  with dynamic interaction between i

kj
M
g L , and a

cb
M

g L .1− . 

Step 11. Calculate ( )i
kj

M
g LPLT ,  = ( )i

kj
M
g LLT ,  + ( )i

kj
M
g LTW ,  and STOP. 

 

4.7. Concept of early starting  

      As discussed earlier, the MPX model applies the FCFS priority-queue-discipline rule. 

Section 4.6 describes the discussion on estimating the lead-time of a lot by using the 

MPX model.  Based on the discussion described in previous sections, a lot which has a 

late release date (lower order) has to be started after the completion of the first operation 

of a lot which has an early release date (higher order). In case of insufficient time, the 

processing of a lower order lot may not be completed before its due date. In order to 

avoid tardiness, it is reasonable to start the higher order lot a little early so that the lower 

order lot can be completed before its due date. This concept is explained in the following 

example.  

      Consider a problem of ordering lots 1 and 2 based on their release dates. Lead-time of 

lot 1 is 11 days; lead-time of lot 2 is 13 days. Lot 2 is due 5 days later than the due date of 

lot1. By applying the technique discussed in Section 4.5, it is found that lot 1 has the 

earliest release date. Therefore, lot 2 starts 3 days after the starting date of lot 1. It is 

assumed that the first operation of lot 1 is completed 6 days after its starting date. In 
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reality, lot 2 has to wait 6 days before it is taken up for production. This complex detail 

cannot be captured directly in MPX. In order to capture the release date order, lot 2 has to 

be started 6 days after the starting date of lot 1. If so, this leaves 8 days to complete lot 2, 

which actually requires 13 days to complete. In order to avoid tardiness of lot 2, lot 1 is 

started 3 days earlier than its actual starting date so that its first operation is completed 

just before the starting date of lot 2. Figure 15 explains the concept of early starting. 
 

 

Lot 1
Due
date

Lot 2
Due
date

Lot1 lead time

Lot 2 lead time

Lot1
starting

date

Lot2
starting

date

5 days

Lot1 1st

operation
completion date

Early starting
length

Lot1
new

starting
date

 

Figure 15: Concept of early starting  

 

      The concept of early starting actually reduces shop congestion. Therefore, it improves 

the shop performance. Moreover, it is economically preferable. This is because the cost 

of missing the due date is higher than that of early completion. The early completion cost 

is part of the total cost defined in equation 4.8, in Section 4.4. Therefore, the cost of 

starting a lot early will have an impact on the decisions made at each stage. 

      The concept of early starting may not be required when the capacity of a shop is 

changeable. For example, if a planner sees the possibility of completing lot 2 in 8 days by 

increasing the servers, then lot 1 need not to be started early. Since, it is assumed for this 

study that resources are unchangeable, the concept of early starting is the only viable and 

economical solution for reducing the tardiness of jobs. 
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4.8. Algorithm 

      The algorithm for setting lot size and planned lead-time simultaneously is split into 

two sections. Algorithm I is developed for lot-sizing problems and algorithm II is 

developed for estimating the WIP and planned lead-time of a lot. Algorithm I has to be 

embedded in algorithm II. However, embedding the optimization routine on MPX is 

technically beyond the scope of this research. Algorithm I can now be described in detail 

in the following steps. Notations are already defined in Section 4.3. 

 

Algorithm I 

 

Step 1. Set =i 1, where =i 1, 2, 3 … N . 

Step 2. Set M =1 and l =0, where M = 1, 2, 3 … i  and l =0, 1, 2 … 1−i . 

Step 3. Find ( )iM
L  and G, where ( )iM

L  = { }i
il

l LL ,1
* , + . Note 0*L  = 0. 

Step 4. Calculate the WIP and planned lead-time for i
kj

M
g L , , for all =g 1, 2 … G, in the 

set ( )iM
L   by executing algorithm II.   

Step 5. Calculate ( )






 iM
LTC by using equation 4.3, 4.4, and 4.9, described in Section 

4.4. 

Step 6. Set M = M +1 and l = l +1. 

Step 7. If iM ≤ and 1−≤ il , then go to step 3; otherwise go to the next step. 

Step 8. Calculate ( )iLTC *  and iL* . 

Step 9. Set 1+= ii . If Ni ≤ , then go to step 2; otherwise go to the next step. 

Step 10. Set Ni = . Find iL* . 

Step 11. Find set of lots that consist in iL* from equation 4.10, in Section 4.4 and their 

calculated planned lead-time and starting date. 
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Step 12. Stop 

Algorithm II 

 

Step 1. If G=1, then go to the next step; otherwise go to step 4. 

Step 2. Determine i
kj

M L ,1 . Estimate the lead-time of lot i
kj

M L ,1 , ( )i
kj

M LLT ,1  and 

( )i
kj

M LWIP ,1  without the dynamic interactions among other lots by executing 

the MPX model. This is achieved by executing the MPX model exclusively 

for i
kj

M L ,1  

Step 3. Set ( ) ( )i
kj

M
g

i
kj

M
g LLTLPLT ,, = . Then go to step 41. 

Step 4. Determine each lot in ( )iM
L . Set g =1, where g =1, 2, 3 … G . 

Step 5. Set ( )






 iM
LLD = i . 

Step 6. Assign g th lot in ( )iM
L  as i

kj
M
g L , . 

Step 7. Estimate the lead-time of lot i
kj

M
g L , , ( )i

kj
M
g LLT ,  without the dynamic 

interactions among other lots by executing the MPX model.  

Step 8. Calculate the cumulative time of i
kj

M
g L ,  , ( )i

kj
M
g LCT ,  by using equation 4.14, 

mentioned in Section 4.5. 

Step 9. Set 1+= gg . If ≤g  G , then go to step 6; otherwise go to the next step. 

Step 10. Arrange ( )i
kj

M
g LCT ,  in descending order and find the rankings of i

kj
M
g L , , 

( )i
kj

M
g LP ,  by assigning ( )i

kj
M
g LP , =1 for the largest value of ( )i

kj
M
g LCT ,  and 

so on.  
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Step 11. Set =e 1, where =e  1,2, 3 …G. 

Step 12. Load i
kj

M
g L , in the MPX model such that ( )i

kj
M
g LP , = e . 

Step 13. Set the first operation of i
kj

M
g L ,  as delay at equipment of “DELAY” type and 

set remaining operations as per the routing. 

Step 14. If =e 1, then set ( )i
kj

M
g LDT , =0 and go to step 19; otherwise go to the next step. 

Step 15. Set 1=r  and ( )i
kj

M
g LDT ,  = 0. 

Step 16. Find a
cb

M
g L ,  :  ( )a

cb
M
g LP ,  = r . 

Step 17. Set setup time of i
kj

M
g L , at “DELAY” type equipment, ( )i

kj
M
g LDT ,  where                        

( )i
kj

M
g LDT ,  = ( )i

kj
M
g LDT , + ( )a

cb
M
gx LO ,1 . 

Step 18. Set 1+= rr . If 1−≤ er , then go to step 15; otherwise go to the next step. 

Step 19. Set 1+= ee . If Ge ≤ , then go to step 12; otherwise go to the next step. 

Step 20. Run the MPX model and calculate ( )i
kj

M
g LWIP ,  for all =g 1, 2 … G. 

Step 21. Set =e G, where =e G, G-1….3, 2 

Step 22. Find i
kj

M
g L ,   : ( )i

kj
M
g LP , = e and find a

cb
M
g L ,  :  ( )a

cb
M
g LP ,  = e -1 

Step 23. Set 2=y , where y= 2, 3… ( )i
kj

M
g LTO ,  and set ( )i

kj
M
g LTW ,  =0. 

Step 24. Find workstation x  corresponding to operation y of i
kj

M
g L ,  , where x = 1 ... M. 

Step 25. Calculate ( )i
kjxy LO , . It can be found in the MPX results menu. 

Step 26. Find workstation z corresponding to operation 1+y of a
cb

M
g L ,  , where z = 1 ... M. 

Step 27. Calculate ( )a
cb

M
gzy LO ,1+ . It can be found in the MPX results menu. 
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Step 28. Calculate the waiting time ( )i
kj

M
gxy LW , .                                                                                       

If ( )i
kj

M
gxy LO ,  < ( )a

cb
M
gzy LO ,1+ , then ( )i

kj
M
gxy LW ,  = ( )a

cb
M
gzy LO ,1+  - 

( )i
kj

M
gxy LO , ; otherwise ( )i

kj
M
gxy LW , = 0. 

Step 29. Calculate ( )i
kj

M
g LTW , , where ( )i

kj
M
g LTW ,  = ( )i

kj
M
g LTW ,  + ( )i

kj
M
gxy LW , . 

Step 30. If ( ) 1, −= i
kj

M
g LTOy , then go to the next step; otherwise 1+= yy  and go to 

step 24. 

Step 31. Recalculate ( )i
kj

M
g LLT , , where ( )i

kj
M
g LLT , = ( )i

kj
M
g LLT ,  + ( )i

kj
M
g LTW , .  

Step 32. Recalculate ( )i
kj

M
g LCT ,  based on ( )i

kj
M
g LLT ,  obtained in step 31 by using 

equation 4.14, mentioned in Section 4.5. 

Step 33. If ordering of lots is changed, then go to step 10; otherwise go to the next step.  

Step 34. Set 1−= ee . If e >1, then go to step 22; otherwise go to the next step. 

Step 35. Set =e G, where =e G, G-1….3, 2 

Step 36. Find i
kj

M
g L ,   : ( )i

kj
M
g LP , = e and find a

cb
M
g L ,  :  ( )a

cb
M
g LP ,  = e -1 

Step 37. Calculate ( )a
cb

M
gx LO ,1 . 

Step 38. If ( )+i
kj

M
g LES , ( )i

kj
M
g LCT ,  ≤  ( )a

cb
M
g LCT ,  - ( )a

cb
M
gx LO ,1 , then 

( ) ;0, =a
cb

M
g LES  otherwise 

( ) ( ) ( ) ( ) ( ).,1,,,,
a

cbx
a

cb
M
g

i
kj

M
g

i
kj

M
g

a
cb

M
g LOLCTLESLCTLES −−+=   

Use ( )i
kj

M
g LCT ,  value obtained in the step 32. 

Step 39. Calculate ( )a
cb

M
g LPLT , , where ( )=a

cb
M
g LPLT , ( )a

cb
M
g LLT , + ( )a

cb
M
g LES , . 
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Step 40. Set ( ) ( ) ( )a
cb

M
g

a
cb

M
g

a
cb

M
g LESLLTLLT ,,, += . 

Step 41. Set 1−= ee . If e >1, then go to step 35; otherwise go to the next step. 

Step 42. STOP. 
 

4.9. Algorithm execution 

 The SLLS algorithm is executed by using Microsoft Excel 20003 and MPX. Before 

executing the algorithm, manufacturing system parameters (held constant factors, 

explained in Chapter 7) including production period, processing time, number of 

workstations, parts routing, setup time, MTTR, MTTF, and number of working days are 

loaded in MPX. The execution of the algorithm is described in the following steps. (An 

example of SLLS algorithm execution is presented in Appendix A.) 

 

Step 1. The first three steps of Algorithm I are executed manually in an Excel Work- 

sheet  

Step 2. Lot size values are loaded in MPX and the MPX model is executed manually 

Step 3. Algorithm II is executed and results are loaded manually in the Excel Work 

sheet  

Step 4. The remaining steps of algorithm I are executed manually until computation of 

all nodes is completed 

 

 

 

 

 

 
 

3 Microsoft Excel 2000 is a registered trademark of Microsoft Inc. USA.  
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4.10. Approximating MPX results 

      The following procedures are applied for approximating the values obtained from 

MPX results.  

 

1. The MPX result describes lead-time in fractions of days. Those fractional values 

are approximated to the next higher integer values i.e., both 4.2 and 4.6 are 

approximated to five.   

 

2. The MPX result describes the completion time of an individual operation in 

minutes. It is approximated by using the following equation. 
 

H = ( MPX result of ( )i
kj

M
gxy LO , )/ 100 

 

Approximate ( )i
kj

M
gxy LO , = (  ( approximate H to the next higher integer 

value ) 1+ )*100 

 

3. Values represented in minutes are approximated to days by using the following 

equation.  

 

R= ( target value V, in minutes/ 480 )  

Target value V, in days = approximate R to the next higher integer value 
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4.11. Limitations of the SLLS algorithm 

 Generally, dynamic lot-sizing problems are classified into three different categories 

based on the product structure and product type. They are 

 

•  Single-level, single-product models 

•  Single-level, multi-product models 

•  Multi-level, multi-product models 

 

  A common solution methodology cannot be applied for all the three types of 

problem, since the fundamental approach to solving these problems is different for each 

one. For example, in case of a multi-level multi-product model, lot-sizing methodology 

should consider additional parameters such as the dynamic interaction among different 

products, part commonality, and global optimization, apart from the parameters 

considered in the SLLS algorithm. Therefore, the SLLS algorithm is limited to single-

level single-product models. The use of analytic queuing theory for tackling single-level 

multi-product models and multi-level multi-product models is beyond the scope of this 

research.  
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Chapter 5: Modeling a manufacturing system in MPX  

 

      This section describes the brief discussion on manufacturing system modeling in 

MPX. Complete details are illustrated in MPX (2001). The following subsections discuss 

the individual features of the main menu bar, in MPX.  

 

5.1. Input menu bar 

      Input menu bar consists of five submenus. They are:  

1. General data 

2. Labor data 

3. Equipment data 

4. Product data 

5. Bill of material 

      Since a bill of material is not required for modeling the problem under study, the 

following sub sections describe the discussion only on the remaining submenus.  

 

5.1.1. General data  

       The “General data” submenu is used to define the following data. Figure 16 displays 

a “General data” submenu in MPX. 

•  Basic time unit of operations, flow time and production period 

•  Total-working hours per day  

•  Production period i.e., time period over which demand applies 

•  Utilization limit for all workstations 

•  Percentage of variability of individual parameters 
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Figure 16: Display of “General data” sub menu in MPX 

 

 

5.1.2. Labor data 

      “Labor” submenu is used to define the following data. Figure 17 displays a “Labor” 

submenu in MPX.  

•  Number of people in each group of labor 

•  Percentage of over-time for each group 

•  Percentage of unavailable time 
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Figure 17: Display of “Labor” submenu in MPX 

 

5.1.3. Equipment data 

      The “Equipment” submenu is used to define the following data. Figure 18 displays 

“Equipment” submenu in MPX. 

•  Number of workstations in each equipment group 

•  Type of each equipment group, i.e., “standard,” “delay” 

•  Percentage of overtime for each group of equipment 

•  Mean-time to failure for each group of equipment 

•  Mean-time to repair for each group of equipment 

•  Labor group assigned for each group of equipment 
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Figure 18: Display of “Equipment” submenu in MPX 

 

5.1.4. Product data 

      The “Product” submenu is used to define the following data. 

•  Product type 

•  End demand of each product type 

•  Lot size of each product type 

      The “Operation routings” is a submenu in “Product” submenu. It is used to define the 

following data for each product type. 

•  Operation routings  

•  Name of equipment involved in each operation 

•  Equipment setup time of each operation (accounted for a lot) 

•  Equipment runtime of each operation (accounted for each part) 

•  Labor setup time (accounted for a lot) 
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•  Labor runtime of each operation (accounted for each part) 

•  Scrap rate at each operation 

      The following example describes how the problem under study is modeled in MPX. 

Let lot 1 of size 500 and lot 2 of size 300 have to be defined in MPX model. In the 

“Product” submenu, enter lot 1 and lot 2 as two different types under the product name 

column. End demand of lot 1 and lot 2 are defined as 500 and 300, respectively. The lot 

sizes of lot 1 and lot 2 are defined as 500 and 300, respectively.  Operation routings and 

processing parameters for both product types will be defined similarly. If time phasing is 

required between lot 1 and lot 2, then it will be achieved by the technique described in 

Section 5.1.2.  Figure 19 displays “product” submenu in MPX.  
 

 

 

Figure 19: Display of “Product” submenu in MPX 
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5.2. Run menu bar  

     The “Run” menu bar is used to execute the model. It has an option of checking the 

model for error before starting the model execution. It also has an option of finding the 

explanation for errors if any errors are found. It also has some other advanced features 

which are not required for modeling the problem under study. 

 

5.3. Output menu bar 

       The “Output” menu bar is used to display MPX results. It has an option of displaying 

the results associated with labor, equipment, and product types. Estimated values of the 

WIP and lead-time of a lot are displayed in “Product” submenu, in the “Output” menu 

bar. The processing time of individual operations is also found in the “Product” submenu, 

in the “Output” menu bar. Figure 20 displays the “Output” menu bar in MPX. 

 

 

 
Figure 20: Display of “Output” menu bar in MPX



      69                                

Chapter 6:  Simulation model and methodology 

 

      Simulation models are used to compare the performance of the proposed algorithm 

against the conventional methodology by applying their results in a simulated 

manufacturing system, as described in Section 4.1.2.3. A simulation model is developed 

by using ARENA, a simulation software tool, developed by Rockwell software 

(Sewickley, PA). Details of the simulation modeling in ARENA are illustrated in Kelton, 

Sadowski, and Sadowski (2002). The following section describes the simulation 

modeling logic used in this research. 
 

6.1. Modeling logic 

Step 1. Create one entity of lot X by using the Create module 

Step 2. Assign an arrival time and priority on the entity at the assign 1 module 

Step 3. Delay the entity by using delay module for a period which is equivalent to setup 

time of lot X at its first operation 

Step 4. Duplicate lot X entity at the separate module so that the sum of the duplicates 

and the original entity is equivalent to the size of lot X   

Step 5. Assign priority for all the duplicates at the assign 2 module 

Step 6. Repeat steps 1 - 4 for all other lots 

Step 7. Enter all entities at the first workstation, which is represented by the process 

module 

Step 8. Use the decision module to separate processed entities based on their entity type 

Step 9. Use batch module to aggregate processed entities into a single entity based on 

their entity type 

Step 10. Record the time interval between the entity arrival and the current time at the 

record module 
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Step 11. Delay the entity by setting the delay module for a period which is equivalent to 

the setup time of the corresponding lot at its next operation using the delay 

module 

Step 12. Split the batch into separate entities at the separate module 

Step 13. Repeat steps 7-11 for the remaining operations 

Step 14. After completing all operations, the entities visit the final record module, which 

counts the total number of entities (regardless of type) leaving the simulation 

system 

Step 15. Dispose of all the entities by using the dispose module. 
 

6.2. Discussion of different ARENA template modules 

      The create module creates exactly one entity for each lot. Time between the arrivals 

is defined as constant in the create module since the starting date of a lot is constant. 

Timing of the first arrival is used to capture the time phasing among lots in the create 

module. The process module processes the entities based on their priority. Process 

modules are defined as the seize-delay-release type. MTTF (Mean time to failure) and 

MTTR (Mean time to repair) of each process module are defined in the failure module. 

Delay modules are used to capture any delay due to setup at each workstation.  

      There is no queue associated with the delay module. The batch module captures the 

time elapsed for grouping the parts as a lot at the end of each operation. There is a queue 

associated with the batch module. Flow time of a lot is determined at the final record 

module appearing just after the last batching operation. The simulation run length is 

defined in “run setup” menu bar. Figure 21 presents the high-level description of the 

simulation (ARENA) model. Figure 22 describes the detailed ARENA model of the lot n 

operation-1 module. Figure 23 describes the detailed ARENA model of the lot n 

operation-2 module. Figure 24 describes the detailed ARENA model of the lot n record 
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module. The following section discusses the discussion on the statistical issues associated 

with simulation modeling. 

 

 

 

 

 

 

 

 
 

 

Figure 21: High-level description of simulation model 
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Figure 22: Description of lot n operation-1 module 
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Figure 23: Description of lot n operation-2 module 
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Figure 24: Description of lot n record module 

 

 

 

6.3. Discussion of the statistical issues 

      This simulation model is designed for running the model for a specified run length, 

which is equivalent to the size of the production period. There is an issue of presence of 

some variance associated with the output from a stochastic simulation. The more 

variance there is, the less precise are the results; one manifestation of high variance is 

wide confidence intervals. One of the obvious ways to achieve variance reduction is to 

increase the number of replications. The simulation model is replicated until the half 

width of flow time and WIP of lots are brought below 5 % of their mean values. This 

variance reduction is achieved approximately by replicating 50 times, for all cases.  

 The simulation starts with an empty system, i.e., the simulation starts at a state in 

which there are no parts present in the system, machines are idle, and queues are empty. 

The simulation run length will be determined by the length of a production period, i.e., 

during each replication, the simulation of a manufacturing system will be performed for a 
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period equivalent to the size of the production period.  The following section describes 

the estimation procedure and statistical issues. 

6.4. Estimation procedure and statistical issues 

 For each experiment corresponds to obtaining performance estimates for a given 

scenario (i.e., manufacturing system parameters and production data), the simulation 

model is used to estimate the performance measures, such as average lead-time error and 

total cost, as described in Chapter 7. It is statistically important to estimate the confidence 

interval for these performance measures. As mentioned in the previous section, it is true 

that the half width of lead-time and WIP of lots can be brought down below 5% of their 

mean values by replicating an experiment 50 times. However, this will enable one to 

estimate only one observation of average lead-time error and total-cost. Hence, the half 

width of average lead-time error and total cost cannot be brought down below 5% of their 

mean values. Therefore, the following procedure is implemented to overcome this issue.  

 Experiments are conducted by using the simulation model at two different levels. 

They are namely macro level and micro level. At micro level, an experiment is replicated 

50 times and results are observed. Random number stream is initialized between 

replications in order to generate same sequence of random samples in different 

replications. At macro level, the seed value of a random number stream is redefined. A 

relationship between macro level and micro level is established by applying the following 

logic: 

Step 1. Assign a seed value of random number stream for each run. 

Step 2. For each run, replicate an experiment 50 times.  

Step 3. Observe the average value of lead-time and WIP. 

Step 4. Estimate the lead-time error and the total cost of the experiment. 

Step 5. Redefine the seed value of random number stream for next run. 

Step 6. Repeat steps 2- 5 until the desired result is achieved.  

 The above-mentioned logic is executed until the half width of performance measures 

are brought down below 5% of their mean. The SEEDS element in ARENA defines seed 
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values for random number streams and determines how the stream should be reinitialized 

between replications. When the simulation begins a new replication, it uses the final seed 

value from the previous replication as the new initial seed. To override this, Identifier (an 

option in the SEED element) is specified to initialize the random number stream and Seed 

Value is specified as the initial seed value. The same sequence of random samples for 

each replication of the model is generated by specifying the Initialize option as Yes. The 

following sub-section describes the computation to be performed at the macro and micro 

levels.  

 

6.4.1. Computation  

  The following notations are defined before presenting the equation set: 

 n  Total number of lots 

 k   Total number of runs 

 ijLT  Average lead-time of lot i based on 50 replications for the jth run, 

where i=1,2,..n and j= 1,2,..k 

 iPLT  Planned lead time of lot i, where i=1,2,..n  

 LTE  Average lead-time error 

 s  Sample standard deviation of LTE  

 2/1,1 α−−kt  Upper 2/1 α− critical point from Student’s t distribution with k-1 

degree of freedom 

 

   ∑∑ =
=

−= n
i iij

k

j
PLTLT

nk
LTE 1

1

11
                                                   (6.1) 

 Half width of average lead time error = 
k
stk *2/1,1 α−−            (6.2)
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Chapter 7: Experimental design 

 

      The performance of a production plan generated by the simultaneous lot sizing and 

lead-time setting (SLLS) algorithm is compared with the performance of conventional 

production planning methods by conducting experiments. In conventional production 

planning, lot sizing and lead-time estimation are computed separately. The Wagner-

Whitin algorithm for lot-sizing model determines the optimal lot size dynamically. It is 

the only universally accepted algorithm for determining lot size optimally, for single-

level single-product dynamic lot-sizing models. Though it requires complex computation, 

it generates optimal results. The following section describes the Wagner-Whitin 

algorithm in detail.  

 

7.1. Wagner-Whitin (WW) algorithm 

      The WW algorithm is evolved from dynamic programming characterization of an 

optimal policy. The original version of this algorithm is presented in Wagner and Whitin 

(1958). A simplified version of the WW algorithm is shown in Sipper and Bulfin (1998). 

This model is developed for single-item production planning. It uses discrete demand for 

a finite horizon. It assumes that the production cost, inventory cost, and setup cost remain 

constant across periods. The following mathematical model was developed originally by 

Wagner and Whitin (1958): 

 

td       Amount demanded, 

ti        Holding cost per unit of inventory carried forward to period t+1, 

ts        Setup cost 

tx        Amount ordered 
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 Let I  denote the inventory entering a period and 0I initial inventory; for period t 

 .0
1

1

1

1
0 ≥−+= ∑∑

−

=

−

=

t

j
j

t

j
j dxII                                                           (7.1) 

Then the functional equation representing the minimal cost policy for period t through N, 

given incoming inventory I , as  

 ( ) ( ) ( )[ ]
tttt dxIftttI sxIif −++− +

+=
11min δ                                       (7.2) 

where  

 ( ) 0=txδ  if tx =0                                                                        (7.3)   

         ( ) 1=txδ  if tx >0. 

In period N,  

 ( ) ( )[ ].min
1 NNN

sxIif IN δ+=
−

.                                                   (7.4) 

      The WW algorithm is described in the following steps. This algorithm was originally 

developed by Wagner and Whitin (1958). The algorithm at period *t , *t = 1, 2…, N, may 

be generally stated as 

Step1. Consider the policies of ordering at period **t , **t =1, 2…, *t  and filling 

demands td , t= **t , **t +1, …., *t , by this order. 

Step2. Determine the total cost of these *t  different policies by adding the ordering 

and holding costs associated with placing an order at period **t , and the 

cost of acting optimally for periods 1 through **t -1 considered by 

themselves. The latter cost has been determined previously in the 

computations for periods t = 1, 2…, *t -1. 

Step3. From these *t  alternatives, select the minimum cost policy for periods 1 

through *t  considered independently. 
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Step4. Proceed to period *t +1 (or stop if *t =N). 

 

 7.2. Lead-time estimation method 

      Numerous lead-time estimation methods are available to estimate PLT. 

Unfortunately, none of the methods produces the optimal result. Pandey, Pisal, and 

Sunisa (2000) used the following formula to estimate PLT.  

 

 PLT = K (setup time + processing time)                                     (7.5) 

 

 They estimated PLT for K=2 and 8. A similar kind of formula is also referred by 

Marlin (1986). Mohan and Ritzman (1998) also used a similar kind of formula in their 

research. This method is chosen for PLT estimation since it is used in most of the 

previous research work. When K is set at eight, the estimated values are highly inflated. 

Obviously, those highly inflated PLT values will result in bad production planning. 

Therefore, PLT is estimated only for K=2. The formula used for PLT estimation in 

experiments is given by equation 7.6. 

 

 PLT = 2*(total setup time + total processing time)                      (7.6) 

  

 By setting the safety factor, K, at two, it could be argued that the experiment result is 

biased. In order to show that the experiment result is not biased by setting safety factor, 

K, at two, a series of side experiments are conducted. The fundamental idea of the side 

experiment design is to set design factors (explained in Chapter 8) at particular level and 

vary the value of safety factor, K.  In this case, demand values are set at level four, i.e., i 

= 4 and the number of machines that parts visit is set at level two, i.e., j = 2. The held-

constant factors, such as the product structure, are discussed in Section 7.4. Side 

experiment results are discussed in Section 8.1.3. 
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7.3. Experiment methodology 

  The objective of conducting experiments is to compare the performance of a 

production plan generated by the simultaneous lot sizing and lead-time setting (SLLS) 

algorithm with the performance of a conventional production planning method. The 

method, which is denoted as “conventional” in Fig. 25, generates the production plan by 

applying the conventional production planning method, and the method denoted as 

“SLLS” in Fig.25 generates the production plan by applying SLLS algorithm. Figure 25 

describes the flow diagram of experiment methodology.  

 The conventional method applies the WW-algorithm for the lot sizing problem and 

executes equation 7.6 for PLT estimation. Thereby, it generates the production plan. For 

each set of demand values, “conventional” and “SLLS” are executed for developing 

production plans. Both plans are loaded in the simulation based manufacturing system 

model. Then, the performance of both plans is measured. The following section describes 

the design and analysis of experiments. 

 

7.4. Design of experiments  

 Numerous factors may influence the performance of production plans such as demand 

values, processing time, setup time, mean time to failure, mean time to repair, etc. These 

factors are classified into two categories. They are named as design factors and held-

constant factors. Details of experimental design are illustrated in Montgomery (2001). 

 Design factors are those factors actually selected for study in the experiment. Demand 

values and the number of workstations that parts visit are chosen as design factors. The 

reason for choosing demand values as one of the design factors is that no mechanism is 

incorporated in the experiment to capture automatically the variability of demand values. 
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algorithm
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Simulation model

SLLS Conventional

 

Figure 25: Description of experiment methodology 

 

 

 Held-constant factors are the variables that may exert some effect on the response, but 

for the present experiment these factors are not of interest, so they will be kept at specific 

level. Processing time, setup time, mean time to failure and mean time to repair are 

defined as held-constant factors.  
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 Since the effect of two factors is analyzed in the experiments, factorial design is the 

most efficient methodology for this type of experiment design. By factorial design, it is 

meant that in each complete trial or replication of the experiment all-possible 

combinations of the different levels of the factors are investigated.  

 In this research, factor A denotes the set of demand values and factor B denotes the 

number of workstations that parts visit. Let ijkC  denote the observed response of the 

performance measures by applying the conventional method and ijkS  denote the 

observed response of the performance measures by applying the SLLS algorithm ,when 

factor A is at thi  level (i = 1… 5) and factor B is at the thj level (j = 1 … 3) for the kth 

replicate     (k = 1).  

 Table 4 shows the set of demand values applied for twelve periods, for each thi  level. 

Table 5 shows the number of machines allotted for each thj level. The general 

arrangement of the two-factor factorial design is described in Table 6. Therefore, a total 

of 15 experiments will be conducted by considering all the combinations of demand 

values and numbers of machines that parts visit, as shown in Table 6. Each one of the 

fifteen experiments consists of two sub-experiments, i.e., in each experiment, the 

performance measures of the production plan generated by both conventional and SLLS 

methods are analyzed.  

 Equations 7.7, 7.8, and 7.9 represent the mathematical functions, which are used to 

generate demand values for levels 1, 2, and 3, respectively. Demand values are arbitrarily 

assigned for level 4 and level 5. The number of workstations that parts visit is classified 

into three different levels. They are namely low, medium, and high. For each level, value 

is chosen arbitrarily.  

      Dt = ( ) tt επ ++ 4/2sin20300  , where ( )100,0~ Ntε  and t= 1,..12         (7.7) 

 Dt = ( ) tt επ ++ 12/2sin20300 , where ( )100,0~ Ntε and t= 1,..12          (7.8) 

 Dt =100 , where t= 1,..12                                                                 (7.9) 
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Demand values over 12 periods

period
i th level

1 2 3 5 6 7 8 9 10 11 124

1

2

3

4

5

323 296 259 292 320 288 285 294 324 306 276 298

313 313 299 310 310 288 295 277 284 289 286 298

100 100 100 100 100 100 100 100 100 100 100 100

100 90 95 79 83 91 90 60 55 9712091

210 90 65 60 120 95 30 20 10 70120 30
 

Table 4: Description of demand values allotted for each thi level 
 

 

 

1 2 3

2 84
Number of
machines

that lots visit

j th level

 

Table 5: Description of number of machines allotted for each thj level 
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111C 111S 121C 131C

211C 221C 231C

311C 321C 331C

411C 421C 431C

511C 521C 531C

121S 131S

211S 221S 231S

311S 321S 331S

411S 421S 431S

511S 521S 531S

, , ,

, , ,

, , ,

, , ,

, , ,

1 2 3

1

2

3

4

5

Factor B

Fa
ct

or
 A

 

Table 6: Arrangement for a Two-Factor Factorial Design 
 

 

 

 Figure 26 shows the routing of parts visiting two workstations and their 

corresponding manufacturing parameter values. Figure 27 shows the routing of parts 

visiting four workstations and their corresponding manufacturing parameter values. 

Figure 28 shows the routing of parts visiting eight workstations and their corresponding 

manufacturing parameter values. It is important to note that among these manufacturing 

parameters, only processing time has 30% variability. 
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Work station 1 Work station 2

Processing time= 5 minutes
Setup time = 145 minutes

MTTF = 4800 minutes
MTTR = 130 minutes

Processing time = 3 minutes
setup time = 130 minutes

MTTF = 4800 minutes
MTTR= 150 minutes

 

Figure 26: Routing of parts visiting two workstations.  

 

 

 

 

 

Work station 1 Work station 2

Processing time= 5 minutes
Setup time = 145 minutes

MTTF = 4800 minutes
MTTR = 130 minutes

Processing time = 3 minutes
setup time = 130 minutes

MTTF = 4800 minutes
MTTR= 150 minutes

Work station 3

Processing time = 8 minutes
setup time = 100 minutes

MTTF = 2800 minutes
MTTR= 150 minutes

Work station 4

Processing time = 2 minutes
setup time = 70 minutes
MTTF = 3800 minutes
MTTR= 150 minutes

 

Figure 27: Routing of parts visiting four workstations.  
 

 

 

 

 

 

 



Chapter 7: Experimental design 
 
 

 85

Work station 1 Work station 2

Processing time= 5 minutes
Setup time = 145 minutes

MTTF = 4800 minutes
MTTR = 130 minutes

Processing time = 3 minutes
setup time = 130 minutes

MTTF = 4800 minutes
MTTR= 150 minutes

Work station 3

Processing time = 8 minutes
setup time = 100 minutes

MTTF = 2800 minutes
MTTR= 150 minutes

Work station 4

Processing time = 2 minutes
setup time = 70 minutes
MTTF = 3800 minutes
MTTR= 150 minutes

Work station 5 Work station 6 Work station 7 Work station 8

Processing time= 0.5 minutes
Setup time = 45 minutes
MTTF = 1800 minutes
MTTR = 30 minutes

Processing time= 1.5 minutes
Setup time = 55 minutes
MTTF = 1000 minutes
MTTR = 30 minutes

Processing time= 0.5 minutes
Setup time = 95 minutes
MTTF = 2000 minutes
MTTR = 90 minutes

Processing time= 1 minutes
Setup time = 95 minutes
MTTF = 2000 minutes
MTTR = 90 minutes  

 

Figure 28: Routing of parts visiting eight workstations.  
 

7.5. Performance measures 

      The performance measures of simulation models for both methods are listed as 

follows:  

•  Total cost of production 

•  Average percentage of lead-time error 

•  Total number of tardy lots 

      The percentage of lead-time error for a lot denotes the ratio of the absolute difference 

between PLT and actual lead-time and the actual lead-time. It is measured by using the 

following equation:  
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 % lead-time error =  100*
_

_
LeadtimeActual

LeadtimeActualPLT −
                          (7.10) 

 

      Total production cost of a lot includes the total setup cost, the total inventory cost, the 

total WIP cost, and the late penalty. It does not include the manufacturing cost. This is 

because manufacturing cost will remain constant for both methods. The late penalty is 

defined as the cost associated with losing the sales due to delays in completing jobs. 

Equation 7.11 is used to estimate the total production cost. 

 

Total cost of production = total inventory cost + total setup cost + total WIP cost+ late 

penalty        (7.11)             
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Chapter 8: Experiment results and discussion 

 

   The SLLS algorithm is developed to minimize the total cost, which is constituted by 

the combination of the setup cost, the holding cost, and the work-in-process cost. While 

SLLS algorithm attempts to minimize the total cost, it also results in minimizing the 

percentage of lead-time error. This is because lead-time error occurs in two situations. In 

the first situation, a lot is produced earlier than its due date. Therefore, it incurs inventory 

holding cost. In the second situation, a lot is produced later than its due date. Therefore, it 

incurs a late penalty. In either case, the total cost increases when lead-time error occurs. 

Therefore, an attempt to minimize the total cost results in minimizing the percentage of 

lead-time error.  In this chapter, the tabulated summary of results is presented and the 

effect of different parameters on the performance of the production plan is discussed.  

 

8.1. Parameter setting  

 In this section, the general arrangement of parameters for different experiments is 

discussed. Table 7 shows the general definition of parameters for different experiments. 

As discussed in Section 7.4, a total of 15 experiments are conducted by varying both 

demand values and the number of workstations that parts visit.  

 

8.2. Results 

 Table 8 shows the comparison of lot size estimated by both conventional and SLLS 

methods. Table 9 shows the comparison of PLT estimated by both conventional and 

SLLS methods. Table 10 shows the comparison of the percentages of lead-time error 

estimated for both conventional and SLLS methods. Table 11 shows the comparison of 

the total production cost estimated for both conventional and SLLS methods. It is 

important to note that both conventional and SLLS methods caused no tardy jobs in all 

the experiments.  
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Experiment                                            Period                               Number of 
Name 1 2 3 4 5 6 7 8 9 10 11 12 Machines in the

                               Demand values in units                  parts routing 
Experiment 1 323 296 259 292 320 288 285 294 324 306 276 298 2
Experiment 2 323 296 259 292 320 288 285 294 324 306 276 298 4
Experiment 3 323 296 259 292 320 288 285 294 324 306 276 298 8
Experiment 4 313 313 299 310 310 288 295 277 284 289 286 298 2
Experiment 5 313 313 299 310 310 288 295 277 284 289 286 298 4
Experiment 6 313 313 299 310 310 288 295 277 284 289 286 298 8
Experiment 7 100 100 100 100 100 100 100 100 100 100 100 100 2
Experiment 8 100 100 100 100 100 100 100 100 100 100 100 100 4
Experiment 9 100 100 100 100 100 100 100 100 100 100 100 100 8

Experiment 10 100 90 91 120 95 79 83 91 90 60 55 97 2
Experiment 11 100 90 91 120 95 79 83 91 90 60 55 97 4
Experiment 12 100 90 91 120 95 79 83 91 90 60 55 97 8
Experiment 13 210 90 65 60 120 95 30 20 10 120 70 30 2
Experiment 14 210 90 65 60 120 95 30 20 10 120 70 30 4
Experiment 15 210 90 65 60 120 95 30 20 10 120 70 30 8  

Table 7: General definition of parameters for different experiments 
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Experiment Method                                        Period                              
Name 1 2 3 4 5 6 7 8 9 10 11 12

                               Lot size in units                 
Experiment 1 Conventional 323 296 259 292 320 288 285 294 324 306 276 298

SLLS 323 296 259 292 320 288 285 294 324 306 276 298
Experiment 2 Conventional 323 296 259 292 320 288 285 294 324 306 276 298

SLLS 323 296 259 292 320 288 285 294 324 306 276 298
Experiment 3 Conventional 323 296 259 292 320 288 285 294 324 306 276 298

SLLS 323 296 259 292 320 288 285 294 324 306 276 298
Experiment 4 Conventional 313 313 299 310 310 288 295 277 284 289 286 298

SLLS 313 313 299 310 310 288 295 277 284 289 286 298
Experiment 5 Conventional 313 313 299 310 310 288 295 277 284 289 286 298

SLLS 313 313 299 310 310 288 295 277 284 289 286 298
Experiment 6 Conventional 313 313 299 310 310 288 295 277 284 289 286 298

SLLS 313 313 299 310 310 288 295 277 284 289 286 298
Experiment 7 Conventional 200 200 200 200 200 200

SLLS 100 100 100 100 100 100 100 100 100 100 100 100

Experiment 8 Conventional 200 200 200 200 200 200
SLLS 100 100 100 100 100 100 100 100 100 100 100 100

Experiment 9 Conventional 200 200 200 200 200 200
SLLS 100 100 100 100 100 100 100 100 100 100 100 100

Experiment 10 Conventional 190 91 215 162 181 115 97
SLLS 100 181 120 174 83 91 90 115 97

Experiment 11 Conventional 190 91 215 162 181 115 97
SLLS 100 90 91 120 174 83 91 90 115 97

Experiment 12 Conventional 190 91 215 162 181 115 97
SLLS 100 90 91 120 95 79 83 91 90 115 97

Experiment 13 Conventional 300 125 120 155 220
SLLS 210 90 125 120 155 120 100

Experiment 14 Conventional 300 125 120 155 220
SLLS 210 90 125 120 155 120 100

Experiment 15 Conventional 300 125 120 155 220
SLLS 210 90 125 120 155 120 100  

Table 8: Comparison of lot size estimated by conventional and SLLS methods  
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Experiment Method                                            Period                              
Name 1 2 3 4 5 6 7 8 9 10 11 12

                              PLT values in days                 

Experiment 1 Conventional 12 12 10 11 12 11 11 11 12 12 11 12
SLLS 7 6 6 6 7 6 6 6 7 6 6 6

Experiment 2 Conventional 27 25 22 24 26 24 24 24 27 25 23 25
SLLS 15 15 16 16 17 18 18 17 18 17 17 16

Experiment 3 Conventional 32 30 27 30 32 29 29 30 33 31 28 30
SLLS 23 23 21 22 23 22 21 22 23 23 23 23

Experiment 4 Conventional 12 12 12 12 12 11 11 11 11 11 11 12
SLLS 6 6 7 7 7 7 8 7 8 8 9 10

Experiment 5 Conventional 26 26 25 26 26 24 24 23 24 24 24 25
SLLS 17 18 18 18 18 17 18 17 17 17 17 18

Experiment 6 Conventional 32 32 30 31 31 29 30 28 29 29 29 30
SLLS 22 23 23 23 23 22 22 22 22 22 22 23

Experiment 7 Conventional 8 8 8 8 8 8
SLLS 3 3 3 3 3 3 3 3 3 3 3 3

Experiment 8 Conventional 17 17 17 17 17 17
SLLS 5 7 7 7 7 7 7 7 7 7 7 7

Experiment 9 Conventional 21 21 21 21 21 21
SLLS 7 8 8 8 8 8 8 8 8 8 8 8

Experiment 10 Conventional 8 5 9 7 8 5 5
SLLS 3 4 3 4 3 3 3 3 3

Experiment 11 Conventional 17 9 18 15 16 11 10
SLLS 5 7 6 7 8 9 6 6 7 7

Experiment 12 Conventional 21 12 23 18 20 14 12
SLLS 7 8 7 9 9 8 7 8 6 8 9

Experiment 13 Conventional 12 6 6 7 9
SLLS 5 4 3 3 4 3 3

Experiment 14 Conventional 25 12 11 14 19
SLLS 10 9 7 8 9 8 7

Experiment 15 Conventional 30 15 14 17 23
SLLS 12 11 9 9 11 10 9  

Table 9: Comparison of PLT estimated by conventional and SLLS methods 
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Experiment                                   % of lead-time error                            
Name            Conventional               SLLS % Improvement 

Mean Half width Mean Half width via SLLS
Experiment 1 102.45% 0.468 10.62% 0.305 89.64
Experiment 2 73.59% 0.71 4.61% 0.156 93.74
Experiment 3 73.03% 0.345 29.92% 3.51 59.04
Experiment 4 103.66% 0.439 32.97% 0.253 68.2

Experiment 5 88.20% 0.377 15.05% 0.358 82.94
Experiment 6 87.58% 0.38 24.03% 0.74 72.57
Experiment 7 99.55% 0.932 30.74% 0.55 69.13
Experiment 8 94.07% 0.203 41.36% 0.18 56.04
Experiment 9 93.72% 0.353 27.58% 0.411 70.58
Experiment 10 116.30% 0.976 27.61% 0.58 76.26

Experiment 11 98.22% 0.542 37.78% 0.248 61.54
Experiment 12 100.47% 0.542 31.17% 0.316 68.98
Experiment 13 117.29% 1.334 27.98% 0.6 76.15
Experiment 14 102.30% 1.254 40.45% 0.52 60.46
Experiment 15 97.72% 0.55 36.51% 0.18 62.64

                      Average percentage of improvement via SLLS                    71.2  

Table 10: Comparison of percentage of lead-time error  
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Experiment                                             Total cost
Name            Conventional               SLLS % Improvement 

Mean Half width Mean Half width via SLLS

Experiment 1 $4,421.60 18.24 $2,534.60 30.09 42.68
Experiment 2 $9,111.86 56.38 $6,384.16 5.78 29.94
Experiment 3 $11,085.64 39.61 $8,382.30 29.94 24.39
Experiment 4 $4,465.84 14.62 $3,058.02 16.5 31.53
Experiment 5 $9,550.55 25.42 $6,957.38 14.69 27.16

Experiment 6 $11,024.91 11.55 $8,354.18 37.6 24.23
Experiment 7 $1,453.33 11.99 $839.90 1.19 42.21
Experiment 8 $2,575.60 1.09 $1,364.89 0.65 47.01
Experiment 9 $3,065.62 2.35 $1,420.29 2.4 53.68
Experiment 10 $1,220.26 2.03 $830.27 1.67 31.96
Experiment 11 $2,019.56 11.01 $1,213.39 1.44 39.92
Experiment 12 $2,409.95 10.04 $1,322.23 5.45 45.14

Experiment 13 $1,179.35 2.57 $707.49 1.53 40.02
Experiment 14 $1,860.99 6.23 $1,156.66 18.58 37.85
Experiment 15 $2,285.56 2.09 $1,243.50 1 45.6
             Average percentage of impovement via SLLS                              37.56  

Table 11: Comparison of total production cost 
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8.3. Results discussion 

 In this section, the summary of results and the effect of different parameters are 

discussed. In the following section, the discussion of the summary of results is presented.  

 

8.3.1. Results summary 

 Based on the experiment results, the following performance statistics of SLLS 

algorithm are made: 

•  The production plans generated by the SLLS algorithm saved approximately 38% 

(average) of the total cost incurred by the conventional production plans and the 

cost saving ranged from 25% to 53% 

•  The production plans generated by the SLLS algorithm reduced the lead-time 

error by 72% (average) compared to the conventional methods, and the lead-time 

error reduction ranged from 56% to 93%. 

 

Average % of lead-error saving 72%

Average total cost saving 38%  
Table 12: Summary of results 

 

8.3.2.  Effect of number of workstations that parts visit on the percentage of lead-time 

error 

 Figure 29 shows the relationship between the number of workstations that parts visit 

and the percentage of lead-time error for the conventional method. For demand values at 

levels 1, 2 and 5 using the conventional method, the percentage of lead-time error 

decreases as the number of machines that parts visit increases. In contrast, for demand 

values at levels 3 and 4 using the conventional method, the percentage of lead-time error 

increases as the number of machines that parts visit increases.  
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Figure 29: Number of workstations that parts visit vs. percentage of lead-time error for 

the conventional method 
 

 

 Figure 30 shows the relationship between the number of workstations that parts visit 

and the percentage of lead-time error for the SLLS method. Unlike the conventional 

method, the percentage of lead-time error in the SLLS method fluctuates as the number 

of machines that parts visit increases.  

 Based on the analysis, it can be inferred that the percentage of lead-time error follows 

different trends for different demand value sets as the number of workstations that parts 

visit increases for both conventional and SLLS methods. The following subsection 

discusses the comparison of work-in-process cost evaluated in both conventional and 

SLLS methods with respect to the number of workstations parts visit. 
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Figure 30: Number of workstations that parts visit vs. percentage of lead-time error for 

the SLLS method 
 

 

8.3.3 Effect of number of workstations that parts visit on WIP cost            

 Figure 31 and Figure 32 shows the comparison of work-in-process cost evaluated in 

conventional and SLLS methods with respect to number of workstations that parts visit 

while demand value is set at level 1and level 2, respectively. For demand values at levels 

1 and 2, for all the numbers of workstations that the parts visit, both conventional and 

SLLS methods estimate identical lot sizes. From Figure 31 and Figure 32, it can be seen 

that the WIP cost evaluated by the SLLS method is higher than that of the conventional 
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method for demand values at levels 1, 2, and 3, though both methods estimate the same 

lot sizes. This is because the SLLS method estimates the lot size with a lower percentage 

of lead-time error. Therefore, the average time difference between two different lot 

release dates is less than that of the conventional method. Hence, the SLLS method 

causes more WIP than does the conventional method. However, SLLS incurs lower total 

cost than that of the conventional method. This is because the amount of money SLLS 

saves by incurring lower inventory holding cost than that of conventional is higher than 

the WIP cost difference between SLLS and conventional methods.  
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Figure 31:  Comparison of WIP cost with respect to number of workstations 

that parts visit for demand values at level one 
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Demand vlaues at level 2: WIP cost vs. No. of 
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Figure 32:  Comparison of WIP cost with respect to number of workstations 

that parts visit for demand values at level two 

 

 

 

 Figures 33, 34, and 35 show the comparison of work-in-process cost evaluated in 

both conventional and SLLS methods with respect to number of workstations that parts 

visit, while demand value is set at levels 3, 4 and 5, respectively. For demand value at 

levels 3, 4, and 5, for all numbers of workstations that parts visit, both conventional and 

SLLS methods estimate different set of lot size. 
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Figure 33:  Comparison of WIP cost with respect to number of workstations 

that parts visit for demand values at level three 

 

 

 

 

Demand values at level 4: WIP cost vs. No. of 
workstations that parts visit
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Figure 34:  Comparison of WIP cost with respect to number of workstations 

that parts visit for demand values at level four 
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Demand values at level 5: WIP cost vs. No. of 
workstations that parts visit
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Figure 35:  Comparison of WIP cost with respect to number of workstations 

that parts visit for demand values at level five. 

 

 

 From Figures 33, 34, and 35, it can be found that the WIP cost evaluated by the SLLS 

method is less than that of the conventional method for scenarios in which both 

conventional and SLLS methods estimate different sets of lot size. The demand patterns, 

i.e. constant or seasonal, do not have any effect on the performance of SLLS. For 

example, when demand value is set at level 2, which has the seasonal pattern, the SLLS 

causes more WIP than the conventional method.  However, when demand value is set at 

level 4, which also has the seasonal pattern, the SLLS causes a lower WIP than the 

conventional method. The only difference between these two experiments is that when 

the demand value is set at level 2, both conventional and SLLS methods compute the 

same set of lot size, and when the demand value is set at level 4, the SLLS method 

computes different sets of lot size.  
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8.4. Effect of safety factor K  

  As mentioned in Chapter 7, side experiments are conducted to find the effect of the 

safety factor, K, on the performance of the conventional method. In this case, demand 

value is set at level four, i.e. i = 4, and the number of workstations that parts visit is set at 

level two, i.e. j = 2.  

 The held-constant factors, such as the product structure, are discussed in Section 7.4. 

Discussion of the side experiment results is presented in this section. Figure 36 shows the 

effect of safety factor, K, on lead-time error. It can be inferred that, as the value of safety 

factor increases, the percentage of lead-time error estimated for the conventional method 

also increases.  

 Figure 37 shows the effect of safety factor, K, on the total cost of conventional 

production plan. It can be seen that the total cost reaches the lowest value when safety 

factor, K, is set at two. Figure 38 shows the effect of safety factor, K, on number of tardy 

jobs caused by the conventional production plan. It can be seen that for K=1 and K=1.5, 

the conventional production plan causes tardy jobs. Therefore, by setting the safety 

factor, K, either at one or at one and a half, the experiment results will be biased in favor 

of the SLLS algorithm. For K=2, the conventional production plan doest not cause tardy 

jobs and it also results in the lowest total cost. Thereby, it appears that the experiment 

results will not be biased in favor of SLLS algorithm by setting safety factor, K, at two. 
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Figure 36: Safety factor vs. lead-time error estimated for the conventional method 
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Figure 37: Safety factor vs. total cost of the conventional production plan 
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Figure 38: Safety factor vs. Number of tardy jobs caused by the conventional production 

plan 
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8.5. Tractability  

 Presently, the SLLS algorithm is executed manually. As the number of workstations 

that parts visit increases, the time required to complete the algorithm execution also 

increases. It takes approximately 10 hrs, 15hrs, and 19hrs to complete the two-

workstation problem, the four-workstation problem, and the eight-workstation problem, 

respectively. A major part of the execution time goes to loading the data from MPX to 

Excel2000 Worksheet. It takes approximately 6seconds for MPX to execute the model 

once. Therefore, if the SLLS algorithm is executed completely by using a powerful 

computer, it may take approximately 5 minutes to complete the algorithm execution.  
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Chapter 9: Conclusion 

 

 

 This research presents the development and performance evaluation of a simultaneous 

lot sizing and lead time setting algorithm. The objective of this research is to develop a 

feasible methodology to estimate lead-time with less error and minimize the total 

production cost. This research reveals that open queuing network theory can be applied to 

improve the performance of MRP systems by estimating the lead-time with less error. 

The product structure that has been considered in this research is single-item, single-level 

bill of material. A simulation based manufacturing system model has been developed to 

measure the performance of both SLLS and conventional methods. Numerous parameters 

such as processing time, setup time, waiting time, mean time to failure, mean time to 

repair, scrap rate, machine utilization limit, process routing, and resource capacity have 

been considered in this research. The parameters that have been varied in the study are: 

(1) demand values and (2) number of workstations that parts visit. Side experiments have 

been conducted to study the impact of the safety factor on the performance of the 

conventional method.  

 Results reveal that the SLLS algorithm can reduce both lead-time error and total 

production cost significantly, when the demand pattern follows either a constant or 

seasonal pattern. Moreover, the SLLS algorithm can also reduce both lead-time error and 

total production cost significantly for different levels of workstations. Since no apparent 

trend exists, it is very difficult to determine in which scenario the SLLS algorithm works 

better. Even so, it is apparent that the SLLS algorithm fulfills the objective.  

 There is, however, an issue associated with the SLLS algorithm. The issue is that the 

SLLS algorithm takes several hours to complete the execution, since the algorithm is 

executed manually. This issue can be overcome by developing a software tool to 

implement the algorithm. It is estimated that the SLLS algorithm could be executed 
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within approximately 5 minutes by using personal computer running at M 1.8GHz with 

512MB RAM capacity.  

 The SLLS algorithm can be implemented effectively in industries like semi conductor 

that does high volume production and incurs huge WIP costs. One of the major benefits 

from the SLLS algorithm implementation is that in contrast to simulation, the SLLS 

algorithm greatly reduces time required for model construction and execution  

 

9.1. Future research 

 The limitation of the SLLS algorithm opens a window for developing an algorithm 

for multi-level multi-product models, in the future. Multi-level multi-product models are 

the most common existing dynamic lot-sizing models in practice. Plentiful research has 

been done in this field. Because of the presence of the large number of variables, this 

model is often solved by using heuristic techniques. In general, multi-level multi-product 

lot-sizing problems are presented as mixed integer-programming models. Then, various 

relaxation techniques, such as lagrangian relaxation, simulated annealing, and genetic 

algorithm, are applied to find the near optimal solution. However, all of the above-

mentioned methodology determines lot-size and PLT separately. Therefore, the need 

exists to develop a methodology, which determines lot size and PLT simultaneously for 

multi-level multi product lot-sizing models. In order to reduce the execution time, it is 

necessary to develop software to implement the methodology. 

 Additionally, in a few experiments, the SLLS algorithm quantified a set of lot sizes 

differently from the quantification of the conventional method. For these experiments, it 

will be interesting to estimate how much cost savings are due to lead-time error 

reduction.   
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Appendix A: Experiment 7 Results 
 

Table 13:   Experiment 7 - Conventional - WW algorithm results 

 
period,L 1 2 3 4 5 6 7 8 9 10 11 12
Demand 100 100 100 100 100 100 100 100 100 100 100 100

setup cost=    50
holding cost= 0.5

Ki,j        j 1 2 3 4 5 6 7 8 9 10 11 12
i           1 50 100 200 350 550 800 1100 1450 1850 2300 2800 3350

2 50 100 200 350 550 800 1100 1450 1850 2300 2800
3 50 100 200 350 550 800 1100 1450 1850 2300
4 50 100 200 350 550 800 1100 1450 1850
5 50 100 200 350 550 800 1100 1450
6 50 100 200 350 550 800 1100
7 50 100 200 350 550 800
8 50 100 200 350 550
9 50 100 200 350
10 50 100 200
11 50 100
12 50

K*t-1+K*t,l l=1 l=2 l=3 l=4 l=5 I=6 I=7 I=8 I=9 I=10 I=11 I=12
1 50 100 200 350 550 800 1100 1450 1850 2300 2800 3350
2 100 150 250 400 600 850 1150 1500 1900 2350 2850
3 150 200 300 450 650 900 1200 1550 1950 2400
4 200 250 350 500 700 950 1250 1600 2000
5 250 300 400 550 750 1000 1300 1650
6 300 350 450 600 800 1050 1350
7 350 400 500 650 850 1100
8 400 450 550 700 900
9 450 500 600 750
10 500 550 650
11 550 600
12 600

MIN 50 100 150 200 250 300 350 400 450 500 550 600  
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Table 14: Experiment 7- Conventional - WW algorithm results 

 
scheduling of orders:
periods 1 2 3 4 5 6 7 8 9 10 11 12
Demand 100 100 100 100 100 100 100 100 100 100 100 100
Lot size 200 200 200 200 200 200  

 

 

 

 

Table 15: Experiment 7- Conventional– Lead time estimation (K=2)  

 
sl.no qty.          setup time      processing time k         Lead time

units ws1    min  ws2   min ws1    min ws2     min min days
lot1 200 145 130 5 3 2 3750 8
lot2 200 145 130 5 3 2 3750 8
lot3 200 145 130 5 3 2 3750 8
lot4 200 145 130 5 3 2 3750 8
lot5 200 145 130 5 3 2 3750 8
lot6 200 145 130 5 3 2 3750 8

 
 

 

Table 16: Experiment 7- Conventional– Lot size and PLT 

 
lot size PLT Starting time Priority
units days in minutes
200 8 0 1
200 8 4800 2
200 8 9600 3
200 8 14400 4
200 8 19200 5
200 8 24000 6
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Table 17: Experiment 7- SLLS - PLT updating 

 

Lot size 1st operation Initial PLT CT Early starting Final PLT
units time    min days days days days
100 3 3
100 800 3 8 0 3
100 800 3 8 0 3
100 800 3 8 0 3
100 800 3 8 0 3
100 800 3 8 0 3
100 800 3 8 0 3
100 800 3 8 0 3
100 800 3 8 0 3
100 800 3 8 0 3
100 800 3 8 0 3
100 800 3 8 0 3  

 

 

Table 18:  Experiment 7- SLLS– lot size results 

 
scheduling of orders:
periods 1 2 3 4 5 6 7 8 9 10 11 12
Demand 100 100 100 100 100 100 100 100 100 100 100 100
Lot size 100 100 100 100 100 100 100 100 100 100 100 100  
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Table 19: Experiment 7- SLLS- PLT results 

 

Lot size Starting PLT 
units time in minutes in days
100 2400 3
100 4800 3
100 7200 3
100 9600 3
100 12000 3
100 14400 3
100 16800 3
100 19200 3
100 21600 3
100 24000 3
100 26400 3
100 28800 3  

 

 

Table 20:  Experiment 7- Conventional – % lead-time error    

 

Lot size  Actual lead time PLT Starting Due Early completion Due date missing % lead time
units min days  days date date days days error
200 31.2538 4 8 1 9 4 0 100
200 32.1238 5 8 11 19 3 0 60
200 32.6994 5 8 21 29 3 0 60
200 32.377 5 8 31 39 3 0 60
200 32.2969 5 8 41 49 3 0 60
200 32.5553 5 8 51 59 3 0 60  
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Table 21: Experiment 7- Conventional– Holding cost & late penalty    

 
periods qty. Lot Demand Holding Due date missing

units completion date due date cost cost
1 100 5 9 40 0
2 100 5 14 90 0
3 100 16 19 30 0
4 100 16 24 80 0
5 100 26 29 30 0
6 100 26 34 80 0
7 100 36 39 30 0
8 100 36 44 80 0
9 100 46 49 30 0

10 100 46 54 80 0
11 100 56 59 30 0
12 100 56 64 80 0

Total 680 0  
 

 

Table 22:  Experiment 7- Conventional – WIP Cost & setup Cost    

 

sl.no Lot size no. WIP WIP Set up
units setup cost cost

lot1 200 1 10.6103 72.15 50
lot2 200 1 10.9302 74.325 50
lot3 200 1 11.1418 75.764 50
lot4 200 1 11.0233 74.958 50
lot5 200 1 10.9938 74.758 50
lot6 200 1 11.0888 75.404 50

Total 447.36 300  
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Table 23: Experiment 7- SLLS - % lead-time error    

 

Lot size  Actual lead time LT PLT Starting Due Early completion Due date missing % lead time
units  minutes days days  days date date days days error
100 17.9205 3 3 3 6 9 0 0 0
100 18.9363 3 3 3 11 14 0 0 0
100 17.942 3 3 3 16 19 0 0 0
100 18.8598 3 3 3 21 24 0 0 0
100 18.0102 3 3 3 26 29 0 0 0
100 18.776 3 3 3 31 34 0 0 0
100 18.0292 3 3 3 36 39 0 0 0
100 18.5656 3 3 3 41 44 0 0 0
100 18.1035 3 3 3 46 49 0 0 0
100 18.4139 3 3 3 51 54 0 0 0
100 18.0768 3 3 3 56 59 0 0 0
100 18.2771 3 3 3 61 64 0 0 0  

 

 

 

Table 24: Experiment 7- SLLS – Holding Cost & late penalty    

 
periods qty. Lot Demand Holding Due date missing

units completion date due date cost cost
1 100 9 9 0 0
2 100 14 14 0 0
3 100 19 19 0 0
4 100 24 24 0 0
5 100 29 29 0 0
6 100 34 34 0 0
7 100 39 39 0 0
8 100 44 44 0 0
9 100 49 49 0 0
10 100 54 54 0 0
11 100 59 59 0 0
12 100 64 64 0 0

Total 0 0  
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Table 25:  Experiment 7- SLLS – WIP Cost & setup Cost    

 
sl.no Lot size no. WIP WIP Set up

units setup cost cost
lot1 100 1 2.8584 19.4371 50
lot2 100 1 3.0451 20.7067 50
lot3 100 1 2.8624 19.4643 50
lot4 100 1 3.0311 20.6115 50
lot5 100 1 2.8749 19.5493 50
lot6 100 1 3.0157 20.5068 50
lot7 100 1 2.8784 19.5731 50
lot8 100 1 2.977 20.2436 50
lot9 100 1 2.892 19.6656 50
lot10 100 1 2.9491 20.0539 50
lot11 100 1 2.8871 19.6323 50
lot12 100 1 2.9239 19.8825 50

Total 239.327 600  
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SLLS Algorithm Execution 
I =1, M =1, G =1

100

2.3 days

PLT = 2.3 days
WIP= 3..551
TC= 50.816

1st operation of              = 800 minutes

I =2, M =1, G =1

200

4.03 days

PLT = 4.03 days
WIP= 12.4
TC= 104.99

I =2, M =2, G =2

100

100

7.34 Days

2.01 Days

Sl.No. Priority 1st opr 2nd opr Waiting Dealy Lot size Initial LT Final  LT
time  min time, min time,  min size, min days days

1 800 600 0 0 210 3 3

2 800 600 0 800 120 3 3

Sl.No. Priority 1st opr CT Early Final LT PLT
time  min days starting days days

1 800 7.34 0 3 3

2 800 2.01 0 3 3
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Sl.No. Priority Delay WIP
size, min  items

1 0 3.6

2 800 3.6

Cost: Period 1 2

100 Size 100 0
LT        2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost: Period 2 3

100 Size 100 0
LT= 2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost of 102

By applying the planning horizon theorem, node 1 is omitted 

I =3, M =1, G =1

200

4.03 days

PLT = 4.03 days
WIP= 12.4
TC= 104.99

( )22
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I =3, M =2, G =2

100

100

7.34 Days

2.01 Days

Sl.No. Priority 1st opr 2nd opr Waiting Dealy Lot size Initial LT Final  LT
time  min time, min time,  min size, min days days

1 800 600 0 0 210 3 3

2 800 600 0 800 120 3 3

Sl.No. Priority 1st opr CT Early Final LT PLT
time  min days starting days days

1 800 7.34 0 3 3

2 800 2.01 0 3 3

Sl.No. Priority Delay WIP
size, min  items

1 2 3.6

2 800 3.6

Cost: Period 1 2

100 Size 100 0
LT        2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51
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Cost: Period 2 3

100 Size 100 0
LT= 2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost of 102

By applying the planning horizon theorem, node 1& 2 are omitted. 

I =4, M =1, G =1

200

4.03 days

PLT = 4.03 days
WIP= 12.4
TC= 104.99

I =4, M =2, G =2

100

100

7.34 Days

2.01 Days

Sl.No. Priority 1st opr 2nd opr Waiting Dealy Lot size Initial LT Final  LT
time  min time, min time,  min size, min days days

1 800 600 0 0 210 3 3

2 800 600 0 800 120 3 3

Sl.No. Priority 1st opr CT Early Final LT PLT
time  min days starting days days

1 800 7.34 0 3 3

2 800 2.01 0 3 3
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Sl.No. Priority Delay WIP
size, min  items

1 0 3.6

2 800 3.6

Cost: Period 1 2

100 Size 100 0
LT        2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost: Period 2 3

100 Size 100 0
LT= 2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost of 102

By applying the planning horizon theorem, node 1, 2 & 3 are omitted.

I =5, M =1, G =1

200

4.03 days

PLT = 4.03 days
WIP= 12.4
TC= 104.99

I =5, M =2, G =2
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7.34 Days

2.01 Days

Sl.No. Priority 1st opr 2nd opr Waiting Dealy Lot size Initial LT Final  LT
time  min time, min time,  min size, min days days

1 800 600 0 0 210 3 3

2 800 600 0 800 120 3 3

Sl.No. Priority 1st opr CT Early Final LT PLT
time  min days starting days days

1 800 7.34 0 3 3

2 800 2.01 0 3 3

Sl.No. Priority Delay WIP
size, min items

1 1 3.6

2 800 3.6

Cost: Period 1 2

100 Size 100 0
LT        2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost: Period 2 3

100 Size 100 0
LT= 2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost of 102

By applying the planning horizon theorem, node 1, 2,3&4 are omitted.
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I =6, M =1, G =1

200

4.03 days

PLT = 4.03 days
WIP= 12.4
TC= 104.99

I =6, M =2, G =2

100

100

7.34 Days

2.01 Days

Sl.No. Priority 1st opr 2nd opr Waiting Dealy Lot size Initial LT Final  LT
time  min time, min time,  min size, min days days

1 800 600 0 0 210 3 3

2 800 600 0 800 120 3 3

Sl.No. Priority 1st opr CT Early Final LT PLT
time  min days starting days days

1 800 7.34 0 3 3

2 800 2.01 0 3 3

Sl.No. Priority Delay WIP
size, min  items

1 1 3.6

2 800 3.6

Cost: Period 1 2

100 Size 100 0
LT        2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51
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Cost: Period 2 3

100 Size 100 0
LT= 2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost of 102

By applying the planning horizon theorem, node 1, 2,3,4&5 are omitted.

I =7, M =1, G =1

200

4.03 days

PLT = 4.03 days
WIP= 12.4
TC= 104.99

I =7, M =2, G =2

100

100

7.34 Days

2.01 Days

Sl.No. Priority 1st opr 2nd opr Waiting Dealy Lot size Initial LT Final  LT
time  min time, min time,  min size, min days days

1 800 600 0 0 210 3 3

2 800 600 0 800 120 3 3

Sl.No. Priority 1st opr CT Early Final LT PLT
time  min days starting days days

1 800 7.34 0 3 3

2 800 2.01 0 3 3
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Sl.No. Priority Delay WIP
size, min  items

1 1 3.6

2 800 3.6

Cost: Period 1 2

100 Size 100 0
LT        2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost: Period 2 3

100 Size 100 0
LT= 2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost of 102

By applying the planning horizon theorem, node 1, 2,3,4,5& 6 are omitted .

I =8, M =1, G =1
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TC= 104.99

8
8,7

1
1 L

7
6,6

2
1 L

7
7,7

2
2 L

( )72
L ( ) ( )100,1007*

=L

7
6,6

2
1 L

7
7,7

2
2 L

( )8
8,7

1
1LCT

 
 
 
 



Appendix A: Experiment 7 Results 

 126

I =8, M =2, G =2

100

100

7.34 Days

2.01 Days

Sl.No. Priority 1st opr 2nd opr Waiting Dealy Lot size Initial LT Final  LT
time  min time, min time,  min size, min days days

1 800 600 0 0 210 3 3

2 800 600 0 800 120 3 3

Sl.No. Priority 1st opr CT Early Final LT PLT
time  min days starting days days

1 800 7.34 0 3 3

2 800 2.01 0 3 3

Sl.No. Priority Delay WIP
size, min  items

1 0 3.6

2 800 3.6

Cost: Period 1 2

100 Size 100 0
LT        2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51
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Cost: Period 2 3

100 Size 100 0
LT= 2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost of 102

By applying the planning horizon theorem, node 1, 2,3,4,5,6&7 are omitted .

I =9, M =1, G =1

200

4.03 days

PLT = 4.03 days
WIP= 12.4
TC= 104.99

I =9, M =2, G =2

100

100

7.34 Days

2.01 Days

Sl.No. Priority 1st opr 2nd opr Waiting Dealy Lot size Initial LT Final  LT
time  min time, min time,  min size, min days days

1 800 600 0 0 210 3 3

2 800 600 0 800 120 3 3

Sl.No. Priority 1st opr CT Early Final LT PLT
time  min days starting days days

1 800 7.34 0 3 3

2 800 2.01 0 3 3
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Sl.No. Priority Delay WIP
size, min  items

1 1 3.6

2 800 3.6

Cost: Period 1 2

100 Size 100 0
LT        2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost: Period 2 3

100 Size 100 0
LT= 2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost of 102

By applying the planning horizon theorem, node 1, 2,3,4,5,6,7& 8
are omitted.

I =10, M =1, G =1
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PLT = 4.03 days
WIP= 12.4
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I =10, M =2, G =2

100

100

7.34 Days

2.01 Days

Sl.No. Priority 1st opr 2nd opr Waiting Dealy Lot size Initial LT Final  LT
time  min time, min time,  min size, min days days

1 800 600 0 0 210 3 3

2 800 600 0 800 120 3 3

Sl.No. Priority 1st opr CT Early Final LT PLT
time  min days starting days days

1 800 7.34 0 3 3

2 800 2.01 0 3 3

Sl.No. Priority Delay WIP
size, min  items

1 0 3.6

2 800 3.6

Cost: Period 1 2

100 Size 100 0
LT        2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51
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Cost: Period 2 3

100 Size 100 0
LT= 2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost of 102

By applying the planning horizon theorem, node 1, 2,3,4,5,6,7,8 & 9
are omitted.

I =11, M =1, G =1
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4.03 days

PLT = 4.03 days
WIP= 12.4
TC= 104.99

I =11, M =2, G =2
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7.34 Days

2.01 Days

Sl.No. Priority 1st opr 2nd opr Waiting Dealy Lot size Initial LT Final  LT
time  min time, min time,  min size, min days days

1 800 600 0 0 210 3 3

2 800 600 0 800 120 3 3

Sl.No. Priority 1st opr CT Early Final LT PLT
time  min days starting days days

1 800 7.34 0 3 3

2 800 2.01 0 3 3
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Sl.No. Priority Delay WIP
size, min  items

1 0 3.6

2 800 3.6

Cost: Period 1 2

100 Size 100 0
LT        2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost: Period 2 3

100 Size 100 0
LT= 2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost of 102

By applying the planning horizon theorem, node 1, 2,3,4,5,6,7,8,9& 10
are omitted.

I =12, M =1, G =1
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I =12, M =2, G =2

100

100

7.34 Days

2.01 Days

Sl.No. Priority 1st opr 2nd opr Waiting Dealy Lot size Initial LT Final  LT
time  min time, min time,  min size, min days days

1 800 600 0 0 210 3 3

2 800 600 0 800 120 3 3

Sl.No. Priority 1st opr CT Early Final LT PLT
time  min days starting days days

1 800 7.34 0 3 3

2 800 2.01 0 3 3

Sl.No. Priority Delay WIP
size, min  items

1 0 3.6

2 800 3.6

Cost: Period 1 2

100 Size 100 0
LT        2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51
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Cost: Period 2 3

100 Size 100 0
LT= 2.3 days
WIP 3.6 items

Setup cost             = 50
WIP cost               = 1
Early completion cost 0
Inventory cost        = 0
Total cost              = 51

Cost of 51 ( ) ( )100,10012*
=L( )122

L

12
12,12

12
2 L

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix A: Experiment 7 Results 

 134

Figure 39: The determination of simulation length for Experiment 7 
  
 
 

calender
1 2 3 4 5

11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
1con

6 7 8 9 10 11 12 13 14 15 16 17 18 19
jan 1stperiod 2nd period 3rd

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1slls 100 2slls 100 3slls 100

2con

20 21 22 23 24 25 26 27 28 29 30 31 32 33
4th 5th

21 22 23 24 25 26 27 28 29 30 31 1 2 3 4 5 6 7 8 9
4slls 100 5slls 100 6slls
3con 4con

34 35 36 37 38 39 40 41 42 43 44 45 46 47 48
6th 7th 8th

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
100 7slls 100 8slls 100 9slls

5con

49 50 51 52 53 54 55 56 57 58 59 60 61 62 63
9th 10th 11th

30 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
100 10slls 100 11slls 100 12slls

6con

64 65 66 67 68
12th

20 21 22 23 24 25 26
100  

 
 Each highlighted row indicates the set of working days. The number described inside 

the bordered row indicates the date. The number described on the top of each date 

indicates the cumulative number of days in the production period. The notations used in 

figure A1 are described as follows: 

 i con    starting date of ith lot (i = 1,2 …) generated by conventional method. 

 j slls    starting date of jth lot (j = 1,2 …) generated by SLLS algorithm.
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