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Abstract7

In recent decades, the lean methodology and the development of its principles and concepts8

have widely been applied in supply chain management. One of the most important strategies9

of being lean is having efficient inventory within the whole supply chain. Managing inventory10

efficiently requires appropriate management of safety stock in order to compensate the11

weakness of the supply chain for product availability.A nonlinear cost minimizationsafety12

stock model with the objective of minimizing the total logistics cost is developed in this paper.13

This modelis also applied to a real-world case company which is a manufacturer.The model14

results in optimum levels and locations of safety stock within the company?s supply chain in15

order to minimize total logistics costs.16

17

Index terms— cost, lean, optimization, safety stock, supply chain.18

1 Introduction19

ntoday’s competitive environment, applying the lean paradigm has been extended to the field of supply chain20
management. Taylor (1999), Adamides et al. (2008), ??ainuma&Tawara (2006), Lamming (1996), Crino et21
al. (2007), Wu & Wee (2009) researched on lean supply chain. Naylor (1999), Qi et al. (2007), Mason-Jones22
et al. ??2000) compared lean paradigm with other methodologies in supply chain management. Contributors23
of a supply chain, no matter to which industry they belong, aim to follow a lean philosophy to make their24
business processes more and more efficient in order to survive on the market. Manufacturers are one of these25
contributors and inventory plays a paramount role in their efforts to become lean.Chun Wu (2003), Wu (2009),26
??cCullen&Towill (2001) studied on the application of lean manufacturing. There are different inventory drivers27
such as level of supply chain collaboration and visibility, forecast accuracy, order pattern, and safety stock policy,28
among others. Therefore, proper management of inventory and consequently safety stock as one of its drivers has29
become critical objective towards achieving leanness. In this paper, we propose a safety stock cost minimization30
model in a manufacturing case company thatis attemptingto become lean by managingthe inventory across its31
supply chain efficiently, and towards this goal, efficient levels and locations of safety stock becomes more and32
more significantas a prerequisitecondition.33

An optimization model of safety stock can be built on different objectives. Minimizingcost, maximizingservice34
level, and aggregate considerations are examples of such objectives (Silver, 1998). Optimal determination35
approaches based on cost and service level objectives are more appropriate for practical applications (Inderfurth,36
1991). One of the vital goals of the enterprise is to maximize earnings under certain investment conditions (Long37
et al., 2009). On the other hand, as reducing costs of materials, equipment, and labor is difficult at best in38
today’s competitive market, enterprises are more interested in targeting logistics costs in this regard (Long et39
al., 2009). In this paper, minimization of logistics costs is selected as the basis of the determination of optimum40
safety stock.Logistics costs are mainly related to procurement and supply, manufacturing process, and after sales41
service. Thus, holding and shortage costs are selected as representations of logistics costs in the optimization42
model. Indeed, product availability is a critical measure for the performance of logistics and supply chain (Coyle43
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3 LITERATURE REVIEW

et al., 2009). Any obstacles at any node and level of supply chain can result in unavailability of products to44
their customers. There are different issues that cause disruptions and unavailability of products in the supply45
chain, as for example variability, whether in demand or lead time; quality issues; or internal and external issues46
such as low delivery performances, improper scheduling, inadequate product capacity, poor maintenance, among47
others. Figure ?? 1 is a schematic of a supply chain with its nodes such as different tiers of suppliers, producer,48
assembly, distributors, and customer. Any actions taken by any member of the chain can affect the profitability49
of the others. Therefore, companies have great interest in having better coordination among the contributors of50
their supply chain (Silver, 1998). Safety stock is essential to compensate for the weakness of the supply chain51
for part availability and this factor has been considered in the selected optimization model. In this paper, we52
apply a safety stock cost minimization model in a case company which is a manufacturer. In the next section,53
we provide a review of the literature. In Section 3, we describe the case company. In Section 4, we introduce the54
model, followed by the model formulation in Section 5. Results are then presented in the next section, followed55
by validation. We then provide a discussion of the results and their implication, and then conclude with some56
suggestions for avenues of future research.57

2 II.58

3 Literature Review59

According to the literature, there are different approaches and methods for determining safety stock under60
different situations. Some different methods for computing safety stock in the Just In Time (JIT) environments61
are presented by Natarajan &Goyal (1994). These methods deal with objectives related to service level, expected62
number of stock outs, tradeoff between stocking out and carrying extra buffer, minimization of total cost comprises63
of set-up, holding, and shortage costs. Efficient level of inventory in creases the inventory turnover in companies.64
Reducing the level of inventory helps to increase the turns according to its definition. One of the approaches65
towards reduction of inventory especially in Just In Time (JIT) environments is reducing lot sizes. On the66
other hand, smaller lot sizes will lead to uncertainties and consequently stock outs (Natarajan &Goyal, 1994).67
Therefore, safety stock is really needed to protect against these kinds of uncertainties. Minner (1997) uses dynamic68
programming algorithms to find the optimal combinations of coverage times with the target of minimizing the69
average holding costs in serial, divergent, and convergent inventory systems. In this paper, it is assumed that70
customer demand is normally distributed and correlations between demands are permitted. One of the outcomes71
of this paper is that concentrating safety stocks at the first and final stages would be optimal for a serial system72
with a high enough service level.73

A linear programming model with the objective of establishing a trade-off among plan changes, carrying, and74
shortage costs under resource constraints for a multi-item production system is presented by Kanyalkar & Adil75
(2009). Plan changes cost is related to the instabilities occur under rolling schedule. These instabilities in the76
chain affect costs such as setup and expediting costs and they also affect material plans like shortage or excess77
of components (Kanyalkar & Adil, 2009). Jung et al. (2008) present a linear programming formulation which78
includes the control variables of safety stock with the purpose of minimization of the total supply chain’s inventory79
while meeting the target of the service level. This model incorporates the nonlinear performance functions, the80
interdependence between the service level at upstream and downstream stages of supply chain and also the safety81
capacity constraint. A section also provided for linearization of the nonlinear functions of the model. Some of82
the assumptions applied in this model are normally distributed demand, zero lead time at the warehouse, and83
constant production capacity. In addition, it is assumed that raw material and transportation means in any size84
are always available.85

A dynamic model of the safety stock by assuming a Vendor Managed Inventory (VMI) system is presented by86
Yuan Li &Jian Li (2009). Under VMI system, the uncertainties related to the efficiency of the supplier disappear87
and the model considers only the variability sourced by demand.88

Patel & Rodrigues (2010) present the dynamics of the model of optimizing safety stock for small-scale aluminum89
utensil manufacturing industry. This model takes into account factors of demand, production rate, delay, and90
waste time. Indeed, this paper concentrates on the bullwhip effect in a manufacturing supply chain and tries91
to reduce it by increasing safety stock. Zhao et al. (2001) use a simulation approach to evaluate alternative92
methods of determining the level of safety stock based on historical forecasting errors in multilevel MRP systems.93
In addition, the relation between the safety stock multiplier and different system performance measures such as94
total cost, service level, and schedule instability in different methods analyzed and results also provided. Badinelli95
(1986) is about combining stock out cost and holding costs functions towards determining the optimal safety tock.96
It also presents a technique for estimating the stock out with a decision maker’s disvalue function.97

An approximation model for safety stock in a two echelon distribution system is provided by Desmet et al.98
(2010). This model tries to incorporate the variance of the retailers and the central warehouse in the replenishment99
lead time. It also takes into account the variance of the service time of orders at the warehouse as it has significant100
effect on the system’s lead time variance. Inderfurth (1991)represents a safety stock optimization model in multi-101
stage problems with divergent structure and provides a dynamic programming algorithm for solving that. The102
analysis for the impact of the correlation of demands on safety stock allocation has also provided in this paper.103
This model does not include inter-stage shortage costs by assuming of having a certain capacity of slack resources104
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for operating flexibility. Inderfurth (1995) is the continuation of hisprevious work in 1991.He extended his study105
to a case that demand is not only cross-product but also cross-time correlated. Cross-time correlation of demand106
yields a tendency to keep safety stock at the end-item level, while cross product correlation provides a tendency107
for holding buffer more in upstream stages. One of the results of this study is that increasing the correlation108
in both products and time makes the safety stock policy to be more expensive. This research also shows that109
not taking into account demand correlation may result in incorrect sizing and positioning of safety stock in110
multi-stage manufacturing systems. Neglecting this may also lead to missed cost reduction opportunities.111

A nonlinear integer optimization model with the objective of minimization of the total setup and inventory112
holding costs by considering service level constraint has been provided by Carlson & Yano (1986). The only113
variability that is incorporated into the model isrelated to demand. In addition, it is assumed that there are no114
capacity constraints. The model suggests having safety stock at those stages with high setup or disruption costs.115

An optimization model with the purpose of minimizing the total holding and shortage costs is presented116
by Aleotti Maia & Qassim (1998). Then, an analytical solution provided for finding the preferable case by117
comparing inventory and opportunity costs. It is concluded that holding inventory at the intermediate levels118
is not economical if it is solely using for reduction of the frequency of stock out. The model from this paper119
is expanded for this study and applied in a real-world case company. The reason for this selection is that the120
objective of this model is the same as the objective of the case company which is minimization of the cost.121
Determination of the optimal level and location of safety stock in a supply chain with different stages and122
stochastic environment is a very complex task; therefore, most of the models and approaches provided in this123
regard have applied certain assumptions in their own cases to make it simpler. Some of these approaches are124
applicable for only a specific inventory system, some of them limit the distribution of demand, and some of them125
exclude the suppliers’ variability. In this paper, we present a general model with the objective of logistics costs126
minimization by considering both internal and external variability and taking into account of part availability127
factor which is very important in the chain.128

4 III.129

5 Case Study130

The company under study, which we will hereinafter refer to as ABC for the purpose of confidentiality, is a131
manufacturer in the aerospace industry. The company is characterized by high demand variability and long lead132
time, among others. ABC is a multi-stage manufacturer. Tiers of suppliers, procurement, manufacturing, final133
assembly, and customers (internal and external) are different nodes of the ABC’s supply chain. The downstream134
nodes are the upstream nodes’ customers, and the replenishmentlead time of customer nodes is the order waiting135
time provided by their upstream nodes. In addition, ABC has a generally structured multi-stage system and there136
is no restriction with respect to the number of predecessors and successors of any node. Such multistage systems137
focus considerable attention on setting and positioning safety stock. ABC has two different manufacturing plants138
(MFs). The procurement department of the company is responsible for procuring the raw materials or semi-139
finished parts through suppliers to manufacturing plants or even supplying parts from one manufacturing plant140
to another (inter plants transfers). Indeed, the word ”supplier” in the model could be the representative of the141
external supplier or internal manufacturing entity. It should be noted that procurement’s location can be different142
from manufacturing ones. Finished parts from manufacturing entities have two internal customers that pull their143
outputs; they are Assembly (ASSY) and Aftermarket(AFM). These two latter entities are the last stages of the144
internal chain of the company just before the end customer. There are also some external supplied finished parts145
required for Assembly and Aftermarket that the procurement department is again in charge of supplying them.146
The Assembly entity has different finished product families with their own specifications.Therefore, if availability147
of parts (right parts at right time) can be assured for the internal customers, on-time delivery performance to148
the end customer will be assured as well. This availability should be guaranteed through safety stock, but the149
optimum safety stock level and location should also minimize logistics costs.150

6 IV.151

7 Model Description152

The optimization model is presented through different possible value streams of each finished product family153
of the company and developed using lingo optimization software to result in the optimum level of safety stock154
with its optimum location in the stream. Value stream is the aggregation of all actions needed to bring a specific155
product through problem-solving task, information management task, and physical transformation task (Womack156
and Jones, 2003). Value stream mapping as a tool of lean is a method to depict material and information flow157
throughout whole the chain for both value added and non-value added processes.Value stream is used to give158
the visibility of the whole supply chain form end to end for each specific part. By applying the model through159
different value streams, it will not only result in the optimal level of the safety stock but also in the optimal160
location of it in the supply chain (raw material safety stock, semifinished part safety stock, or finished part safety161
stock). Each of the possible value streams of the case company can have different combinations of the chain’s162
contributors before the end customer. In order to limit the number of stages and for simplification, only the163
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8 MODEL FORMULATION

last two stages of those value streams that have more than two nodes before the internal customer stage are164
selected. Therefore, all the previous stages and their connections are being excluded and their performances165
are being captured only through the input of the latest second stage. The other reason for this limitation is166
the difficulty in defining the shortage costs in upstream stages of the chain due to lack of visibility and control.167
Furthermore, the objective of the model is cost minimization, and the upstream stages’ contributions towards168
cost are significantly less than the downstream stages, thus this simplifying assumption should have a negligible169
effect on overall results. Although, there is a sample (Value Stream 4) presented in ”Computational Results”170
section that goes beyond this limitation just to show the applicability of the model for the whole chain from end171
to end point.172

Shortage cost, overage cost, and delivery performances (percentage of product availability) are the inputs of173
the model. Different combinations of raw material (semi-finished part) and finished part are considered as indices174
in the model based on the selected value streams.175

V.176

8 Model Formulation177

For all value streams, the notations of the model are as follows: K i is the summation of the availability percentage178
of raw material/semi-finished part for manufacturing through procurement based on the absolute suppliers’179
performances (P i ) and the availability percentage of procurement’s safety stock for that part (x i /q i ). Indeed,180
procurement can deliver whatever quantities they received on time through suppliers plus their safety stock to181
the manufacturing. K p is the summation of the availability percentage of the finished part which is dependent182
on the manufacturing performance (P p ) and also their previous stages’ performances (K i ) and the availability183
percentage of manufacturing’s safety stock for that part (x p /q p ). Likewise, manufacturing can deliver what184
everquantities of finished parts they can produce on time which is also dependent on the deliveries of their185
previous stages in the chain plus their own safety stock quantities to their customers (ASSY and AFM). The186
related formulas of K i and K p are as ( 1) and ( 2):187

(188
(2)q x K P i i i i q x K P K p p i p p = + = × +189
In the cases that the finished part is directly procured through the external supplier for the customers, K p190

formula will be equal to (1). P i and P p are calculated as average numbers based on historical data from the191
last year. A report called the First Filled Rate (FFR) is used for calculation of these parameters. This report is192
used top resent the availability of the right part at the time that is required. The FFR result takes into account193
the total on hand stock in its calculation which does include safety stock as well. It should be noted that P i194
and P p should be the absolute delivery performance of supplier and manufacturing without the contribution of195
the safety stock that may be used during last year. Therefore, the safety stock has been excluded from the FFR196
report for this purpose. In addition, when there are two stages in the selected value stream, the FFR report197
also includes the contribution of the last second stage’s performance in its results for calculating the last stage’s198
performance which is manufacturing. Therefore, this must also be excluded. Indeed, P p is the manufacturing199
performance without taking into account the stock out of raw materials (Aleotti Maia & Qassim, 1998). Hence,200
to calculate the required absolute value of P p from FFR, three other parameters should be defined. First one is201
K’ p which is the exact number extracted through FFR, the other one is P’ p which is the FFR’s result excluding202
safety stock contribution. And the third one is K’ i which is the historical previous stage’s delivery performance;203
by dividing this by P’ p the absolute manufacturing performance is measured (P p =P’ p /K’ i ). Indeed, there is204
no direct report for tracking absolute manufacturing performance in the case company. Table1 is a snapshot of a205
sample FFR and presents the formulas used to eliminate the safety stock from its calculation. As shown through206
the table, in the 12 th week of 2010, the FFR report gives 100% (K’ p =100%) as the delivery performance of207
manufacturing to its customer because it takes into account the 300 pieces of safety stock for meeting the past208
and current requirements; however, safety stock must be excluded through this calculation and P’ p becomes209
18%. The next step for calculating the absolute manufacturing performance would be the elimination of the210
effect of the previous stage’s performance (K’ i ).211

About the calculation of P i in FFR, it should be noted that if the supplier delivers a part on time with the212
right quality, but defects occurs during transportation from procurement to manufacturing or customer, although213
the delivery performance of the supplier is 100%, P i will be 0% since the part is not available for use. Therefore,214
P i can also be called ”part availability” instead of supplier delivery performance.215

It is worth mentioning here that ABC has three different strategies for managing its inventory. It applies a216
two-bin kanban system for the parts with low costs. The company is moving towards excellence and applying a217
pull system for managing the inventory of those parts that have high cost with high volume; but this system is218
not applicable for all parts due to the complexity and lack of required conditions such as having suppliers with219
delivery performance of higher than 80% and with a supermarket of finished goods, having parts with a robust220
process and steady volume, among others. Therefore, its inventory strategy for the rest of the parts with high221
cost and low volume is MRP system. Based on this, a safety stock strategy is really required for this latter222
category of parts.For calculating q i and q p , we need to understand the risk period. Risk period consists of a223
review period and replenishment lead time (Tempelmeier, 2006). The review period is the basis on which the224
company updates its data. As a result, if a company reviews its data once a week, its review period would be225
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one week. Of course this review period has an effect on the duration that the company should wait to receive its226
order through the supplier.In the case company of this paper the data are updated daily; therefore, there is no227
need fordefining the review period.Consequently for parts managed by the MRP system, quantities within the228
replenishment lead time have found as the most appropriate definition for q i and q p to result in the proper229
level of safety stock for the company through the model.In essence, if changes happen in demand within this230
period (replenishment lead time), we cannot count on the suppliers’ support 100% of the time. Safety stock231
is required for coverage of this variability. The first step for their calculation would be identifying the planned232
order quantity of each specific part (raw/semi or finished part) per week according to its planning parameters233
which it itself is related to ordering policies. Some of the examples of planning parameters in this regard are234
Lot for Lot, Weekly Batch, 2 Weeks Batch, and Fixed Order Quantity, among others. The second step would235
be the calculation of the average weekly forecast demand of that specific part for the next year. After that, the236
division of the planned order quantity and average weekly demand would result in the replenishment lead time237
in weeks. When changes happen in the supply chain such as changes in the demand or capacity ration, entrance238
of new competitors, introduction of a new product, or retirement of a matured one, the safety stock required239
for the supply chain must be re-evaluated (Jung et al., 2008).ABC has decided to run the model and update240
it every quarter, therefore, the weekly demand of the next quarter would be merged based on the calculated241
replenishment lead time. And finally, the maximum quantity of this combination will be selected as q i /q p in242
order to allow the safety stock strategy to support the worst case.243

Table ?? : First fill rate report sample One of the advantages of this method of calculating q i and q p is244
making the market variability involved by taking into account of the forecast demand. It should be mentioned245
that the planned order quantity for a manufacturing part should always be calculated through its demand only246
in the plant in which it is being manufactured because the part will be replenished based on the ordering policy247
in that plant. On the other hand, in the case that a raw material has more than one customer (MF and AFM),248
calculation of q i required by manufacturing through weekly demand seen in procurement (entity that receives249
part through supplier)is not correct because procurement sees the demand of both customers mix. Therefore,250
the respective q i must be calculated through the part’s parameters (planned order and weekly demand) all in251
the manufacturing plant that it is going to be used.252

9 Shortage costs (costs of safety stock violation)253

have different definitions for raw materials (semi-finished parts) and finished parts as they are located in different254
stages within the chain and their shortages have different effects on the system. The shortage cost of the255
raw material (semi-finished part) is the summation of the expediting cost on the supplier, expediting cost on256
transportation, and overtime of the manufacturing section. On the other hand, shortage of the finished part257
which is required by Assembly, causes disruptions and stock not pulled for all the other parts related to that258
finished part and also its finished product in different locations of the supply chain. In addition, shortage of the259
finished part causes the finished assembled product to be held up unreleased. Therefore, the shortage cost is260
defined as follows: during last year*0.1)/365 Coefficient of 10% in the above formula is the annual interest rate261
that company could receive by putting this amount of money in the bank, although the company has this as262
inventory buckets instead of cash right now.263

The cost of shortage of the finished part required by Aftermarket is defined as the profit that the company will264
lose by not having the part ready to deliver ontime to the customer, which is the direct cost. Besides that, there265
are many intangible effects of this shortage that are called indirect costs and are difficult to gauge accurately266
(Graves et al., 1993). One of them is loss of customers’ goodwill that may turn them to other competitors in the267
future. On the other hand, at the time of shortage of a specific part, the Aftermarket department may rent out268
another more expensive part instead of the required one to the customer until it arrives. Therefore, the shortage269
cost of these parts is defined as four times of the standard cost (Stnd.Cost) of the finished part.270

The cost of overage is defined as the interest that the company is losing by holding inventory instead of having271
it in cash. Hence, it is the multiplication of standard cost of the part and the annual interest rate (10%).272

As can be seen through the formulas and definitions, a period of one year has been selected for historical data273
collection. As the factors (such as shortage cost and delivery performances) that are gathered within this time274
frame are critical to make an appropriate decision about the level and location of safety stock, one year has been275
selected in order to have a sufficient window view.276

Some samples of value streams associated with their models’ formulas are presented below.277
Value stream 1 shown in Figure ??5consists of one raw material/semi-finished part used to make one finished278

part which has two customers, ASSY and AFM. The corresponding objective function and constraints are279
presented by (3). 2 (1 ) ( )(1 ) 1 2 ( ( )) 1 : 1 1, 1, 2 , 1, 2 (3)MinC q q q C C C P K P K i i i pu280
si oi spu i i pu u q C K P K pu pu i opu pu u SubjectTo K i K P i i u K pu u K P K pu pu i = ? + ? + ? ? =281
+ ? × ? = ? ? ? = ? × =282

If for this case, there were two different kinds of finished parts but again in demand with both customers, then283
there should be a summation on both indices of finished part (p) and customer (u) in the objective function: ) (284
) 2 2 (1 ) 1 1 2 2 ( ( )) 1 1 : 1 1, ,1, 2 , , 1, 2 (4)MinC q q C C P K P i i i si oi i i q C K pu spu pu p u q C K285
P K pu pu i opu pu p u SubjectTo K i K P i i u p K pu u p K P K pu pu i = ? + ? + ? ? ? = = + ? × ? ? =286
= ? ? ? = ? × =287
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13 B) VALUE STREAM 2

In value stream 2 which is shown in Figure ?? 6, two raw materials/semi-finished parts are used to make one288
finished part which has two customers, ASSY and AFM. The corresponding model is also presented by (5).Figure289
6 : Value stream 2 2 2 (1 ) ( ) 1 1 2 (1 ) 1 2 2 ( ( )) 1 1 : 1, 1, 2 , 1, 2 1, 1, 2 2 , 1,2 (5)290

1MinC q q C C P K P i i i si oi i i i i q C K pu spu pu u q C K P K pu pu i opu pu u i SubjectTo i K i i K P291
i i u K pu u K K P i pu pu i = ? + ? ? ? = = + ? ? = + ? ? ? = = ? = ? = ? = ? = ? =292

As before, if there were two different finished parts for the same situation, the model would be changed as (6):293
2 2 (1 ) ( ) 1 1 2 2 (1 ) 1 1 2 2 2 ( ( )) 1 1 1 : 1, 1, 2 , 1,2 MinC q q C C P K P i i i si oi i i i i q C K pu spu pu294
p u q C k K P pu pu opu i pu p u i SubjectTo i K i i K P i i = ? + ? ? ? = = + ? ? ? = = + ? ? ? ? = = =295
? = ? = 1, ,1, 2 2 , , 1, 2 (6)296

1p u K pu p u K P K pu pu i i ? = ? = ? =297
As can be seen through the constraints of the model, the company’s objective is to have 100% delivery298

performances. Therefore, the upper boundaries of both stages are assigned to 1 in order to not to allow the299
model to impose a shortage to the system. Of course, these upper bounds could be less than 1 based on the300
service level goals in different cases. By this definition of the model, costs factors would be the indicators for the301
location of the safety stock and its level would be identified based on the boundaries of the delivery performances.302
This optimization model will be linear if there is only one raw material/semi-finished part and optimum point303
with minimum cost will happen only in one of the four boundaries. Based on this, we assume the optimization304
model as (7) with only one customer for finished part:(1 ) ( )(1 ) ( ( ))305

:1 1 (7) MinC q q C C P K P i i i si oi i i q q C C K K P K pu pu pu i spu opu pu pu SubjectTo K i K P i i306
K pu K P K pu pu i = ? + ? + ? + ? × ? ? ? ? ×307

Varying the location of the safety stock based on the optimum point in two sample cases of the linear model in308
(7) are shown with the following feasible regions in Figures.7and8. In addition, Table 2 presents the comparison309
between the costs in each of the cases and also the recommended location of the model for the safety stock. In310
this comparison, it is assumed that q i and q p are equal. In order to make the results of the model more effective311
for the company, one of the most problematic finished product families of the Assembly was selected, and value312
streams of its finished parts that are going to be assembled were reviewed with the model. As each of the selected313
final product families could have 100 different value streams in the case company, it was decided to apply the314
optimization model only for those value streams that end with finished parts that were consistently in shortage315
report during last year in order to limit samples. Value streams of these pacer parts vary. Some of them could316
have only the supplier stage before the assembly and some others could be very long. As discussed before, these317
long value streams were limited by taking into account only parts of level 1 and 2 of its finished product’s bill of318
materials (BOM).319

10 VI.320

11 Computational Results321

Results of the model applied to some value stream samples of one finished product family in the company are322
presented in Table 3. This table includes input factors to the model such as delivery performances (P i ,P p ),323
parts quantities (q i , q p ), costs (C s , C o ) along with parameters required to calculate them (K’ i , P’ p324
, K’ p , standard cost) for each value stream. This table also presents the old and new safety stock levels and325
total costs (for those cases that all required data were available)to compare previous situation with new one. All326
historical data presented in this327

12 a) Value Stream 1328

Shortage costs of ASSY and AFM (customers) are the first two highest costs; therefore, the model has targeted329
them at first and recommended that the delivery performances in those entities be increased to 100% by keeping330
safety stock for the finished parts. ASSY and AFM can count on receiving their required demand on time for331
0.61% and 0.30% respectively; thus, they need to compensate the 0.39% and 0.70 % of unavailability of partsby332
asking manufacturing to keep safety stock.333

Then, the third and fourth highest costs are the overage costs of the same entities. Hence, the model suggests334
keeping some level of safety stock in the raw material (semi-finished part) level as well to lower the level of finished335
parts’ safety stocks. It is shown that procurement can count on on-time delivery performance of supplier(s) for336
0.57% and they have to reimburse the remaining 0.43% by having safety stock. As in this case, safety stock has337
been increased in both levels of supplier and manufacturing, of course before applying the recommendations, the338
capacity of both should be checked in order to be aligned with the new level of demand and input respectively.339

13 b) Value Stream 2340

According to the priority of the costs, shortage should be removed for the Assembly entity by keeping safety341
stock for its required finished part. In this case, the manufacturing performance is zero; therefore, having safety342
stock for the rawmaterials’ level in case of improving the input ration to this entity will not make any changes.343
Consequently, there is no choice but to pay for the holding cost for the finished part, although this holding cost344
is the second highest cost. On the other hand, as soon as manufacturing performance increases even slightly, the345
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level of safety stock required for the finished part will decrease by recommending holding some safety stock for346
raw materials.347

14 c) Value Stream 3348

Again the highest cost is the shortage cost of the finished part and an action required to reduce this cost by making349
K p (delivery performance) 100%. As the manufacturing performance is 100% (P p =1) and based on the formula350
of K p = P p ×K i , the only way to make K p equal to 1 is by making K i equal to 1. Therefore, having safety351
stock for raw material is recommended by the model for this purpose. In sum, in this case, the manufacturing352
entity has produced whatever they received from procurement; therefore, to improve their delivery performance,353
the input amount should be improved. Of course, for this kind of change, the capacity of manufacturing should354
be checked in order to be aligned with its input.355

15 d) Value Stream 4356

In this case, the highest cost is related to the shortage of finished part required for Aftermarket; hence, safety357
stock should be kept for this customer. Then, the biggest loss would happen if the company cannot deliver the358
required demand of ASSY; As manufacturing’s performance in response to Assembly’s demand is 100% and it359
can produce whatever it receives from procurement, delivery performance to ASSY will be improved only by360
increasing input of the raw material to manufacturing. To make a decision about the value of K i , the model361
will hit the third highest cost which is the raw material’s shortage cost. The selected value for K i will also affect362
the level of required safety stock for Aftermarket.363

16 e) Value Stream 5364

Apparently, it is understood that there is no need for safety stock for Aftermarket as its demand for the next365
quarter is zero. But, it should be noted that as the manufacturing performance for this customer is zero, safety366
stock should be considered as soon as demand occurs. On the other hand, for the purpose of cost reduction,367
delivery performance to Assembly should become 100%. As the manufacturing performance in response to this368
customer is also zero, the full quantity of the finished part within the replenishment lead time should be kept369
as safety stock. By improving manufacturing’s performance up to 50%, the level of safety stock required to be370
kept in finished part will be lowered but still there would not be any recommendation for keeping safety stock for371
raw material. But, as soon as manufacturing’s performance increases by more than 50%, the model will suggest372
starting keeping safety stock in the raw material stage as well and balancing it to minimize the total cost.373

17 f) Value Stream 6374

Based on the investigation done for this case, it is known that raw material has quality problems most of the375
times. With this background, the result of the model does make sense: to keep safety stock in that level of the376
chain.377

18 g) Value Stream 7378

The model suggests balancing the level of safety stock by keeping it in both raw material and finished part levels379
and ensuring the on-time delivery to the customer, Assembly.380

19 h) Value Stream 8381

This value stream includes one raw material and one finished part with only one customer, Assembly, just as382
in Value Stream 7. As shown previously, safety stock was kept at both levels; but now the model is suggesting383
keeping safety stock for the finished part only. The reason is that manufacturing performance is almost zero and384
improving its input will never help to provide on time delivery to Assembly. On the other hand, holding cost385
of the raw material is really greater than its shortage cost; so, it is not beneficial even for lowering the level of386
finished part’s safety stock.387

20 i) Value Stream 9388

This sample shows one of the class A finished parts required for Assembly for the selected product family. This389
finished part has three semi-finished parts (level 2 in finished product’s BOM which are L, N, and S in Table 3).390
”L” is an in-house part and is manufactured in ABC. Furthermore, the manufacturing plant requires raw material391
(T) to produce this part which is procured through the supplier.Part T is in level 3 in the BOM. Therefore, this392
sample goes far beyond the limitation of levels 1 and 2, andshows that the model is applicable for all stagesof393
the value streams as long as the input data of the model are provided.394

Manufacturing, receives the two other semifinished parts (N and S) required forproducing the finished part395
directly through suppliers. Figures.9and 10present the respective value stream and BOM. Assume that there396
is a bottleneck in the first value stream in Figure ?? 9as the manufacturer does not have the capacity for the397
requested new level of demand. Then the other two value streams can make their delivery performances 100% by398
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22 DISCUSSION AND IMPLICATIONS

keeping safety stock, although the finished product cannot be cleared yet due to the pacer part of the first value399
stream (if there is no safety stock kept for the finished product). In this situation, there may be some complaints400
that safety stock must not be kept in the other value streams either since in the end, the company will pay for401
the holding costs while the finished product cannot be released. The response to this complaint is that if the first402
value stream comes out of the pacer situation, then another one will become the pacer due to not having safety403
stock. In essence, bottleneck always moves. Therefore, for this case, it makes sense to keep safety stock only for404
two of the value streams although the delivery performance of cost of the finished part based on its formula (C405
op ×K p -(P p ×K 1 ×K 2 ×K 3 )) will be decreased.406

This last value stream (value stream 4), can be a representative case to illustrate the error and especially in407
this case, the overestimating of safety stock result in the analysis of parts in isolation and not within the chain.408
If, ALNS was being considered separately and apart of its chain, system may allocate some level of safety stock409
for that due to the K’ p which is 85%. But, when this part is analyzed within its chain, it is understood that410
the reason for no availability of the finished part is not due to the last stage performance but it is due to the low411
delivery performances of the semi-finished parts. Therefore, keeping safety stock in the last stage only increases412
the holding cost of the system. VII.413

21 Validation414

In this section, historical data on a raw material part will be used for analysis and compared to the results of the415
model.416

As illustrated in Figure ?? 11, there were periods in the last 5 months during which the company was in417
shortage and had negative stock. There was no safety stock assigned to the part during these periods. On the418
other hand, the stock situation became better starting in week 14 by allocating 600 units of safety stock. Thus419
the theoretical safety stock was 0 and 600for this part during the last five months. The same analysis in the420
same period has been done for P i and K’ i as shown in Figures.12and 13 the finished part will not be 100% due421
to the low performance of the value stream with the bottleneck. On the other hand, by improving the delivery422
performances even only for two value streams out of three, holding It can be seen that the weakness of part423
availability in weeks 13, 14, and 15 had been compensated by safety stock; although this weakness could not be424
remunerated previously as there was no safety stock. Therefore, it is concluded that by this amount of availability425
for this part, safety stock is essential to guarantee on-time delivery to manufacturing.426

The optimization model was then run for the raw material’s value stream. The result of the model was 394427
pieces for the raw material’s safety stock; but of course this level is based on the next quarter ratio of demand.428
Indeed, the lower level of safety stock recommended through the model is related to the maximum quantity of429
this part that will be required in the next three months based on the forecast. And this maximum number is430
being considered in the model to decide the level of safety stock to guarantee the worst case. On the other hand,431
it is shown through Figure ?? 13that by keeping 600 pieces of safety stock, the level of stock is going to be432
increased and this is not a desired case as holding cost is associated with this increase; therefore, lowering the433
level of safety stock does make sense.434

Figures.14and 15show the historical data of three factors, FFR (%), safety stock fulfill rate (SS FR%), and435
number of parts with quality issues (QN in pieces) for three different parts. The messages of these charts are436
provided as well. These messages were aligned with the safety stock model’s results obtained for the respective437
parts.438

22 Discussion and Implications439

The recommendations of the model are according to the current situation of the system. Of course as soon as440
the company takes action towards improving its system for parts availability within the chain, the results of the441
model for level and location of required safety stock will be adjusted accordingly.The managerial guidelines that442
are provided in this section can be used in any kind of manufacturing systems.443

Re-sourcing of the suppliers would be a solution for their low delivery performances and quality problems.444
Increasing the capacity of manufacturing and improving its quality would be a solution for low availability445
percentage at semi-finished and finished parts level.446

On the other hand, in the cases that the company requires keeping some level of safety stock due to the bad447
performance of vendors (low delivery performance, low quality), it is recommended that a VMI system be applied448
to have safety stock at the vendors’ place.449

The existing FFR report in the case company for the Aftermarket entity is based on their forecast demand450
instead of their firm orders; therefore, the model is not capturing the accurate delivery performance record for451
them. By deciding the level of safety stock based on the forecast demand, we will put safety stock on top of the452
safety stock because forecast demand is itself a kind of buffer stock. To solve this problem, it is recommended453
that ABC design an FFR report specifically for Aftermarket in order to capture the performances in response to454
only firm orders.455

There may be some parts that are dual sourced and there is a quota arrangement between different suppliers,456
but the FFR report being used in the case company does not include the vendor field in its results. Therefore,457
it is recommended that the supplier field in the FFR report be considered as well to allow the company to458
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recognize their delivery performances separately and consequently be able to make decisions about re-sourcing459
more accurately.460

One of the other factors other than delivery performance or service level of the suppliers in making decisions461
in the dual source cases is the waiting timefor receiving the late parts. Indeed, the company as a customer will462
select the supplier with the lower waiting time among the ones with the same service level. One way of tracking463
the waiting time of the supplier is through the calculation of the period within the replenishment lead time in464
that the company had negative stocks; but it is subject to keeping stock of each supplier separately to be able465
to relate its negative period to the corresponding supplier. Now consider a case that the supplier of a specific466
required raw material has the delivery performance of 50%, demand is one piece per week, its replenishment lead467
time is 10 weeks, and its waiting time is 2 weeks. Assume that the worst case for its q i for the next quarter is468
10 pieces. And again assume that itis the case that the model suggests keeping safety stock for the remaining469
50% of the time that the supplier is late, which is equal to 5 pieces. This level of safety stock is equivalent to 5470
weeks of demand, although the company will receive its late demand after 2 weeks according to the waiting time471
of the supplier. Therefore, the company does really need safety stock of 2 weeks instead of 5 weeks. Hence, no472
matter if it is a dual source case or not, it can be concluded that waiting time is also an important factor for473
determining the optimum safety stock.474

If there is safety stock for the finished assembled product or it is scheduled for build ahead, sizing the required475
safety stock within the chain should be done by taking into account of these factors as well. One way to get them476
involved is by converting them to the weeks of demand for each stage and comparing them with the suggested477
amount of safety stock (like the method suggested for waiting time). But the time lag between the time that478
we put safety stock for the finished product (or build ahead) and the time that we will have it should also be479
considered; otherwise, reducing the safety stock within this period by will put the system in a shortage situation.480

For some cases where unavailability of a part is solely related to the low delivery performances and not to481
quality issues, safety lead time can be applied instead of safety stock.482

Delivery performances of some parts in their last stage are very low due to different engineering issues such483
as changing the layout and design consistently. Therefore, recommendation of the model to have safety stock for484
these parts will make sense only if the cost of reverse engineering of these parts is less than their shortage cost.485

If the model suggests increasing the level of safety stock for a specific stage, the company will receive it by486
the end of the total lead time of the chain related to that part. Therefore, if the company adds the extra pieces487
of safety stock to its demand, it will allow all purchase orders to be expedited although this extra amount is not488
theactual demand and it is required for safety stock. Hence, the company must inform the suppliers that it needs489
this portion of demand for their next lead time. On the other hand, it is really important to take into account490
the lead time of the whole chain, otherwise, it will put them in a shortage situation. As a result, knowing the491
existence of this time lag makes the selection of the periods for calculating q i and q p more accurate. It should be492
noted that after selecting this appropriate period, standard cost of the parts should also be updated accordingly.493

The q i for those parts that are strategic ones should be validated with the responsible value stream managers.494
Indeed, quantities of this kind of parts could be really greater than the number which is result in through the495
mentioned definition for them. There are different indicators that make a part strategic such as the critical parts496
that are single sourced, or the parts that have limited suppliers or the parts with the resourcing strategy. For497
example, there could be a single sourced critical part which is received in a batch and based on the experience it498
is known that if one part of this batch has a quality issue, there is a high possibility that the entire batch needs499
to be scrapped. Therefore, by having correct level of safety stock for this part, the company can survive and save500
the supplier’s lead time.501

23 IX.502

24 Conclusions503

This research extends the work of Aleotti Maia and Qassim (1998). They proposed a nonlinear safety stock504
optimization model for a system with n suppliers, one manufacturer and one customer with the objective of total505
inventory cost minimization. In this study we extended the model to be applicable to the whole supply chain of506
a generally structured multi-stage manufacturing system. Proper required index, parameters, and variables have507
been introduced and added more flexibility to the model implementation. In addition, the possibility of stock out508
for all materials at any stage of supply chain (raw material, semi-finished part or finished part) has been taken509
into account in the that the material (raw material or semi-finished part) required by manufacturing is always510
available. This consideration makes the model more realistic. In this research, the safety stock optimization511
model is provided with the objective function of total logistic costs minimization to result in the optimal level512
and location of it across the supply chain. The constraints of the model provided for the boundaries of the delivery513
performances of each stage of the supply chain. Then, we applied the optimization model in a practical realworld514
problem with different possible value streams. We accurately defined the inputs of the model such as shortage515
and overage costs and also quantities of the parts. Lingo 11.0 was used to solve the non-linear optimization516
model.517

The weakness of the supply chain must be compensated with safety stock, while it is optimized to meet the518
desired objective of the business. It has been shown in this paper that in optimizing the safety stock based on a519
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cost minimization objective, not only its level but also its location in the supply chain is important. Indeed, by520
keeping safety stock in upstream stages, the company will save in holding costs. On the other hand, by keeping521
safety stock in downstream stages, it will save lead time. Therefore, these two options must be traded off towards522
optimizing safety stock location for minimizing the total logistics costs.523

Through this procedure, the company can improve its profitability and also become a superior competitor524
with its chain.525

The first contribution of this paper is developing a nonlinear optimization safety stock model applicable for526
the whole supply chain. Thus, the applications are not limited to specific stages or levels of the chain. The527
second contribution of this study is applying the proposed safety stock optimization model to a realworld case528
company. Through this contribution, it has been shown that analysis of any part in isolation and not within the529
chain will result in errors (overestimating or underestimating) in safety stock calculation. It also proved that in530
optimizing the safety stock, not only its level but also its location within the supply chain is really critical.531

The optimization model developed in this paper can be adjusted according to the requirements of different532
value streams of any supply chain. Therefore, it is applicable to any kind of manufacturing system with the goal533
of creating flow in their supply chain and reducing logistic costs by applying lean principles.534

If a part is procured through more than one supplier, the current model tracks their performance with only535
one average number representative of all of them. In future work, the model may be extended simultaneously by536
increasing the accessibility of the other required input data to decide on the level of safety stock foreach of these537
suppliers separately.538

Due to the inaccessibility of the required data, the model is currently limited to the last two stages before539
the customer in the chain. Again, by enhancing the visibility and control of the upstream stages in the chain,540
the model can be applied for each specific part from its starting point until the end of the chain. Furthermore,541
by increasing the accessibility of the data, the cost of shortage of raw material/semi-finished part can be more542
accurate by adding the re-sequencing cost of manufacturing.543

The cost of shortage of the finished part required by Assembly can be more precise by making the average544
days of shortage weighted based on the frequency of its occurrence (increasing or decreasing trend of shortage).545

One of the avenues for future work for this research would be taking into account the factors of waiting time for546
receiving the late parts, safety stock for the finished assembled product, and build ahead in making the decision547
for the safety stock.548

Sensitivity analysis would be helpful for this model. This kind of analysis will support the system for taking549
appropriate action towards improving the system. For example, it will help to find out that improving delivery550
performance even with a slight amount will make a big difference in the level of required safety stock and551
consequently saving costs for the system.552

In order to have a high level view of safety stock kept across the chain, this model can be applied to the553
aggregate level of stages and entities involved in the chain instead of applying it to the part level. Indeed, q i and554
q p will be the total demand of the downstream stage in a specific period seen by its upstream stage (kits of parts555
instead of one part). Delivery performances will be delivery performance of each stage to its downstream stage556
in respond to its whole demand. The parts that were historically pacers with the maximum number of shortages557
within the total demand of each stage will be selected as the representatives for calculating the shortage and558
overage costs of the stages for determining the location of safety stock.559

25 X.560

26 Appendix561

Now, assume a case that there are two different finished parts manufactured in the same plant and they require562
a common raw material. Model formulation and value stream for this case would be as (8) ? ? = + ? × ? = ?563
? ? = ? × =564

Procurement sees the summation of demands for both finished parts through manufacturing at once and565
not separately. Therefore, mathematical proof of ( ??) is provided to make sure that the used formulation is566
accurate. Indeed, it is shown that manufacturing plant absorbs the input ration of the raw material based on its567
performance for each finished part: 1 2568

1© 20 15 Global Journals Inc. (US)
2© 2015 Global Journals Inc. (US) Year 2015

10



1

Figure 1: Figure 1 :

11



26 APPENDIX

Figure 2:

12



2

Figure 3: Figure 2 :

3

Figure 4: Figure 3 :

13



26 APPENDIX

4

Figure 5: Figure 4 :

5

Figure 6: Figure 5 :

14



Figure 7:

Figure 8: An

Pi Ki Pp Kp
Year 2015
XV Issue III Version I
( ) Volume G
of Researches in Engineering
Global Journal

Figure 9: External Supplier Procurement Xi Manufacturing Pi Ki Xp Pp Customer Kp
Manufacturing Procurement Xi Manufacturing Xp Customer

2

Case Costs Comparison Safety Stock for Raw
Material

Safety Stock for Fin-
ished Part

1 Cop>Csp>Csi>Cos Yes No
2 Cop>Coi>Csp>Csi No No

Figure 10: Table 2 :

15



26 APPENDIX

,

An Application of a Cost Minimization Model in Determining Safety Stock Level and Location
x 10 4

2.4 x 10
4
2.2

2.2 2.1
2

2 1.9
1.8 C 1.8

C 1.7
1.6 1.6

1
1.5 0.9

Year 2015 1
1.2
1.4

0.9 0.80.7
Kpu

0.6 0.5 0.4 0.70.8Ki 0.91 1
1.4

0.90.8Kpu0.70.60.50.40.70.8 Ki

52
III Version I
e XV Issue solve the non-linear optimization model. It should be mentioned that due to confidentiality, masked data are used in this paper.
Global Journal of Researches in
Engineering ( ) Volum G

as
mentioned before in ”Model Formulation” section,are
based on lastyear records.In addition,
recommendations of the model based on the analysis of
the real cases are explained. Lingo 11.0 was used to
© 2015 Global Journals Inc. (US)

Figure 11: table ,

3

Figure 12: Table 3 :

16



MinC = C si q i (1 ) ? + P i C oi q i ( K P
i i ?

)

+ p 2 1 C q spu pu (1 K
pu

)

2
p 1 C q opu pu ( K pu ( P K

pu
i

))

SubjectTo : (8)
K i 1
K P i i
K pu 1, p 1, 2
K pu P K pu i , p 1,

2
III
Ver-
sion
I

( ) Volume XV Issue G
Global Journal of Re-
searches in Engineering

Figure 13:

17



26 APPENDIX

18



[Li and Li ()] ‘A Dynamic Model of The Safety Stock Under VMI’. Q Y Li , S J Li . Eighth International569
Conference on Machine Learning and Cybernetics, (Boading) 2009. p. .570

[Kainuma and Tawara ()] ‘A multiple attribute utility theory approach to lean and green supply chain manage-571
ment’. Y Kainuma , N Tawara . International Journal of Production Economics 2006. 101 (1) p. .572

[Desmet et al. ()] ‘A normal approximation model for safety stock optimization in a two-echelon distribution573
system’. B Desmet , E Aghezzaf , H Vanmaele . Journal of the Operational Research Society 2010. 61 (1) p. .574

[Mccullen and Towill ()] ‘Achieving lean supply through agile manufacturing’. P Mccullen , D Towill . Integrated575
Manufacturing Systems 2001. 12 (7) p. .576

[Ma and Lin ()] ‘Determination of safety stock for power enterprises under uncertainty’. L Ma , M Lin .577
International Symposium on Computer Science and Computational Technology 2008. 1 p. .578

[Kanyalkar and Adil ()] ‘Determining the optimum safety stock under rolling schedules for capacitated multi-579
item production systems’. A Kanyalkar , G Adil . International Journal of Services and Operations580
Management 2009. 5 (4) p. .581

[Minner ()] ‘Dynamic programming algorithms for multi-stage safety stock optimization’. S Minner . OR582
Specktrum 1997. 19 (4) p. .583

[Zhao et al. ()] ‘Evaluation of safety stock methods in multilevel material requirements planning (MRP) systems’.584
X Zhao , F Lai , T Lee . Production Planning & Control 2001. 12 (8) p. .585

[Wu and Wee ()] ‘How Lean supply chain effects product cost and quality-A case study of the Ford Motor586
Comapny’. S Wu , H Wee . 6th International Conference on Service Systems and Service Management, 2009.587
p. .588

[Jung et al. ()] ‘Integrated safety stock management for multi-stage supply chains under production capacity589
constraints’. J Jung , G Blau , J Pekny , G Reklaitis , D Eversdyk . Computers &Chemical Engineering 2008.590
32 (11) p. .591

[Tempelmeier ()] Inventory management in supply networks-Problems,Models,Solutions, H Tempelmeier . 2006.592
p. .593

[Naylor et al. ()] ‘Leagility: Integrating the lean and agile manufacturing paradigms in the total supply chain’.594
J Naylor , M Naim , D Berry . International Journal of Production Economics 1999. 62 (1-2) p. .595

[Wu ()] ‘Lean manufacturing: a perspective of lean suppliers’. Chun Wu , Y . International Journal 2003.596

[Crino et al. ()] ‘Lean Six Sigma for supply chain management as applied to the Army Rapid Fielding Initiative’.597
S Crino , D Mccarthy , J Carier . 1st Annual IEEE Systems Conference, 2007. p. .598

[Womack and Jones ()] Lean Thinking, J P Womack , D Jones . 2003. Simon & Schuster, Inc. p. . (st ed.)599

[Mason-Jones et al. ()] ‘Lean, agile or leagile? Matching your supply chain to the marketplace’. R Mason-Jones600
, B Nalor , D Towill . International Journal of Production Research 2000. 38 (17) p. .601

[Long et al. ()] ‘Logistics cost optimized election in the manufacturing process based on ELECTURE-II Algo-602
rithm’. Q Long , L Liu , L Meng , W Chen . Proceedings of the IEEE International Conference on Automation603
and Logistics, (the IEEE International Conference on Automation and Logistics) 2009. p. .604

[Graves and Kan ()] ‘Logistics of production and inventory’. S Graves , A Kan . Handbooks in Operations Research605
and Management Science 1993. 4 p. .606

[Maia and Qassim (1998)] ‘Minimum cost safety stocks for frequently delivery manufacturing’. Aleotti Maia , L607
Qassim , RY . International Journal of Production Economics October 1998. 62 (3) p. .608

[Agarwal et al. ()] ‘Modeling the metrics of lean, agile, and leagile supply chain: An ANP-based approach’. A609
Agarwal , R Shankar , M Tiwari . European Journal of Operational Research 2006. 173 (1) p. .610

[Inderfurth ()] Multi stage safety stock planning with item demands correlated across products and through time,611
K Inderfurth . 1995. Production and Operations Management. 4 p. .612

[Badinelli ()] ‘Optimal safety stock investment through subjective evaluation of stockout costs’. R Badinelli .613
Decision Science 1986. 17 (3) p. .614

[Patel et al. ()] ‘Optimizing safety stock in manufacturing supply chain management: A system dynamics615
approach’. R Patel , L Rodrigues , V Kamath . 12th International Conference on Computer Modeling and616
Simulation, 2010. p. .617

[Taylor ()] ‘Parallel Incremental Transformation Strategy: An Approach to the Development of Lean Supply618
Chains’. D Taylor . International Journal of Logistics Research and Applications 1999. 2 (3) p. .619

[Qi et al. ()] F Qi , X Xuejun , G Zhiyong . Research on Lean, Agile and Leagile Supply Chain. International620
Conference on Wireless Communications, Networking and Mobile Computing, 2007. p. .621

[Carlson and Yano ()] ‘Safety stock in MRP-Systems with emergency setup for components’. R Carlson , C Yano622
. Management Scienc 1986. 32 (4) p. .623

19



26 APPENDIX

[Inderfurth ()] ‘Safety stock optimization in multi-stage inventory system’. K Inderfurth . International Journal624
of Production Economics 1991. 24 (1-2) p. .625

[Natarajan and Goyal ()] ‘Safety stocks in JIT environments’. R Natarajan , S Goyal . International Journal of626
Operations & Production Management 1994. 14 (10) p. .627

[Silver et al. ()] E Silver , D Pyke , R Peterson . Inventory management and production planning and scheduling,628
1998. p. . (3rd ed.)629

[Lamming ()] ‘Squaring lean supply with supply chain management’. R Lamming . International Journal of630
Operations & Production Management 1996. 16 (2) p. .631

[Coyle et al. ()] Supply chain management: a logistics perspective, J J Coyle , E Bardi , C Langley , B Gibson ,632
R A Novack . 2009. p. . (th ed.)633

[Adamides et al. (2008)] ‘Supporting collaboration in the development and management of lean supply networks’.634
E Adamides , N Karacapilidis , H Pylarinou , D Koumanakos . Production Planning &Control January 2008.635
19 (1) p. .636

[Wu ()] ‘The Lean manufacture research in environment of the supply chain of modern industry engineering’. H637
Wu . Industrial Engineering and Engineering Management 2009. p. . (16th Conference on)638

20


