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Abstract 

This Licentiate Thesis is concerned with the lot scheduling of multiple items on 
a single facility, both in production and disassembly. The thesis contains an 
introductory overview and four research papers, entitled: 

I. Lot Sizes in a Capacity Constrained Facility — A simulation Study of 
Stationary Stochastic Demand 

II. Determination of Safety Stocks for Cyclic Schedules 

III. Lot Scheduling in a Disassembly Factory 

IV. Cyclic Lot Scheduling with Sequence-dependent Setups: A Heuristic 
for Disassembly Processes 

In paper I, the applicability of two deterministic lot sizing-procedures is tested in 
a simulation study when demands are stochastic. The paper shows that a 
deterministic model can be used in a practical situation where the demand rate is 
stationary stochastic, but the models must be complemented by a decision rule; 
which item to produce and when to produce it. 

Paper II develops a planning and control model for determination of safety 
stocks for cyclic schedules, both with and without idle time. The paper shows 
how the variance in demand during lead time can be estimated, which is used for 
determination of safety stocks and order-up-to levels. For systems with idle 
time, a control model for the decision to produce next item or idle the facility is 
presented. 

Paper III is an introduction to lot scheduling in disassembly processes. The 
performance of two different lot scheduling policies for the disassembly of 
multiple items is tested in a simulation study when setup times are sequence-
dependent. It is concluded that cyclic schedules are preferable in disassembly 
processes with sequence-dependent setup times. 

In paper IV, a lot scheduling heuristic for disassembly processes with sequence-
dependent setups is developed. The heuristic determines disassembly 
frequencies and the profitable use of the facility and results in a cyclic schedule. 
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Sammanfattning 

Denna licentiatuppsats behandlar lagerstyrning vid produktion och demontering 
av ett flertal produkter i  en  kapacitetsbegränsad anläggning. Uppsatsen 
innehåller  en  inledande introduktion till området med tidigare forskning  samt  
fyra forskningspapper med titlarna: 

I. Orderstorlekar i  en  kapacitetsbegränsad anläggning —  En simulerings-
studie  med slumpmässig efterfrågan 

II. Bestämmande av säkerhetslager vid cyklisk planering 

III. Planering och schemaläggning i  en  demonteringsfabrik  

IV. Cyklisk planering med sekvensberoende ställtider:  En  heuristik för 
demonteringsprocesser 

I papper I studeras två  modeller  som normalt används för bestämmande av 
orderstorlekar vid  konstant  efterfrågan. Dessa testas i  en simuleringsstudie  i 
situationer när efterfrågan är slumpmässig.  Den  huvudsakliga slutsatsen är att 
sådana  modeller  kan användas vid slumpmässig efterfrågan,  men de  måste 
kompletteras med  en  beslutsregel som bestämmer vilken produkt som ska 
tillverkas  samt  när  den  ska tillverkas. 

Papper II utvecklar  en  planerings- och styrmodell för bestämmande av 
säkerhetslager vid cyklisk planering med slumpmässig efterfrågan. I papperet  
visas  hur variationen i efterfrågan  under  ledtid kan uppskattas, vilken är 
nödvändig för bestämmandet av säkerhetslager. I papperet betraktas inte bara  
system  med kontinuerlig produktion utan även  system  med  en  viss andel 
outnyttjad tid. För dessa presenteras  en  styrmodell för beslutet huruvida 
tillverkning ska ske eller inte. 

Papper III är  en  introduktion till planering och schemaläggning av 
demonteringsprocesser. Två olika principer testas i  en simuleringsstudie  där 
ställtiderna är sekvensberoende. Slutsatsen är att cyklisk planering är att föredra 
i demonteringsprocesser med sekvensberoende ställtider. 

Papper  IV  utvecklar  en  heuristik för demonteringsprocesser med 
sekvensberoende ställtider. Heuristiken bestämmer demonteringsfrekvenser och 
lönsamt utnyttjande av anläggningen  samt  resulterar i ett cykliskt schema. 
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Introduction 

The world economy turns more and more integrated. Many firms seek, or have 
already developed, global strategies where either their products are designed for 
a world market and produced wherever low-cost raw materials, components, and 
labour can be found or they simply produce locally and sell internationally. In 
either case, a product or service is of little value if it is not available to 
customers at the time and place they wish to consume it. (Ballou [3]) 

Getting the right goods or services to the right place, at the right time, and in the 
desired condition, while making the greatest contribution to the firm, is the 
mission of logistics. Thus, logistics is about creating value — for customers and 
suppliers as well as for the firm's stakeholders. Value in logistics can be 
expressed in terms of time and place.  (ibid.)  

The Council of Logistics Management (CLM) [6] defines Logistics 
Management as: 

Logistics Management is that part of Supply Chain 
Management that plans, implements, and controls the 
efficient, effective forward and reverse flow and storage of 
goods, services, and related information between the point 
of origin and the point of consumption in order to meet 
customers' requirements. 

According to this definition, Logistics Management concerns not only forward 
flows of goods, services, and related information, but also reverse flows. A 
general chain of forward and reverse flows could look like Figure 1. 
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Figure 1. Forward and reverse logistics. 

The forward flow contains the activities supply, production, and distribution in 
Figure 1, which we define as forward logistics. Forward logistics is a collection 
of functional activities throughout the channel through which raw materials are 
converted into finished products and value is added in the eyes of consumers. In 
recent years, re-use activities have become more and more important, mainly 
due to legislation and customer expectations. From a logistical perspective, re-
use activities give rise to an additional flow of goods (dotted in Figure 1) from 
the consumer back to the producers. The management of this flow, which is 
opposite to the traditional supply chain, is the concern of reverse logistics. 

A logistical system contains many components and can be designed in various 
ways. According to CLM [6] the components of a typical logistical system are 
customer service, demand forecasting, distribution communications, inventory 
control, material handling, order processing, parts and service support, plant and 
warehouse site selection (location analysis), purchasing, packaging, return goods 
handling, salvage and scrap disposal, traffic and transportation, and warehousing 
and storage. This thesis is concerned with one of these components; inventory 
control, both in forward logistics systems and reverse logistics systems. More 
specific, the thesis concerns the lot sizing, scheduling, and sequencing (i.e. lot 
scheduling) of multiple items on a single facility, both in production and re-
processing (marked with grey in Figure 1). Besides this introductory overview, 
the thesis contains four research papers, referred to as I-IV: 
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I. Lot Sizes in a Capacity Constrained Facility — A simulation Study of 
Stationary Stochastic Demand 

II. Determination of Safety Stocks for Cyclic Schedules 

III. Lot Scheduling in a Disassembly Factory 

IV. Cyclic Lot Scheduling with Sequence-dependent Setups: A Heuristic 
for Disassembly Processes 

The thesis is divided into two parts and is organized as follows. First part 
considers lot scheduling in forward logistics systems and includes chapter 2 in 
this introductory overview and paper 1-II. Chapter 2 begins with characteristics 
of a forward logistics system. This is followed by the reasons for inventories and 
inventory control. Then, the economic lot scheduling problem (ELSP) is 
introduced and previous research on this problem is presented. In paper I, the 
applicability of two deterministic lot sizing-procedures for ELSP is tested in a 
simulation study when demands are stochastic. Also paper II considers the 
economic lot scheduling problem with stochastic demands and develops a 
planning and control model for determination of safety stocks for cyclic 
schedules. 

The second part of the thesis considers the same lot scheduling problem, but 
from another point of view; reverse logistics. This part contains chapter 3 and 
paper 	Chapter 3 begins with an introduction to reverse logistics, followed 
by previous research on inventory control and scheduling within this field. The 
chapter ends with previous research on disassembly processes. Paper III is an 
introduction to lot scheduling in disassembly processes and paper IV develops a 
heuristic for cyclic lot scheduling in disassembly processes with sequence-
dependent setups. General conclusions are given in chapter 4. 
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2 Forward Logistics 

In a typical forward flow, raw materials are procured and items are produced at 
one or more factories, stored, and then distributed to retailers or customers. The 
flow contains many components and can be designed in various ways. Ballou 
[3] means that customer service, transportation, inventory management, 
information flow, and order processing are the key activities in the forward 
supply channel. Hence, one central component in a firm's production and 
logistics channel is inventories, which appear at numerous points throughout the 
channel. Inventories are essential to logistics management since it is usually not 
possible to provide instant production to customers. 

2.1 Inventories 
Inventories are stockpiles of raw materials, components, work in process, and 
finished goods. The reasons for having inventories relate to customer service 
and to cost economies indirectly derived from them. They serve as buffers 
between supply and demand so that the needed product availability can be 
maintained while providing flexibility for production and logistics to seek more 
efficient methods for manufacturing and distribution of the product. According 
to Lambert and Stock [43] inventories serve five purposes within the firm: (1) 
they enable the firm to achieve economies of scale; (2) they balance supply and 
demand; (3) they enable specialization in manufacturing; (4) they provide 
protection from uncertainties in demand and order cycle; and (5) they act as a 
buffer between critical interfaces within the channel of distribution. Inventories 
can be categorised from how they are created. For instance, Krajewski and 
Ritzman [41] identify four different types of inventories in this context: cycle, 
safety, anticipation, and pipeline. Cycle inventory is the portion of the total 
inventory that varies directly with the lot size. Safety stock is held by a company 
to protect against uncertainties in demand, lead time, and supply. Anticipation 
stock is used to build up inventory when the production capacity might be lower 
than expected future demand, e.g. seasonal variations. Finally, the pipeline 
inventory consists of items moving from point to point in the material flow 
system. 

2.2 Inventory Control 
Carefully managing inventory levels makes good economic sense, since having 
inventories on hand can cost between 20 and 40 percent of their value per year 
(Ballou [3]). Axsäter [2] means that the objective of inventory control is to 
balance conflicting goals. One goal is to keep inventory levels down to make 
cash available for other purposes. On the other hand, the purchasing manager 
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may wish to order large batches to get volume discounts. The production 
manager normally wants high inventories to support long production runs and 
avoid time-consuming setups. Additionally, lack of inventory may shut down 
the production line due to missing materials. The marketing manager would like 
to have high inventories over a broad range of finished goods to allow quick 
response to customer demands. According to Axsäter [2] it is seldom trivial to 
find the best balance among these goals and that is why an inventory control 
system is needed. The purpose of such a system is to determine when and how 
much to order. This decision should be based on the current inventory situation, 
the expected demand, and different cost factors. 

For independent items (i.e. items that can be controlled independently) the 
inventory can be controlled in different ways. An inventory control system can 
be designed so that the inventory position is monitored continuously or at certain 
time intervals. The continuous review system triggers an order, which will be 
delivered after a certain lead-time, as soon as the inventory is sufficiently low. 
The other alternative is denoted periodic review, since it considers the inventory 
position only at certain time intervals. In general, these intervals are constant. 
(Axsäter [2]) 

The two most common ordering policies connected with inventory control are 
denoted (R,Q) and (s,S) policy. When using an (R,Q) policy, the two parameters  
R  (Reorder point) and  Q  (Order quantity) need to be determined. For this, one of 
the most well-known results in the inventory control area is used; the economic 
order quantity (EOQ). EOQ originates from Harris [33], but it is also associated 
with Wilson [70] and known as the Wilson lot size. The EOQ is modified to 
other settings as well, e.g. finite production rate, quantity discounts. The (s,S) 
policy is similar to the (R,Q) policy. When the inventory position is below s, the 
quantity up to the maximum level, S, is ordered. This policy differs from the 
(R,Q) policy in the way that we do not need to order multiples of a given order 
quantity. 

This far it has been assumed that different items in the inventory can be 
controlled independently. Let us instead consider a situation where there is a 
need to coordinate orders for different items. For example, this is found where 
many different items share a common supplier or mode of transportation. This is 
also found where many different items, all stocked at the same location, share a 
common production facility. This is the situation considered in this thesis. 

According to Axsäter [2] there are two main reasons for coordinating 
replenishments of a group of items. First, we would like to have smooth capacity 
utilization. The other main reason is completely opposite. In many situations, it 
can be advantageous to trigger orders for a group of items at the same time. For 
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instance, it is often possible to get a volume discount from a vendor if the total 
order is greater than a certain breakpoint, alternatively reduce the transportation 
costs due to coordinated transportations. The setup costs can also sometimes be 
reduced if a group of similar items are produced together in a machine. Axsäter 
[2] states that it is very complicated to control the inventories of different items 
in such a way that we get both low inventory costs and smooth capacity 
utilisation. Figure 2 shows the characteristics of a multi item scheduling 
problem. 

Cost 
Total cost 

Product run length and product 
sequencing alternatives 

Figure 2. Setting the sequence of production runs for multiple products (Ballou [3], p.40) 

In a multi item scheduling problem, the production costs are affected by the 
sequence in which the products are produced and the length of production runs. 
As the production run length is increased, inventory costs will increase due to a 
raised average inventory level. The best production sequence and run length in 
which to produce are found where the combined production and inventory costs 
are minimised. (Ballou [3]) 

2.3 Economic Lot Scheduling Problem 

According to Axsäter [2] it is common to use cyclic schedules when 
coordinating replenishments of different items. The determination of cyclic 
schedules for production of multiple items on a single facility is often denoted 
the Economic Lot Scheduling Problem (ELSP). According to Silver et al. [60] 
such methods apply most commonly in continuous flow processes, although 
they may also be applicable to batch flow processes. Silver et al. [60] state that 
ELSP is concerned with finding a cycle length, a production sequence, 
production times, and idle times, so that the production sequence can be 
completed in the chosen cycle, the cycle can be repeated over time, demand can 
be fully met, and annual inventory and setup costs can be minimised. 

The assumptions of a restricted version of the problem normally define the 
classical ELSP. These assumptions are (Bomberger [4] and Doll and Whybark 
[10]): 
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• Only one item can be produced at a time 
• Production capacity is constrained but sufficient to meet total demand 
• Production rates are deterministic and constant 
• There is a setup cost and a setup time associated with producing each item 
• Setup costs and times are independent of production order 
• All demand must be met in the periods in which they occur 
• Demand rates are deterministic and constant 
• Inventory costs are directly proportional to inventory levels 

ELSP is extensively investigated in the literature and research has shown that it 
is a difficult problem to solve, mainly due to two reasons; the need to satisfy the 
production capacity constraint and the constraint to produce only one item at a 
time. This means that production of items must be synchronized to avoid 
scheduling two items at the same time, known as the synchronization constraint 
(Gallego and Shaw [20]). Hsu [35] and Gallego and Shaw [20] have shown that 
the ELSP is NP-hard. 

Elmaghraby [12] presents an overview of the general problem and a review of 
early contributions to the problem. He divides the contributions into two 
categories: 

I. Analytical approaches that achieve the optimum of a restricted version of 
the original problem. 

II. Heuristic approaches that achieve "good" solutions of the original 
problem. 

In the context of the ELSP items are often scheduled within basic periods, which 
is a time interval devoted to setup and production of a subset (or all) of the 
items. For a given value of the basic period the analytical approaches normally 
use either dynamic programming (DP) e.g. [1] and [4] or integer nonlinear 
programming models e.g. [7]. According to Yao and Elmaghraby [71] the 
solution of a large-scale ELSP problem seems to be out of reach for analytical 
approaches such as DP, since solving DP-models in fact implicit enumeration 
and it takes long run times for these approaches to solve this problem. The 
heuristic approaches, on the other hand, cannot guarantee the quality of the 
solution. 

The solution of ELSP is the set of multipliers and the basic period in which each 
item is produced. There are three broad categories of solutions that have been 
found useful. The problem formulations for the ELSP can be classified as the 
common cycle approach, the basic period approach, and the extended basic 
period approach. In the common cycle approach all items are produced exactly 
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once in the cycle. According to Zipkin [72] such a cycle is denoted rotation 
cycle. Hanssmann [32], who was one of the first researchers dealing with ELSP, 
presented a common cycle approach. In general, the common cycle approach 
has drawbacks, mainly due to imbalances in demand rates or production rates 
between the items, even though successful applications have been reported in 
the literature, such as Galvin [21], who considered sequence-dependent setup 
costs in metals manufacturing. 

The basic period approach is an extension of the common cycle approach. This 
approach was introduced by Bomberger [4], who presents a dynamic 
programming solution allowing the items to have different cycle times, but each 
item's cycle is an integer multiple of a basic period. The basic period is long 
enough to accommodate production of all items. This is a rather restrictive 
condition, which usually results in suboptimal solutions. Doll and Whybark [10] 
present an iterative procedure for determination of production frequencies and 
the basic period. Haessler and Hogue [31] extend the Doll and Whybark [10] 
procedure. Their approach is based on limiting the set of item multipliers to 
powers of two. Other basic period approaches are e.g. [44] and [50]. 

The extended basic period approach obviates the waste of capacity of the 
production facility by removing the restriction of a basic period long enough to 
accommodate production of all items, which makes it possible to produce only a 
subset of the products in any basic period. Stankard and Gupta [65] divide the 
total set of products into groups of items with the same production frequency. 
Each group is then divided into subgroups so that one subgroup is produced in 
each basic period. Other researchers presenting extended basic approaches are 
e.g. Haessler [30] and Axsäter [1], who presents a dynamic programming 
solution. 

When coordinating the replenishments of different items it is common to use so-
called power-of-two (PoT) policies, in which the production frequency of each 
item is a multiplier of two. The method of Haessler and Hogue [31] was one of 
the first. According to Yao and Elmaghraby [71] there are several reasons for 
applying PoT policies, both from a theoretical and a practical point of view. One 
is that the worst case bounds for these policies are reasonably tight. For instance, 
Jackson et al. [37] derive a 94% bound, while Federgruen and Zheng [13] and 
Roundy [56] provide a 98% bound. PoT policies also simplify the construction 
of a cyclic schedule. 

The algorithms above assume setup times that are independent of production 
sequence. Lot sizing and scheduling with sequence-dependent setup times is not 
as extensively investigated in the literature, even though it is common in 
practice. For instance, setups between items of different families are often more 
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costly and time-consuming than setups between items of the same family. 
Dobson [9] provides a heuristic solution procedure for ELSP with sequence-
dependent setups. A Lagrangian relaxation and solving of a minimum spanning 
tree problem results in production frequencies, which are used to find heuristic 
solutions for the problem. Haase and Kimms [29] develop a mixed integer 
programming model. Others dealing with sequence-dependent setup times are 
e.g. [14], [21] and [57]. 

Lopez and Kingsman [48] list and compare eighteen different algorithms. The 
performances of five of these together with a common cycle approach are 
evaluated in problems from the literature as well as real-world problems. When 
setups are independent of production sequence, the extended basic period 
approaches outperform the common cycle approach. In general, Haessler's 
method [30] performed best in this test. However, the real-world problems in the 
test included sequence-dependent setup times, which the tested methods were 
not adjusted to. The common cycle approach was used after minimizing the total 
cycle setup time and performed best in the case with sequence-dependent setup 
times. Therefore, Lopez and Kingsman [48] conclude that the common cycle 
approach may be the best to use when dealing with sequence-dependent setup 
times, since it reduces the total setup time resulting in smaller lot sizes and 
lower costs. 

2.4 Stochastic Lot Scheduling Problem 

In section 2.3 we considered deterministic demands, which most of the 
approaches to the ELSP assume. However, the demand rate for goods and 
services is often not deterministic, instead it can vary greatly, which adds a great 
deal of complexity to the problem. The problem with stochastic demands is 
denoted the Stochastic Lot Scheduling Problem (SLSP). Sox et al. [64] make an 
extensive investigation of the research literature on the SLSP and conclude that 
the deterministic version of the problem is investigated extensively within the 
literature whereas the stochastic problem is not as investigated. 

In the stochastic problem the constrained production capacity must be allocated 
among the products and the allocation must be dynamic due to the stochastic 
demand, which leads to a competition for production capacity between the items 
(Sox et al. [64]). This competition leads to a need for more safety stocks in order 
to obtain a desired service level than if only one item is produced on the facility. 
For instance, a long production run of an item in order to restore its inventory 
level could lead to shortages for the other items. According to Sox et al. [64] 
inventories serve different purposes in this case. Except for serving as a hedge 
against shortages due to the stochastic demand, it reduces the total setup cost 
and the fraction of production capacity used for setups. Additionally, and 
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specific for this coordinated problem, inventories serve as a buffer against 
scheduling conflicts resulting from the variations in demand. Sox et al. [64] 
divide the stochastic problem into two versions. One, denoted Stochastic 
Economic Lot Scheduling Problem (SELSP), is a continuous time version of the 
problem with stationary stochastic demand assuming an infinite planning 
horizon. The other is denoted Stochastic Capacitated Lot Sizing Problem 
(SCLSP) and is a discrete time version assuming a finite planning horizon 
allowing non-stationary, but independent demands. 

According to Axsäter [2] it is common to disregard stochastic demand 
variations, solve the remaining deterministic problem, and add safety stocks in a 
second step using techniques for independent items. Some authors have 
constructed control rules in order to apply deterministic ELSP-models to the 
SLSP. For instance, Vergin and Lee [69] test six different scheduling rules in a 
simulation study. Early tests by Dzielinski et al. [11] showed that a deterministic 
model can perform favourably, particularly when the solution is adapted as new 
forecast information becomes available. On the other hand, Leachman and 
Gascon [45] mean that traditional cyclical approaches do not lead to satisfactory 
results under stochastic demands. In other words, there are different opinions 
whether deterministic models can be used in stochastic environments. 

Paper Tin this thesis examines if a deterministic model can be used if demand is 
stationary stochastic. We investigate the effects of stochastic demand rates in a 
simulation study. Two deterministic lot sizing models, Bomberger's [4] dynamic 
programming approach and a heuristic method from  Segerstedt  [59], are used to 
calculate the lot sizes of four items. The production of these items is simulated 
with different variations in demand. We try to resemble a practical situation, 
which explains the use of a forecasting system in the simulation, even though we 
know that the average demand rates are stationary. The simulation study shows 
that a deterministic model can be used in a practical situation where the demand 
rate is stationary stochastic, but the models must be complemented by a decision 
rule; which item to produce and when to produce it. The two models perform 
rather similarly in the study, which indicates that the model for determination of 
lot sizes is of less importance than the decision rule for identification of the item 
to produce and when to produce it. 

According to Sox et al. [64] there are two critical elements in the control policy 
of SLSP: lot sizing and sequencing. Most policies in literature use a dynamic lot 
sizing procedure where the lot size is adjusted to demand realization. The 
sequencing is either fixed, e.g. [5] and [18], or dynamic, e.g. [22], [45], and [54]. 
A dynamic sequencing simplifies the adaptation to demand realisation whereas 
the fixed sequencing simplifies the scheduling of setups. When a fixed, cyclic 
sequence is used the lot sizes are varied to accommodate demand variation and 
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order-up-to levels are normally used. Some authors have considered the 
stochastic part of the problem and developed solutions from non-linear 
optimization, queuing analysis, and simulations to construct control policies. 
Bourland and Yano [5] use a cyclic schedule and develop a planning model and 
a control model. In their model they use overtime in the production. If an item 
reaches its reorder point during the production of the previous item, the 
remainder of the production of this item is completed using over time, which is 
more costly than normal production. The planning model determines the cycle 
length, allocation of idle time, and safety stock levels. Gallego [18] determines a 
cyclic production sequence using the results from Gallego and Roundy [19] for 
ELSP with backorder costs and presents a simulation-based search method for 
determination of safety stocks.  Smits  et al. [61] define the waiting time as the 
time between the release and the production of the replenishment order and 
develop approximations for the first two moments of the waiting time. This is 
used to determine order-up-to levels, given the target fill rates. 

Leachman and Gascon [45] develop a dynamic cycle lengths heuristic, in which 
they divide time into discrete periods. The review period length is fixed at one 
and they restrict that at most one setup can be performed in each period. The 
control policy is based on the concepts of runout time, which is the expected 
time until an item runs out of stock, and total slack from the deterministic ELSP. 
The total slack is defined as the expected runout time except for setup time and 
production time. If the total slack is negative, lot sizes are reduced in order to 
generate a schedule in which the total slack is positive. Their heuristic allows 
demand to be non-stationary. Leachman et al. [46] improve the calculations of 
production time in [45].  Leva  [47] presents, based on the heuristic in [45], a 
way to modify order quantities solved from traditional ELSP to obtain a feasible 
production schedule with respect to current inventory levels. This heuristic 
operates in continuous time and gives the possibility to reduce batch sizes so 
that the production order is changed during the search for a feasible schedule. 
Sox and Muckstadt [63] formulate a stochastic mathematical programming 
model with a finite planning horizon. The objective function is non-linear and 
incorporates the total cost of planned production and setups including cost for 
inventory and backorders. They use Lagrangian decomposition and a branch and 
bound procedure to solve the problem. Their model is classified as a stochastic 
version of the Capacitated Lot Sizing Problem. Others with dynamic sequencing 
are e.g. [22] and [54]. 

In the review of the stochastic problem made by Sox et al. [64] they point out 
that it lacks a rigorous method for determination of safety stock levels in models 
where the production and inventory control are constructed simultaneously. In 
order to fill this gap, paper II in this thesis develops a planning and control 
model for determination of safety stocks for cyclic schedules. As shown, there 
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are many existing models for determination of production frequencies, idle 
times, and cyclic schedules. We assume that one of these is used for 
determination of a cyclic schedule. Our model can then be applied in a second 
step for determination of safety stocks and order-up-to levels. For systems with 
idle time we need to make a decision whether to produce next item or idle the 
machine. A control model for this decision is also developed in the paper. The 
planning and control model is tested in a simulation study, which shows that the 
approximations perform well with respect to service levels and costs. 
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3 Reverse Logistics 

One area that has been subject for an increased research in recent years is 
reverse logistics, even though it is not a new phenomenon. For instance, waste 
paper recycling and deposit systems for bottles are systems that have been used 
for many years. However, reverse logistics has recently become an important 
issue for many manufacturers, mainly due to legislation and customer 
expectations. Several countries have adopted environmental legislation forcing 
producers to take responsibility for the complete life-cycle of their products. 
Take-back obligations for a number of product categories such as electronics, 
packaging material, and cars are some of the legislative measures taken  
(Fleischmann  et al. [16]). For instance, the European Parliament and the Council 
of the European Union adopted in the beginning of 2003 the WEEE (Waste 
Electrical and Electronic Equipment)-directive [8]. This directive is addressed to 
all member states of the European Union and its main objective is to reduce the 
disposal of electrical and electronic equipment. For example, the member states 
shall ensure that all collected WEEE is transported to authorised treatment 
facilities unless the appliances are re-used as a whole.  

Thierry  et al. [66] mean that old products can be resold directly, recovered, or 
disposed of. A general product recovery network includes some recurrent 
activities as collection, selection, re-processing, and disposal as was shown in 
Figure 1. According to  Fleischmann  et al. [16] collection contains activities for 
making used products available and transporting them to a specified point for 
further treatment. Selection includes all activities that determine if a product is 
re-usable and in what way. This step may include testing, disassembly, 
shredding, sorting, and storage. At this stage, there is a separation in the flow, 
the products that are re-usable and the products that are not re-usable for 
technical or economical reasons. A product can be rejected due to excessive 
repair requirements or loss of market potential (e.g. outdating). These products 
are disposed of in special landfills. In the re-processing step, used products are 
transformed into usable products again or materials are recovered.  

Gungor  and Gupta [27] categorize the recovery process into material recovery 
(recycling) and product recovery (remanufacturing). Material recovery mostly 
includes disassembly for separation and processing of materials of used 
products. The main purpose is to minimise the amount of disposal and maximise 
the amount of materials returned back into the product cycle.  Thierry  et al. [66] 
classify the recovery process as repair, refurbishing, remanufacturing, 
cannibalisation, and recycling. Each of these options involves collection and re-
processing, but differs in the re-processing part. Repair, refurbishing, and 
remanufacturing increase used products in quality and technology where repair 
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involves the smallest and remanufacturing the largest increase. In 
cannibalization a limited amount of reusable parts is recovered whereas the 
purpose of recycling is to re-use materials from used products and components.  

Fleischmann  et al. [15] classify different types of items to recover into packages, 
spare parts, and consumer goods. These differ with respect to when and why 
items are returned. Packages will be returned rather quickly since they are no 
longer required once their content has been delivered. Spare parts are returned 
upon failure or preventive maintenance, typically after a longer time and 
possibly with some defect. Consumer goods are mostly only returned at the end 
of their lifecycle, which can be rather long and might imply outdating of the 
product. Products can also be returned after expiry of lease contracts. In this 
case, the timing of return is known in advance and can thus be planned for. All 
of these aspects influence the possible forms of re-use of the item.  Fleischmann  
et al. [15] also distinct between re-use made by the original producer and re-use 
made by a third party since the actor sets important constraints on the possibility 
of integrating forward and reverse logistics activities.  

Fleischmann  et al. [15] states that a high level of uncertainty characterizes 
product recovery management. According to  Fleischmann  et al. [16] the supply 
side is the main difference between a traditional production-distribution system 
and a reverse logistics system. In a traditional system, the supply in the sense of 
timing, quantity, and quality can be controlled according to the system's needs. 
In recovery systems, supply may be more difficult to forecast. For instance, the 
number of sources of used products tends to be large compared to the number of 
supply points in a traditional setting. The timing and quantity of returned 
products are determined by the former user rather by the recoverer's 
requirements, which complicates the planning of collection and recovery. 
Additionally, the form of recovery needed (i.e. process steps) is often dependent 
on the product quality. Furthermore, demand for recovered products and 
materials appears to be difficult to forecast, since re-use markets are not yet well 
established. Guide and Srivastava [25] mean that the following factors increase 
the system complexity: 

• Probabilistic recovery rates of parts which implies uncertainty in material 
planning 

• Unknown condition of the recovered parts until inspected 
• Units are composed of specific and common parts and components, which 

leads to a part matching problem 
• Remanufacturing shop structure adds complexity 
• Imperfect correlation between supply of products and demand for 

remanufactured units 
• Uncertainties in the quantity and timing of returned products. 
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However, the network complexity depends on the specific recovery process and 
may vary. 

3.1 Inventory Control 
As chapter 2 indicates, inventory control is extensively investigated in 
traditional production systems. Often, these techniques are not directly 
applicable to recycling and remanufacturing environments, mainly due to higher 
system complexity. However, several authors have proposed inventory control 
models taking returns of used products into account.  Fleischmann  et al. [15] 
review quantitative models for reverse logistics. They note that research on 
reverse logistics had been confined to rather narrow views on single issues and 
divide the field into three main areas: distribution planning, inventory control, 
and production planning. In a normal reverse logistics system, a producer meets 
demand for new products and receives returned products. There are two 
alternatives for meeting the demand; production of new products by ordering the 
required materials externally or re-processing returned products. According to  
Fleischmann  et al. [15] the objective of inventory management in reverse 
logistics is to control external component orders and the internal component 
recovery process to guarantee a required service level and to minimize fixed and 
variable costs. 

One of the first models for the situation with product returns was presented by 
Schrady [58]. He presents a control policy with fixed lot sizes serving demand 
as far as possible from recovered products, assuming constant and deterministic 
demand and return rates with fixed lead times for external orders and recovery. 
Mabini et al. [49] extends the work by Schrady [58] to consider a multi item 
system where the items share the same repair facility. Muckstadt and Isaac [52] 
consider a continuous review procurement policy in a single echelon model and 
apply the results on a two echelon model. The policy controls the outside 
procurement according to a traditional (R,Q)-rule whereas returned products are 
remanufactured as soon as possible. They present an approximation procedure to 
determine the values of  R  and  Q.  

Van der Laan et al. [67] consider a single-product, single-echelon production 
and inventory system with product returns, product remanufacturing, and 
product disposal. They make a numerical comparison of three different 
procurement and inventory control strategies. In this model the number of 
returned products to be remanufactured is limited. When the inventory level of 
returned products equals this limit remaining products are sent to disposal. They 
conclude that it is preferable to base the decision whether to send to disposal or 
remanufacture on both the inventory level of remanufacturables and the total 
inventory position. 
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Van der Laan and Salomon [68] develop PUSH and PULL strategies in an 
inventory system with production, remanufacturing, and disposal operations 
where used products are either remanufactured or disposed of. The demand is 
stochastic and must be fulfilled, either from the production of new products or 
by the remanufacturing of used products.  Kiesmüller  and van der Laan [40] 
consider an inventory model for a single reusable product where the random 
returns depend on the demand stream.  Fleischmann  et al. [17] extend a single-
product inventory model to include Poisson demand and returns. Others 
considering inventory control with product returns are e.g. [34] and [36]. 

3.2 Scheduling 
When it comes to scheduling within the area of reverse logistics the research is 
not as extensive as on inventory control. Guide [23] states that scheduling in a 
remanufacturing environment is more complex than in a traditional 
manufacturing environment, because the scheduler must deal with more 
uncertainty. The author applies a drum-buffer-rope concept to a remanufacturing 
environment in a simulation study. Gupta and Taleb [28] consider the 
disassembly of products and mean that the demand is on the component level in 
the product structure. They introduce an algorithm that reverses the traditional 
MRP procedure. 

Guide et al. [24] consider a model consisting of a ten centre remanufacturing 
shop, each work centre performing a unique operation. Sixteen different priority 
dispatching rules and four different disassembly release mechanisms are tested 
in a simulation study. There was no significant difference among any of the 
disassembly release mechanism in their study, which favours the simplest 
method. Perry [53] examines the impact of lot sizes and lead times on 
performance and costs for thirteen remanufacturers and concludes that a strong 
motivation to minimize remanufacturing lot sizes and lead times distinguish 
efficient remanufacturing operations. 

3.3 Disassembly  

Gungor  and Gupta [27] define disassembly as a systematic method for 
separating a product into its constituent parts, components, subassemblies, or 
other groupings. This activity plays an important role in many recovery 
operations, including remanufacturing, recycling, and disposal. The research in 
this field considers mainly the identification of the extent to which disassembly 
of a product should be performed (disassembly levelling) and the disassembly 
sequence (i.e. the order in which the ingoing parts should be disassembled). 
Many researchers have addressed the problem of generating an optimal 
disassembly sequence, in which the focus is on the product design. Johnson and 
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Wang [38] and Lambert [42] develop methods for optimisation of the 
disassembly sequence for material product recovery. Johnson and Wang [39] 
integrate economical aspects into the scheduling of disassembly operations 
whereas  Gungor  and Gupta [26] introduce uncertainty issues. Moore et al. [51] 
and Rai et al. [55] are others considering disassembly sequencing, using a Petri 
net approach. 

Since 1995, prototypical disassembly factories are developed through systematic 
research on disassembly processes by a collaborative research center in 
Germany. Within the collaborative research center, methods and tools for the 
recovery of resources in product and material cycles are developed. Initially, the 
research focuses on the disassembly of household appliances, such as washing 
machines. The project is divided into four areas [62]: 

• Processes and tools 
• Logistics and urban development 
• Product evaluation and disassembly planning 
• Product design for ease of disassembly 

The project area of logistics and urban development is further divided into three 
sub-projects. One of these is responsible for deciding the capacity of the 
disassembly factory and develops tools for planning the disassembly. 
Simulations are used for the illustration of in-house processes and for testing 
developed control strategies. Within this research project, decisions considering 
lot sizing, scheduling, and sequencing must be taken. Therefore, there is a need 
for lot scheduling policies for the disassembly of multiple products on a single 
facility. Since there is no extensive research on lot scheduling in re-processing 
activities, we consider lot scheduling in disassembly processes in paper III and 
paper IV in this thesis. 

In paper III, a simulation study is made in order to test the performance of lot 
scheduling policies for the disassembly of multiple products on a single facility 
assuming sequence-dependent setups. A policy disassembling the item with the 
highest inventory level and a policy disassembling the items in a cyclic sequence 
are tested. The simulation study establishes that the cyclic policy results in lower 
inventory levels, especially with a high coefficient of variation in the setup 
times. Therefore, it is concluded that cyclic schedules are preferable in 
disassembly processes with sequence-dependent setups. 

Paper IV develops a heuristic for cyclic lot scheduling in disassembly processes 
with sequence-dependent setups. The heuristic starts with a sequence where all 
items appear once. The heuristic is based on the potential saving in setup time if 
an item is passed over in the sequence and results in disassembly frequencies as 

17 



well as the profitable use of the facility. These are used to create a cyclic 
schedule where some items are disassembled less frequently than others. 
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4 Conclusions 

This Licentiate Thesis contained four research papers considering lot scheduling 
of multiple items on a single facility. Paper I showed that the control model for 
deciding the production sequence and idle times is of great importance. Paper II 
developed a model for determination of safety stocks for cyclic schedules. Paper 
III showed that cyclic schedules are preferable when dealing with sequence-
dependent setups. Finally, paper IV developed a heuristic to determine a cyclic 
schedule when dealing with sequence-dependent setups. It can be assumed that 
cyclic schedules are preferable when dealing with sequence-dependent setups 
not only in disassembly processes as shown in paper III, but also in production, 
which has been shown in previous research (e.g. by Lopez and Kingsman [48]). 

The model presented in paper IV can easily be applied to production settings 
and hence be used to determine a cyclic schedule for production with sequence-
dependent setups. Thereafter, the planning model presented in paper II can be 
used for determination of safety stocks and order-up-to levels for the cyclic 
schedule. Furthermore, the control model can be used to control the production 
if it is profitable to idle the facility some fraction of time. In other words, if 
paper II and IV are used together one would get a complete model for planning 
and controlling the production of multiple items on a single facility when 
dealing with sequence-dependent setups. In practice, many companies are 
working under these conditions and the model would thus be applicable in many 
situations. For instance, a paper machine in a paper mill is one of many 
examples where the model could be applicable. 
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Abstract 
This paper considers the scheduling of several different items on a single machine, 
in literature known as the economic lot scheduling problem, ELSP. One of the 
characteristics of this problem is that the demand rate is deterministic and constant. 
However, in a practical situation demand usually varies. In this paper we examine 
if a deterministic model can be used if demand is stationary stochastic. A dynamic 
programming approach from Bomberger (1966) and a heuristic method from  
Segerstedt  (1999) are used to calculate lot sizes for four items. The production of 
these items is simulated with different variations in demand rates. Our conclusion 
is that a deterministic model can be used in a practical situation where the demand 
rate is stationary stochastic, but the models must be complemented by a decision 
rule; which item to produce and when to produce it. In our tests the heuristic 
method and the dynamic programming approach perform rather similarly with 
respect to costs and inventory levels, but the dynamic programming approach 
results in more backorders when there is small variation in demand rates. This 
study indicates that the model used for determination of lot sizes is of less 
importance than the decision rule used for identification of the item to produce and 
when to produce it. 

Keywords: Lot sizing; Scheduling; ELSP; Simulation study; Stochastic demand; 
Runout time 

1 Introduction 

This paper considers the economic lot scheduling problem, ELSP, which is 
concerned with lot sizing and scheduling the production of several different 
items on a single machine. The objective of the economic lot scheduling 
problem is to determine lot sizes and a production schedule such that the sum of 
inventory holding costs and set-up costs is minimized. One characteristic of the 
ELSP is that only one item can be produced at a time. The production rates are 
deterministic and constant and the production capacity is constrained, but 
sufficient to meet total demand. Most of the approaches to the ELSP assume that 
the product demand rate is deterministic and constant and all demands must be 
met in the periods in which they occur. A set-up cost and a set-up time are 
associated with the production of each item and are independent of the 
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production sequence. Another prerequisite is that the inventory costs are directly 
proportional to inventory levels. 

The economic lot scheduling problem has been investigated extensively in the 
literature over the years. Bomberger (1966) presents a 10-item problem, on 
which many different methods and algorithms have been tested. Elmaghraby 
(1978) reviews various approaches to the problem and divides these into two 
categories; analytical approaches that achieve the optimum for a restricted 
version of the original problem; and heuristic approaches that achieve "good" 
solutions for the original problem. Bomberger (1966) and Axsäter (1987) 
present dynamic programming approaches to the problem. Doll and Whybark 
(1973) present an iterative procedure, which reaches the best known solution of 
the problem. Dobson (1987), Gallego (1990), and Zipkin (1991) are other 
famous references to this problem. More recently,  Segerstedt  (1999) has 
presented a heuristic method for this problem, finding a solution that coincides 
with the solution of Doll and Whybark (1973). 

In a practical situation, the product demand rate is not always deterministic and 
constant. Instead, it is most likely that demand will vary. Therefore, the 
objective of this paper is to examine if a deterministic model can be used if 
demand is stationary stochastic. To meet this objective a simulation study is 
done, investigating the effects of varying demand. We try to perform an 
experiment that resembles a practical situation. Therefore, we measure demand 
and its variance with exponential smoothing, although we know that the demand 
is stationary with a constant mean. However, in a practical application we do not 
know the demand and we have to measure and estimate it in some way. Two 
different models are used to calculate lot sizes for different items and the 
production of these is simulated over time. The models used for calculation of 
lot sizes are a dynamic programming approach presented by Bomberger (1966) 
and a heuristic method presented by  Segerstedt  (1999). The two models are 
further presented in subsequent sections. 

We consider  N  items which are produced, one at a time, on a capacity 
constrained machine. We use the following notations: 
Ai = Set-up cost per production lot for item  i  
di = Demand rate for item  i  in units per time unit 

= Holding cost per unit and time unit for item  i  
si  = Stock on hand in units for item  i  
pi = Production rate for item  i  in units per time unit 
ti  = Set-up time for item  i  in time units 
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C„, (T — r, T ) = min  

where 1 km5 Km  

K= 
m 	T dm/pm  

T — r — tn, 

2 Bomberger's dynamic programming approach 

Bomberger (1966) presents a dynamic programming approach to calculate lot 
sizes for the ELSP. This approach introduces a cycle time, T,, for item  i  such that 
the production cycle for the i:th item repeats itself every Ti  units of time. In other 
words, the cycle time is the time from start of production of an item until the 
item is to be produced again. The Bomberger approach also assumes that each 
cycle time, T„ is an integer multiple,  k„  of a basic period, T, so that Ti  = ki  •T T. 
During the basic period, T, it should be possible to produce all items at least 
once. 

The cost per unit time, ci, for item  i  is defined as the sum of set-up cost and 
inventory holding cost and is calculated as: 

± hi  (pi  — di )dikiT 
ci (ki,T)= 

kiT 	2pi  

Suppose that r units of time have been used to schedule the production of items  
i  =1, 2, ..., m —1. The minimum cost, Cm, of producing the remaining items 

= in, 	N)  in the time T-r can be written as:  

(1) 

\- 

C(km,T)+ C,n+1  T — 	
k

m
d

"I
T 

m    t„,,T 
Pm 	2_ 

and 
	

CN+1(T —7,7 )= 0  

The optimal km  is determined by successively solving the function for the 
minimum cost, Cm, beginning with m =  N  and varying  ras  r = AT, 2AT, ..., T. 

The dynamic programming approach discussed above is taken directly from 
Bomberger (1966) and no own interpretations are made. In the dynamic 
programming approach Bomberger finds the trial value of the basic period, T, by 
interpolating (extrapolating) between the two prior estimates of T corresponding 
to the two lowest cost solutions to date. However, with Bomberger's approach 
there may be a risk of missing the optimal solution since the minimum cost 
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(6) 

function changes in a stepwise fashion. For example, the minimum cost for 
Bomberger's 10-item problem would look like Figure 1. 

Figure 1. Minimum cost function. 

Every time the minimum cost function changes drastically there is a change in 
some  k,-value. The optimal value of the basic period, T, is found by calculating 
the minimum cost, Cm, at each integer of T between T and 1.2 • T,,,, where 

T ff  is the optimal cycle time, minimising the ordering or set-up costs and 

inventory holding costs, for the case where all items are to be produced once 
during a common cycle time. The basic period, T, is varied from Tmin  to 

1.2 -Tmax  so that we do not miss the optimal solution of T. This restriction is 

made in order to avoid unnecessary calculations and keep down the calculation 
time. Note that the cycle time, T„ for item  i  is Ti  =ki •T. Ti  is not restricted in 

some way. The lot sizes for the different items are: 

=dikiT  (7) 

For more detailed information about the dynamic programming approach we 
refer to Bomberger (1966). 
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3 Segerstedt's heuristic method 

Segerstedt's heuristic method is based on frequencies, f, , as the number of 

times item  i  is produced during a specified time interval, 	. Given the 
frequencies and demand rates for the items during the time interval, the lot sizes 
can be derived. Hence, the heuristic is aimed at finding the production 
frequencies of the individual items, which gives the minimum total cost in terms 
of set-up costs and inventory holding costs. The time interval, t, is restricted by 

a minimum time, tin , and a maximum time, 4.. tin  represents the shortest 

time needed to produce all items and is calculated as:  

N 

E f, t i  
f_i=1  
min — 	

N  di  
1— E 

pi 

(8) 

tna, is determined from a restriction on how many time periods of demand one 
production lot is allowed to satisfy or cover. In this study, one lot was not 
allowed to cover more than 260 days, since we do not want to produce 
unrealistically large quantities with unnecessarily high inventories as a 
consequence. 

The total cost,  C,  can be expressed as:  

C= 	min 

7 N 
 f•A• 

+ 

N 
d• 

1 
p 1  

\ 
d•T 

\ 

(9)  `,„` 	hi  
T 2f  

Minimizing this yields:  

N 

l 	= 
i (10)  =i

opt N \ 
d. 

i=1 

1__1- 
Pi 

/(2f1 ) 

The relationship between tin , t opt and i is shown in Figure 2. 
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Figure 2. Time-relationship with fixed frequencies. 

We start with a common high frequency for all items, which is the highest 
frequency possible during trna, considering the capacity restriction of the 
machine and satisfying demand. Thereafter, the frequency for items with high 
set-up costs compared to their inventory holding costs is reduced, if it decreases 
total costs of set-ups and inventory holding. 

7 	-\ di 	- hi  1-- di Top,/(2fi ) 
pi 

The item with the largest quotient (11) is the item whose frequency is to be 
reduced. The problem is decomposed into two phases. First, the frequencies are 
determined, and then, using the given frequencies, the time interval presenting 
the lowest costs is determined, but also satisfying the maximum time interval 
restriction. The frequencies are updated, and the time interval presenting the 
lowest costs for these new frequencies is determined, then we update the 
frequencies again in a search procedure. We use only frequencies that are 
multiples of two in order to make a cycle easier to establish. Since the heuristic 
works with powers of two, the frequency of the item with the largest quotient is 
divided by two. When the optimal frequencies are found the lot size of item  i  
can be calculated as:  

Q,= 	 
f, 

(12) 

For the complete recursion procedure and more detailed information about the 
heuristic method we refer to  Segerstedt  (1999). 
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4 The simulation model 

Based on the previous discussion the lot sizes for each item can be determined, 
but to be able to simulate the production of items over time, a decision of which 
item to produce must be taken. Bomberger (1966) does not give any suggestion 
how to identify this item, whereas  Segerstedt  (1999) suggests that the item that 
first will run out of stock should be produced. Because of this, a decision rule 
for identifying which item to produce is introduced. The decision is based on an 
investigation of inventory levels and demand rates of the individual items. The 
decision rule is used both for the simulation with Bomberger's dynamic 
programming approach and Segerstedt's heuristic method. The dynamic 
programming approach and the heuristic method are only considered when 
deciding upon which lot sizes to use. These are the only elements that deviate, 
comparing the output of the two models. 

The simulation model can be summarized in the following steps: 

1. Update forecast and variance 
2. Calculate lot sizes (every fifth event) 
3. Calculate runout times 
4. Identify item to produce 
5. Check decision-rules: 

a. Production: 
Calculate production time 
Time Time + production time  

b. No production: 
Time Time + 0.1 time period 

6. Calculate actual demand during progressed time 
7. Calculate new inventory levels 
8. Calculate average backorders, inventory holding costs, and set-up 

costs 

In practice, it may be inconvenient to change the lot sizes for each production 
run. Therefore, the lot sizes are updated every fifth event. The different steps are 
described in detail in the following sections. 

4.1 Forecasts and variance 
Forecasts of the demand rates for every item are calculated using a modification 
of exponential smoothing (Croston (1972) and  Segerstedt  (2000)) as: 
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X -1  

T -T 
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ai, = 	+ a  (13) 

   

where 

= forecasted demand rate for item  i  in period (time point)j (units/day) 

= forecasted demand rate for item  i  in period (time point) j-1 (units/day) 

Xi, j_i  = actual demand for item  i  in period (time point) j-1 (units) 

T • =present time point  J  
T 	= previous time point 

a =smoothing constant 

The reason for using this method is that the forecast interval is not a constant 
period of time. In our study, the forecast was updated after the production of one 
lot if there was a production run. Otherwise the forecast was updated each tenth 
of a period, since the facility was idle a tenth of a period if there was no need for 
production. The variance of the demand is calculated as: 

 

7 
()( • • 	• • (T - T 	))2  J-1  - j  J-1,  

T • -T- J 	J -1  

 

2  
Cri,  j  =  C

2 
 j  -1 +ß (14) 

   

where 
- 2 

(Yid  = forecasted variance for the forecasted demand rate for item  i  in period 

(time point)  j  
- 2 

= forecasted variance for the forecasted demand rate for item  i  in period 

(time point) j-1 
ß= smoothing constant 

Smoothing constants of 0.1 were used for a and fl  in this study. 

4.2 Item to produce 
In order to decide which item to produce the runout times for the items are 
considered. The runout time (R01) represents the time until item  i  runs out of 
stock and is calculated as:  

RO, =4- 
di  

(15) 
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We arrange the items as 1 to  N  with the item with the smallest runout time as 
number one and so forth.  

ROI  < RO2  < RO3  < <  RON 	 (16) 

The item ranked as number one is the most critical since it is expected to reach a 
stockout situation first. Therefore, this item is the next to be produced. 

4.3 Decision rule for production or idle time 
The ranking in previous section identifies the item to produce. However, if the 
production of items takes place continuously, i.e. if there is no idle time (the 
production of next item starts immediately after the production of an item is 
completed), the inventory levels will increase endlessly if we have excess 
capacity. To avoid this, a criterion for whether to produce or not must be 
introduced. If the runout times for the items are long there is no need for 
production. Therefore, the first criterion for production is that: 

Zefi jt7 
ROI 	+  

(17) represents the set-up time of the item including a safety time due to the 
variance in demand rate. The second term represents the runout time for the 
safety stock. z is obtained by finding the cumulative upper limit in a normal 
distribution table that corresponds to the decided service level, defined as the 
probability of not having a stockout during the order cycle. If this criterion is 
fulfilled the item ranked as number one must be produced immediately 
otherwise the probability of a stockout is too high. If the runout time for this 
item exceeds the right hand of equation (17), there is no immediate need for 
production, but in order to avoid stockouts of the subsequent items their runout 
times must also be considered. 

In some situations an individual item will be produced more than once before all 
other items are produced once. In this case, the runout time of batch  j  of item  i  
will be: 

s- 	Q j  
R0 j- 

a j  
(18) 

where  j  =1 for first batch,  j=  2 for second batch of item  i  and so on. In order 

to determine the expected number of times item  i  is to be produced before the 

(17) 
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item with the longest runout time (item  N  from eq. (16)) is produced we 
compare the runout time of batch  j  of item  i  to the longest runout time  (RON).  
We start with  j  =1 and calculate the runout time for each batch  j  of item  i  from 
(18) as long as: 

ROji  < RON 	 (19)  

When this is calculated for all items, the expected total number of batches until 
we have produced item  N  can be determined. We let M denote the total number 
of batches to produce and arrange the batches as 1 to M from increasing runout 
times. In order to decide whether to produce or not we compare the runout time 
of each batch to the expected time until the start of production of the batch. Let 
v(h) be a function that returns the item index  i  and the batch number  j  for the 
batch arranged as number  h  and u(h) a function that returns item index  i  for the 
batch arranged as number  h,  where  h  = 1, 2, ..., M. When we compare the 
runout time of each batch to the expected time until start of production of the 
batch we get M-1 equations as: 

Qu(l)  

	

Z614(2) tu(1) + 	+ tu(2) 
Qu(i) 	 Pu(i) 

RO(2) _< tuo)  -I- 	+ tu(2)  -i- 
Pu(i) 	 j / u(2) 

RO(3)  

Q(i)  

+ 	+ 	

Qu(2)  
thu(3) tu(i) + 	 + tu(2) + 	± tu(3) 

	

Quo) 	Qu(2) 	 PuPu(i) Pu(2) 
< t 	 tu(2) 	 t to)  v 	- u(1) + 	 

	

Pilo) 	Pilo) 
+ 	+ 	

2143) 

au(m) 

where LV(M) = tu(i) + 	+ tu(2) + 	+...+ 	+tu(M) 
Pu(i) 	 Pu(2) 	Pu(m-1) 

These equations investigate whether the items are expected to reach their safety 
stock level before item  N  has been replenished. If at least one of the M-1 
constraints is true, the production of the item ranked as number one must begin; 
otherwise there may be stockouts later. In other words, the production of the 
item ranked as the most critical begins earlier than if only condition (17) is taken 
into consideration. This is visualised in Figure 3. 

z(3-„( m).‘1.1_,Km  
RO,(,)  5_ 4,0,0 + 	 

(20) 
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Figure 3. The cause and effects of the decision rule. (SS=Safety stock level)  

The left part of Figure 3 shows what could happen if only equation (17) is taken 
into consideration. In this case, item 2 will run out of stock during the 
production of item 1. For this reason, the production of item 1 must be 
advanced, which is shown in the right part of Figure 3. Similar thoughts as in 
this section are presented in Leachman and Gascon (1988) and Lev&I (2003). 

4.4 Updates and statistics 
In the simulation study, the set-up time and the production time was progressed 
and all data were updated if there was a production run. The inventory levels of 
all items were reduced by the demand during the production time and the 
produced quantity was added to the inventory of the produced item. We 
assumed that the inventories were filled up by the end of a period. 

If there was no need for production (none of the production criteria (17) and (20) 
were fulfilled), one tenth of a period of time elapsed and the inventory levels 
were updated before new calculations of runout times were made. This was 
repeated until there was a need for production. New lot sizes were calculated 
every fifth update. 

During the simulation study the average inventory levels and average backorders 
were registered and daily averages of inventory levels and backorders were 
calculated. The number of set-ups was also recorded. The inventory holding 
costs as well as the set-up costs could then be calculated. 
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5 A simulation study of the production of four items 

The simulation study concerned the production of four different items with the 
characteristics shown in Table 1. 

Table 1. Item characteristics. 
Piece Demand Production Set-up Set-up 	Holding 	Initial 	Initial 
Cost Rate 	Rate 	Time 	Cost 	Cost 	Inventory Variance 

Item  (SEK)  (units/day) (units/day) 	(days) 	(SEK)  (SEK/unit day) (units) (units/day)2  

1 0.0065 1000 30000 0.125 15 2.71E-06 17000 3000 
/ 0.1275 2000 9500 0.25 30 5.31E-05 22000 6000 
3 0.1 4000 7500 0.125 10 4.17E-05 50000 12000 

4 2.785 200 2000 0.5 110 0.00116 6000 600 

These four items have a utilization  (E  di /pi ) of 0.88. This does not include the 
i=1 

capacity used for set-ups. 

In this study the actual demand was stationary stochastic from a uniform 
distribution. For each test the demand rates were allowed to vary by a 
percentage of the demand rate in Table 1. For a test with a maximum variation 
of 10 per cent, the demand rate could vary between 900 and 1100 units per day 
for item 1, which has a daily demand rate of 1000 units in Table 1. Six different 
scenarios were simulated: from constant demands up to 50 per cent variations. 
Table 2 shows the minimum and maximum demand rates for the four items in 
the different scenarios. 

Table 2. Variations in demand rates (units/day). 

Scenario 
Item 1 

min d1 	max d]  
Item 2 

min d2 	max d2  
Item 3 

min 13 	max d3  
Item 4 

min d4 	max d4 
Const 1000 1000 2000 2000 4000 4000 200 200 
10% 900 1100 1800 2200 3600 4400 180 220 
20% 800 1200 1600 2400 3200 4800 160 240 
30% 700 1300 1400 2600 2800 5200 140 260 
40% 600 1400 1200 2800 2400 5600 120 280 
50% 500 1500 1000 3000 2000 6000 100 300 

These scenarios were tested for both Segerstedt's heuristic method and 
Bomberger's dynamic programming approach. An overview of the tests is 
shown in Table 3. 

12 



600 800 200 400 

Time 

120000 

100000 

80000 

60000 

40000 

20000 - 

In
ve

nt
o

ry
  (

u
n

it
s)

  

Heuristic method: constant demand 

Item 1 

	Item 2 

Item 3 

Item 4 

Table 3. Test overview. 

Test Explanation 
1 	Heuristic method, constant demand 
2 	Heuristic method, 10% variation 
3 	Heuristic method, 20% variation 
4 	Heuristic method, 30% variation 
5 	Heuristic method, 40% variation 
6 	Heuristic method, 50% variation 
7 	Dynamic programming approach, constant demand 
8 	Dynamic programming approach, 10% variation 
9 	Dynamic programming approach, 20% variation 
10 	Dynamic programming approach, 30% variation 
11 	Dynamic programming approach, 40% variation 
12 	Dynamic programming approach, 50% variation  

Each test contained five repetitions, except for the tests with constant demand 
rates, which were run once. All simulations were run over 960 production days, 
representing 4 production years each with 240 production days. No statistics 
were registered during the first 100 days. A service level of 95 per cent was used 
to determine the z-value. 

The inventory levels for the heuristic method with a constant demand are shown 
in Figure 4. 

Figure 4. Inventory levels: Heuristic method, constant demand. 

As Figure 4 shows there are no backorders with constant demands. The 
corresponding figure with Bomberger's dynamic programming approach looks 
like Figure 5. 
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Figure 5. Inventory levels: DP approach, constant demand. 

In this case the initial inventories are too low, which results in a small number of 
backorders in the beginning until the model has reached equilibrium. In 
comparison to Figure 5, the dynamic programming approach results in smaller 
lot sizes for item I, but larger lot sizes for item 3. The lot sizes of item 2 and 4 
are almost similar in the two models. Figure 6 shows the inventory levels using 
the heuristic method when the maximum variation in demand rates is 30 per 
cent. 

Figure 6. Inventory levels: Heuristic method, 30 90 variation in demand rates. 

The corresponding graph with Bomberger's DP approach is shown in Figure 7. 
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Figure 7. Inventory levels: DP approach, 30 % variation in demand rates. 

As Figure 6 and Figure 7 show, there are backorders with this variation. The lot 
sizes are changed during time due to the forecasted demand rates. The two 
models present different inventory levels for the items. The heuristic method 
results in higher inventory levels for item 1 and the DP approach presents higher 
levels for item 3, due to differences in lot sizes. The average inventories are 
shown in Figure 8. 

Figure 8. Average inventory in number of units per day. 

The six columns to the left in Figure 8 belong to the heuristic method and the six 
to the right belong to the dynamic programming approach. The total average 
inventories are almost similar for the two models. The inventory of item 1 is less 
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in Bomberger's model, but higher for item 3, as a consequence of the lot sizes. 
When the variation reaches 50 per cent, the average inventory increases rapidly, 
especially with the heuristic method. The reason for this can be that the uniform 
distribution results in large variations. For instance, a variation of 10 per cent for 

item 1 gives a variance of (1100 —900)2 /1 2 = 3333. Remember that the 
forecasted variance is used to determine the safety time and thus the start of 
production. A large variance results in larger safety times and hence earlier start 
of production, which results in higher inventory levels. In some cases, the 
utilisation is also close to the maximum capacity of the facility, which affects 
the lot sizes. 

If the demand in one period could not be met it was registered as backorders and 
satisfied in some of the following periods. The average number of backorders 
per day is shown in Figure 9. 

Figure 9. Average backorders. 

As Figure 9 shows, the heuristic method results on average in fewer backorders 
than the DP approach, especially with small variations. The backorders can be 
compared with the demand rates for the items. The backorders are at most 2 per 
cent of the demand rate for item 1 and 2 and about 10 per cent of the demand 
rate of item 4. The total cost of the two models is presented in Figure 10. 
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Figure 10. Total cost. 

As Figure 10 shows, there is no large difference in total cost between the two 
models except for the case of 50 per cent variation. The inventory holding cost 
is a little higher using the dynamic programming approach than the heuristic 
method when there is little variation in demand rates. The set-up cost is similar 
between the models. It must be accentuated that the cost of backorders has not 
been taken into consideration. This would have increased the total cost, 
especially for the dynamic programming approach. 

Some tests with a higher utilisation (--,92%) have also been made. A higher 
utilisation results in less idle time, higher average inventory levels, and more 
backorders. The impact of lower safety factors has also been tested. For 
instance, simulations with a decided service level of 50 per cent (no safety 
stock) with the heuristic method and variations of 30 per cent were made. The 
average inventory levels are, as expected, lower in the test with a decided 
service level of 50 per cent; 139119 units per day, which should be compared to 
147121 units per day with a decided service level of 95 per cent. The total cost 
was reduced from 11427 to 11144. On the other hand, the average backorders 
are higher for the test with a decided service level of 50 per cent; 16 units per 
day compared to 7.5 units per day with the higher decided service level. 
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6 Conclusions and extensions 

The purpose of this paper was to examine if a deterministic model can be used if 
demand is stationary stochastic. A simulation study established that a 
deterministic model can be used in a practical situation to calculate lot sizes on a 
single machine producing several different items. By the use of a decision rule 
with runout times, which this simulation study is based on, these models would 
be applicable when demand is stationary stochastic. Some of the items run out of 
stock when demand varies, but the number of backorders is not that large 
compared to the demand rate. It is also possible to change the decision rule in 
order to reduce the number of backorders, e.g. increase the decided service level. 

Our study indicates that the model used for determination of lot sizes is of less 
importance than the decision rule used for identification of the item to produce 
and particularly when to produce it. In other words, the important decisions 
concern the sequence in which the items are produced and in what situations the 
facility should be idle. Bomberger (1966) focuses only on the lot sizes and does 
not suggest how these decisions should be made.  Segerstedt  (1999) suggests that 
the item with the shortest runout time should be produced, but does not suggest 
how to decide whether to produce or not. It must be accentuated that if 
economic order quantities are determined and directly used in production 
without idle time, the inventories will increase endlessly if we have excess 
capacity. Therefore, it is very important to base the production upon a well-
performing rule to decide whether to produce or not. 

It should be mentioned that the dynamic programming approach that is used in 
this paper does not find the optimal solution of Bomberger's 10-item problem 
(e.g. Doll and Whybark (1973) and  Segerstedt  (1999) find a better solution). 
Furthermore, the heuristic method demands less computational effort than the 
dynamic programming approach. In this study, the lot sizes were updated after 
every fifth event, which also would be convenient in practice. If the lot sizes are 
updated after each production run, the required computational effort would be 
very high. However, other dynamic programming approaches (e.g. Axsäter 
(1987)) may present lower costs and require shorter calculation times. 

Areas of improvement considering lowering costs and improving service levels 
should primarily concern the decision rule. As mentioned, extensive research 
has been carried out regarding lot sizing in capacity constrained facilities and 
hence, there are many methods to obtain lot sizes. Instead, the focus should be 
on the control and scheduling of these lot sizes, i.e. in what order should the lots 
be produced and when should they be produced? We believe that the decision 
rule presented in this article can be improved considering total cost and the 
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number of stockouts. Areas of further research could also consider the 
applicability of deterministic models to transient stochastic demands. 
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Abstract 
This paper considers the problem of scheduling the production of multiple items, 
each with random demand, on a single facility. Many researchers have developed 
models for determination of cyclic schedules for this problem assuming deterministic 
demands. In this paper, we show how to estimate the variance in demand during lead 
time in order to determine safety stocks and order-up-to levels for a fixed cyclic 
schedule, both with and without idle time. For schedules with idle time, we present a 
control model necessary to make the decision to produce next item in sequence or 
idle the facility. A simulation study shows that our approximations perform well with 
respect to service levels and costs. 

Keywords: Safety stocks; Order-up-to levels; Cyclic schedules; Stochastic demands; 
ELSP 

1 Introduction 

In this paper we consider the Economic Lot Scheduling Problem (ELSP), which 
is concerned with scheduling the production of multiple items on a single 
machine. The objective of ELSP is to determine the lot size and the production 
schedule of each item such that the total costs in form of setup costs and 
inventory holding costs are minimised. When scheduling the production of 
many different items on a single facility it is common to use cyclic schedules. 
There are many existing algorithms for determination of production frequencies 
and cyclic schedules for this problem [e.g. 2, 4, 6, 10, 12, 18, 24]. Some 
researchers [e.g. 18, 23] have developed power-of-two (PoT) policies, where 
each production frequency is a multiplier of two, for the design of production 
schedules. According to Yao and Elmaghraby [23], these policies have become 
popular for lot sizing problems since they provide reasonably tight worst case 
bounds and also simplify the construction of cyclic schedules. For reviews of the 
ELSP we refer to [7, 15]. 

Most of the existing models for ELSP are based on an assumption of 
deterministic demands. In many practical applications uncertainty of demand is 
a complicating factor, since demand rates for goods and services can vary 
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greatly. Sox et al. [21] investigate the research literature on the Stochastic Lot 
Scheduling Problem (SLSP), defined as the problem of scheduling production of 
multiple items, each with random demand, on a single facility that has limited 
production capacity and significant setups between items. They conclude that 
the deterministic version of the problem is investigated extensively within the 
literature, whereas the stochastic problem is not as investigated. In literature, 
two versions of the stochastic problem can be identified. First, the continuous 
time version of the problem with stationary stochastic demand assuming an 
infinite planning horizon. This version is denoted Stochastic Economic Lot 
Scheduling Problem (SELSP). Second, the discrete time version assuming a 
finite planning horizon allowing non-stationary, stochastic, and independent 
demands. This version of the problem is known as the Stochastic Capacitated 
Lot Sizing Problem (SCLSP). 

According to Axsäter [1] it is common to disregard stochastic demand variations 
and solve the remaining deterministic problem. Safety stocks are added in a 
second step using techniques for independent items. Some authors have 
constructed control rules in order to apply ELSP-models on the SLSP. In [5], the 
applicability of deterministic models in environments with stochastic demands is 
tested in a simulation study. Others have incorporated the stochastic parts of the 
problem and developed non-linear optimisations, queuing analysis, and 
simulations to construct control policies. According to Sox et al. [21] there are 
two critical elements in the control policy of SLSP: lot sizing and sequencing. 
The production sequence is either dynamic [e.g. 11, 14, 16, 22] or fixed [e.g. 3, 
8, 9]. The fixed cyclic sequence policies typically use an order-up-to level to 
determine when to terminate production of the item currently being produced. A 
fixed production sequence simplifies scheduling the setup operations, but 
dynamic sequencing provides more flexibility to demand realization. 

Bourland and Yano [3] use cyclic schedules and develop a two-level approach: a 
planning model and a control model. The planning model is a non-linear 
mathematical program determining the cycle length, allocation of idle times, and 
safety stock levels with the use of overtime in the production. If an item reaches 
its reorder point while the previous item is in production, then the remainder of 
the production of the item is completed using overtime, which is more costly 
than normal production. Also Gallego [8] uses a cyclic production sequence, 
computed from Gallego and Roundy [10] for the deterministic problem 
considering backorder costs. He presents a simulation-based search method for 
determination of safety stock levels, given the control policy and the cyclic 
sequence.  Smits  et al. [20] present a way to determine order-up-to levels, based 
on queuing analysis, for a (R,S) system and a fixed cyclic production sequence, 
where the demand is modelled as a compound renewal process.  Kelle  et al. [13] 
extend the procedure of Doll and Whybark [6] and present a heuristic for 
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determination of production frequencies and cycle times taking safety stocks 
into account. They calculate the safety stock as a safety factor multiplied with 
the standard deviation of the demand during a protection lead time. In order to 
estimate the standard deviation during the protection time they use the standard 
deviation of the one-period ahead forecast and an empirically estimated 
constant. 

Sox et al. [21] point out that it lacks a rigorous method for determination of 
safety stock levels in models where the production and inventory control are 
constructed simultaneously. In this paper we present a planning model for 
determination of safety stocks and order-up-to levels for the production of 
multiple items in a fixed cyclic sequence. Furthermore, a control model, used to 
make the decision whether to produce or idle the facility in systems where there 
is idle time, is presented. As mentioned, there are many existing models for 
determination of cyclic schedules. Therefore, we assume that a cyclic schedule 
is created with one of these. The model presented in this paper is then used in a 
second step for determination of safety stocks and order-up-to levels. 

The remaining of the paper is organized as follows. In the next section, we 
present the model in detail. Initially, we present the assumptions it is based upon 
and the notations we use. Then, we present how the variance in demand during 
lead time can be estimated, both in schedules with and without idle time. We 
calculate lead times and order quantities in order to determine safety stock levels 
and order-up-to levels. In the end of section two, we present the control model, 
which is necessary to make the decision whether to produce next item in 
sequence or idle the facility when there is idle time in the system. In section 
three, we show the results of a simulation study performed in order to test the 
performance of our approximations. Conclusions and extensions are given in 
section four. 

2 Planning and control model 

Before presenting the model and our approximations, we describe the 
assumptions they are based upon and introduce the notations we use. 

2.1 Assumptions and notations 
We consider a system with  N  items and a single facility, producing all the items, 
one at a time, under a capacity constraint. The items are produced in a fixed 
cyclic sequence that is repeated over and over again. The production capacity is 
sufficient to meet total demand and the production rates are deterministic and 
constant. We consider two types of systems. First, a system with full time 
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production where the production of next item in the sequence starts immediately 
after the production of an item is completed. Second, a system with flexibility in 
form of idle time, i.e. the facility is idled between the production of some items. 
Each item has its own stockpoint, at which demands arrive normally distributed. 
Since the demand is stochastic, we need to introduce safety stocks. The safety 
stock levels are calculated from service levels, defined as the probability of no 
stockout per order cycle. We introduce the following notations:  

ak=  Service level of item  k 
C  = Setup cost (€1 time unit) 
dk  = Demand rate for item  k  (units/time unit) 
Dk = Demand during lead time for item  k  (units) 

f= Fraction of time the facility is running, 1=full time  
hk  = Holding cost for item  k  (€Junit and time unit) 
lk  = Inventory level of item  k  (units)  
Ek.  Average lead time of item  k  (time units) 

Liu = Lead time of item  k  in production cycle  i  (time units)  
nk  = Production frequency of item  k  
Pk= Production rate for item  k  (units/time unit) 
Qk= Order quantity of item  k  (units) 
TSSk  = Time to reach the safety stock level of item  k  (time units) 
Ski = Order-up-to level of item  k  in production cycle  i  (units) 
SSk  = Safety stock level of item  k  (units) 

= Average cycle time when producing full time (time units)  
T f  = Average cycle time with idle time (time units) 

tk  = Setup time for item  k  (time units) 

2.2 Planning model 
We consider a cyclic production schedule consisting of a number of cycles. An 
example of such a production schedule is shown in Figure 1. 

Production schedule 
>< 	 

 

  

k  
Cycle 1 	 Cycle 2 	 Cycle 1 

	
Cycle 2 

Figure 1. Cyclic production schedule containing two cycles.  

Assume that item  k  is produced every nk:th cycle in the production schedule. The 
average cycle time consists of setup times and production times for all items and 
can be approximated as: 
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N o 	N t  = E 	 E 

k=lnkPk k=lnk 

The average order quantity of item  k  is the demand for the item during the cycle 
time: 

Qk 	nk  f  dk  

Equations  (1) and (2) give  T as:  

N  t  E  k  

T— 	k=ink 	 
N  d  

1— 
k=1Pk 

The traditional way to calculate safety stock levels, SSA, of item  k  is: 

SSk  =  	(ak ) 	 (4) 

where crDk  is the standard deviation in total demand in a replenishment lead 

time for item  k  and  ak  is the decided service level of item  k.  In order to calculate 
safety stock levels from (4), we need to estimate the variance in demand during 
lead time. If lead time and demand are assumed to be independent random 
variables, it is shown (e.g. Ross [17]; Sivazlian and Stanfel [19]) that: 

crDk  — E[Lk ] var(dk )+(Ekk D2  var(Lk )  (5) 

where Dk, with mean E[Dk  ] and standard deviation o-Di  , is the total demand in 

a replenishment lead time for item  k.  Lk , with mean EfLk  ] and variance 
var(Lk ), is the lead time for item  k  and dk, with mean Efdk  ] and variance 
var(dk ) is the demand rate for item  k.  In practice, Eldk  ] and var(dk ) are 
obtained from the forecasting system. The expected lead time can be calculated, 
but the variance in lead time is unknown and must thus be estimated in order to 
calculate o'Dk  from (5). 

The expected average leadtime of item  k  will be: 

E[Lk  ]=nk E[T] 	 (6) 

(1) 

(2)  

(3)  
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where E[T] is determined from (3). The variance of the lead time, var(Ek ), can 

be estimated as: 

var(4),  nk  var(f )  (7)  

var(r) can be estimated as the variation in the sum of demand for all items 
during the cycle time. This can be approximated as:  

(N D 
var(T)=var 	k  

k=l nkPk  

The quantity Dklnk  to be produced in each cycle depends on two random 
variables, the demand rate and the elapsed time since the last time the item was 
produced. The demand rates for different items during a period are stochastically 
independent on each other. On the other hand, the elapsed time since the last 
time an item was produced is stochastically dependent on the elapsed time for 
the other items in the same cycle. From this, analogous with (5) together with 
(6) and (7), the variance in cycle time can be approximated as the equation: 

(8)  

var()--=  

r 	0  
N  V ar(dk) 7 El-dk 

k_=.1 
vale)  (9) TE  1 

k=1 	„ 2 
Pk Pk 	2 

The first term represents the variation in demand rates and the second term 
represents the variation in cycle time. 0 is equal to 2 if there is independency 
between the elapsed time since last production of the items, and 0 equals 1 if 
there is a total dependency. In this case, the elapsed time for items that are 
produced close to each other in the sequence are strongly dependent on each 
other, whereas the elapsed time of items that are produced far away from each 
other in the sequence are not that dependent. Therefore, a reasonable 
approximation is 8 =1.5 in this case. Solving (9) results in var(f) as: 

 

E[T] 	,_,N var(dk ) 
7 

 1-
7 	 L' 	2 
' N  E[di P1.5  k=1  Pk  E 

i=1 Pi ) 

(10) 

  

  

(10) represents the variance in cycle time when the facility is running full time. 

In some cases it is preferable to idle the facility some time. In order to handle 
such a system, we introduce f, which is the fraction of time the facility is busy, 
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-1) f  - f ) 

either by production or setup. Iff is equal to 1, the facility is busy full time. An f 
less than 1 means idle time in the system, which implies an extended cycle, 
since it not only contains setup and production but also idle time, visualized in 
Figure 2. 

Ti  

Figure 2. Production cycle with idle time (f<l). 

f can be seen as a decrease in production rate and an increase in setup time. We 
introduce f in (3), which results in the new average cycle time,  T f ,  as: 

1  N tk  L  
f f  -  f  k=lnk  

• N  d 
1— E  k  

k=1 f  Pk  

N  t E  k 
k=l nk  

N d k  
f — E- 

k=1Pk 

Idle time in the system implies flexibility. In practice, this flexibility will be 
used to avoid stockouts. In order to determine the variance of the new cycle 
time,  var(),  let us consider Figure 3. 

Figure 3. Interval where idle time is used to handle variations in cycle times. 

We approximate that idle time can be used to handle.  variations in cycle times in 
the interval — E[r ](1— f)  x  < 	J(1 — f). Outside this interval, variations f 
must be handled by safety stocks. From this,  var()  can be estimated as: 
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7  x 
	 9 	 dx vaiff f  )= 2 	5 

0- - 

(12)  

where cf. = -\/var(T ), which represents the standard deviation in cycle time in 

the system without idle time from (10). As shown in appendix A, solving (12) 
results in the variance in cycle time as: 

\ 	
a 

r 	 r a  
vart  f )=2(cri + a2  ) 1— (I) 	— 2acr f  

where a = E[T f  — 	 (14) 

This far we have considered the average lead time of each item in order to 
estimate the variance in cycle time. In order to determine the safety stock levels 
we must determine the expected lead time for each production run. These can be 
calculated from a system of linear equations assuming deterministic demands. 
For instance, let Lu  be the lead time of item  i  in cycle  j  as defined in Figure 4. 

LI1  

n 2  

Cycle 1 	 Cycle 2 

Figure 4. Definition of lead time. 

The lead time for item one in cycle one would be: 

612  L11 = t2 +
L21  	t3 + 416/3 	Pi  ± 

P2 	P3 	»Pi dl 

The other lead times in the schedule can be formulated similarly. When all lead  

nm„  
times are formulated we get a system of equations with 	 unknowns and 

i=1  ni  
equations (nmax  = maxIni lV  i),  which is solved. The order quantity must cover 

the demand during lead time and we get the order quantity as: 

Lii x 	 (16) 

(13)  

(15) 
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When there is idle time allocated in the system (f <1) it should be added to the 

equations in (15) in order to calculate lead times and order quantities. 

When the lead times are calculated from (15) the variance in lead time can be 
scaled as: 

var(
\ 	L..  

Lu  )= E[Tvar(  var() 

Now we know the lead time 4, and the variance in lead time var(L,J ), which 

enables calculation of the standard deviation in demand during lead time for 
each production run from (5). When the standard deviation in demand during 
lead time is calculated for each production run, safety stocks can be determined. 
This would imply a safety stock level for each production run, which could be 
inconvenient in practice. Therefore, we do not vary the safety stock of an item 
during the production schedule, i.e. the highest standard deviation of each item 
is used for calculation of safety stock levels. This means that the longest lead 
time of every item determines the safety stock level of the item. Hence, the 
safety stock level for each item is determined as: 

SS = max( upii )e-1  i )  (18) 

The order-up-to level, Su, for item  i  in cycle  j  (i.e. for each production run) can 
be determined as: 

= SSi  + 	 (19) 

2.3 Control model 
In systems with idle time, a decision whether to produce next item in sequence 
or idle the facility must be taken before the setup begins. In order to decide this, 
we consider the expected time to reach the safety stock level and compare it to 
the expected time until start of next production of each item. 

Time to safety stock 
In this paper, we define time to safety stock (TSS) as the time to reach the safety 
stock level. However, we must adjust the safety stock to cover only the 
remaining lead time, instead of the complete calculated lead time. The setup 
should start when TSS equals the remaining lead time of an item. Therefore, the 
safety stock level is scaled from TSS. This is visualized in Figure 5. 

(17) 
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Present time 

TSS,  

Figure 5. Relationship between lead time and time to safety stock. 

Let /, be the inventory level of item  i.  The time to safety stock of item  i  can then 
be formulated as: 

I 

TSSi  

TSS, 
r 	 D 43-1(ai 

E[L1]  

d,  
(20) 

Solving (20) results in TSS, as: 

(21) 

7 

 	+ 4d,l, 	
D, (D-1  (a)  i  

EN] 	 EN] 

4d1 2  

Since the aim of the control model is to be idle until there is no more flexibility 
and then produce constantly, E[Li ] and up,  must be determined from the case 

of no idle time. Therefore, E[Li ] is the longest lead time of item  i  in the schedule 
with no idle time and o-D,  the standard deviation in demand during this lead 

time. 

Production or idle 
In order to decide whether to produce or not, we compare the time to safety 
stock of each item to the expected time until the next start of production of the 
item. If the time to safety stock of at least one item is less then this time, we 
need to setup for production. If not, the facility can be idle until this condition is 
fulfilled. We let the items be numbered as 1, 2, ...,  N  from their appearance in 
the sequence, where item one is the next to be produced. We can then formulate 
the following decision rules. Item 1 is to be produced if at least one of the 
following conditions is fulfilled. 
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TSSI  

PI 

Q1  j 	Q2j 	
r) 

TSS3 	+ 	+ t2 	 + t3  , where Q2  = S21  
PI 	P2 	 PI 

Assume that the item of the fourth production run in the schedule appear for the 
second time as shown in Figure 3. Then, the next TSS to consider is for the 
fourth new item in schedule: 

Q1  j 	Q2j 	Q31  
TSS4  + — + t2  + — + t3  + — + +  

PI 	P2 	P3 	PI 
7n 

	

ij 	Q2j 	Q3j  
where Qi( j+i) = 	+ t2  + 	+ t3  + 	+ 4 d1  

	

PI 	P2 	P3 	j  

Similarly, until TSS of all of the  N  items are investigated: 

Q1;  TssN 	+ 	+ r2  + 
Q2; 

 + + tN  
PI 	P2 

(22) 

In other words, next item in schedule should be produced if the time to safety 
stock of at least one item is less than the expected time (with respect to current 
inventory levels) until the start of the production of the item. During all 
production the sequence is fixed. On the other hand, if the times to safety stock 
are greater than the right side of these equations, the facility is idled until at least 
one equation in (22) is fulfilled. 

TSS2 	+ — + t2 , where Q1  = S1 1 —II +tI d I 
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3 Simulation study 

In order to test the performance of our approximations the production of ten 
items has been simulated. First, we consider the case of no idle time and then we 
consider the case of having the facility idle some fraction of time. Each case 
contained ten simulation runs, each simulated 50000 periods. The ten items have 
the characteristics shown in Table 1. 

Table 1. Item characteristics. 

Item (units/time unit) (units/time unit) (time units) (€/unit & time unit) 
var(d) 

(units/time unit)2  
A 40 800 0.2292 0.05 40 
B 60 900 0.1468 0.1 60 
C 30 1100 0.1875 0.01 30 
D 50 800 0.2292 0.5 50 
E 120 500 0.1667 0.05 120 
F 150 2000 0.1468 0.01 150 
G 110 1000 0.1468 0.2 110 
H 100 800 0.1875 0.05 100  
I  80 900 0.1667 0.1 80 
J 60 1200 0.1875 0.1 60 

The utilization (d1 / p1 ) is 0.895. We use the production frequencies in Table 

2 to determine a production schedule. 

Table 2. Production frequencies. 
Item A 	Item B 	Item C 	Item D 	Item E 	Item F 	Item G 	Item H 	Item 1 	Item J  

it 	4 	2 	8 	1 	2 	4 	1 	2 	2 	2 

From these frequencies a production schedule with eight cycles is created, 
shown in appendix  B.  In order to calculate costs, we assume a setup cost,  C,  of 
4000 C/time unit, which is directly proportional to the setup time. 

3.1 No idle time 
The calculated average cycle time and variance in cycle time is shown in Table 
3. 

Table 3. Calculation results.  

Eft] 	8.78 

var(T) 	0.067 

When the production schedule is created, the lead time and order quantities can 
be determined as in (15)-(16) as well as the variance in lead times from (17). 
These are shown in appendix  B.  As appendix  B  shows, this approximation 
performs well when compared to the simulation results. 
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When calculating the safety stocks of each item, the largest standard deviation in 
demand during lead time of each item is used, marked with bold in appendix  B.  
A service level of 95 per cent is used to determine safety stocks, which are 
shown in Table 4 together with the calculated average inventory levels. 

Table 4.  Safety stocks, average inventory levels, and average shortages. 

Item 
SS 

(units) 
icalculated 

(units/time unit) 
'simulated 

(units/time unit) 

Average shortages 
(units/time unit) 

A 73 740 742 0.022  
B  67 559 560 0.013  
C  84 1109 1109 0.034  
D  44 250 251 0.006  
E  112 913 920 0.020 
F 176 2613 2612 0.073  
G  81 511 531 0.006  
H  100 868 883 0.015 
I 81 721 722 0.017  
J  70 571 577 0.010 

Table 4 also contains the average inventory levels and the average shortages 
from the simulation study. As can be seen in this table, the calculated inventory 
levels correspond to the simulated values. Table 5 compares the calculated cycle 
times to the simulation results. 

Table 5. Cycle times. 
Cycle no. Tcalculated 7 :simulated 

1 6.67 6.67 
2 11.22 11.22 
3 4.82 4.82 
4 10.47 10.46 
5 7.44 7.44 
6 12.74 12.71 
7 7.41 7.40 
8 9.49 9.49 

As Table 5 shows, the calculated cycle times correspond to the simulated values. 
From a practical point of view, the most interesting is the service levels. Table 6 
shows the service levels obtained in the simulation study. 
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Table 6. Service levels. 

Item  ere  max  am in  
A 93.2% 96.1% 90.8% 
B 95.1% 96.5% 94.3% 
C 90.8% 92.5% 89.1% 
D 96.8% 97.3% 96.2% 
E 95.3% 96.5% 94.6% 
F 90.1% 91.9% 87.3% 
G 97.9% 98.2% 97.5% 
H 95.7% 97.5% 94.6% 

94.6% 95.9% 93.4% 
J 95.8% 97.2% 94.2% 
Average 94.5%  

ä-  represents the average service level, whereas cemax  and  amin  show the 
maximum and the minimum service level of each item obtained in the ten 
simulation runs. As shown, the average service level is 94.5 per cent, which 
should be compared to the desired level of 95 per cent. The lowest obtained 
service level is 87.3 per cent. 

The cost can be estimated from the average inventory levels and the total setup 
time, which was 10.47 per cent of the total time in the simulations. The total cost 
can be calculated as: 

TC = 
7 
f 	

N d \ - 
1N d 

+ Ld uk cipk o-'(cyk ) 	 (23) 
k=1  Pk  2 k.„1 	Pk1 k=1 

First term represents the total setup cost, TSC, and the other terms represent the 
total inventory holding cost, THC. The calculated costs and the costs from the 
simulation study are shown in Table 7. 

Table 7. Costs. 
Calculation 	Simulation 

Cost (E/time unit) 	(E/time unit)  
THC 	575.47 	582.27 
TSC 	418.69 	418.76 
TC 	994 	1001 

Table 7 shows that the total cost per time unit from the simulation study 
correspond well to the calculated total cost. The error in total cost is only 0.7 per 
cent in this case. It can thus be concluded that our approximations perform well 
in the case of no idle time. 
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3.2 Idle time (f<1) 
Let us now instead consider a production schedule with idle time. We assume 
that three percent of the total time is planned as idle time. That means f = 0.97, 

which changes the expected average cycle time and variance as shown in Table 
8. 

Table 8. Calculation results. 

E[ I 	12.31 

var(r f  ) 	0.0037 

f = 0.97 implies that (1 — f)  n  max  E[rf]. 2.95 units of idle time should be 

planned in the schedule when calculating order-up-to levels. For simplicity, we 
allocate the idle time equally between the items, i.e. 0.072 time units are placed 
between the end of the production of an item and the start of the setup to next 
item. This results in the lead times and order quantities shown in appendix  C.  

As in previous section, the largest standard deviation in demand during lead 
time of each item (marked with bold in appendix  C)  is used when calculating the 
safety stocks, which are shown in Table 9 together with calculated average 
inventory levels and the average inventory levels from the simulation study. 

Table 9.  Safety stocks, average inventory levels, and average shortages. 

Item 
SS 

(units) 
'calculated  

(units/time unit) 
i  simulated 

(units/time unit) 

Average shortages 
(units/time unit) 

A 76 1012 1017 0.0020  
B  67 756 761 0.0016  
C  91 1528 1533 0.0022  
D  45 334 336 0.0025  
E  99 1222 1232 0.0030 
F 146 3562 3571 0.0030  
G  72 675 705 0.0017  
H  91 1168 1213 0.0008 
I 77 974 980 0.0030  
J  70 772 783 0.0015 

Table 9 also shows the average shortages. As expected, we have less average 
shortages when there is idle time in the system than in the system without idle 
time. The cycle times are shown in Table 10. 
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Table 10. Cycle times. 
Cycle no. Tcalculated Tsimulated 

1 9.42 9.38 
2 15.87 16.19 
3 6.83 6.86 
4 14.82 14.85 
5 10.55 10.45 
6 18.18 18.34 
7 10.47 10.49 
8 13.38 13.53 

From Table 10 it can be concluded that our approximation of the cycle times 
performs well. Furthermore, we have approximated the lead times of the items. 
As shown in appendix  C,  also this approximation performs well. Appendix  C  
also shows the variance in lead time, both the calculated and the simulated 
values. In this case, the calculated values are considerable lower than the 
simulation results. When calculating the variance in lead time, we assume that 
the flexibility in the system is used only for handling the variations in lead time. 
In the simulations, the flexibility in the system is used not only for handling the 
variations in lead time, but also the variations in demand. This is the reason for 
the considerable difference between the calculated variance and the simulated 
value. However, even though the calculated variance in lead time differs from 
the simulated results, Table 11 below shows that the service levels are well 
acceptable. 

Table 11. Service levels. 

Item -07  am  ax amin  
A 96.0% 97.0% 94.7% 
B 96.6% 96.9% 96.1% 
C 95.0% 97.2% 91.7% 
D 96.4% 97.0% 95.9% 
E 96.3% 97.2% 95.5% 
F 91.5% 94.1% 89.8% 
G 95.0% 95.7% 94.4% 
H 97.9% 98.4% 97.3% 

95.5% 95.9% 95.0% 
J 97.1% 97.7% 96.6% 
Average 95.7% 

The service levels are between 89.8 per cent and 98.4 per cent. The average 
service level is 95.7 per cent, which is above the desired of 95 per cent. From 
the simulation study, the average idle time is 3.14 time units (3.19 per cent), 
which should be compared to the planned of 2.95 time units (3.00 per cent). This 
means that the control model tends to extend the cycles a little more than 
planned, which could lead to shortages. However, since the service levels are 
above the desired, this is not the case. 
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The service level is slightly above the expected, which can be the result of 
selecting the largest cr

Di 
 to calculate the safety stocks. This also leads to a little 

higher inventory holding costs than expected. The costs are shown in Table 12. 

Table 12. Costs. 
Calculation 	Simulation 

Cost (Chime unit) (€/time unit)  
THC 	772.92 	785.73 
TSC 	298.69 	293.65 
TC 	1071 	1079 

In the simulation study, the setup time was 7.34 per cent of the total time. The 
error in total cost is 0.7 per cent also in this case. Therefore, it can be concluded 
that the total cost per time unit from the simulation study correspond well to the 
cost estimations from the calculation also when there is idle time in the system. 

Similar tests with f-values between 0.99 and 0.96 have also been made in order 
to test the impact of f on the service level. The average service level for these 
tests varied between 96.1 per cent and 94.9 per cent. 

4 Conclusions and extensions 

In this paper we have presented a planning and control model for the problem of 
scheduling the production of multiple items, each with random demand, on a 
single facility. Starting with a fixed cyclic production sequence, the planning 
part of the model shows how to estimate the variance in demand during lead 
time, which is used for determination of safety stocks and order-up-to levels. In 
order to estimate this variance, approximations are made. Some of these assume 
cycles with approximately equal cycle times. Calculations have shown that this 
is difficult to accomplish, even if there is idle time to allocate. However, the 
simulation study has shown that our approximations perform well with respect 
to service levels, lead times, variations, and costs. Therefore, it can be concluded 
that our approximations perform well, even if the cycle times differ. 

From the simulation study it can be seen that items that are produced less 
frequently (item  C  and F) have lower service level than items produced more 
frequently. The reason for this could be that their lead times depend on many 
items, which complicates the estimation of variations. In systems with idle time, 
the average shortages are lower and the service level is higher than in full time 
production, even though the safety stock levels, on average, are slightly lower in 
this system. Therefore, as assumed, idle time can be used to handle variations in 
demand and lead times. 
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We have suggested that the highest safety stock level of each item should be 
used even though it is possible to calculate a safety stock level for each 
production run. In practice, it may be insufficient to vary the safety stock levels 
for an item during the schedule, which is the reason for our suggestion. It results 
in higher costs than necessary, but for simplicity we recommend to keep the 
safety stock level of each item constant. 

The planning and control model presented in this paper can be used for any 
fixed cyclic sequence for the production of multiple items, each with random 
demand, on a single facility. This means that the model can be applied in many 
different situations, e.g. when dealing with sequence-dependent setups. As long 
as there is an existing model for determination of a cyclic schedule, our model 
can be used in a second step for determination of safety stocks and order-up-to 
levels. Areas of further research could concern systems with stochastic setup 
times as well as stochastic production rates. 

Appendix A 
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dx 2f 	 9 	dx 

-00 

x 	—a x2 
var( f  )= 2 J 

—a  

	

X 	9 
	 dx + 2a-  f 

	

af 	— 5T 

a  X 
dx+4a f 	 

af -oo 0T 

x  

UT)  

 

dx  

  

  

— 
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X 
 dx we use integration by parts as: 

oo UT 	TI 

ff (x)g(x)dx = F(x)g(x)- f F(x)glx)dx  
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Appendix  B  

Calculated 

Item L*  Q 	var(L)***  i  7  D ****  

Cycle 1 A 33.18 1327 0.253 41.61  
B  16.00 960 0.122 37.40  
D  7.59 379 0.058 22.89  
G  10.41 1146 0.080 45.88 
I 15.86 1269 0.121 45.19 

Cycle 2  E  16.04 1925 0.123 60.70  
D  8.51 425 0.065 24.23 
F 34.97 5246 0.266 106.01  
G  5.71 628 0.043 33.96  
H  14.19 1419 0.108 49.99  
J  15.02 901 0.114 36.24 

Cycle 3  B  17.37 1042 0.132 38.97  
D  7.98 399 0.061 23.48  
G  8.07 888 0.062 40.40 
I 17.90 1432 0.136 48.00 

Cycle 4  E  17.91 2149 0.136 64.12  
D  9.44 472 0.072 25.53  
G  9.41 1035 0.072 43.62  
H  20.89 2089 0.159 60.65  
J  20.35 1221 0.155 42.17 

Cycle 5 A 37.08 1483 0.282 43.99  
B  18.09 1085 0.138 39.77  
D  9.01 450 0.069 24.93  
G  11.81 1299 0.090 48.85 
I 18.00 1440 0.137 48.14 

Cycle 6  E  20.15 2418 0.154 68.02  
D  9.13 457 0.070 25.11 
F 35.29 5293 0.268 106.48  
G  6.40 704 0.049 35.96  
H  16.59 1659 0.126 54.06  
J  16.84 1011 0.128 38.37 

Cycle 7  B  18.79 1127 0.143 40.53  
D  10.06 503 0.077 26.35  
G  9.97 1096 0.076 44.88 
I 18.50 1480 0.141 48.80  
C  70.26 2108 0.534 50.88 

Cycle 8  E  16.16 1939 0.123 60.92  
D  8.54 427 0.065 24.29  
G  8.49 933 0.065 41.41  
H  18.59 1859 0.141 57.23  
J  18.04 1083 0.138 39.71 

Simulated 

L var(L) 

33.18 0.567 
16.00 0.175 
7.59 0.042 
10.41 0.069 
15.86 0.171 
16.04 0.170 
8.51 0.052 

34.96 0.523 
5.70 0.030 
14.18 0.120 
15.02 0.113 
17.37 0.136 
7.98 0.040 
8.07 0.040 

17.89 0.135 
17.90 0.134 
9.44 0.034 
9.41 0.034 

20.88 0.171 
20.34 0.179 
37.07 0.607 
18.09 0.153 
9.00 0.037 
11.80 0.060 
18.00 0.154 
20.14 0.186 
9.13 0.048 
35.28 0.632 
6.39 0.029 
16.59 0.154 
16.84 0.152 
18.79 0.184 
10.06 0.059 
9.96 0.061 
18.50 0.189 
70.24 2.062 
16.16 0.165 
8.54 0.043 
8.48 0.042 

18.59 0.202 
18.04 0.207 

* Calculated as in (15) 
** Calculated from (16) 
*** Calculated from (17) 
**** Calculated from (5) .**** 

Measured average value in a simulation study of 10 repetitions, each with 50000 periods. 
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Appendix  C  

Calculated 

Item 
I
.
dle 

time L*  Q**  var(L)***  (3-D  **** 

Cycle 1 A 0.072 46.95 1878 0.014 43.59  
B  0.072 22.65 1359 0.007 37.19  
D  0.072 10.73 537 0.003 23.34  
G  0.072 14.75 1623 0.004 40.94 
I 0.072 22.45 1796 0.007 42.88 

Cycle 2  E  0.072 22.70 2724 0.007 53.12  
D  0.072 12.04 602 0.004 24.72 
F 0.072 49.56 7434 0.015 88.13  
G  0.072 8.06 887 0.002 30.26  
H  0.072 20.07 2007 0.006 45.46  
J  0.072 21.27 1276 0.006 36.04 

Cycle 3  B  0.072 24.58 1475 0.007 38.75  
D  0.072 11.30 565 0.003 23.95  
G  0.072 11.43 1257 0.003 36.04 
I 0.072 25.34 2028 0.008 45.56 

Cycle 4  E  0.072 25.37 3044 0.008 56.15  
D  0.072 13.36 668 0.004 26.04  
G  0.072 13.33 1466 0.004 38.91  
H  0.072 29.64 2964 0.009 55.25  
J  0.072 28.99 1739 0.009 42.07 

Cycles A 0.072 52.57 2103 0.016 46.13  
B  0.072 25.79 1548 0.008 39.69  
D  0.072 12.79 640 0.004 25.48  
G  0.072 16.78 1845 0.005 43.65 
I 0.072 25.63 2050 0.008 45.82 

Cycle 6  E  0.072 28.65 3437 0.009 59.67  
D  0.072 13.05 652 0.004 25.73 
F 0.072 49.96 7494 0.015 88.48  
G  0.072 9.15 1007 0.003 32.25  
H  0.072 24.39 2439 0.007 50.12  
J  0.072 23.76 1426 0.007 38.09 

Cycle 7  B  0.072 26.50 1590 0.008 40.23  
D  0.072 14.20 710 0.004 26.84  
G  0.072 14.06 1547 0.004 39.97 
I 0.072 26.10 2088 0.008 46.24  
C  0.072 99.52 2986 0.030 54.88 

Cycle 8  E  0.072 22.80 2736 0.007 53.23  
D  0.072 12.04 602 0.004 24.72  
G  0.072 11.96 1316 0.004 36.86  
H  0.072 26.28 2628 0.008 52.03  
J  0.072 25.51 1530 0.008 39.47 

Simulated*****  

L var(L) 

47.30 0.130 
22.92 0.079 
10.81 0.054 
15.04 0.061 
22.78 0.069 
23.05 0.067 
12.31 0.067 
49.84 0.143 
8.18 0.072 

20.24 0.084 
21.39 0.087 
24.63 0.070 
11.43 0.048 
11.54 0.060 
25.33 0.069 
25.32 0.071 
13.19 0.027 
13.09 0.024 
29.71 0.102 
29.08 0.109 
52.88 0.193 
25.93 0.101 
12.86 0.054 
17.03 0.073 
25.81 0.133 
28.89 0.111 
13.18 0.085 
50.33 0.161 
9.17 0.084 
23.81 0.124 
23.95 0.122 
26.69 0.085 
14.42 0.068 
14.32 0.080 
26.26 0.085 
100.17 0.314 
22.91 0.079 
11.99 0.044 
11.81 0.042 
26.42 0.091 
25.76 0.099 

Calculated as in (15) 
** Calculated from (16) 
*** Calculated from (17) 

Calculated from (5) 
Measured average value in a simulation study of 10 repetitions, each with 50000 periods. 
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Abstract 
Due to environmental and legislative reasons, the importance of recycling is steadily 
increasing. Ecologically harmless recycling of used technical products is or will 
become mandatory for their producers. A collaborative research center in Germany 
designs prototypical disassembly factories by research on disassembly processes. In 
the context of this research project, lot scheduling in a disassembly-process, 
characterized by sequence-dependent set-up times, is investigated. The purpose of 
this paper is to develop a lot scheduling policy for the disassembly of different 
products in a disassembly factory. Two different policies are introduced and 
compared, one inventory policy disassembling the item with the highest inventory 
level. The other policy is cyclical, disassembling the items in a determined sequence 
that minimises the set-up time. A simulation study establishes that the cyclical 
policy results in lower inventories, especially with a high coefficient of variation in 
the set-up times. 

Keywords: Scheduling; Disassembly; Reverse logistics; Sequence-dependent set-up 
times 

1 Introduction 

Currently most technical consumer products like cars and household appliances 
are directly shredded or disposed of at the end of their lifecycle. These are 
processes where materials are mixed and only a minor is recycled. Most 
shredding processes of today allow only some metals to be reused, often defiled 
with other materials and thus not meeting required quality standards. Even 
worse, there are products that are disposed of in special landfills and thereby 
taken completely out of any material loop. However, due to environmental and 
legislative reasons the importance of recycling is steadily increasing. Customers 
are demanding ecologically harmless products and recycling of complex 
technical consumer goods is or will become mandatory for their producers. For 
example, the European Parliament and the Council of the European Union 
adopted in the beginning of 2003 the WEEE (Waste Electrical and Electronic 
Equipment)-directive. The main objective with this directive is: 
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as a first priority, the prevention of waste electrical and 
electronic equipment (WEEE), and in addition, the reuse, 
recycling and other forms of recovery of such wastes so as 
to reduce the disposal of waste. It also seeks to improve the 
environmental performance of all operators involved in the 
life cycle of electrical and electronic equipment, e.g. 
producers, distributors and consumers and in particular 
those operators directly involved in the treatment of waste 
electrical and electronic equipment."' 

The directive is addressed to all member states of the European Union and 
presents an extensive amount of instructions. For example, the member states 
shall by the 13th  of August 2005 ensure that systems are set up allowing final 
holders and distributors to return WEEE from private households free of charge. 
The member states shall also ensure that all collected WEEE is transported to 
authorised treatment facilities unless the appliances are reused as a whole. 
Furthermore, the WEEE-directive states that the members of the European 
Union must make sure that at least four kilograms of WEEE per inhabitant is 
achieved from private households yearly at latest by the 30 of December 2006. 
The member states shall bring into force the laws, regulations, and 
administrative provisions necessary to comply with this directive by the 13th  of 
August 2004. The WEEE-directive, together with demands from customers and 
other regulations have lead to new policies focusing on closed loops where 
products are disassembled, parts are reused, and materials recycled. 

In comparison to shredding and disposal, disassembly separates materials in a 
better way. More components can be reused and disassembly is thus a major 
operation when recycling technical products. Since 1995, a collaborative 
research center in Germany develops prototypical disassembly factories through 
research on disassembly processes. Initially, the research focuses on the 
disassembly of household appliances, such as washing machines. 

Within this collaborative research center, methods and tools for the recovery of 
resources in product and material cycles are developed. Development of 
disassembly tools and processes, ecological and economical product assessment, 
as well as development of tools to support the design for disassembly take a vital 
position in the project. One sub-project is responsible for deciding the capacity 
of the disassembly factory and develops tools for planning the disassembly. 
Within the context of this sub-project, the purpose of this paper is to develop a 
lot scheduling policy for the disassembly of different products. 

Official Journal of the European Union, (L 037), 13/02/2003,  p.  0026. 
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2 Literature review 

Reverse logistics has been subject for an increased research in later years. Olson 
and Sutherland (1993) present research issues in demanufacturing considering 
life cycle engineering issues, design issues, and manufacturing issues. More 
recently,  Fleischmann  et al. (1997) present a review over quantitative models for 
reverse logistics. They note that research on reverse logistics that far had been 
confined to rather narrow views on single issues and divide the field into three 
main areas: distribution planning, inventory control, and production planning.  
Thierry  et al. (1995) distinguish between different ways of handling returned 
products and components and mean that old products can be resold directly, 
recovered, or disposed of. The product recovery can be categorised in repair, 
refurbishing, remanufacturing, cannibalization, and recycling. Each of these 
options involves collection of used products and components, reprocessing, and 
redistribution but differ in the reprocessing part. Repair, refurbishing, and 
remanufacturing increase used products in quality and technology where repair 
involves the smallest and remanufacturing the largest increase. In 
cannibalization a limited amount of reusable parts is recovered whereas the 
purpose of recycling is to reuse materials from used products and components.  

Fleischmann  et al. (1997) classify different types of items to recover. The main 
categories are packages, spare parts, and consumer goods. These categories 
differ with respect to when and why items are returned. Packages will be 
returned rather quickly since they are no longer required once their content has 
been delivered. Spare parts are returned upon failure or preventive maintenance, 
typically after a longer time and possibly with some defect. Consumer goods are 
mostly only returned at the end of their lifecycle. This can be rather long and 
might imply outdating of the product. Another possibility is returns after expiry 
of lease contracts. In this case the timing of return is known in advance and can 
thus be planned for. All these aspects influence the possible forms of reuse of 
the item.  Fleischmann  et al. (1997) also distinct between reuse made by the 
original producer and reuse made by a third party since the actor sets important 
constraints on the possibility of integrating forward and reverse logistics 
activities. 

Several authors have proposed inventory control models taking returns of used 
products into account. One of the first models for production planning and 
inventory control handling the situation with remanufacturing was presented by 
Muckstadt and Isaac (1981). They consider a continuous review procurement 
policy in a single echelon model and apply the results on a two echelon model. 
Van der Laan et al. (1996) present a single-product, single-echelon production 
and inventory system with product returns, product remanufacturing, and 
product disposal and make a numerical comparison of three different 

3 



procurement and inventory control strategies. In this model the number of 
returned products to be remanufactured is limited and when the inventory level 
of returned products equals this limit remaining products are disposed of. Van 
der Laan and Salomon (1997) study a stochastic inventory system with 
production, remanufacturing, and disposal operations where used products are 
either remanufactured or disposed of. The demand of the customers must be 
fulfilled, either from the production of new products or by the remanufacturing 
of used products. Furthermore,  Kiesmüller  and van der Laan (2001) investigate 
an inventory model for a single reusable product where the random returns 
depend on the demand stream whereas  Fleischmann  et al. (2002) extend a 
single-product inventory model to include Poisson demand and returns. 

Many researchers have addressed the problem of generating an optimal 
disassembly sequence where the focus is the product design. For example, 
Johnson and Wang (1995) structure a methodology for optimisation of the 
disassembly process for material product recovery. Also Lambert (1997) 
considers the problem of finding an optimal disassembly sequence and presents 
a method. Johnson and Wang (1998) integrate economical aspects into the 
scheduling of disassembly operations whereas  Gungor  and Gupta (1998) 
introduce uncertainty issues in disassembly sequence planning. Moore et al. 
(1998) and Rai et al. (2002) are others considering disassembly sequence 
planning, using a Petri net approach. 

When it comes to scheduling the research is not that extensive. Guide (1996) 
states that scheduling in a remanufacturing environment is more complex than in 
a traditional manufacturing environment because the scheduler must deal with 
more uncertainty. He applies a drum-buffer-rope concept to a remanufacturing 
environment in a simulation study. Gupta and Taleb (1994) introduces an 
algorithm that reverses the MRP procedure to be used for planning the 
disassembly of products where demand is on the component level in the product 
structure. 

Perry (1991) examines the impact of lot sizes and lead times on performance 
and costs for thirteen remanufacturers and concludes that a strong motivation to 
minimize remanufacturing lot sizes and lead times distinguish efficient 
remanufacturing operations. Guide et al. (1997) evaluate disassembly release 
mechanisms and priority dispatching rules in a simulation study. They consider 
a model consisting of a ten center remanufacturing shop, each work center 
performing a unique operation. An exponential time between arrivals is used, all 
the operation times are exponentially distributed, and set-up times are included 
in the processing times. Sixteen different dispatching rules are tested as well as 
four different disassembly release mechanisms. Their study found that there was 
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no significant difference among any of the disassembly release mechanism, 
which favours the simplest method. 

3 Model definition and assumptions 

In this paper, we consider a third party that re-processes old consumer goods. 
We study a disassembly factory recovering household appliances at the end of 
their life cycle and limit the study to consider one disassembly-line. This line 
consists of robots, which can be rearranged in order to disassemble many 
different items. Depending on the order in which the items are disassembled the 
set-up time of the robots will vary. In other words, the set-up times between 
different items are sequence-dependent. 

Used items return to the disassembly factory with constant daily return rates, but 
randomly all over the day. All returned items must be disassembled and 
recovered but only one item can be disassembled at a time. The disassembly is 
considered as one operation and not as a chain of operations with different 
operations times, even though the disassembly process consists of different 
operations as disassembly, cleaning, and test. The disassembly rates are 
deterministic and constant and an assumption of unlimited demand for 
disassembled parts is made. This means that only the inventory of returned items 
and not an inventory of disassembled parts have to be considered. No effort is 
made to analyze the design of the product and the development of an optimal 
disassembly sequence is thus demarcated in this paper. Furthermore, no cost 
estimations are made in this paper, since these are difficult to estimate. The 
following notations are used:  

N 	Number of items to consider 
di 	Disassembly rate for item  i  (units per time unit) 

Return rate for item  i  (units per time unit) 

ii 	Inventory level of item  i  (units)  
thi  Set-up time from item  h  to item  i  (time units) 
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4 Lot scheduling policies and simulation model 

According to  Kurbel  (1999), a traditional production planning problem has four 
different aspects to handle: 

- lot sizing (How many products should be produced?) 
- scheduling (When should the products be produced?) 
- allocation (In which machine should the products be produced?) 
- sequencing (In which order should the products be produced on each 

machine?) 

The planning of disassembly must handle the same aspects. Since only one 
disassembly-line is considered in this paper the allocation aspect must not be 
handled, but the lot scheduling policy must handle lot sizing, scheduling, and 
sequencing. 

When designing a disassembly factory one objective is to minimize the storage. 
Household appliances such as washing machines are relatively voluminous and 
it is thus desirable to keep the inventory of returned items as low as possible in 
order to minimize the required storage space. On the other hand, it is desirable to 
disassemble the products in an efficient way in order to maximise the output. 
Since the set-up times are sequence-dependent, an efficient disassembly may be 
achieved by minimizing the set-up time. Therefore, two policies are introduced 
and compared with respect to inventory levels and set-up times. The first policy, 
an inventory policy, strives to minimize the inventory by disassembling the item 
with the highest inventory level. The other policy is cyclical, disassembling the 
items in a predetermined sequence in order to minimize the set-up time. 

4.1 Inventory policy 
The inventory policy arranges the items as 1 to  N  according to decreasing 
inventory levels. The inventory level of the item with most units in stock 
(ranked as item number one) is analysed and if it exceeds a minimum 
disassembly quantity (further explained in section 4.3) this item is disassembled, 
otherwise the inventory level of the subsequent item in the ranking is analysed. 
If none of the items have an inventory level exceeding its minimum disassembly 
quantity, the disassembly-line is idle until this condition is met. The heuristic of 
this scheduling policy is shown in Figure 1. 
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Figure 1. The inventory policy. 

Since there is no risk for stockouts due to the assumption of unlimited demand 
for disassembled parts there is no use to set-up to another item before all units in 
inventory of the selected item have been disassembled. Therefore, the quantity 
to disassemble is all units in inventory of the item. 

4.2 Cyclical policy 
The cyclical policy disassembles the items in a predetermined sequence. This 
sequence includes all items and is created by an investigation of all possible 
combinations, which is (N-1)! combinations. The sequence, which presents the 
shortest total set-up time, is determined and the items are disassembled 
according to this. First time, the item with the highest inventory level is selected. 
If the inventory level of the selected item is below the minimum disassembly 
quantity the inventory level of the subsequent items in the sequence is analysed. 
The first of the subsequent items that has an inventory level exceeding its 
minimum disassembly quantity is disassembled. In other words, items can be 
passed over in the sequence if they do not have a sufficient number of units in 
inventory. If the inventory level of none of the items in the sequence exceeds its 
minimum disassembly quantity the disassembly-line is idle until this condition is 
met. As in the inventory policy the disassembly quantity is all units in inventory 
of the selected item. The heuristic of this policy is shown in Figure 2. 
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Figure 2. Cyclical policy. 

4.3 Minimum disassembly quantity 
The minimum disassembly quantity can be defined in many ways. Since no cost 
estimations are made in this study it is calculated from the operations time and 
set-up time. The selected item is disassembled if the disassembly time is more 
than two times the set-up time, which can be transformed into a minimum 
disassembly quantity. Mathematically, item  i  should be disassembled if: 

>2t
it 

xd. 
— 	t 

(1) 

where item  j  is the previous disassembled item. Equation 1 represents a dynamic 
minimum disassembly quantity, since it changes with the set-up times and is 
thus dependent of the used sequence. 

4.4 Simulation model 
When one item is to be disassembled the algorithm shown in Figure 3 is used for 
the simulation. 
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Figure 3. The simulation model. 

When the item to disassemble is selected from one of the two policies the robots 
are rearranged in order to disassemble this item. Since the set-up times are 
sequence-dependent they are obtained from a from/to matrix. This time is 
progressed before the inventory levels for all items are updated. If there are 
returns of an item during this time units are added to the inventory. The 
disassembly quantity is determined and the disassembly time is progressed 
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before the inventory levels for all items are updated once again. The inventory 
level of the disassembled item is also reduced by the disassembled quantity. 
Units that arrive during the disassembly are not disassembled this time. This 
procedure is repeated until the required time has elapsed. 

5 Simulation study 

In order to compare the inventory policy to the cyclical policy a simulation 
study is made. This study contains the disassembly of ten different items with 
the characteristics shown in Table I. 

Table 1. Return- and disassembly rates.  
d,  

Item (units/day) (units/day) 
A 7 240  
B  12 192  
C  22 240  
D  16 137  
E  10 107 
F 30 320  
G  20 192  
H  25 160 

14 320  
J  10 120 

The utilisation  (E ri  /di ) for these items is 87,50 per cent (capacity used for set- 

ups excluded). One can suspect that the set-up times have a great influence on 
the decision of which lot scheduling policy to prefer. In order to analyse this, 
different set-up times are tested. The set-up times are randomly estimated 
between a minimum (t,) and a maximum (tn.) value. The set-up times are 
symmetric, which means that the set-up time is the same independent on if the 
set-up is made from item A to  B  or from  B  to A. For example, the set-up times 
for one test with a minimum set-up time of two minutes and a maximum set-up 
time of nineteen minutes look like Table 2. 
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Table 2. Set-up times for test 12 (minutes). 

From/to Item A Item B Item C Item D Item E Item F Item G Item H Item  I  Item J 
Item A 0 14 18 11 3 15 9 10 10 5 
Item B 14 0 7 3 12 5 18 3 9 6 
Item C 18 7 0 17 15 6 14 6 3 2 
Item D 11 3 17 0 7 16 7 6 10 6 
Item E 3 12 15 7 0 8 2 10 5 17 
Item F 15 5 6 16 8 0 12 15 18 7 
Item G 9 18 14 7 2 12 0 11 3 13 
Item H 10 3 6 6 10 15 11 0 9 19 
Item  I  10 9 3 10 5 18 3 9 0 4 
Item J 5 6 2 6 17 7 13 19 4 0 

The cyclical policy works in this test with the sequence A-E-G-I-C-F-B-H-D-J,  
resulting in a total set-up time of 42 time units throughout the cycle. From each 
from/to matrix, which contains 90 set-up times, the average set-up time 00, the 
standard deviation (sehi  ), and the coefficient of variation (cvth,  ) can be 

calculated. An overview of the set-up times for each test is shown in Table 3. 

Table 3. Set-up times for each test (minutes). 

Test no. tmin  tmax  thi s
till 

 CV, 
• hi 

Total set-up time 
for sequence 

1 2 5 3.60 1.00 0.28 27 
2 2 5 3.78 1.10 0.29 22 
3 2 5 3.64 1.14 0.31 22 
4 2 7 4.62 1.50 0.33 32 
5 2 7 4.71 1.58 0.34 31 
6 2 7 4.80 1.69 0.35 25 
7 2 11 7.00 2.91 0.42 31 
8 2 11 6.27 2.82 0.45 32 
9 2 11 5.53 2.57 0.46 28 
10 2 19 9.91 4.75 0.48 55 
11 2 19 10.24 5.25 0.51 48 
12 2 19 9.47 5.03 0.53 42  

Table 3 also shows the total set-up time for the determined sequence in the 
cyclical policy. As Table 3 shows, three tests were made with the same 
minimum (tmin) and maximum (tmax) set-up times, but with different average set-
up time and standard deviation. 

Since random returns during day are considered, ten different return series were 
used in each test. The ten return series were the same in all tests and for both 
policies since the simulation model is designed to test the performance of a 
given scheduling policy. The simulation study was made minute wise and 
covered a time horizon of one year with 225 working days, each with 960 
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minutes per day. In order to show how the two policies works, one example of 
the inventory of item A for one demand series in one test using the inventory 
policy is shown in Figure 4. 
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Figure 4. Inventory levels for item A using inventory policy. 

The corresponding graph when the cyclical policy is used is shown in Figure 5. 

Figure 5. Inventory levels for item A using cyclical policy. 

As Figure 4 and Figure 5 show the cyclical policy disassembles the item more 
frequently than the inventory policy. In this test the total number of set-ups was 
2807 for the inventory policy, which should be compared with 5545 set-ups 
when the cyclical policy was used. Figures 4 and 5 also show that the inventory 
is lower for the cyclical policy, due to more frequent disassembly. As a 
consequence, the lot sizes are also smaller. Table 4 presents the average number 
of set-ups as well as the average set-up times for each test. Average values are 
presented since each test contains ten simulation runs with different return 
series. 
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Table 4. Average number of set-ups and average set-up time for each test. 

Test no. 
Average number of set-ups 

Inventory policy 	Cyclical policy 
Average set-up time (minutes) 

Inventory policy 	Cyclical policy 
1 7774 9444 3.48 2.85 
2 7402 10949 3.66 2.43 
3 7444 10639 3.64 2.51 
4 6013 7902 4.51 3.42 
5 5553 8346 4.88 3.23 
6 5786 9569 4.69 2.79 
7 4044 7696 6.72 3.48 
8 4150 7405 6.55 3.63 
9 4690 8045 5.79 3.34 
10 2601 4582 10.48 5.90 
11 2544 5288 10.74 5.11 
12 2829 5579 9.64 4.85 

As Table 4 shows, the cyclical policy results in more set-ups than the inventory 
policy. On the other hand, the average set-up time is almost the double when 
using the inventory policy. 

More important in this aspect is the total inventory since it affects the required 
storage space. An example of the total inventory for one return series in one test 
using the inventory policy is shown in Figure 6. 

Total inventory - Inventory policy 
(Test no 12) 

Time 

Figure 6. Total inventory using the inventory policy. 

The corresponding diagram when using the cyclical policy is shown in Figure 7. 
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Figure 7. Total inventory using the cyclical policy. 

As can be seen in Figure 6 and Figure 7 the required storage space exceeds 90 
units when using the inventory policy, which is to be compared with maximum 
60 units for the cyclical. 

The complete results of the tests are shown in Figure 8 in form of average and 
maximum inventory as well as set-up time as a part of the total time. 

Figure 8. Inventory and set-up times for different coefficient of variation in set-up times. 

As Figure 8 shows the cyclical policy results in a lower average and maximum 
inventory than the inventory policy, even though the inventory policy focuses on 
reducing the total inventory level by disassembling the item with the highest 
inventory level. As expected, the cyclical policy also results in less total set-up 
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Figure 9. Average idle time. 

As Figure 9 indicates the difference in idle time is not that large between the two 
policies. As Table 4 showed, the number of set-ups is almost twice as many 
when using the cyclical policy. On the other hand, the average set-up time is 
approximately the double when using the inventory policy compared to the 
cyclical policy. This results in approximately equal total set-up time and hence 
no large difference in idle time. However, the significant difference between the 
two policies is in the inventory. With respect to this a cyclical policy 
outperforms an inventory policy. 

6 Conclusions and extensions 

The purpose of this paper was to develop a lot scheduling policy for the 
disassembly of different products in a disassembly factory. Two different 
scheduling policies were tested with respect to inventory levels and set-up times; 
an inventory policy disassembling the item with the highest inventory level and 
a cyclical policy disassembling the items in a determined sequence in order to 
minimize the set-up time. A simulation study established that the cyclical policy 
results in lower average and maximum inventory, especially with a high 
coefficient of variation in the set-up times. 
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The difference in inventory levels may rely on the decided minimum 
disassembly quantity, since it is dynamic and depends on the set-up times. The 
average set-up time is lower for the cyclical policy, which results in a smaller 
minimum disassembly quantity for this policy with a lower average inventory as 
a possible result. In order to analyse the impact of this rule alternative rules were 
tested. Tests with rules stating that the operations time must exceed three and 
four times the set-up times resulted in almost unchanged average inventory 
levels for the inventory policy, but higher average inventory using the cyclical 
policy. As a consequence, the idle time increased instead since the disassembly-
line was idle waiting for items to return. In other words, the rule for deciding the 
minimum disassembly quantity will affect the average inventory and the idle 
time. Anyhow, the cyclical policy will use the resources in a more beneficial 
way than the inventory policy. A fixed minimum disassembly quantity was 
tested as well. These tests showed only small variations to the tests with 
dynamic minimum disassembly quantities. 

The rule for establishing the minimum disassembly quantity can most certainly 
be improved. The best way would probably be to estimate the inventory holding 
costs as well as the set-up costs and then set-up only if the inventory holding 
cost exceeds the set-up cost. However, such costs are difficult to estimate and 
thus are only the operations and set-up times considered in this paper. For 
example, Van der Laan (2003) derives holding cost parameters for a joint 
manufacturing and remanufacturing inventory system, but concludes that this 
can be very difficult in realistic and complex systems. Guide et al. (1997) agree 
and do not consider any cost-based performance in their study since they found 
that cost structures vary greatly from one product type to another, and from 
facility to facility. The same is true for set-up costs, which are mostly a 
consequence of the circumstances. 

The way the sequence is determined in the cyclical policy must also be 
mentioned. When the number of items to consider increases the computational 
effort for making this calculation will reach infinity since the problem is NP-
hard. The computation of an efficient sequence is equal to a traveling salesman 
problem and since there are an extensive amount of algorithms for that problem 
one of those can be applied to our problem. 

In conclusion, this simulation study showed that a cyclical policy is preferable 
when dealing with sequence-dependent set-up times in a disassembly factory. 
However, the cyclical policy used in this paper can be improved. In our policy 
all items are disassembled with equal frequency in the sequence. If there are 
large variations in return rates among the items this will not be as beneficial as 
in this study. In that case some items should not be disassembled in every cycle. 
Development of rules for determining such a sequence is an area for further 
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research. Other areas for further research are extensions of the policies to 
include more disassembly-lines as well as limited, stochastic demands for 
disassembled parts. 
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Abstract 

The importance of material and product recovery is steadily increasing, mainly due 
to customer expectations and take-back obligations. Disassembly is a major 
operation in material and product recovery, since returned products need to be 
disassembled in order to separate materials and components. In this paper, we 
consider the problem of scheduling several items on a single disassembly-facility. 
We develop a cyclic lot scheduling heuristic for disassembly processes with 
sequence-dependent setups, resulting in disassembly frequencies for the items. 
Additionally, the way we formulate the problem allows us to calculate the profitable 
use of the facility. The disassembly frequencies and the profitable use of the facility 
are used to create a cyclic schedule. 

Keywords: Scheduling; Disassembly; Cyclic schedule; Sequence-dependent setups; 
Reverse logistics; Remanufacturing 

1 Introduction 

From a logistical perspective re-use activities give rise to an additional flow of 
goods from the consumer back to the producers. The management of this flow, 
opposite to the traditional supply chain, is the concern of reverse logistics [6]. 
This is not a new phenomenon. For example, waste paper recycling and deposit 

systems for bottles are systems that have been used for many years. Anyhow, 
reverse logistics has recently become an important issue for many 
manufacturers, mainly due to legislation and customer expectations. Several 
countries have adopted environmental legislation forcing producers to take 

responsibility for the complete life-cycle of their products [3]. Take-back 
obligations for a number of product categories such as electronics, packaging 
material, and cars are some of the legislative measures taken. Furthermore, 
customer expectations of ecologically harmless products force companies to 
reduce the environmental burden of their products. 

According to Thierry et al. [16] returned products can be resold directly, 
recovered or disposed. Due to the stricter environmental legislation and an 
economic advantage in recovering products rather than the disposal alternative, 
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product recovery has emerged as an important research area in recent years, one 
may refer to [7,10] for overviews.  Gungor  and Gupta [10] make a categorisation 
of the recovery process into material recovery (recycling) and product recovery 
(remanufacturing). Material recovery mostly includes disassembly for separation 
and processing of materials of used products. The main purpose is to minimise 
the amount of disposal and maximise the amount of materials returned back into 
the product cycle. Product recovery includes disassembly, cleaning, sorting, 
replacing or repairing components, reconditioning, testing, reassembling, and 
inspecting [10]. A more detailed classification of the recovery options is repair, 
refurbishing, remanufacturing, cannibalisation, and recycling. The definitions 
and differences of these can be found in [16]. 

As can be seen from this, disassembly activities take place in various recovery 
operations including remanufacturing, recycling, and disposal. Disassembly is 
thus a major operation in material and product recovery and has become an 
important research area in recent years. For example, a collaborative research 
centre in Germany develops prototypical factories for disassembly of household 
appliances [2]. In these factories several different products are disassembled by 
robots. For this kind of recovery processes there is a need for scheduling 
principles. Even though scheduling in ordinary production systems is an area 
that is extensively investigated in the literature, the research on scheduling in 
remanufacturing and recycling environments is limited. 

Guide [8] states that scheduling in a remanufacturing environment is more 
complex than in a traditional manufacturing environment because the scheduler 
must deal with more uncertainty. He applies a drum-buffer-rope concept to a 
remanufacturing environment in a simulation study. Gupta and Taleb [11] 
introduce an algorithm that reverses the MRP procedure to be applied to a 
product structure where demand is on the component level. Perry [14] examines 
the impact of lot sizes and lead times on performance and costs for thirteen 
remanufacturers and concludes that a strong motivation to minimize 
remanufacturing lot sizes and lead times distinguish efficient remanufacturing 
operations. Guide et al. [9] evaluate disassembly release mechanisms and 
priority dispatching rules in a simulation study. Brander and Sommer-Dittrich 
[1] show in a simulation study that cyclical planning is preferable in disassembly 
processes with sequence-dependent setup times. 

For traditional production planning problems, many researchers have developed 
solution methodologies for solving the classical economic lot scheduling 
problem (ELSP), we refer to [5,13] for reviews. ELSP is similar to our problem 
since it concerns scheduling the production of several different items on a single 
machine. The objective of ELSP is to determine the lot size and the production 
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schedule of each item minimising the total cost with respect to setup cost and 
inventory holding cost. 

In the context of the ELSP items are often scheduled within basic periods, which 
is a time interval devoted to setup and production of a subset (or all) of the 
items. The solution is the set of multipliers and the basic period in which each 
item is produced. Many researchers have developed power-of-two (PoT) 
policies for the design of production schedules [e.g. 15,17]. According to Yao 
and Elmaghraby [17] there are several reasons for applying PoT policies, both 
from a theoretical and a practical point of view. One is that the worst case 
bounds for power-of-two policies are reasonably tight. PoT policies also 
simplify the construction of a cyclical schedule. 

Our problem differs from ordinary ELSP since we face sequence-dependent 
setup times and do not need to consider any risk for shortages. Some researchers 
have considered sequence-dependent setup times in production settings. Haase 
and Kimms [12] develop a mixed integer programming model. Dobson [4] 
provides a heuristic solution procedure. A Lagrangian relaxation and solving of 
a minimum spanning tree problem results in production frequencies, which are 
used to find heuristic solutions for the problem. However, these algorithms are 
not directly applicable to disassembly settings. Therefore, in this paper we 
develop a lot scheduling heuristic for disassembly processes with sequence-
dependent setups. 

2 Notations and assumptions 

The problem considered in this paper is characterised by the following 
assumptions: 

1. Only one item can be disassembled at a time 
2. Return rates are deterministic and constant 
3. Disassembly rates are deterministic and constant 
4. Inventory holding costs are directly proportional to inventory levels 
5. Setup times are dependent of sequence 
6. Setup costs are directly proportional to setup times 
7. Demand rates for disassembled parts are greater than item return rates. 

The last assumption must be further explained. If the item return rates are 
greater than demand rates for disassembled parts the excess items will be 
disposed of. That situation can be handled as a traditional production planning 
system and algorithms for such a problem can be used. Therefore, we assume 
that the demand for disassembled parts is greater than the return rate. The 
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inventory to control is then the inventory of returned items and no control is 
needed for the inventory of disassembled parts. One special case of this is 
legislation driven disassembly, which implies that all returned items must be 
disassembled and recovered. 

We consider  N  items and introduce the following notations for item  k: 
C  = Setup cost for disassembly-line (€/time unit) 
dk  = Disassembly rate (units/time unit) 
f -= Fraction of time the disassembly-line is busy (setup or disassembly), 1=full 
time  
hk  = Holding cost (€/unit and time unit) 

= Cycle frequency in which item  k  is disassembled  

rk =  Return rate (units/time unit) 
tj, k  = Setup time from item  j  to item  k  (time units) 

t.seq  = Total setup time of a sequence where all items appear once (time units) 
Atk  = Saving in setup time when item  k  is not disassembled in a cycle (time 
units) 
T = Cycle time (time units) 
Qk = Order quantity (units) 

The following definitions are introduced: 
Definition 1. The ordered set seq := ( il ,i2 ,...,iN  ) denotes a sequence of  N  

different items where i1  is said to be the first and iN the last item of sequence. 

Definition 2. Let index  k  represent the position of an item in the sequence. 

N-1 
Definition 3. The setup time of the sequence is given by t seq Et k,k+1 +  tNl 

k=1 

Definition 4. Consider two feasible sequences seq and seq' with the ordered 

sets (i1 , i2 ,..., iN  ) and ( 	). seq dominates seq' if t seq  < t seq,  and is 

optimal if there exists no sequence seq' that dominates seq. 

Theorem 1. The setup time cannot be longer if an item is passed over (i.e. not 
disassembled) in the cycle, otherwise one could always setup "through" this 
item. Hence, the setup times satisfy the triangle inequality, i.e.  tik  t,,j  +tik  

for all  i, j,  k  =1, 2, ...,  N.  

Remark: The computation of an optimal sequence is a travelling salesman 
problem in which the salesman starts at customer i1  and ends at customer iN 

before he comes back to origin. There are solution procedures for this problem 
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which work in reasonable time with hundreds of customers. One of these can be 
used for determination of a near-optimal sequence. 

3 Model formulation 

The objective of our lot scheduling policy is to determine the disassembly 
schedule of each item. The items are scheduled within cycles, which is a time 
interval devoted to setup and disassembly of a subset (or all) of the items. 

First, a sequence where all items appear once is determined with respect to 
minimising the total setup time, t„q. We define the cycle time T as the total time 
for the setup and disassembly of all items in this cycle as:  

N Q 
T = 

se  - k=1 d k  

The order quantity Qk of item  k  consists of all returned units during the cycle 
time T: 

Qk  -=TXrk 	 (2) 

Equations  (1) and (2)  result  in  T as:  

se,, 
T= 	

t 
N' 

1— Ec 
k=idk 

(3) 

If an item has a relatively long setup time, low return rates, and/or low inventory 
holding cost it may not be profitable to disassemble it in every cycle. Instead it 
may be profitable to pass over the item in some cycles. Passing over items in the 
cycle will reduce the setup time (due to the assumption of triangle inequality) 
and thus affect the cycle time. We introduce r as an approximation of the 
average cycle time for the cycle where not all items appear once. The 
approximation of the average cycle time presumes that cycles with relatively 
equal cycle times can be created. This requires that the items can be placed in 
cycles in such a way that this is possible (e.g. more than one item is passed 
over). 

The reduction in setup time if item  k  is not disassembled in a cycle can be 
determined as: 

(1) 
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(4)  k = t  k-1,k t k,k+1 	k-1,k+1 

Assume that item  k  is disassembled in every nk :th cycle. On average, the total 

reduction of setup time in the cycle will be: 

x_N,11k  _  1 
A 

 

At total 	 k  
k=1  nk  

(5)  

Items that are disassembled in every cycle will have  nk  =1 and thus do not save 

any setup time. From (3) and (5) we make an approximation of the average 
cycle time as:  

N nk  —1  
t„q  E 	Atk  

— 	t,ea —  &total T  = 	 k=1  nk  
N 	 N  

1  — E 	1——  
N r 

 
k=ld k 	 k=ld k  

A constant use of the disassembly-line may have negative economic effects 
since it will lead to many setups. It may then be profitable to have the line idle 
for some time. In order to determine the profitable use of the line, we introduce 
f, which is the fraction of time the disassembly-line, from an economical point 
of view, should be busy, either by disassembly or setup. If f is equal to 1, the 
line should be busy full time. An f less than 1 will give opportunity for idle time, 
whereas an f greater than 1 indicates profitability in running the disassembly-
line more than full time, e.g. overtime or multiple shifts. In other words, if f is 
less than 1, the cycle is extended, since it not only contains setup and 
disassembly but also idle time. This is visualised in figure 1.  

N 

Tf  

Figure 1. Schedule with idle time (f<l).  

f can be seen as a decrease in disassembly rate and an increase in setup time. We 

introduce f in (6), which results in the new cycle time, rf  , as: 

1 ( 
k  t„q — E At — t seq At k  k 

- 	f k=1 	nk =  k=1 	nk  
(7) T f  = N r  k  E 

N  f  _  z  rk  

k=ld  k k=lfd  k  

6 

(6)  



N1 

hrot = E-Qkhk 
k=12  

rk  
1 	 

d k  
(9) 

From this it can be noticed that the cycle time is dependent on f and  nk.  This 
allows us to optimise the total cost with respect to f later in this paper, which 
results in the profitable use of the disassembly-line. 

The average order quantity of item  k  can be determined as: 

  

N n —1 	\ 
tseq  E  P  Atn  p=1  np  

 

Qk = nkrf rk = nkrk  

 

(8) 

    

 

Nr  
f  — pr__ Ic p  

  

     

The total inventory holding cost, hwt  is: 

The total setup time is the fraction of time the line is busy except for the 
disassembly time: 

total = f  
N z  rk  

(10) 

The setup cost for the line is assumed to be linear to the setup time, which 
results in the total setup cost, TSC, as: 

7 	N 	s\ 

TSC = 
f  _ 1  rk  

XC 	 (11) 
k=ldk  i  

The total cost function is the sum of setup cost and inventory holding cost:  

TC =  
Nr  

f  — 
1N _  

xC + —EQ-k hk  1—  rk  
k=--1 1k) 2k1  dk  

Equation (8) in (12) results in TC: 

(12) 
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Ati 	
rk 

Enk rk hk  1— 	 
k#i 	 dk  

n„ —1 
tseq 	r 	AtP — At 

di )\, 	p#i 	p 

ni =  

1 

7 N n —1  
t seq  E  P  At 

7 	N  rk 	r, 1 N 	
I  

rk 	p= i n p 	
19  

TC =  f E 	 x....+  Ink r-h- " i— 
k=ld  k J 	 d 	 N r 

	

2  k=1 	 k  /  
f  -  E 	p  

p=id  p  

I  

(13) 

A differentiation of TC with respect to  n,  results in the disassembly frequency of 
item  i:  

(14) 

In order to create cycles with relatively equal cycle times, we work with powers 
of two for  n,.  This will also simplify the scheduling of items in appropriate 
cycles. Let in, be the smallest integer so that:  

ni 	2mi , mi  = 1, 2, 3, 4, ... 	 (15) 

As is shown in appendix A, the following alternatives are made for rounding off  
n,: 

if  ni  <  2 In/  -°'5  

ni  =  1-11i if  ni  >  

if  ni  

(16)  

In order to identify the items that may be profitable to pass over the items must 
be ranked. With the traditional EOQ-model in mind, an analogous reasoning 
modified to disassembly settings indicates the significant factors to base the 
ranking on. The ranking should be made from the return rates, inventory holding 
costs, and possible savings in setup times of the items. A quota can be calculated 
for item  i:  

Ati  
quotai  (17)  

The items are ranked from decreasing quotas. 
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quotai > quota2  > > quota N1 > quotas 	 (18) 

In other words, products with high potential savings in setup times, low return 
rate, and low holding costs will be disassembled less frequently. When 
calculating  n,  one should start with the item with the highest quota, which will 
have the largest  ni-value. After rounding off  n„  the determined Hi  -value is used 
to calculate the  n,-value for subsequent item in ranking. This calculation must be 
made until one of the items has a Hi -value equal to 1 or until the Hi  -value of all 
items in ranking is calculated. When changing  ni-values for an item the  ni-values 
of the preceding items in the ranking will be affected and must thus be 
recalculated. This must be done until the  n,-values of all items have stabilized. 

So far the profitable  H,  -values have been determined. A differentiation of TC 
with respect to f will give the profitable use of the disassembly-line, f0 . 

N 	‘`  N  
t„q  — 	P 	Atp  Eiik rk hk  1—  rk  

P=1 	p 	jk=1 	d k 	N r  
+  

2C 	 d P=1  p 

A disassembly schedule can now be developed. The number of cycles is 
determined from the highest Hi  -value. Items with if, =1 are placed in all cycles. 
Then the items with Hi  =2 are placed in every second cycle. If there is more than 
one item with this hi -value they should be placed in different cycles. Thereafter, 
the remaining items are placed in the cycles where the number of items is the 
smallest. In all this the sequence-order of the items should remain. Furthermore, 
one should try not to remove two subsequent items from the same cycle as long 
as it is possible. From this, a heuristic procedure can be formulated. 

4 Heuristic procedure 

1. Determine a sequence where all items appear once with minimum t,q. 

2. Calculate potential saving in setup times for each item as 
Ati 	+ 	— 

3. Calculate quota for each item as quota  i  = 
At 
	. 

4. Rank the items from decreasing quota. 

5. Set ni,old=1  for all  i.  
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fopt =.\  

N —1 N  
rk  t„q 	

„  
E 	Atp  Eiik rk hk  1—   

P=1  71P)k1  	dk 	Nr)  
+  E 

2C 	 p=1  dp  

6. Select first item in ranking. 

7. Calculate i,new as 1i
,new = 

8. Let mi  be  the smallest integer so  that  ni,new  , mi  =1, 2, 3, 4, ... 

2m,-1 	if  ni  <  2m/-°'5  

9. Round off the disassembly frequency as  h,  2mi  if  ni  > 

if  ni  1 

10. If hi  >1 go back to step 7 for next item in ranking. Else go to step 11. 

11. If  i,new= ni,oid  for all  i,  go to step 12. Else set fli,old =n4„,,,,, for all  i  and go 
back to step 6. 

12. Calculate the profitable use of the line, f, as: 

13. Create lima, cycles. 

14. Place items with Hi  =1 in all cycles. 

15. Place items with hi  = 2 in every other cycle. 

16. Place the remaining items in appropriate cycles. 

17. If  fopt < 1, plan idle time in the cycles. 
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5 A numerical example 

In order to test the heuristic procedure, a numerical example with the scheduling 
of eight items is made. The items have the characteristics shown in table I. 

Table 1. Item characteristics. 

Item  i  
r, 

(units/day) 
d, 

(units/day)  
h, 

(€/day)  
A 150 600 0.005 
B 20 800 0.005 
C 50 1100 0.5 
D 70 500 0.5 
E 90 500 0.003 
F 120 1500 0.02 
G 10 80 0.1 
H 40 1000 0.1 

As table 1 shows, these items have a utilisation of 88.5%, which does not 
include setups. The setup times are sequence-dependent and can thus be 
presented in a matrix as in table 2. 

Table 2. Setui times (minutes). 

From A B C D E F G H 
A 0 120 120 90 100 140 70 140 
B 130 0 70 110 140 140 100 140 
C 130 70 0 100 120 140 70 120 
D 110 90 130 0 90 90 140 140 
E 120 140 140 90 0 130 90 120 
F 80 140 130 70 120 0 80 140 
G 90 70 90 100 100 130 0 110 
H 90 80 80 130 110 110 140 0 

An eight-hour-day is assumed. The setup cost is determined to 5000€ per day. 
Starting with an optimal sequence including all items, the starting solution and 
the final disassembly frequencies are presented in table 3. 

Table 3. Starting and final solution. 
Sequence Item A Item  G  Item  B  Item  C  Item  H  Item  E  Item  D  Item F  

ii start 	1 	1 	1 	1 	1 	1 	1 	1  

dt 	0.146 0.042 0.104 0.104 0.229 0.146 0.104 0.125 
Quota 0.194 0.042 1.042 0.004 0.057 0.540 0.003 0.052 
Ranking 	3 	6 	1 	7 	4 	2 	8 	5 

'final 	4 	2 	8 	1 	2 	8 	1 	2 
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After two iterations the  n,-values have stabilised. The results of the heuristic are 
shown in table 4: 

Table 4. Results. 
Starting solution Solution (without idle time) Final solution 

f 1.00 1.00 0.968 
ts„ (days) 1.458 0.932 0.932 
T (days) 12.73 8.14 11.33 
hroi(E/day) 393.20 295.49 411.38 
TSC(eday) 572.73 572.73 411.38 
TC (€/day) 965.93 868.22 822.77 

The starting solution in table 4 represents the situation when all hi  -values are 
equal to 1. In the solution without idle time the hi  -values are the hfinal  -values 

presented in table 3, but in this case there is no idle time, i.e. the cost is only 
optimised with respect to the inventory holding cost. In the final solution the 
total cost is optimised with respect to setup cost as well, which leads to about 
three per cent (100-96.8) idle time. 

From the hfinai  -values in table 3, a disassembly schedule can be created. In this 

case the largest hi  -value is eight, i.e. there will be eight cycles. The items that 
will be disassembled every cycle (item  C  and  D)  are placed. Next we place the 
items to be disassembled every second cycle (item F,  G,  and  H).  These are 
placed in different cycles as long as it is possible. Then item A, which is 
disassembled every fourth cycle, is placed in two cycles. It is placed in the 
cycles where the number of already placed items is the smallest. Finally, item  B  
and  E,  which are disassembled once during this eight-cycle schedule, are placed 
in the cycles with the smallest number of items. A schedule could look like 
figure 2: 

GCHDIACDFIGCHDIBCDFIGCHDIACDFIGCH DICEDFe.  
Figure 2. Cyclical disassembly schedule. 

As can be seen from table 1, item  C  and item  D  have higher holding costs than 
the others. Therefore, it seems reasonable to disassemble these items in every 
cycle. As table 4 shows, the scheduling policy decreases the total cost from 966€ 
to 823€ per day, simply by disassembling two of the eight items in every cycle 
and passing over the remaining six items in at least every second cycle. 
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6 Conclusions and extensions 

In this paper we have developed a lot scheduling heuristic for disassembly 
processes with sequence-dependent setups. Starting with a sequence where all 
items appear once we have developed a heuristic procedure, which results in a 
cyclic schedule where some items are disassembled less frequently than the 
others. Additionally, our heuristic determines the profitable use of the facility. 
By passing over items in the sequence and having the facility idle some time, the 
heuristic has great economic effects on the total cost with respect to inventory 
holding costs as well as setup costs. 

The profitable use of the facility can be determined due to the way we formulate 
the problem and the assumption of setup costs directly proportional to setup 
times. This is of good use when making a disassembly schedule, since idle time 
can then be planned. As can be seen from our numerical example, we will 
reduce the total cost by having the disassembly-line idle for some time instead 
of running it all time. This is interesting in practice, since many manufacturers 
try to run their machines as much as possible. From an economical point of 
view, that way to schedule the production is not always most profitable. 

When calculating the potential saving in setup time for each item we have 
assumed that the preceding and subsequent item in the sequence still remain in 
the cycle. If two subsequent products have ii > 2 and ii > 1 respectively, then 
both items will contemporaneously be passed over in at least one cycle, which 
will result in a small error in the potential setup time saving. In our numerical 
example, the calculated setup time in a cycle is 0.932 days. The determined 
schedule would result in an average setup time of 0.859 days per cycle. The 
error is less than 0.6 per cent of the cycle time, which is acceptable. 

The order quantities in this paper have been calculated from an assumption of an 
average cycle time. The exact order quantities can be calculated by making a 
system of equations. In appendix  B  we exemplify how such a system can be 
created. Linear equations of that kind can be solved for hundreds of unknowns 
and equations with existing computer programs. 

The scheduling policy presented in this paper can easily be applied to production 
settings if setups are not sequence-dependent. Since demands normally are 
stochastic in practice, safety stocks should be added to the model. 

13 



Appendix A 

If TC2i,- < TCH  ,  n,  should be rounded off to 2h and if TC2h- > TCH , ii should be 

chosen. From the case when TC2h- = TCH  rules for how to round off  ni  can be 

developed. 

In this situation we do not consider sequence-dependent setups. The underlying 
assumptions are the same, but it will simplify the calculations. The total cost 
function will be: 

TC =  
7 	N rk  
f -E—  

k=Idk 1  

1 N  
XL,  +-Enk r-  h- k k  

2 k=1  

rk  
1  

dk  

N 19,  

k=lnk  (20)  
N  rk  

f  -  
k=1“ k 

A differentiation in! results in: 
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From (21) in (20) we get: 
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rk 
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Assume that  n,  =ii for all i>1.  H  can only assume values of 2', m=0, 1, 2, 3,... 
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Now assume that  ni  =211 for all i>1. 
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If (20) is differentiated with respect to  ni  we get: 
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d  1 
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For an arbitrary number (IV) of items,  n,  will be:  

n2= 

ni = 

16 
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(27)  

Equation (23) in (27) results in: 
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From this we see that the  n-value is more willing to ascend than to round off 
downwards. This can be illustrated as: 

TC *  

n 	ill  2 2/7  

Figure 3. Total cost function. 

Now can the rules for rounding off  n,  be determined. Let m, be the smallest 
integer so that:  

ni 	2m,  ,  mi  =1, 2, 3, 4, ... 	 (29) 

The following alternatives are made for rounding off  ni: 

if  ni < 2m1_°5  

if  ni > 2m1-°,5  

if  
ni = (30) 
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Appendix  B  

The exact order quantities can be calculated by solving a system of equations. 
For example, consider a simple system with four items, where two items are 
disassembled in every cycle and the other two are disassembled in every second 
cycle. This could look like figure 4.  

N  

Figure 4. Schedule with four items. 

Let Qu  be the order quantity of item  i  in cycle  j.  In this case, the exact order 
quantities will be: 

7 
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If there is idle time in the cycles this should naturally be added to the equations. 
This system of equations has as many unknowns as equations and can thus be 
solved analytically. 
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