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ABSTRACT 

 

This work develops an optimal inventory policy for stock-dependent demand items taking into 

account both lead time and lead time demand uncertainties. (Q,R) modeling approach has been 

implemented to deal with uncertainties of demand and lead time. Unlike previous models this 

model combines a deterministic approach with a stochastic approach to formulate a combined  

one. Holding cost per unit per unit time is considered an increasing function of quantity in 

storage up to reorder point and lead time demand is assumed to be proportional to the span of 

lead time. Lead time is normally distributed and since demand during lead time is proportional to 

it, the lead time demand also follows a normal distribution. This is a single objective 

unconstrained optimization model that aims at minimizing inventory cost where the decision 

variables are order quantity and reorder point. Fill rate will also be evaluated for different 

combinations of cost and the decision variables. Fill rate and service level are vital for customer 

satisfaction but these two cause the inventory cost to augment and bring complexity in inventory 

modeling. A sensitivity analysis will determine cost sensitivity of the parameters which would 

allow managers to decide on inventory decision such as increasing average stock to enhance fill 

rate and demand, reduce the cost of replenishments etc.  
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Chapter 1: Introduction 

1.1 Introduction to Inventory Management 

Inventory or stock are the goods and materials that a business stores for the purpose of resale (or 

repair) and managing supply chain uncertainties. Inventory exists in the supply chain because of 

a mismatch between supply and demand. This mismatch is intentional at a steel manufacturer, 

where it is economical to manufacture in large lots that are then stored for future sales. The 

mismatch is also intentional at a retail store where inventory is held in anticipation of future 

demand. An important role that inventory plays in the supply chain is to increase the amount of 

demand that can be satisfied by having the product ready and available when the customer wants 

it. Another significant role that inventory plays is to reduce cost by exploiting economies of scale 

that may exist during production and distribution. Inventory impacts the assets held, the costs 

incurred, and responsiveness provided in the supply chain. High levels of inventory in an apparel 

supply chain improve responsiveness but also leave the supply chain vulnerable to the need for 

markdowns, lowering profit margins. Low levels of inventory improve inventory turns but may 

result in lost sales if customers are unable to find products they are ready to buy. The term 

inventory refers to the goods or materials used by a firm for the purpose of production and sale. 

It also includes the items, which are used as supportive materials to facilitate production. There 

are three basic types of inventory: raw materials, work-in-progress and finished goods. Raw 

materials are the items purchased by firms for use in production of finished product. Work-in-

progress consists of all items currently in the process of production. These are actually partly 

manufactured products. Finished goods consist of those items, which have already been 

produced but not yet sold. 

 

Inventory constitutes one of the important items of current assets, which permits smooth 

operation of production and sale process of a firm. Inventory management is that aspect of 

current assets management, which is concerned with maintaining optimum investment in 

inventory and applying effective control system so as to minimize the total inventory cost. 

https://en.wikipedia.org/wiki/Business
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Inventory management is an important aspect of any successful business. It is the process of 

overseeing and controlling the flow of inventory units a business uses in the production or 

manufacture of goods for sale or distribution. Inventories are usually made up of a combination 

of goods, raw materials and finished products, and effective management of these items is 

essential to ensure optimal stock levels and maximize the earning potential of the company. It 

also allows a business to prevent or mitigate any inventory-associated losses. Inventory 

management software is used by businesses for various reasons: it can track the costs of 

inventory throughout the manufacture and sales process, tell businesses when to replenish stock, 

and allow them to track profits. It can also be used to forecast inventory levels and prices, as well 

as expected product demand. 

 

Effective inventory management is important not only because it is one of the most valuable 

assets to a business; there is a direct link between inventory levels and company profits. 

Inventory represents an investment that is tied up until either the item is sold, or it is used in the 

production of another item that is sold. Businesses are reliant on having items in stock; otherwise 

customers will simply go to a competitor who can provide what they want. 

1.2Rationale of the Study 

The primary rationales of conducting the research work are described below. 

1.2.1 Inventory Control and its Importance 

In the simplest of terms, inventory control involves having greater oversight over one’s stock. 

Some refer to it as “internal control” or even as an accounting system set up to safeguard assets. 

Let us take a look at why inventory control is so important as well as what is involved in 

developing an effective system. keeping track of current stock position, its location in the 

warehouse, and the time when stock is going in and out can help lower costs, speed up 

fulfillment, and prevent fraud. A company may also rely on inventory control systems to assess 

current assets, balance accounts, and provide financial reporting. Inventory control is also 

important to maintaining the right balance of stock in warehouses. It is undesirable to lose a sale 

because of lack of inventory to fill an order. Constant inventory issues (frequent backorders, etc.) 
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can divert customers to other suppliers entirely. When a business has control over its inventory, 

it is able to provide better customer service. It will also help get a better, more real-time 

understanding of what is selling and what is not. It is also a problem to have excess inventory 

taking up space in warehouses unnecessarily. Too much inventory can trigger profit losses––

whether a product expires, gets damaged, or becomes obsolete. Key to proper inventory control 

is a deeper understanding of customer demand for the products. There are many different ways to 

keep control of inventory. One basic way is to create a spreadsheet with various columns for 

product name, item number, and quantity. One can also keep a log of returns and new incoming 

stock. 

Inventory control is an incredibly labor-intensive process that no growing business wants to deal 

with. It requires continuous manual monitoring to ensure whether every transaction is accounted 

for or not. The information is difficult to share; moreover another huge pitfall is human error. 

People are prone to make mistakes––mistakes that are difficult to track and result in inaccurate 

inventory numbers. Ultimately, the more automated a system is, the less paperwork there will be. 

There is a whole host of inventory management software options out there. These software 

systems may offer integration with enterprise resource planning systems, or multichannel 

integrations. The following Figure 1 shows a large warehouse and inventory control in such 

large warehouses requires using software as manual control of large inventory is inefficient. 

 

Figure 1: Warehouse of a paper manufacturing company 
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One may have the option to use barcode scanners that will communicate with other devices, such 

as barcode printers or mobile devices. Some are designed to track the location of the product 

within the warehouse, which helps when it is time for picking and packing. Of course, once the 

tracking systems is in place, it is necessary to determine when to order new stock. Some use a 

stock control method called minimum stock, in which new stock is ordered once it reaches a pre-

set minimum level. 

If demand of a product is stable, a fixed quantity control system can be used. With this method, 

every time an order is placed, whether it is weekly, monthly or semi-monthly, the order will be 

for the same amount. Some people refer to this as a standing order. There are other products 

demand of which are dependent on availability of stock. Figure 2 illustrates two warehouses for 

fashionable items, consumption of these products depend stock availability. 

 

 
Figure 2: Inventory of two cloth-stores 

Inventory management is also important from the view point that it enables to address two 

important issues: 

 

1. The firm has to maintain adequate inventory for smooth production and selling activities. 
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2. It has to minimize the investment in inventory to enhance firm's profitability. 

The other importance or significance of inventory management may be specified as follows: 

 Inventory management helps in maintaining a trade-off between carrying costs and 

ordering costs which results in minimizing the total cost of inventory. 

 Inventory management facilitates maintaining adequate inventory for smooth production 

and sales operations. 

  Inventory management avoids the stock-out problem that a firm otherwise would face 

the lack of proper inventory management. 

 Inventory management suggests the proper inventory control system to be applied by a 

firm to avoid losses, damages and misuses. 

1.2.2 Reasons for Keeping Stock 

There are five basic reasons for keeping inventory which are: 

1. Time: The time lags present in the supply chain, from supplier to user at every stage, 

requires maintaining certain amount of inventory to use during lead time. However, in 

practice, inventory is to be maintained for consumption because of 'variations in lead 

time'. 

2. Seasonal Demand: Demand varies periodically, but producer’s capacity may be fixed. 

This can lead to stock accumulation. Consider for example how goods consumed only in 

holidays can lead to accumulation of large stocks on the anticipation of future 

consumption. 

3. Uncertainty: Inventories are maintained as buffers to meet uncertainties in demand, 

supply and movements of goods. 

4. Economies of scale: Ideal condition of "one unit at a time at a place where a user needs it, 

when he needs it" principle tends to incur lots of costs in terms of logistics. So bulk 

buying, movement and storing brings in economies of scale, thus inventory. 

5. Appreciation in Value: In some situations, some stock gains the required value when it is 

kept for some time to allow it reach the desired standard for consumption, or for 

https://en.wikipedia.org/wiki/Lead_time
https://en.wikipedia.org/wiki/Seasonality
https://en.wikipedia.org/wiki/Economies_of_scale


6 
 

production. This is referred to as appreciation in value. For example; beer in the brewing 

industry 

All these stock reasons can apply to any owner or product. 

Also, some authors mentioned several reasons not to keep high inventory levels: 

 Obsolescence: due to progress of technology, the bought inventory for future use may 

become obsolete. 

 Capital Investment 

 Space Usage 

 Complicated Inventory Control Systems: Higher number of inventory items complicates 

the control and monitoring items. 

Although philosophies like JIT (Just In Time) has got much popularity in the last few decades, it 

is infeasible to run any sort of business with zero inventory. Hence inventory management 

carries immense importance for almost every business since efficient management of inventory 

leads to higher supply chain surplus. Investment in inventory should neither be excessive nor 

inadequate. It should just be optimum. Maintaining optimum level of inventory is the main aim 

of inventory management. Excessive investment in inventory results into more cost of fund being 

tied up so that it reduces the profitability, inventories may be misused, lost, damaged and hold 

costs in terms of large space and others. At the same time, insufficient investment in inventory 

creates stock-out problems, interruption in production and selling operation. Therefore, the firm 

may lose the customers as they shift to the competitors. Financial manager, as he involves in 

inventory management, should always try to put neither excessive nor inadequate investment in 

inventory.  

1.3 Objectives of the Study 

The primary objectives of this study are: 

1. Development of an optimal inventory policy for stock-dependent items considering lead 

time demand uncertainty. 

2. Illustration of the effects of fill rate on inventory costs. 
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3. Determination of the sensitivity of the parameters on the variables (order quantity, 

reorder point) and objective function (Total cost) 

1.4 Limitations of the Study 

The major limitations of this research are: 

1. Demand is assumed to be a continuous variable for the purpose of computation but the 

demand of stock-dependent items are discrete variables. 

2. The demand until lead time is assumed to be deterministic while generally demand is 

usually random for the total inventory cycle. 

3. Since it is using (Q, R) modeling approach, it has made some assumptions which might 

be infeasible in practical scenarios. 

1.5 Scope of Research 

Most of the deterministic models are based on the assumption that delivery is instantaneous 

which is not feasible in reality. Therefore deterministic models require considering lead time 

which inherently possesses certain amount of variability and in turn affects the demand pattern. 

A significant amount of work has been done on the inventory optimization of stock-dependent 

items where the demand rate is a function of stock. Many fashionable items and perishable items 

exhibit this type of demand. However these models ignore the randomness of demand during 

lead time. Although research has been done on stochastic inventory management, very few 

models combine deterministic and stochastic demand patterns where the variability of lead time 

causes the demand to exhibit randomness. So this research will develop a model that takes into 

account both lead time and lead time demand uncertaintyalong with time-varying regular stock-

dependent demand (continuous review) to generate an optimal inventory policy which will be 

applicable for a wide range of products.   
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Chapter 2: Literature Review 

2.1 Literature Review 

A vast amount of research work has already been conducted in the field of inventory 

optimization, most of which are deterministic. Although vast level of work has also been done 

considering random demand and lead time. Harris developed the first inventory model, 

Economic Order Quantity [1], which was generalized by Wilson who gave a formula to attain 

economic order quantity after the advent of calculus [2]. Whit considered the decline of the 

fashion goods at the end of the agreed shortage period where fashion goods are mostly stock-

dependent [3]. A model was developed by Ghare and Schrader for an exponentially reducing 

inventory where the consumption is rapid [4]. This model can be applied to exponentially 

deteriorating items which was not actually intended by the authors. Dave and Patel were the first 

to study a deteriorating inventory with linearly increasing demand when shortages are not 

allowed [5]. The rate of deterioration was assumed constant in their work. In this field some of 

the recent work has been done by Chung and Ting where the deterioration is time dependent [6]. 

Also Wee developed an inventory model with deteriorating items where deterioration follows 

Weibull distribution [7]. Chang and Dye studied an inventory model with time-varying demand 

and partial backlogging [8]. The demand was a linear function of time in their research. Goyal 

and Giri developed the recent trends of modeling in deteriorating item inventory [9]. They 

classified inventory models based on demand variations and various other conditions or 

constraints. Ouyang and Cheng gave an inventory model for deteriorating items with exponential 

declining demand and partial backlogging [10]. A backlog is an accumulation of work that needs 

to be completed. The term "backlog" has a number of uses in finance; it may refer to a 

company's sales orders waiting to be filled or a stack of financial paperwork that needs to be 

processed, such as loan applications. When a public company has a backlog, there can be 

implications for shareholders because the backlog may have an impact on the company's future 

earnings, as it is unable to meet demand. Orders that remain unfulfilled or unprocessed are 

considered backlogged orders. These incomplete orders represent unearned sales revenue that 

remains available for the company to earn. When managed effectively, the company’s backlog 

can ensure that customer demand is satisfied. When ineffectively managed, the backlog can 

http://www.investopedia.com/terms/p/publiccompany.asp
http://www.investopedia.com/terms/s/shareholder.asp
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result in a steady loss of revenue. A company’s accounting information must identify the 

backlog’s value, cost and revenue. These entries display the cost of the backlog inventory, the 

cost required to produce the inventory and the gross profit of the backlogged inventory. In most 

cases, the revenue is subtracted from the cost of producing the items in order to generate the total 

gross profit, or potential gross profit, of the backlogged inventory. Backlogs are usually 

measured in dollars and generally occur when there is a shortage of labor or supplies. Building 

products to each customer's specifications may also lead to backlog Changes in a company's 

backlog may have profit implications. A rising backlog may indicate that a company is 

experiencing either increased sales or production problems; a falling backlog may indicate the 

company's sales are falling or that it is increasing production efficiency. 

 The effects of learning and forgetting on the optimal production lot size for deteriorating items 

with time-varying demand and deterioration rates were studied by Alamri and Balkhi [11]. Dye 

et al. formulated an optimal selling price and lot size with a varying rate of deterioration and 

exponential partial backlogging [12]. They assume that a portion of customers who backlog their 

orders increases exponentially as the waiting time for the next replenishment decreases.. Liao 

gave an economic order quantity (EOQ) model with non-instantaneous receipt and exponential 

deteriorating item under two level trade credits [13]. Lee and Wu developed a note on EOQ 

model for items with mixtures of exponentially distributed deterioration, shortages and time 

varying demand [14]. Huang and Hsu presented a simple algebraic approach to find the exact 

optimal lead time and the optimal cycle time in steady market demand situations where both lead 

time and demand were deterministic [15]. Pareek et al. developed a deterministic inventory 

model for deteriorating items with resale value and shortages [16]. To allow shortage is a more 

practical approach to inventory optimization as shortage might always occur in real 

situations.Skouri et al. developed an inventory model with ramp-type demand rate, partial 

backlogging, and Weibull's deterioration rate [17]. Mishra and Singh developed a deteriorating 

inventory model for waiting time partial backlogging when demand and deterioration rate is 

constant [18]. They made the work of Abad more realistic and applicable in practice. Mandal 

developed an EOQ inventory model for Weibull-distributed deteriorating items under ramp-type 

demand and shortages [19]. Mishra and Singh gave an inventory model for ramp-type demand, 

time-dependent deteriorating items with salvage value and shortages and deteriorating inventory 

http://www.investinganswers.com/node/2042
http://www.investinganswers.com/node/5682
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model for time-dependent demand and holding cost with partial backlogging. Hung studied an 

inventory model with generalized-type demand, deterioration, and backorder rates [20]. Mishra 

et al. developed an inventory model for deteriorating items with time-dependent demand and 

time-varying holding cost under partial backlogging [21]. Inventory model for deteriorating 

items with predetermined life under quadratic demand and nonlinear holding cost has been 

developed by Niketa D. Trivedi, Nehal J. Shukla and Nita H. Shah [22]. 

In traditional inventory models, the demand rate is assumed to be a given constant. Various 

inventory models have been developed for dealing with varying and stochastic demand. All these 

models implicitly assume that the demand rate is independent, i.e. an external parameter not 

influenced by the internal inventory policy. In real life, however, it is frequently observed that 

demand for a particular product can indeed be influenced by internal factors such as price and 

availability. The change in the demand in response to inventory or marketing decisions is 

commonly referred to as demand elasticity. It has been observed in certain consumer goods that 

the demand is usually influenced by the amount of stock displayed on the shelves, that is, the 

demand rate may go up or down if the on-hand stock level increases or decreases. Such a 

situation generally arises from a consumer-goods type of inventory. A large pile of goods 

displayed in a supermarket will lead customers to buy more. The sales at the retail level tend to 

be proportional to the amount of inventory displayed. These observations have attracted many 

marketing researchers and practitioners to investigate the modeling aspects of this phenomenon. 

Most models that consider demand variation in response to item availability (i.e. inventory level) 

assume that the holding cost is constant for the entire inventory cycle. This paper presents an 

inventory model with a linear stock-level dependent demand rate variable holding cost and 

variable ordering cost. This structure is representative of many real-life situations in which 

distinctive unit holding cost occurs depends on the quantity kept in warehouse. This is 

particularly true in the storage of deteriorating and perishable items such as fruits in which 

quantity decreasing every time so the holding cost. The pioneer researchers who formulated 

inventory models taking initial stock - level dependent demand are Gupta and Vrat [23]. Mandal 

and Phaujdar [24] corrected the flaw in Gupta and Vrat model using profit maximization rather 

than cost minimization as the objective. Baker and Urban developed an inventory model taking 

demand rate in polynomial functional form dependent on inventory level [25]. The same 

functional form was used by Datta and Pal who proposed an inventory model for deteriorating 
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items, inventory-level dependent demand and shortages [26]. Mandal and Phaujdar proposed an 

inventory model in which shortages are allowed and demand is dependent on stock-level. In this 

model the rate of deterioration is assumed to be variable.  Sarker, Mukherjee and Balan took 

demand to be dependent on inventory level incorporating an entirely new concept of decrease in 

demand (due to ageing of inventory or products reaching closer to their expiry date) 

[27].Inventory models with stock-dependent demand and nonlinear holding costs for 

deteriorating items was developed by Chun-Tao Chang [28]. Hui-Ling Yang proposed Two-

warehouse partial backlogging inventory models for deteriorating items under inflation [29].An 

inventory model for deteriorating items with partial backlogging was developed by Chung-Yuan 

Dye and Horng-Jinh Chang [30]. J. Sicilia et al. developed an economic order quantity model 

with partial backlogging under general backorder cost function [31]. An inventory model with 

both stock-dependent demand rate and stock-dependent holding cost rate was developed by 

Chih-Te Yang [32].A partial backlogging inventory model for non-instantaneous deteriorating 

items with special stock-dependent demand was proposed by Wenyi Du, Wei Gao and Xiaowo 

Tang [33]. M. Maragatham and R. Palani proposed an Inventory Model for Deteriorating Items 

with Lead Time And Time Dependent Holding Cost [34].  

Montgomery, Bazarra and Keswanideveloped both deterministic and stochastic models 

considering the situation in which a fraction of demand during the stock out period is 

backordered and remaining is lost forever [35]. Rosenberg developed a lot-size inventory model 

with partial backlogging taking “fictitious demand rate” that simplifies the analysis [36]. 

Padmanabhan and Vrat proposed an inventory model for perishable items taking constant rate of 

deterioration, incorporating the three cases of complete, partial and no backlogging [37]. Zeng 

developed an inventory model using partial backordering approach and minimizing the total cost 

function [38]. This model identifies the conditions for partial backordering policy to be feasible. 

Browne et al. in their article were concerned with the (r, q) inventory model where demand rate 

was stochastic [39]. Shridhar et al. in their article modeled an inventory policy for random lead 

times and service level constraints [40]. Fengqi You et al. addressed mid-term planning of 

chemical complexes with integration of stochastic inventory management under supply and 

demand uncertainty [41]. 

http://www.sciencedirect.com/science/article/pii/S0925527306000119
http://www.tandfonline.com/author/Dye%2C+Chung-Yuan
http://www.tandfonline.com/author/Dye%2C+Chung-Yuan
http://www.tandfonline.com/author/Chang%2C+Horng-Jinh
http://www.tandfonline.com/author/Chang%2C+Horng-Jinh
http://www.tandfonline.com/author/Chang%2C+Horng-Jinh
http://www.tandfonline.com/author/Chang%2C+Horng-Jinh
http://www.tandfonline.com/author/Chang%2C+Horng-Jinh
http://www.tandfonline.com/author/Chang%2C+Horng-Jinh
http://www.tandfonline.com/author/Chang%2C+Horng-Jinh
http://www.tandfonline.com/author/Chang%2C+Horng-Jinh
http://www.tandfonline.com/author/Chang%2C+Horng-Jinh
http://www.tandfonline.com/author/Chang%2C+Horng-Jinh
http://www.tandfonline.com/author/Chang%2C+Horng-Jinh
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To measure the performance of replenishment policies of inventory, service level is normally 

used in inventory management. In this case, an optimal solution model is found so that an 

optimal size of backorders can be derived.  On the other hand, fill-rate which is related to 

inventory management, stands for the measurement of customer satisfaction. It measures the 

amount of demand that was satisfied from the on hand inventory. Kumar and Sharman observed 

that reliable delivery is second in rank where product attributes are firstin case of customer 

satisfaction [42]. But fill rate is most important parameter that described the average percentage 

of products that are shipped from the stock (Lee and Billington) [43]. Johnson et al. examined 

the problem of estimating item fill rate in a periodic inventory system [44]. They showed that the 

traditional expression for the line fill-rate which performs well for high fill rate which is above 

90%. But the problem is they continuously underrated the authentic fill-rate. With Johnson, 

others (Lee, Davis and Hall, 1995) developed an exact fill rate expression which was emphatic 

for both the cases of high and low fill rate [45]. An alternative fill rate expression was derived, 

which was cogent for the case of higher fill rate. Product extension is one of the major challenges 

to the operational managers. It is difficult to forecast the demand if the product is highly 

proliferated. Different product versions are often developed for different segmentations of 

business. In 1996, Lee showed in his paper that effective benefits can be achieved by proper 

investigation of the opportunities in the design of the product to achieve controlled service-level 

[46]. Besides customer can be satisfied by one of the several items (Smith and Agarwal) [47]. 

Customer service can be influenced by the substitution of demand. A probabilistic demand 

model and methodology was selected, which helped to maximize the profit subjected to resource 

constraints. 

In 1996, Voudouris presented a mixed integer linear programming model that improved the 

scheduling process by avoiding the material stock out of resource violation for a formulation and 

packaging chemical plant [48]. Five types of constraints were subjected in that research. ABC 

inventory classification is widely used with customers demand value. Service level is strongly 

related to stock keeping units (SKU).A multi objective supply chain model was developed by 

Sabri and Beamon [49]. They described that service level and fill-rate are the performance 

measurement system of supply chain. Demand uncertainty was shown as a vector of total supply 

chain network in this article. Teunter, Babaiand,Syntetos studied that the cost criterion is best in 

case of fixed cycle service level instead of fixed fill rates [50]. The research work on inventory 
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management is continuously evolving and operation research tools are vigorously used to deal 

with the ever increasing uncertainties of inventory management.   

Most of the deterministic models are based on the assumption that delivery is instantaneous, 

which is not feasible in reality. Therefore deterministic models require considering lead time 

which inherently possess certain amount of variability and in turn affects the demand pattern. A 

significant amount of work has been done on the inventory optimization of stock-dependent 

items where the demand rate is a function of stock. Many fashionable items and perishable items 

exhibit this type of demand. However these models ignore the randomness of demand during 

lead time. Although research has been done on stochastic inventory management, very few 

models combine deterministic and stochastic demand patterns. So this research will develop a 

model that takes into account both lead time demand uncertainty and time varying regular stock-

dependent demand (continuous review) to generate an optimal inventory policy.   
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Chapter 3: Theoretical Background 

3.1 Types of Inventory policies 

There are several inventory policies to handle stock when uncertainty is present in supply and 

demand. The most common inventory policies are described here: 

 R,Q policy: R,Q is a fixed replenishment point/fixed replenishment quantity inventory 

policy.  When the inventory level on-hand falls below a certain replenishment point, R, 

the site will generate a replenishment order for a certain quantity, Q, of this product.  

When using this policy, the Reorder Point field is set as the t trigger level. 

 s,S policy: s,S is a minimum/maximum inventory policy.  When the inventory level on-

hand falls below a minimum, s, the site will generate a request for a replenishment order 

that will restore the on-hand inventory to a target, or maximum, number, S.  When using 

this policy, the Reorder Point field is the minimum, or trigger level.  The Reorder/Order 

Up To Qty field is the maximum, or the number to which the inventory level is restored. 

 Demand Flow Policy: In Demand Flow policy, there is no strict inventory control.  

Instead, every order that arrives at this site for this product will generate a request for a 

replenishment order for the exact same quantity.  All requests are driven by the actual 

demand quantities received at this site for this product.  Therefore, the Reorder Point and 

Reorder/Order Up To Qty fields are not used in this policy. By establishing an initial 

inventory level, the site will always replenish exactly what was consumed by actual 

demand, whether it was filled immediately, or left unfilled as a back order. Though it 

seems straightforward, Demand Flow can exhibit complex behavior, especially when 

combined with Review Period.  Defining a Review Period can produce batching.  

Batching occurs when the replenishment orders accumulate during the Review Period 

ends and are then filled. 

 Days of Supply (DOS), Demand Based: Demand is similar to an s,S inventory policy 

except that the parameters for minimum and maximum levels are specified in number of 

days rather than product quantities.  This policy computes the daily average of product by 

looking back at the actual demand.  How far back to look is given by the DOS window 

field. 
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 Days of Supply (DOS), Forecast Based: Forecast is similar to an s,S inventory policy 

except that the parameters for minimum and maximum levels are specified in number of 

days rather than product quantities.  This policy computes the daily average of product by 

looking forward and using forecasted demand.  How far forward to look is given by the 

DOS window field.  Forecast quantities must be entered into the forecast table. In short, 

DOS-Demand establishes inventory based on what has happened; DOS-Forecast 

establishes inventory based on what you expect to happen. 

 R, Q Targets Policy: This inventory policy allows the user to change the Reorder Point 

(R) and Reorder Quantity (Q) based on a period of time designated by the user (year, 

quarter, month, day, etc.)When using the R, Q Targets inventory policy, the quantities 

and period are specified in the Forecasts input table. 

 s,S Targets Policy:The regular s,S policy is a minimum/maximum inventory policy that 

says that when the inventory on-hand falls below a certain minimum s, the site will 

request for a replenishment order that will restore the on-hand inventory to a maximum 

number, S.”s,S Targets” inventory policy is just like the regular s,S policy except that you 

can specify Reorder Point (s) and Order up to Quantity (S) for certain periods. You can 

define the period as days, weeks, months, years, quarters etc.When using the s,S Targets 

inventory policy, the quantities and period are specified in the Forecasts input table 

various columns for product name, item number, and quantity. You can have a column to 

deduct what you sell and ship. You can also keep a log of returns and new incoming 

stock. 

In this research, (R,Q) policy is going to be implemented as the model will be formulated for a 

single item and uncertainties of demand are going to be considered as this model is hybrid one. 

3.2 Components of Inventory Decisions 

The major inventory-related decisions that supply chain managers must make toeffectively create 

more responsive and more efficient supply chains are: 

 Cycle inventory: Cycle inventoryis the average amount of inventory used to satisfy 

demand between receipts of supplier shipments. The size of the cycle inventory is a result 
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of the production, transportation, or purchase of material in large lots. Companies 

produce or purchase in large lots to exploit economies of scale in the production, 

transportation, or purchasing process. With the increase in lot size, however, comes an 

increase in carrying costs. As an example of a cycle stock decision, consider an online 

book retailer. This retailer’s sales average around 10 truckloads of books a month. The 

cycle inventory decisions the retailer must make are how much to order for replenishment 

and how often to place these orders. The e-retailer could order 10 truckloads once each 

month or it could order one truckload every three days. The basic trade-off supply chain 

managers face is the cost of holding larger lots of inventory (when cycle inventory is 

high) versus the cost of ordering product frequently (when cycle inventory is low). 

 Safety inventory: Safety inventoryis inventory held in case demand exceeds expectation; 

it is held to counter uncertainty. If the world were perfectly predictable, only cycle 

inventory would be needed. Because demand is uncertain and may exceed expectations; 

however, companies hold safety inventory to satisfy an unexpectedly high demand. 

Managers face a key decision when determining how much safety inventory to hold. For 

example, a toy retailer such as Toys “X” must calculate its safety inventory for the 

holiday buying season. If it has too much safety inventory, toys go unsold and may have 

to be discounted after the holidays. If the company has too little safety inventory, 

however, then Toys “X” loses sales, along with the margin those sales would have 

brought. Therefore, choosing safety inventory involves making a trade-off between the 

costs of having too much inventory and the costs of losing sales due to not having enough 

inventory. 

 Seasonal inventory: Seasonal inventoryis built up to counter predictable seasonal 

variability in demand. Companies using seasonal inventory buildup inventory in periods 

of low demand and store it for periods of high demand when they will not have the 

capacity to produce all that is demanded. Managers face key decisions in determining 

whether to build seasonal inventory, and if they do build it, in deciding how much to 

build. If a company can rapidly change the rate of its production system at very low cost, 

then it may not need seasonal inventory, because the production system can adjust to a 

period of high demand without incurring large costs. However, if changing the rate of 

production is expensive (e.g., when workers must be hired or fired), then a company 
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would be wise to establish a smooth production rate and build up its inventory during 

periods of low demand. Therefore, the basic trade-off supply chain managers face in 

determining how much seasonal inventory to build is the cost of carrying the additional 

seasonal inventory versus the cost of having a more flexible production rate. 

3.3 Inventory Related Metrics 

Inventory-related decisions affect the cost of goods sold, the cash-cash cycle, and the assets held 

by the supply chain and its responsiveness to customers. A manager should track the following 

inventory-related metrics that influence supply chain performance: 

 Cash-to-cash cycle timeis a high-level metric that includes inventories, accounts 

payable, and receivables. 

 Average inventorymeasures the average amount of inventory carried. Average inventory 

should be measured in units, days of demand, and financial value. 

 Inventory turnsmeasure the number of times inventory turns over in a year. It is the ratio 

of average inventory to either the cost of goods sold or sales.  

 Products with more than a specified number of days of inventoryidentifies the 

products for which the firm is carrying a high level of inventory. This metric can be used 

to identify products that are in oversupply or to identify reasons that justify the high 

inventory, such as price discounts or being a very slow mover.  

 Average replenishment batch sizemeasures the average amount in each replenishment 

order. The batch size should be measured by SKU in terms of both units and days of 

demand. It can be estimated by averaging over time the difference between the maximum 

and the minimum inventory (measured in each replenishment cycle) on hand. 

 Average safety inventorymeasures the average amount of inventory on hand when a 

replenishment order arrives. Average safety inventory should be measured by SKU in 

both units and days of demand. It can be estimated by averaging over time the minimum 

inventory on hand in each replenishment cycle. 

 Seasonal inventorymeasures the difference between the inflow of product (beyond cycle 

and safety inventory) and its sales that is purchased solely to deal with anticipated spikes 

in demand. 
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 Fill rate(order/case) measures the fraction of orders/demand that were met on time from 

inventory. Fill rate should not be averaged over time but over a specified number of units 

of demand (say, every thousand, million, etc.). 

 Fraction of time out of stockmeasures the fraction of time that a particular SKU had 

zero inventory. This fraction can be used to estimate the lost sales during the stock out 

period.  

 Obsolete inventorymeasures the fraction of inventory older than a specified 

obsolescence date. 

Fill rate and average replenishment batch size will be addressed in this research work and will be 

optimized. The fundamental trade-off that managers face when making inventory decisions is 

between responsiveness and efficiency. Increasing inventory generally makes the supply chain 

more responsive to the customer. A higher level of inventory also facilitates a reduction in 

production and transportation costs because of improved economies of scale in both functions. 

This choice, however, increases inventory holding cost. These contradictory objectives lead to 

the optimization of inventory quantity and cost so that economies of scale can be achieved along 

with customer satisfaction. 

3.4 Uncertainties in Inventory Management 

The two major sources of uncertainty in inventory are demand and lead time. The uncertainty of 

lead time demand is particularly important as shortage occurs if lead time demand is greater than 

reorder quantity. Shortage is always deleterious to any type of business and this is why it is 

always important to carry a certain amount of safety inventory to improve the cycle service level 

and fill rate. Mathematically, Cycle service level, CSL = probability (Reorder point>= lead time 

demand) whereas Fill rate, β = 1 - (shortage/order quantity). The other variable that leads to 

uncertainty is lead time. If the supplier lead time and manufacturing lead time variances are high, 

it is difficult to maintain a higher service level and fill rate. The primary objective of inventory 

management is to maximize service level and fill rate (minimize shortage) at the minimum 

possible cost because only then supply chain surplus can be maximized. Therefore the challenge 

is to achieve economies of scale without sacrificing customer satisfaction which requires 

optimization of the stock. 
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3.5 Inventory Planning 

The two key inputs to optimally run the reordering processes are the inventory safety stock and 

reorder levels. These parameters control two of the most critical factors in a supply chain, the 

amount of inventory, and the ability to maintain favorable service levels. As the demand and 

supply patterns change, the optimal inventory levels required to guarantee desirable service 

levels also change. 

Due to inherent variability in the demand and supply streams at any supply chain node, the 

ability to service demand directly depends on the safety stock. The relationship between the two 

is exponential that means that a 100% guarantee to fulfill demand will, in theory, require an 

infinite amount of safety stock to be maintained. 

A good inventory planning process helps define these levels of variability, discriminating 

between products that require higher service levels versus those that don’t. It helps in 

maintaining user defined service levels that guarantee desirable fill-rates to fulfill the demand. It 

also reviews them frequently to make changes to the safety stock recommendations to adjust to 

the new demand/supply picture. 

 

3.5.1 Inputs to Inventory Optimization 

As shown in the Figure 3, the inventory planning process takes the following inputs. 

 

Figure 3: Inputs and outputs of inventory planning 
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 Desired Service Level : This is normally a user provided input. The desired service level 

depends on the item in question, its sales attributes, demand, profitability and associative 

relationship to the other items. Users normally define groups of items that have similar 

attributes to define and manage the service levels. 

 Demand : This is the historical and projected demand for the item at the location. Note 

that the demand at a location like store will be the POS (point of sale) history, while 

demand at a distribution center is simply the requests that stores placed on the DC. If the 

store requests on the DC are not available, one could use the outbound shipments as an 

approximation of such demand. 

 Supply : This is the historical and projected supply of the item at the location. The supply 

at a location like store will be the shipments history from DC, and/or vendors; and supply 

at a distribution center is generally the inbound shipments from vendors. 

 Supply Lead-time :It is the historical lead-time of the supplies. The lead-time may vary 

for every PO/transfer order that is fulfilled even for the same item/vendor/distribution 

center combinations. This time-series data provides the variability of such lead-time and 

helps the inventory optimization engine to determine the probability that a specific 

projected supply will be realized on the need date. 

3.5.2 Process of Inventory Optimization 

The inventory planning process determines the variability of the historic data to determine the 

optimal inventory levels. Most algorithms use statistical methods, and are therefore 

computationally intensive. The process pre-processes the time-series data for demand, supplies, 

and supply lead-time to compute the mean and standard deviation of these series. The process 

pre-processes the time-series data for demand, supplies, and supply lead-time to compute the 

mean and standard deviation of these series. It then computes the optimal inventory levels (safety 

stocks) that will minimize cost. 

3.5.3 Outputs of the Inventory Optimization 

The process can recommend the following decision parameters that are the inputs to the 

reordering process itself. 
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 Recommended safety stock levels. 

 Reorder levels, 

 OUTL (order up-to levels), and 

 Order quantities for the fixed order quantity scenarios above. 

3.5.4 (Q, R) model insights 

The underlying assumptions of this model are 

1. Products can be analyzed individually. There are no product interactions (e.g., shared 

resources). 

2. Demands occur one at a time. There are no batch orders. 

3. Unfilled demand are considered lost sales. 

4. Replenishment lead times are random. 

5. Replenishments are ordered one at a time. There is no constraint on the setup cost or on 

the number of orders that can be placed per year, which would motivate batch 

replenishment. 

As Wilson (1934) pointed out in the first formal publication on the (Q, R) model, the two 

controls Q and R have essentially separate purposes. As in the EOQ model, the replenishment 

quantity Q affects the tradeoff between production or order frequency and inventory. Larger 

values of Q will result in few replenishments per year but high average inventory levels. Smaller 

values will produce low average inventory but many replenishments per year. In contrast, the 

reorder point r affects the likelihood of a stock-out. A high reorder point will result in high 

inventory but a low probability of a stock-out. A low reorder point will reduce inventory at the 

expense of a greater likelihood of stock-outs. Depending on how costs and customer service are 

represented, it will be seen that Q and R can interact in terms of their effects on inventory, 

production or order frequency, and customer service. However, it is important to recognize that 

the two parameters generate two fundamentally different kinds of inventory. The replenishment 

quantity Q affects cycle stock (i.e., inventory that is held to avoid excessive replenishment costs). 

The reorder point R affects safety stock (i.e., inventory held to avoid stock-outs).  To formulate 

the basic (Q, R) model, it is required to seek values of Q and R to solve either, 
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min {fixed setup cost +backorder cost +holding cost}                                                        (3.5.4.1) 

Q,r 

Or, min {fixed setup cost + stock-out cost +holding cost}                                                  (3.5.4.2) 

Q,r 

In this thesis, equation (3.5.4.2) will be formulated and solved as backordering is not allowed 

here. 
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Chapter 4: Model Formulation and Methodology 

The main objective of this work is to formulate an optimal inventory model for stock-dependent 

items considering stochastic lead time and lead time demand. There are three components of 

total cost equation, holding cost, ordering cost and shortage cost. The demand up to lead time 

period is thought to be inventory dependent which means that higher amount of stock results in 

larger rate of consumption. However, the demand during lead time is random. The stochastic 

nature of lead time demand is determined by the randomness of lead time. The assumption of 

lead time demand to be proportional to lead time (which is normally distributed) decides on the 

normal nature of demand during lead time. The differential equation of inventory consumption is 

solved to derive the expression of instantaneous stock availability along with reorder time and 

cycle time. The average inventory is calculated by integrating instantaneous stock equation up to 

lead time and then adding to it the subtraction of mean demand during lead time from reorder 

quantity. Holding cost per unit per unit time is multiplied to average inventory to extract the 

expression of total average inventory holding cost. Shortage cost is calculated simply by 

multiplying the shortage cost per unit to average shortage quantity. The ordering cost is a fixed 

cost and independent of the demand, lead time or other variables. These costs are added to 

formulate the objective function which is the total inventory cost. The decision variables are 

order quantity and reorder point and our objective is to find out the values of the variables that 

ensure economies of scale or in other words minimize the total cost. Fill rate is a function of the 

decision variables and the effect of it on optimal cost and quantity has been graphically 

illustrated in this model. The sequential steps in model formulation are shown in Figure 4: 

 

Figure 4 : Sequential steps in model formulation 
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4.1 Assumptions 

The major assumptions of this model are: 

1. Replenishment is not instantaneous that is Lead time is not zero and it is normally 

distributed 

2. Demand rate is stock dependent up to reorder point and proportional to lead time 

thereafter. Therefore demand is also normally distributed during lead time. 

3. Shortage may occur as both demand and lead time are random. 

4. Order quantity may vary across inventory cycles. 

5. Every time an order of Q quantity is placed after the stock reaches to level R. 

6. The holding cost is varying as an increasing step function of the quantity in storage or a 

decreasing function of time. 

7. The inventory cycle starts at I(t)=Q and at the end of the cycle the inventory remains on 

hand or it level drops to zero or shortage occurs and the second cycle starts with the 

receipt of order at the end of previous period. 

8. Inventory is monitored continuously. 

9. Backlogging is not allowed. 

10. Inventory is reviewed continuously. 

11. Products can be analyzed individually. There are no product interactions (e.g., shared 

resources). 

12. Replenishments are ordered one at a time. There is no constraint on the setup cost or on 

the number of orders that can be placed per year, which would motivate batch 

replenishment. 

4.2 Notations 

The following notations have been used in the formulation of this model. 

I(t) = The inventory on-hand at time t  

D =  Constant demand per period  

tk  = reorder point  

A = Fixed ordering cost   
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hk = Holding cost of an item per unit per unit time  

T = Cycle time  

β = Demand parameter indicating elasticity in relation to the inventory level  

Q = Quantity ordered (decision variable) 

R = Reorder quantity (decision variable) 

TC = Total inventory cost (objective function) 

P = shortage cost for lost sale of a unit 

τ  = mean lead time 

sτ= standard deviation of lead time 

X = random lead time demand 

μ = mean demand during lead time = D* τ 

ơD= standard deviation of demand during lead time = sτ*D 

F(R) = probability of no shortage = p(μ<= R)  

n(R) = average shortage over a period of time 

L(z) = standard loss function 

b = fill rate 

4. 3 Model formulation 

The formulation of this model starts with the equation 4.3.1 which is the  inventory consumption 

equation. In this model, the inventory consumption is dependent on amount of stock up to 

reorder point as denoted by the demand elasticity parameter β in the first part of the equation. 

The demand is random as soon as the reorder point is reached as indicated in equation (4.3.1) 

𝑑𝐼 𝑡 

𝑑𝑡
  = − 𝐷 +  𝛽𝐼 𝑡    ; 0 ≤ 𝑡 ≤ 𝑡𝑘                                                                              (4.3.1)  

          =  −𝑋 Mean µ, Standard deviation σ ; 𝑡𝑘 < 𝑡 < 

The graphical representation of this model like the a one in Figure 5 on the following page. 
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Figure 5: Graphical representation of the inventory system 

In order to solve for I(t), we get from the equation 4.3.1 by integrating both sides, 

 
𝑑𝐼(𝑡)

𝐷 + 𝛽𝐼(𝑡)

𝑡

0

=   𝑑𝑡

𝑡

0

 

Solving the integral we get,  

1

𝛽
𝑙𝑛

𝐷+𝛽𝐼 (𝑡)

𝐷+𝛽𝐼 (0)
=  −𝑡       ; 

Using the boundary condition I(0) = Q , we get 

𝐷 + 𝛽𝐼 𝑡 =  𝐷 + 𝛽𝑄 𝑒−𝛽𝑡  

𝐼 𝑡 =  
1

𝛽
{ 𝐷 + 𝛽𝑄 𝑒−𝛽𝑡 − 𝐷}when(0 ≤ 𝑡 ≤ 𝑡𝑘)            (4.3.2) 

Now for the 2nd period that is during lead time, 

At t = tk, I(t)= R 

Therefore from equation (4.3.2), 

𝑅 =  
1

𝛽
  𝐷 + 𝛽𝑄 𝑒−𝛽𝑡𝑘 −𝐷  

tk

kk 

T 

R 

I(t) 

Random lead time 

demand 

Time 

− 𝐷 +  𝛽𝐼 𝑡   
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𝑒−𝛽𝑡𝑘 = 𝑙𝑛
𝐷 + 𝛽𝑆

𝐷 + 𝛽𝑄
 

𝑡𝑘 =  
1

𝛽
𝑙𝑛

𝐷+ 𝛽𝑄

𝐷+𝛽𝑅
                                    (4.3.3) 

This is the expression for reorder point. Equation 4.3.3 illustrates that both the decision variables 

are functions of reorder point tk . 

Therefore, mean cycle time, 

𝑇 = 𝑡𝑘 + 𝜏 =
1

𝛽
𝑙𝑛

𝑅+ 𝛽𝑄

𝑅+𝛽𝑆
+ 𝜏                                  (4.3.4) 

The holding cost is a decreasing function of inventory with time. The holding cost can be divided 

into two segments. The holding cost up to reorder point from start period and the holding cost 

from the start of lead time to the end of a cycle or the start of a new cycle. 

Therefore, holding cost 𝐻𝐶 =  ℎ𝑘  𝐼 𝑡 𝑑𝑡 + ℎ𝐾 𝑅 − 𝜇 
𝑡𝑘

0
 

𝐻𝐶 = ℎ𝑘  
1

𝛽
  𝐷 + 𝛽𝑄 𝑒−𝛽𝑡 − 𝐷 

𝑡𝑘

0

𝑑𝑡 +  ℎ𝐾 𝑅 − 𝜇  

𝐻𝐶 =  
ℎ𝑘

𝛽
(𝐷 𝑒−𝛽𝑡

𝑡𝑘

0

𝑑𝑡 +  𝛽𝑄 𝑒−𝛽𝑡

𝑡𝑘

0

𝑑𝑡 − 𝐷 𝑑𝑡

𝑡𝑘

0

) + ℎ𝐾 𝑅 − 𝜇  

𝐻𝐶 =  
ℎ𝑘

𝛽
 −

1

𝛽
 𝐷 + 𝛽𝑄  𝑒−𝛽𝑡𝑘 − 1 − 𝐷𝑡𝑘 +  ℎ𝐾 𝑅 − 𝜇  

𝐻𝐶 =  
ℎ𝑘

𝛽2
 𝐷 + 𝛽𝑄  1 − 𝑒−𝛽𝑡𝑘  −

𝐷ℎ𝑘

𝛽
𝑡𝑘 + ℎ𝐾 𝑅 − 𝜇  

𝐻𝐶 =  
ℎ𝑘

𝛽2
 𝐷 + 𝛽𝑄  1 − 𝑒−𝛽𝑡𝑘  −

𝐷ℎ𝑘

𝛽
𝑡𝑘 + ℎ𝐾 𝑅 − 𝜇 (4.3.5) 

 

Ordering costper cycle is the ratio of fixed ordering cost and mean cycle time, 
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so ordering cost per cycle= 𝐴
𝑇
 

                                                    =
𝐴

𝑡𝑘 + 𝜏
 

Putting the value of tk, we get, 

Ordering Cost = 𝐴
1

𝛽
ln 

𝐷+𝛽𝑄

𝐷+𝛽𝑅
 +𝜏

                                                                                                (4.3.6) 

Expected shorted per cyclen(R)can be found by calculating total shortage starting from the 

beginning of a cycle to the end, so 

n(R)= (X − R)fX (x)dx 
𝑅

0
 +  (X − R)fX (x)dx           

∞
𝑅

 

=ơDL(z)      

where, L(z) = 1

 2ᴨ
[𝑒−

𝑧2

2 - z*(1-F(R))]                                                                                                 

z = (R- μ)/ơD  

F(R) = normcdf ((R- μ)/ơD), which is the probability of no shortage. 

andfX(x) = PDF of lead time demand 

Therefore, 

 Shortage cost per cycle =𝑃 𝑛(𝑅)

𝑇
 

=𝑃 𝑛(𝑅)

𝑡𝑘+𝜏
 

=𝑃 𝑛(𝑅)
1

𝛽
𝑙𝑛

𝐷+𝛽𝑄

𝐷+𝛽𝑅
+𝜏

                                                                                                                         (4.3.7) 

 

 

Adding ordering cost, holding cost and shortage cost, we get 
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Total Cost, TC=ℎ𝑘

𝛽2
 𝐷 + 𝛽𝑄  1 − 𝑒−𝛽𝑡𝑘  −

𝐷ℎ𝑘𝑡𝑘

𝛽
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𝐴
1

𝛽
ln 

𝐷+𝛽𝑄

𝐷+𝛽𝑅
 +𝜏

+ 𝑃
𝑛(𝑅)

1

𝛽
𝑙𝑛

𝐷+𝛽𝑄

𝐷+𝛽𝑅
+𝜏

 

=ℎ𝑘

𝛽2
 𝐷 + 𝛽𝑄  1 − 𝑒

−𝛽
1

𝛽
𝑙𝑛

𝐷+𝛽𝑄

𝐷+𝛽𝑅  −
𝐷ℎ𝑘

1

𝛽

𝛽
𝑙𝑛

𝐷+𝛽𝑄

𝐷+𝛽𝑅
+ ℎ𝑘 𝑅 − 𝜇 +

𝐴
1

𝛽
ln 

𝐷+𝛽𝑄

𝐷+𝛽𝑅
 +𝜏

+ 𝑃
𝑛(𝑅)

1

𝛽
𝑙𝑛

𝐷+𝛽𝑄

𝐷+𝛽𝑅
+𝜏

 

Therefore the objective is to minimize, 

TC =ℎ𝑘

𝛽2
 𝐷 + 𝛽𝑄  1 +

𝐷+𝛽𝑄

𝐷+𝛽𝑅
 −

𝐷ℎ𝑘
1

𝛽

𝛽
𝑙𝑛

𝐷+𝛽𝑄

𝐷+𝛽𝑅
+ ℎ𝑘 𝑅 − 𝜇 +

𝐴
1

𝛽
ln 

𝐷+𝛽𝑄

𝐷+𝛽𝑅
 +𝜏

+ 𝑃
𝑛(𝑅)

1

𝛽
𝑙𝑛

𝐷+𝛽𝑄

𝐷+𝛽𝑅
+𝜏

  (4.3.8)                                                                                                                                                                                                 

Differentiating Total cost is by Q 

𝑑(𝑇𝐶)

𝑑𝑄
=

ℎ𝑘

𝛽
+

2ℎ𝑘(𝐷 + 𝛽𝑄)

𝛽(𝐷 + 𝛽𝑅)
−

𝐷ℎ𝑘

𝛽(𝐷 + 𝛽𝑄)
−

𝐴

(
1

𝛽
𝑙𝑛

𝐷+𝛽𝑄

𝐷+𝛽𝑅
+ 𝜏)2(𝐷 + 𝛽𝑄)𝛽

−
𝑃𝑛(𝑅)

(
1

𝛽
𝑙𝑛

𝐷+𝛽𝑄

𝐷+𝛽𝑅
+ 𝜏)2(𝐷 + 𝛽𝑄)𝛽

 

                                                                                                                            (4.3.9) 

Total cost is differentiate by R, 

𝑑(𝑇𝐶)

𝑑𝑅
= ℎ𝑘 −

ℎ𝑘(2𝐷𝛽𝑄 + 𝐷2 + 𝛽2𝑄2)

(𝛽𝐷2 + 𝛽3𝑅2 + 2𝐷𝑅𝛽2)
+

𝐷ℎ𝑘
𝛽(𝐷 + 𝛽𝑅)

+
𝐴𝛽2

(
1

𝛽
𝑙𝑛

𝐷+𝛽𝑄

𝐷+𝛽𝑅
+ 𝜏)2(𝐷 + 𝛽𝑅)𝛽

+
𝑃[1 − 𝐹 𝑅 ]

(
1

𝛽
𝑙𝑛

𝐷+𝛽𝑄

𝐷+𝛽𝑅
+ 𝜏)2(𝐷 + 𝛽𝑅)𝛽

 

                                                                                                                                             (4.3.10) 

Fill rate, b= 1 - (expected shortage)/order quantiy = 1 - n(R)/Q 

4.4 Solution Methodology 

1. Equations (4.3.9) and (4.3.10) are equated to zero in order to get the optimal values of the 

decision variables Q and R that minimizes the objective function total cost equation. 

2. Values of the parameters hk , 𝛽 , D , P, 𝜏 , 𝜇 , ơD, sl ,  are assigned. 

3. An initial value of R = R0 will be assigned to both (3.3.9) and (3.3.10)to calculate Q1 and 

Q2 and TC1 and TC2. 

4. If Q1 = Q2 or Q1-Q2<=ɛ then R0 = Ropt 

5. Q1-Q2> ɛ, putR = R0+1 and repeat the process until we get Q1 = Q2 or Q1-Q2<=ɛ . 

6. When R = Ropt , b1 =b2 = bopt and TC1 = TC2 = TCopt 
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Chapter 5: Numerical Illustration and Sensitivity Analysis 

5.1 Numerical Results 

In the numerical example, a scenario has been considered where the product is a fashionable item 

and the values of the parameters are as follows: 

A = $100, hk = $ 0.1, P = $ 50,  

β = 0.2 

D = 25/day, 

τ = 5 days, sτ = 0.44 days 

μ = D* τ =125, 

ơD= 11 

We get, Ropt = 80 units,Qopt = 94 units,TCopt = $ 4814 and for the optimal values of the variables, 

fill rate b = 50%. The graphical representation of the optimal values are shown by Figure 6. 

 
Figure 6: Optimal values of R, Q, Total Cost and shortage 

From Figure 6, it is seen that when R=80, Q1 = Q2 = 94. Therefore, Ropt = 80 and Qopt= 94. And 

the optimal total cost TCopt = $4814.  
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5.2 Sensitivity Analysis 

A sensitivity analysis has been performed by varying different parameters by 10%-100%. The 

parameters are:  

 Holding Cost, Hk 

 Demand elasticity, β 

 Shortage Cost, P 

 Ordering Cost, A 

As a result, optimum values of Q, R, b and total cost responded in certain manners. From these 

responses the sensitivity of each parameter has been observed. The graphical representations of 

the sensitivity analysis along with interpretations are as follows. 

5.2.1 Effects of Changes in Holding Cost,hk 

 Effect of hk on optimal reorder point: The graph which is given in Figure 7 on next 

pageis showing the relationship between the holding costs hkand optimum reorder points 

R. It is clearly being seen that the relationship between hkand R is inversely proportional. 

If holding cost is increased by 100%, R is decreased by around 40%. This occurs because 

increasing holding cost causes the objective function to increase and the reorder quantity 

responds in a manner to nullify the effects of increase in holding cost so that total cost is 

minimized. When there is already some stock in the inventory and holding cost is high, it 

will be reasonable to decrease the reorder point to maintain an efficient supply chain. 

And this graph is the clear indication of that situation.  
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Figure 7: Effects of holding cost on reorder quantity 

 Effect of hk on optimal order quantity: It is evident from Figure 8 that holding cost has 

a great effect on order quantity Q. An inversely proportional relationship is present 

between hkand Q. A 100% increment in holding cost results in more than 100% decrease 

in Q. The reason of the proportionality is similar to that of hk and R. It is seen that, with 

the change of hk, sometimes Q remains unchanged. This happens when Q is large and the 

change of holding cost is low. But the overall downward trend is patent.  

 

 
Figure 8: Effect of holding Cost on quantity ordered 
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 Effect of hk on optimal total cost: The following Figure 9illustrates the relationship 

between holding cost and total cost. Holding cost is a part of total inventory cost. If 

holding cost is increased, total cost should increase too. This graph proves this 

commensurate relationship between total cost and holding cost. According to this 

diagram, 100% holding cost can increase around the total cost by about 40%.  

 

 
Figure 9: Effect of holding Cost on total Cost 

 

 Effect of hk on optimal fill rate:Fill rate initially decreases with increase in hk, however 

the trend reverses after the percent increase in hk goes past 60%. Figure 10 illustrates that 

maintaining a very high fill rate causes the holding cost to increase significantly. As fill 

rate is an increasing function of reorder quantity and increasing holding cost reduces 

reorder point, it is logical that fill rate also falls with raise in holding cost. After a certain 

point, the rate of decrease in order quantity with higher values of hk becomes sharper than 

that of reorder point. Fill rate is a decreasing function of Q which is the reason why fill 

rate ultimately starts rising with increase in holding cost.  
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Figure 10: Effect of holding Cost on fill Rate 

5.2.2 Effects of changes in β 

 Effect of β on reorder quantity:β demonstrates a remarkable effect on reorder quantity. 

R is approximately inversely related to β. It is observed from Figure 11on next page that, 

an increase of β by 100% causes a one-fourth decrease in R. The change is continuous 

which means that every alteration of β, will cause R to respond inversely. The underlying 

reason of this relationship is that both reorder quantity and order quantity are functions of 

cycle time. Increasing demand elasticity causes the inventory consumption to raise which 

shortens cycle time in effect and ultimately reorder quantity reduces along with it. 

 

 

Figure 11: Effect of demand elasticity on reorder quantity 
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 Effect of β on order quantity: The following graph in Figure 12 substantiates that, 

although order quantity decreases with enhance in β , the effect of β on optimal values of 

Q is quite minuscule. 

 

 
Figure 12: Effect of demand elasticity on order quantity 

 Effect of β on total cost: The graph of Figure 13 shows the effect of changing demand 

elasticity on total cost. Since β affects consumer demand which in turn determines the 

optimal values of the decision variables Q and R, increasing β will result in lower values 

of Q and R. This causes holding cost to lessen, hence reduces total cost almost 

exponentially.  
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Figure 13: Effect of demand elasticity on total Cost 

 Effect of β on fill rate:According to Figure 14, increasing β keeping all other parameters 

unchanged reduces fill rate because higher value of β causes the cycle time and reorder 

quantity to reduce and therefore uncertainties in lead time increases which results in 

lower fill rate. 

 

 
Figure 14: Effect of demand elasticity on fill rate 
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5.2.3 Effect of changing stock-out/shortage cost P 

 Effect of shortage cost on reorder quantity: The next relationship inFigure 15 shows 

that when P is doubled, R increases by 25% because increasing shortage cost requires 

higher fill rate to achieve economies of scale. Larger reorder quantity increases fill rate 

and reduces probability of shortage.  

 

 
Figure 15: Effect of shortage cost on reorder quantity 

 Effect of shortage cost on order quantity: The influence of shortage cost on order 

quantity is similar to that of its effect on reorder quantity as shown in Figure 16. 

 

 

 

Figure 16: Effect of shortage cost on order quantity Q 
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 Effect of shortage cost on reorder quantity: Shortage cost has a noticeable impact on 

total cost. If shortage is increased, reorder point, order quantity also increase. Higher 

order quantity results in higher holding cost. But from the graph of hk versus Q, we have 

seen that if holding cost increases, order quantity decreases. This type of dichotomy 

causes a somewhat irregularity on total cost curve. But overall,Figure 17on the next page 

is following an upward trend as shortage cost is a significant component of total cost. 

 

 
Figure 17: Effect of shortage cost on total cost 

 Effect of shortage cost on fill rate:Since increasing P with all other parameters 

unchanged causes reorder quantity to increase and fill rate is a function reorder quantity, 

increasing P should augment fill rate. 100% increment in shortage cost results in around 

60% increment of fill rate as shown in Figure 18. However there is a sharp decrease in 

the carve initially for slight changes in shortage cost. 
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Figure 18: Effect of shortage cost on fill rate 

5.2.4 Effects of Changing Fixed Ordering Cost 

 Effect of ordering cost on reorder quantity:Increasing fixed cost needs large order 

quantities to minimize the total inventory cost. Increasing order quantity reduces R. 

Therefore fixed order cost illustrates an inverse relationship to reorder quantity R as 

depicted in Figure 19.  

 

 
Figure 19: Effect of ordering cost on reorder quantity 

0.455

0.46

0.465

0.47

0.475

0.48

0.485

0 50 100 150 200 250

b
o

p
t

A

P vs bopt

68

70

72

74

76

78

80

82

0 50 100 150 200 250

R
o

p
t

A

Ropt

Ropt



40 
 

 Effect of shortage cost on reorder quantity:An expected relationship between A and Q 

is demonstrated by Figure 20. A 100% increment of ordering cost can increase order 

quantity by less than 10%. Since large order quantity increases holding cost, this might be 

a reason for this weak proportional relationship.  

 

 
Figure 20: Effect of ordering cost on order quantity 

 Effect of shortage cost on total cost: Since ordering cost comprises total cost, Figure 21 

shows the positive relationship between of total cost and ordering cost.  

 

 
Figure 21: Effect of ordering cost on total cost 
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 Effect of shortage cost on fill rate: Figure 22 shows that there exists no regular trend or 

relationship between order cost and fill rate as there is no direct relationship between 

these two. 

 
Figure 22: Effect of ordering cost on fill rate 

From the above analysis, it can be concluded that the two most sensitive parameters for this 
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Chapter 6: Conclusion and Future Work 

6.1 Conclusion 

 This model generates a policy to optimize inventory cost and fill rate for that combines 

deterministic stock-dependent demand with stochastic lead time demand which is 

applicable for a wide range of products starting from clothes to food items. Since garment 

products earn a huge percentage of GDP for Bangladesh, such an inventory optimization 

model would help RMG flourish more efficiently as most of the garment factories in this 

country run sub-optimally.  

  This is a much more realistic model compared to previous models concerning stock-

dependent demand as it takes both demand elasticity and randomness in account. The 

previous deterministic models assumed demand to be stock-dependent throughout the 

cycle time and allowed back-logging to avoid shortage cost. But in practice, minimizing 

shortage is possible only by avoiding stock-outs which is possible by considering 

uncertainties involved in demand. 

 This research provides a general idea on the impact of the parameters (holding cost, 

shortage cost etc.) on inventory decisions. This might help business decide on prioritizing 

the parameters. The parameter which is most prepossessing should be taken care of in the 

first place. 

 Unlike previous models of inventory management, this model generates a hybrid 

approach which has brought focus on lead time demand uncertainty which is the most 

impactful factor that causes business to hamper. 

6.2 Future Work 

 This work can be expanded to optimize inventory of items , demand of which are 

seasonal and not stock-dependent. Therefore the range of this policy can be broadened 

using the same modeling approach. 



43 
 

 This model can be reformulated using other stochastic approach like (s,S) or base-stock 

model. Such reformulation may assist comparison of inventory models based on separate 

approaches and decide on which approach would be better in different scenarios.  

 Demand has been assumed to be continuous in this work which is not the case for most of 

the products. Therefore our research provides a potential to formulate inventory models 

for discrete demand items as well. 

 Apart from using different modeling approaches, such optimization models can be 

formulated using tools of operations research (OR) such as dynamic programming or 

integer programming etc. Therefore this research can be reformulated using concepts of 

OR.  

 Lead time optimization is also possible as an extension of this model. In developing 

countries like Bangladesh, lead time variability is really high because of the lack of 

coordination among buyers and suppliers. Therefore lead time minimization can have a 

far reaching effect on any kind of business that involves   
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Appendix 

Matlab code: 

clc 

clear all 

close all 

 

%necessary variables were randomly defined. 

hk=1; 

R=0; 

beta=0.1; 

D=25; 

A=100; 

tao=5; 

P=50; 

sigma= 5; 

sigmaZ=11; 

u=125; 

Rend=160; 

tol=1; 

i=1; 
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for R=0:1:Rend 

 

disp('Iteration Starts.') 

i 

r(i)=R; 

    z=(R-u)/sigmaZ; 

    F_R=normcdf(R,u,sigma); 

    L=(1/sqrt(2*pi))*(exp(-0.5*z^2))-(z*(1-F_R)); 

n_R=sigmaZ*L; 

nR (i)=n_R; 

 

    % Solves equ1 for Q1. 

disp('Calculating Q1.') 

syms Q1; 

    eqn1 = hk/beta + (2*hk*(D+beta*Q1))/(beta*(D+beta*R)) -(D*hk)/(beta*(D+beta*Q1)) - 

A/((1/beta*log((D+beta*Q1)/(D+beta*R))+tao)^2*beta*(D+beta*Q1)) - 

(P*L*sigmaZ)/((1/beta*log((D+beta*Q1)/(D+beta*R))+tao)^2*beta*(D+beta*Q1)) ==0; 

    Q1 = double(solve(eqn1,Q1)) 

q1(i) = Q1; 

 

    % Solves equ2 for Q2. 

disp('Calculating Q2.') 
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syms Q2; 

    equ2 = hk - (hk*(2*D*beta*Q2+D^2+beta^2*D^2))/(beta*D^2+beta^3*R^2+2*D*R*beta^2) 

+ (D*hk)/(beta*(D+beta*R)) + 

A/((1/beta*log((D+beta*Q2)/(D+beta*R))+tao)^2*beta*(D+beta*R)) + (P*(1-

F_R))/((1/beta*log((D+beta*Q2)/(D+beta*R))+tao)^2*beta*(D+beta*R)) ==0; 

    Q2 = double(solve(equ2,Q2)) 

q2(i) = Q2; 

 

    % Imaginary number check. 

if (imag(Q1) | imag(Q2)) 

disp('Imaginary Q detected.') 

disp('Stop.') 

break; 

end 

 

    % Q1,Q2intesection check.  

if (abs(Q1-Q2) <= tol) 

disp('Optimal Value obtained.') 

        R 

        Q1 

        Q2 

end 
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    % Calculating TC1 & TC2. 

disp('The total cost wrt (R,Q1) and (R,Q2) are,') 

    TC1(i)=hk/beta^2*(D+beta*Q1)*(1+(D+beta*Q1)/(D+beta*R))- 

(D*hk*(((D+beta*Q1)/(D+beta*R))/beta))/beta+hk*(R-

u)+A/(1/beta*log((D+beta*Q1)/(D+beta*R))+tao) + 

P*(n_R/(1/beta*log((D+beta*Q1)/(D+beta*R))+tao)) 

    TC2(i)=hk/beta^2*(D+beta*Q2)*(1+(D+beta*Q2)/(D+beta*R)) - 

(D*hk*(((D+beta*Q2)/(D+beta*R))/beta))/beta+hk*(R-

u)+A/(1/beta*log((D+beta*Q2)/(D+beta*R))+tao) + 

P*(n_R/(1/beta*log((D+beta*Q2)/(D+beta*R))+tao)) 

    %pause(1) 

 

    % Calculating variables. 

    b1 = 1-(n_R/Q1) 

    b2 = 1-(n_R/Q2) 

pause(1) 

 

    % Output matrix. 

disp('Necessary Variables in matrix .') 

out_mat = [r; q1; q2; TC1; TC2; TC1+TC2] 

    %pause(1) 
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subplot(3,1,1) 

plot(r,q1,r,q2) 

xlabel('R') 

ylabel('Q1 and Q2') 

legend('Q1','Q2') 

 

subplot(3,1,2) 

plot(r,TC1,r,TC2) 

xlabel('R') 

ylabel('TC1 and TC2') 

legend('TC1','TC2') 

 

subplot(3,1,3) 

plot(r,nR) 

xlabel('R') 

ylabel('n_R') 

 

 

     Total_Cost1 = TC1(i)  

        Total_Cost2 = TC2(i)  

        b1 
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        b2 

out_mat 

        % pause(1) 

 

disp('Iteration Stops.') 

 

i=i+1; 

 

end 

 

 

 

 

 

 

 

 

 

 

 

 

 


