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Abstract

Most of the research on dynamic lot sizing problems ignores the multiple-criteria nature of the problems and does not take into account interrelationships of the decision made by the buyer and the supplier. This paper presents an experimental study on dynamic lot sizing problems taking into account the two important aspects above. The study has been conducted to evaluate the effect of lot sizing rules and policies from the perspective of both the buyer and the supplier. The evaluation is based on profit, schedule nervousness, deviation between planned and actual order quantity, and the variability of orders produced by the buyer and the supplier. The experimental results show that payment terms, the degree of forecast accuracy, and the buyer’s lot sizing rules substantially affect the performance of the overall system. The study also revealed that using a single performance measure could be misleading in evaluating lot sizing decisions.
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1.
Introduction

Experimental study on lot sizing problems has been extensively conducted for decades (see for example Blackburn and Millen, 1979 & 1985; Ho, 1995). Most of the studies in this area, however, looked at lot sizing problems from the point of view of a single entity within a supply chain. This certainly ignores the recent concept of supply chain management where the decisions related to lot sizing problems as well as the performance of those decisions should be viewed from the entire supply chain’s perspectives. On the other hand, there is a growing body of literature addressing the quantitative aspect of buyer supplier lot sizing models (for example Aderohunmu et al, 1995; Hill, 1997). However, most of the studies in this field have been based on the assumption of static situation where lot sizing decisions made by the buyer and the supplier do not change dynamically as demand information is updated as the periods move forward in the planning horizon.

When demand uncertainty is considered in a dynamic lot sizing problem, considering inventory related cost as a single performance measure is no longer sufficient. A number of other measures, such as order variability and schedule instability, need to be taken into account in evaluating the performance of lot sizing problem or in selecting the best lot sizing rule to apply. Most of the published works on lot sizing problems to date ignore the fact that lot sizing decision is naturally a multi criteria problem.

This paper presents an experimental study which evaluates dynamic lot sizing decisions made by the buyer and the supplier to satisfy uncertain demand from the end customers. The performance of lot sizing decisions is evaluated based on a number of different performance measure. Taking into account multiple parties involved and difference performance measure considered, a simple multi criteria framework is used to evaluate lot sizing decisions under different experimental conditions.

2.
Description of the System

The system considered here is uncertain in the sense that demand from end customers is not known with certainty. However, it is assumed that demand is stationary following a normal distribution. To make lot sizing decisions, the buyer has to forecast demand for the future periods after the demand for the current period is known. The buyer is assumed to apply an autoreggresive statistical model to update the demand forecast. For a more detailed explanation of the model, see Fildes and Kingsman (1997).

Following this model, demand in period t is generated as follows:
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In this paper we use AR(1) model where 
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 is zero and 
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 < 1. The forecast made in period t for periods t+1 to t+R-1 is given by:
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And the actual demand in a period is generated using a random process as follows.
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Where 
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 is the constant level of forecast, 
[image: image8.wmf]a

 is the weight of the current demand to forecast, R is the length of the planning horizon,  et is the forecast error for period t, and dt is demand for period t. Forecast error is assumed to follow a normal distribution.

The system works on a rolling horizon basis. Having obtained demand information for the current period, the forecast for the future periods, on hand inventory, and other relevant parameters, the buyer has to decide whether not to place an order because the available inventory is sufficient to satisfy the demand for the current period or to place an order applying a lot sizing rule. If an order is placed, the buyer also provides the supplier with estimates on when and how large the following order will be. Using this information, the supplier will make lot sizing decisions applying the same procedure as that of the buyer. The lot sizing rule applied by both the buyer and the supplier are traditional dynamic lot sizing rules such as the Silver Meal rule, the Least Unit Cost, and the Part Period Balancing. 

It is assumed that the supplier offers different payment terms to the buyer and the buyer updates ordering decisions in order to maximise trade credits. Two payment terms will be evaluated in this study: immediate payment and date terms. The initial explanation of these two credit terms is provided by Kingsman (1983) and Carlson and Rousseau (1989). Modified formulation to accommodate dynamic lot sizing problems is presented by Pujawan and Kingsman (1999).

3.
Performance Measures

The use of multiple performance measure in this study is based on the fact that various issues arise in lot sizing decisions when demand is uncertain. Previous studies (DeBodt et al, 1982; Wemmerlov, 1989) revealed that inventory related costs increase significantly once uncertainty in demand is considered. In addition, issues such as schedule nervousness do not exist when lot sizing rules are applied to deterministic demand situation, but certainly becomes a problem when demand is uncertain.

Five performance measures are used in this study which involve both monetary and non monetary performance measures. These are evaluated for both the buyer and the supplier. Hence, there is a total of ten performance measures to be aggregated, five for the buyer and the other five for the supplier. The performance measures are explained as follows:

1. Buyer’s profit (C11) is profit per unit of product obtained by the buyer. Profit is obtained by subtracting inventory related costs from selling price of each product.

2. Buyer’s schedule nervousness (C12) is calculated based on the average changes in the time of the planned order as the periods move forward. If the time for the planned estimated in period t-1 was Tt-1 and that in period t is Tt then there is a change of 
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  in the estimate of time for the next order as period moves from t-1 to t. Schedule nervousness is then equal to 
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3. Buyer’s order quantity (C13) is determined based on the average deviation between the planned and the actual order quantity. The planned order quantity is an order quantity that is initially planned for a future period when an order is placed for the current period.

4. Variability of the buyer’s order quantity (C14) is measured as the coefficient of variation of the actual order quantity during the simulation period.

5. Variability of the buyer’s order interval (C15) is measured as the coefficient of variation of the actual order interval during the simulation period.

The same performance measures are also applied for the supplier.

4.
Experimental Factors

As presented in Table 1, there are six experimental factors used in this study and each factor has one, two, three, or five levels leading to a total of 180 experimental cells. Each cell is replicated five times, thus the total units of experiments is 900. The notations used under the column title ‘levels’ are explained below the table:

Table 1 Experimental factors and their levels

	Factors
	Levels
	No. of levels

	Buyer’s lot sizing rule
	S, L, P
	3

	Supplier’s lot sizing rule
	S, L, P
	3

	Payment terms
	IP, DT
	2

	Buyer’s TBO
	1, 2, 3, 4, 5
	5

	Supplier’s TBO
	6
	1

	Forecast errors
	20, 80
	2

	Number of experimental cells

Replication in each cell

Total units of experiments
	180

5

900


Note: 
S, L, and P refer to Silver Meal, Least Unit Cost, and Part Period Balancing


IP and DT are immediate payment and date terms payment


20 and 80 refers to the standard deviation of forecast errors per period for an average demand of 200


TBO is average time between order

5.
Aggregating the Performance Measure

A framework to aggregate the absolute performance measure and to compare lot sizing rules and policies has been developed using a simple multi criteria approach. The final objective of developing such a framework is to enable the decision maker to decide what lot sizing rule to choose under different circumstances. For the rest of this paper, the terms performance measure and criteria will be used interchangeably.

The framework is developed by firstly calculating the utility function of each criterion which will then followed by calculation of the aggregated score. The aggregated score is the total weighted value from the performance measures. The two steps will be described below.

1. Calculation of the Utility Value

The absolute value for each alternative with respect to each criterion is converted into a utility value by using a linear utility function. The function will be dependent upon whether the best value is the maximum or the minimum. If the best value is the maximum, such as in the case of profit, the utility value, Uij, is given by:
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Conversely, if the best value is the minimum, the utility function is:
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where n represent the number of alternatives, m the number of criteria, and:

Xij
= the absolute value of alternative i with respect to criterion j

Hj
= the maximum absolute value achieved by all alternatives from the experiments with respect to criterion j

Lj
= the minimum absolute value achieved by all alternatives from the experiments with respect to criterion j

The terms alternative is defined as a combination of the experimental factors. Theoretically, the number of alternatives is equal to the number of experimental cells. In this experiment, the results are aggregated for the whole buyer’s TBO, thus the number of alternatives is 36. To avoid bias in assessing the utility values of profit with respect to different payment terms, the utility function for profit is constructed based on the total profit for the buyer and the supplier.

After the minimum and the maximum values for each criterion is obtained, the associated utility function is developed. Table 2 presents the utility functions for all nine criteria.

Table 2 Utility function for each criterion

	Criteria

(j)
	Lowest value (Lj)
	Highest value (Hj)
	Utility function

(Uij)

	Total profit (C1)
	10.59
	10.79
	Ui1 = 5.00 (Xij-10.59)

	Buyer’s schedule nervousness (C12)
	0.200
	0.380
	Ui12 = 5.556 (0.380 – Xij)

	Buyer’s quantity changes (C13)
	37
	138
	Ui13 = 0.010 (138 – Xij)

	Buyer’s CV of order quantity (C14)
	0.075
	0.246
	Ui14 = 5.848 (0.246 – Xij)

	Buyer’s CV of order interval (C15)
	0.155
	0.317
	Ui15 = 6.173 (0.317 – Xij)

	Supplier’s schedule nervousness (C12)
	0.806
	1.902
	Ui22 = 0.912 (1.902 – Xij)

	Supplier’s quantity changes (C13)
	96
	486
	Ui23 = 0.003 (486 – Xij)

	Supplier’s CV of order quantity (C14)
	0.101
	0.323
	Ui24 = 4.505 (0.323 – Xij)

	Supplier’s CV of order interval (C15)
	0.179
	0.391
	Ui25 = 4.717 (0.391 – Xij)


2. Calculation of the Aggregated Score

Aggregated score represents the overall score for each alternative considering the weight assigned to each criterion and the utility value for each alternative. The utility value for each alternative is obtained by transforming the absolute value using the utility functions in Table 2. In this paper, the aggregated score will be based on the assumption that all criteria are assigned an equal weight. Since there are basically 10 criteria, each will have a weight of 0.10, whilst the total profit will be assigned a weight of 0.20 taking into account that it represents profit for the buyer and the supplier. Hence, the aggregated score for alternative i (Si) can be represented by using the following function:
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6.
Analysis of the Results

Figure 1 presents the graph of the aggregated score for each alternative. In addition, Table 3 provides the summary of the aggregated score in terms of the average aggregated score for each level of the experimental factor and the range of the aggregated score across different levels of each experimental factor.

Table 3 shows that the average and the range of the aggregated score vary significantly with the experimental factor. Judging from the range of the aggregated score in Table 3, it appears that the payment terms has the most influential effect on the overall performance of lot sizing decisions. More specifically, the immediate payment shows significantly better overall performance than the date-terms payment. A more detailed result presented in Figure 1 confirms that the superiority of the immediate payment terms does happen in each experimental condition. This is shown by the figure where the graph for IP, 20 always lies above the graph for DT, 20. The same situation is happened under the standard deviation of 80, where the graph for IP, 80 is always higher than the graph for DT, 80. 

The fact that the date terms payment results in lower aggregated score for each experimental condition is an interesting result. This result provides an important basis for further discussion on the issue of incorporating different payment terms into lot sizing decision models. Previous papers ( Kingsman, 1983; Goyal, 1985; Carlson and Rousseau, 1989) have presented models and analysis on the effect of payment terms in lot sizing problems. These papers appear to suggest that, when a date terms payment system is offered by the supplier, the buyer should modify his/her ordering decisions in order to maximise benefits from credit financing. However, this view has been based on the buyer’s perspective which evaluates the impact of the decisions solely from the financial aspect.
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Figure 1 The graph of the aggregated score for each experimental condition

In this paper, by extending the viewpoint from both sides and by using multiple performance measures in evaluating lot sizing decisions, it is no longer desirable to apply date terms payment system. Detailed observation on the experimental results revealed that, whilst the buyer is better off in terms of profit, the overall system worse off when the date terms payment system is offered by the supplier to the buyer. Not only does the total profit decrease, date terms payment also results in higher schedule nervousness, higher deviation between planned and actual order quantity, and more variable orders. This could have an implication that the supplier should avoid offering the date terms payment system. If the date terms payment is to be offered for some other reasons, the supplier should entice the buyer not to modify ordering decisions from that of the immediate payment system.

  Table 3 Summary of the experimental results

	Factor
	Level
	Aggregate value
	Range

	Payment Terms
	IP
	0.617
	0.274

	
	DT
	0.343
	

	Forecast Errors
	20
	0.574
	0.188

	
	80
	0.386
	

	Buyer’s lot sizing rule
	S
	0.548
	0.188

	
	L
	0.532
	

	
	P
	0.359
	

	Supplier’s lot sizing rule
	S
	0.480
	0.018

	
	L
	0.470
	

	
	P
	0.488
	


Table 3 shows that the aggregated score for the standard deviation of forecast error of 20 is 0.578 whilst that for the standard deviation of 80 is 0.386. Consistent results are shown in Figure 1 where irrespective of the lot sizing rules applied by the buyer and the supplier, lower standard deviation of forecast error always provides better overall performance. This indicates that better forecast accuracy produced by the buyer has a beneficial impact on the overall system. The result suggests that, whilst the forecast is made by the buyer, both parties are affected by the accuracy of the forecast.

Lot sizing rules applied by the buyer and the supplier have substantially different degree of impact on the aggregated score. Table 3 as well as Figure 1 show that the lot sizing rules applied by the buyer have substantially more influential effect on the overall performance than the rules applied by the supplier. Since the lot sizing rules applied by the buyer constitutes demand pattern received by the supplier, this result suggests that managing demand pattern is more important than selecting the best lot sizing rule to be applied by the supplier. The result is in line with the modern management philosophy which emphasises on the importance of buyer and supplier co-ordination in a supply chain. In this case for example, if the supplier wishes to improve the performance of lot sizing decisions, managing the relationships with the buyer is more important than just selecting the best lot sizing rule to apply.

7.
Correlation Among Criteria

The analysis presented previously have used an assumption that all criteria were equally important and thus, have been given an equal weight. Differing weight assigned to each performance measure may or may not result in a significantly different aggregated score for each alternative. Extensive data analysis is required to provide an accurate figure on the effects of differing weights assigned to each criterion.

However, without doing such an analysis thoroughly, it is possible to obtain a general insight on the effect of assigning different weights to each performance measure or criteria. This can be done, for example, by looking at the correlation of the utility value among criteria. If the correlation of the utility values among criteria are high, varying the weights assigned to each criterion may not result in a significantly different relative aggregated score for all alternatives. Table 4 provides the correlation among criteria. Generally, the correlation are relatively low and many are negatives, especially between C1 (total profit) and other criteria. This suggests that, differing weights assigned to each criterion may result in a significantly different aggregated score for each alternative, especially if total profit is given much higher weight than the other criteria. This also confirms the premise that using a single performance measure is inadequate in evaluating lot sizing decision. Furthermore, since the correlation between total profit and the other criteria are low, using profit as a single performance measure could be misleading.  

Table 4 Correlation among criteria

	
	C12
	C13
	C14
	C15
	C22
	C23
	C24
	C25
	C1

	C12
	1.00
	
	
	
	
	
	
	
	

	C13
	0.37
	1.00
	
	
	
	
	
	
	

	C14
	0.45
	0.93
	1.00
	
	
	
	
	
	

	C15
	0.80
	0.41
	0.37
	1.00
	
	
	
	
	

	C22
	0.29
	-0.01
	-0.05
	0.23
	1.00
	
	
	
	

	C23
	0.44
	0.18
	0.18
	0.22
	0.61
	1.00
	
	
	

	C24
	0.36
	0.03
	0.01
	0.30
	0.82
	0.78
	1.00
	
	

	C25
	0.55
	-0.13
	-0.06
	0.42
	0.74
	0.34
	0.59
	1.00
	

	C1
	-0.15
	-0.01
	-0.01
	-0.02
	-0.90
	-0.60
	-0.73
	-0.61
	1.00


8.
Concluding Remarks

Multi criteria evaluation of the experimental study on integrated buyer supplier dynamic lot sizing problems has been presented in this paper. The paper provides a significant extension of the previous research on dynamic lot sizing problems which usually ignore at least two important things: the interrelationships of the decisions made by the buyer and the supplier, and the multi criteria nature of the problem.

A number of important insights have been revealed in this study. Firstly, it is important to take into account the multi criteria nature of dynamic lot sizing problems. Correlation analysis presented in the above section suggests that using a single performance measure could be misleading. Secondly, whilst the date terms payment system provides benefit to the buyer in terms of credit periods, the overall system worse off. The result appears to be attributable to the fact that, when the date terms payment system is offered by the supplier, the buyer tends to place a more irregular ordering pattern. Thirdly, lot sizing rules applied by the buyer have substantially more effect compared to the lot sizing rules applied by the supplier. Since the buyer’s lot sizing rule determines the ordering pattern to be sent to the supplier, the results suggest that the supplier should pay more attention on the demand pattern sent by the buyer rather than on what lot sizing rule to apply. The result also provides an insight on the importance of buyer supplier partnerships in a supply chain.

Whilst providing significant extension from the previous research, this study may be extended in a number of different directions. Firstly, there should be a careful assessment on the degree of importance of each criterion. It is less likely that the five criteria are equally important in practice. Secondly, both buyer and supplier may not apply lot sizing rules evaluated in this study. It is important to extend this study to other possible lot sizing approaches that both the buyer and the supplier may apply in practice.
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				5.831		0.249		138		0.231		0.243		4.796		1.876		400		0.282		0.295		10.627

				5.827		0.376		113		0.246		0.227		4.879		1.414		447		0.277		0.327		10.706
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				2		1.000		1.000		1.000		0.833				0.737		0.690		0.680		0.500		0.800		0.804				0.491

				3		0.561		0.000		0.088		0.457				0.842		0.436		0.450		0.830		0.790		0.524				0.252

				4		0.467		0.248		0.000		0.556				0.928		0.608		0.730		0.519		0.880		0.581				0.304

				5		0.283		0.644		0.626		0.111				0.588		0.559		0.559		0.311		0.955		0.559				0.254

				6		0.144		0.149		0.263		0.000				0.834		0.420		0.455		0.443		1.000		0.471				0.166						IP				DT

				7		0.906		0.505		0.602		1.000				0.993		0.603		0.959		0.825		0.880		0.815				0.506						20		80		20		80

				8		1.000		1.000		1.000		0.833				0.753		1.000		0.842		0.429		0.770		0.840				0.586				S,S		0.860		0.581		0.491		0.304		0.559

				9		0.561		0.000		0.088		0.457				0.803		0.595		0.748		0.566		0.760		0.534				0.296				S,L		0.804		0.559		0.491		0.254		0.527

				10		0.467		0.248		0.000		0.556				0.867		0.646		0.851		0.363		0.595		0.519				0.282				S,P		0.524		0.471		0.252		0.166		0.353

				11		0.283		0.644		0.626		0.111				0.577		0.787		0.721		0.278		0.870		0.577				0.319				L,S		0.815		0.519		0.506		0.282		0.531
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				13		0.906		0.505		0.602		1.000				0.978		0.638		1.000		0.986		0.915		0.845				0.524				L,P		0.534		0.504		0.296		0.204		0.384

				14		1.000		1.000		1.000		0.833				0.669		0.313		0.324		0.377		0.620		0.676				0.549				P,S		0.845		0.567		0.524		0.279		0.554

				15		0.561		0.000		0.088		0.457				0.778		0.367		0.793		0.783		0.780		0.539				0.201				P,L		0.676		0.440		0.549		0.295		0.490

				16		0.467		0.248		0.000		0.556				0.859		0.418		0.824		0.547		0.875		0.567				0.279				P,P		0.539		0.452		0.201		0.169		0.340

				17		0.283		0.644		0.626		0.111				0.519		0.238		0.374		0.340		0.635		0.440				0.295

				18		0.144		0.149		0.263		0.000				0.781		0.387		0.752		0.538		0.755		0.452				0.169						0.715		0.519		0.433		0.252

				19		0.644		0.505		0.602		1.000				0.391		0.195		0.270		0.476		0.415		0.491

				20		0.728		1.000		1.000		0.833				0.233		0.267		0.198		0.288		0.180		0.491

				21		0.728		0.000		0.088		0.457				0.024		0.221		0.185		0.453		0.185		0.252

				22		0.022		0.248		0.000		0.556				0.445		0.100		0.207		0.302		0.580		0.304								PT		IP		0.617		0.274

				23		0.017		0.644		0.626		0.111				0.271		0.000		0.077		0.203		0.295		0.254										DT		0.343

				24		0.000		0.149		0.263		0.000				0.149		0.110		0.000		0.066		0.460		0.166								FE		20		0.574		0.188

				25		0.644		0.505		0.602		1.000				0.400		0.187		0.653		0.179		0.445		0.506										80		0.386

				26		0.728		1.000		1.000		0.833				0.229		0.690		0.572		0.000		0.405		0.586										S		0.548		0.188

				27		0.728		0.000		0.088		0.457				0.099		0.559		0.338		0.127		0.280		0.296								BUYER		L		0.532

				28		0.022		0.248		0.000		0.556				0.391		0.469		0.536		0.099		0.250		0.282										P		0.359

				29		0.017		0.644		0.626		0.111				0.245		0.369		0.495		0.075		0.305		0.319										S		0.480		0.018

				30		0.000		0.149		0.263		0.000				0.181		0.405		0.360		0.009		0.335		0.204								SUPPLIER		L		0.470

				31		0.644		0.505		0.602		1.000				0.428		0.279		0.378		0.467		0.470		0.524										P		0.488

				32		0.728		1.000		1.000		0.833				0.212		0.277		0.284		0.325		0.415		0.549

				33		0.728		0.000		0.088		0.457				0.000		0.146		0.171		0.425		0.000		0.201

				34		0.022		0.248		0.000		0.556				0.380		0.121		0.365		0.198		0.450		0.279

				35		0.017		0.644		0.626		0.111				0.204		0.072		0.324		0.142		0.405		0.295

				36		0.000		0.149		0.263		0.000				0.100		0.169		0.216		0.123		0.335		0.169
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