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a b s t r a c t 

In this paper, we review the recent literature on assemble-to-order systems. Each assemble-to-order sys- 

tem consists of multiple components and end-products. The components are assembled into the end- 

products after information on customer demand is received but the decision on what components to pro- 

cure or produce must be made well before demand materializes. Most of the research in this area aims to 

find good operating policies to minimize system-wide cost subject to a customer service level. An oper- 

ating policy of an assemble-to-order system is a combination of a component replenishment/production 

policy and an inventory allocation policy of these components. The last review on assemble-to-order sys- 

tems dates back to Song and Zipkin (2003). The literature has been growing quickly in the past few 

years. Since 2003 more than 100 papers have been published in major operations research and manage- 

ment science journals. We review these papers to serve as a reference for researchers working in the 

field and as a starting point for those who wish to begin to explore it. 

© 2017 Elsevier B.V. All rights reserved. 
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. Introduction 

Strategic advantages of mass customization and delayed dif-

erentiation are undeniable. Manufacturing companies that benefit

rom these advantages manage to deal with the challenge of bal-

ncing their demand and supply. These companies rely on multi-

le operational strategies to achieve this balance. For selection of

he best strategy it is important to find out how deeply the cus-

omer order penetrates into a company’s supply chain. Customer

rder decoupling point refers to the point in the supply chain at

hich a customer triggers the production activities ( de Kok & Fran-

oo, 2003 ). Based on the concept of the customer order decou-

ling point, Ari Samadhi and Hoang (1995) categorize production

nvironments in four categories; make-to-stock (MTS), assemble-

o-order (ATO), make-to-order (MTO), and engineer-to-order (ETO).

ig. 1 depicts the customer order decoupling points for each of

hese production environments. 

In make-to-stock production environment, the final products

re produced and kept in inventory ahead of customers demand.

he inventory may not fully conform to future customer demand

nd may result in a demand-supply mismatch in the form of left-

ver of inventory or shortage of inventory. Therefore, in make-to-

tock manufacturing systems, inventory planning, lot size determi-

ation and demand forecasting are crucial operational issues. By
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dapting one of the other three strategies, manufacturers attempt

o delay the production of the final products until they obtain

etter or complete demand information. One of the most popular

trategies is the assemble-to-order strategy. In this study, we re-

trict our attention to this strategy and refer to the manufacturing

ystems which operate using it as “assemble-to-order systems”. 

In general, assemble-to-order systems consist of multiple com-

onents, which often are complex subassemblies, and multiple end

roducts. The system keeps inventory of components and compo-

ents are assembled into the end-products after information on

ustomer demand is received. Therefore, the overall manufactur-

ng process is a combination of two steps; component procure-

ent or production, and assembly. Assemble-to-order manufactur-

ng companies that aim to operate with a minimum cost and a

igh customer service level face a challenging task of identifying

he best operational strategies for executing these two steps. Only

hen, they can benefit from the advantages of the assemble-to-

rder strategy. 

Assemble-to-order is very appealing strategy for companies in

igh-tech, car manufacturing and white goods industry. One com-

on characteristic of these industries is that the component lead

imes are long. Following the assemble-to-order strategy, the com-

anies can reduce their customer response time by keeping com-

onent inventories. In addition, by delaying the final assembly of

he end products until the arrival of customer demand, the com-

anies can benefit from pooling component inventories and re-

uce the cost of offering multiple end products. Assemble-to-order
s: A review, European Journal of Operational Research (2017), 
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Fig. 1. Different customer order penetration points ( Olhager, 2012 ). 
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systems are difficult to analyze and manage. The following fac-

tors contribute to this difficulty: (i) correlation of component de-

mands, (ii) asymmetric component procurement/production lead

times and (iii) dependency of the demand fulfillment on the avail-

ability of multiple components ( Elhafsi, Camus, & Craye, 2008 ). An

assemble-to-order system can be viewed as a combination of an

assembly system and a distribution system ( Song & Zipkin, 2003 ).

The key challenge in assembly systems is the coordination of com-

ponents and the key challenge in distribution systems is the alloca-

tion of components among multiple products. Both are challenges

for assemble-to-order systems. 

Despite these challenges, in the past years, academics and prac-

titioners have become increasingly interested in analyzing the

assemble-to-order systems. The academic literature has increased

notably with most of the papers being published in the top jour-

nals in the field. Song and Zipkin (2003) review the literature

until 2003. The authors acknowledge the progress in develop-

ment of analytical methods for performance estimation of the

assemble-to-order systems. They identify the need for additional

research on determination of the optimal policies, development

of tractable methods for large-scale systems with time-varying or

state-dependent demand and consideration of eventual shifts in

supply chain structures and costs ( Song & Zipkin, 2003 ). 

The purpose of this paper is to take stock of the literature and

provide an overview of the research questions that have been ad-

dressed since the review of Song and Zipkin. We aim to provide a

comprehensive review to serve as a reference for researchers who

work in the field and identify multiple promising future research

directions. 

The remainder of this paper is organized as follows. We present

models for periodic-review and continuous-review systems in

Sections 2 and 3 , respectively. In Section 4 we provide a summary

and in Section 5 we suggest directions for future research. 

2. Periodic-review models 

In this section, we study ATO models in the periodic-review set-

ting. We divide the stream of literature on periodic-review models

into two subcategories depending on the number of periods con-

sidered; one-period models ( Section 2.1 ) and multi-period models

( Section 2.2 ). 

2.1. One-period models 

Multiple researchers studying periodic-review models base

their results and insights on single-period analysis. The main mo-

tivation is the intractability of the multi-period problem. By con-

centrating on single-period analysis, they obtain insights that are

likely to be valid with some variations for multi-period settings.

Another reason is that some problems are single-period problems

by nature. For example, rapid changes in technology and ongoing

engineering changes can force companies to consider each cus-

tomer order individually. Therefore, component purchasing deci-

sions need to be made for each individual customer. Furthermore,

in engineer-to-order situations each product is unique, and in-
Please cite this article as: Z. Atan et al., Assemble-to-order system
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olves substantial engineering of key components, whereby they

re unique, too. 

In a one-period setting, the manufacturer orders the compo-

ents only once. The order quantities depend on uncertain but

nticipated demand for the end products. After realization of the

roducts’ demand, the end products are assembled and delivered

o the customers as soon as possible. Components may have dif-

erent lead times. Therefore, the main problem is the coordination,

.e., synchronization, of the timing and quantity of the orders. We

iscuss how researchers handle this problem by further dividing

he literature on one-period models into two depending on the

umber of end products; single end product ( Section 2.1.1 ) and

ultiple end products ( Section 2.1.2 ). 

.1.1. Single end product 

In a one-period setting with a single end product, the major de-

ision is the number of components to be ordered and assembled

efore and after demand realization. One subject that has been

tudied in particular in this setting is lead time dependent product

rices. The decision maker, referred to as manufacturer, knows the

emand arrival time and knows the probability distribution of the

ustomer order quantity. All components have positive lead times.

he unit price of the product depends on the manufacturer’s de-

ivery lead time. The earlier the delivery, the higher the product

rice, so the manufacturer wants to deliver the products as soon

s possible. This translates into a need of ordering the components

efore the demand is realized. 

In this setting, Hsu, Lee, and So (2006) develop an optimiza-

ion model to determine the optimal number of components that

hould be ordered before demand is realized. The price for the fi-

al product and the component costs depend on the delivery lead

imes. The authors provide a solution procedure that allows de-

ivery of the full order quantity in multiple shipments (partial-

hipment model). They extend their model to the case where

artial delivery is allowed with an additional shortage cost. Hsu

t al. (2006) show that a change in one component’s lead time

r cost structure can affect the procurement quantities of other

omponents. In a subsequent and related work, Hsu, Lee, and So

2007) determine the optimal procurement quantities in a setting

here the demand has to be met in one shipment (full-shipment

odel). This extra restriction results in a lower expected profit. De-

ending on demand uncertainty, the optimal component stocking

uantities can be higher or lower than the partial-shipment model.

su et al. (2007) also show that longer lead times result in lower

rofit in both models but the decrease in expected profit is larger

nder full-shipment model. 

Fu, Hsu, and Lee (2006) and Fang, So, and Wang (2008) study

imilar settings as Hsu et al. (2006) and Hsu et al. (2007) . In addi-

ion to long and uncertain lead times, Fu et al. (2006) consider lim-

ted assembly capacity and the possibility to outsource assembly

n case of capacity shortage. Therefore, the manufacturer may not

nly need to procure components in advance but he may also need

o assemble some quantities of the final product before receiv-

ng the confirmation of the actual order quantity. The authors de-

elop a profit-maximization model to determine the optimal com-

onent procurement and final product inventory decisions. Fang

t al. (2008) use a game theoretic approach to explore the use of

onsignment inventory for coordinating component deliveries. The

uthors develop an algorithm for determining manufacturer’s opti-

al lead time dependent pricing scheme. 

Another way of handling the components’ stockout problem is

sing multiple sourcing channels, which offer different prices and

ead times. Yao, Lee, Chew, Hsu, and Jaruphongsa (2013) compare

he performance of assemble-to-order systems with single- and

ual-channel procurement options. They conclude that when the

ncertainty in product demand is high, dual-channel sourcing of-
s: A review, European Journal of Operational Research (2017), 
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ers higher economic benefits than single-channel sourcing since

he former gives more options to acquire additional components.

he size of these benefits depends on how the price of the final

roduct changes as the delivery date changes. If the price drops

ignificantly over time, the manufacturer tends to stock more com-

onents before demand is realized. In this case the economic bene-

t of dual-channel sourcing is not significant. Yao et al. (2013) also

iscuss the extension of their solution to the problem with multi-

le sourcing channels. 

In the case where the product price does not depend on the

elivery time, Xiao, Chen, and Lee (2010b) study the assemble-to-

rder systems with limited assembly capacity and the option of

lacing emergency component orders. In their setting, each order

as a fixed due date. The authors identify the conditions under

hich a strategy of assembling the components before demand is

ealized should be adapted. 

As a result, in a one-period setting with a single end product,

ultiple studies with different modeling assumptions analyze the

ptimal component procurement decision with lead time depen-

ent end product price. Limited assembly capacity is another di-

ension considered in this context. The optimal component stock-

ng quantities heavily depend on available shipment modes, lead

imes and assembly capacity. Since most companies assemble more

han one end product, any other extension assuming a single end

roduct can only serve as a starting point for solving problems

ith multiple end products. 

.1.2. Multiple end products 

In assemble-to-order systems with multiple end products, the

ame components might be required by some end products. The

ain challenge is the allocation of these common components to

ifferent end products. Analyzing the systems with multiple end

roducts is more complicated than analyzing the single end prod-

ct systems since the manufacturer needs to make both ordering

nd allocation decisions. Ordering decisions are made before de-

and realizes while allocation decisions are made after demand

ealizes. 

van Mieghem (2004) studies the allocation problem of an

ssemble-to-order system with two end products, which can ei-

her consist of two product specific components (no-commonality

odel), or one specific and one common component (pure com-

onality model). The common component is more expensive than

he specific components since it provides risk-pooling benefits to

he system. van Mieghem (2004) finds that the pure commonal-

ty model is never optimal unless complexity costs are introduced.

he results of van Mieghem (2004) are based on the minimization

f total holding and shortage costs. Fong, Fu, and Li (2004) obtain

imilar findings by minimizing the number of shortages subject to

 budget constraint. Bernstein, DeCroix, and Wang (2007) , Zhang,

u, and Gilbert (2008) and Chod, Pyke, and Rudi (2010) extend

hese models by optimizing the component prices. 

As stated before, in one-period models the components are or-

ered once at the beginning of the period. There are exceptions

here emergency component orders are allowed. All studies dis-

ussed so far assume that the customer demand is satisfied only

t the end of the period. Bernstein, DeCroix, and Wang (2011) and

iao, Chen, and Lee (2010a) relax this assumption by considering

 setting where the selling season is divided into K time blocks.

fter each time block, the manufacturer decides which customer

emand of the previous time block to satisfy. The case of K = 1

orresponds to the allocation with complete demand information

s studied by van Mieghem (2004) , whereas K → ∞ corresponds

o the case where allocation decisions are made after each demand

rrival. Therefore, with smaller K , the manufacturer knows more

bout his demand but customers need to wait for longer to get

heir products. Xiao et al. (2010a) consider the case with two time
Please cite this article as: Z. Atan et al., Assemble-to-order system
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locks and propose a model for optimizing the manufacturer’s in-

entory and production decisions. Bernstein et al. (2011) model

ustomer impatience and determine the factors influencing the op-

imal number of blocks. The authors conclude that a higher degree

f demand aggregation, i.e. small K , benefits the manufacturer the

ost when demand variability is high, when the common compo-

ent is expensive and when the demand for low-revenue product

s more than that for high-revenue product. 

In many real-world assemble-to-order systems, components are

rst assembled into modules and then modules are assembled into

nd products. In this case, the manufacturer can keep inventory

t the component and module level and perform the final assem-

ly process according to realized demand for the end products.

uch a strategy allows product diversity and quick reaction to cus-

omer demand ( Cheng, Gao, & Shen, 2011 ). These benefits have

riggered researchers to investigate optimal module selection. One

uch study in a single-period multiple end products setting is by

sai, Chen, and Lo (2013) . The authors develop a two-stage cost

inimization model to determine module composition and pro-

uction volume. The first stage determines the sets of components

hat can be pre-assembled into modules (module mining) and the

econd stage finds the optimal combination of modules. Module

ining determines which modules are used most frequently. A

ase study shows that the module composition of the optimal so-

ution largely depends on the assembly costs. Zhou, Lin, and Liu

2007) study a similar problem but they assume that the differ-

nt variants of pre-assembled modules are known in advance. The

uthors develop a model to determine the modules to be pre-

ssembled to minimize the customer utility per cost of implement-

ng the modules. 

Similar to Fu et al. (2006) , Inman and Schmeling (2003) con-

ider limited assembly capacity but in a multiple end products set-

ing. Their results are based on a case study performed within the

utomobile industry where each individual product is matched to a

ustomer order. The authors conclude that decoupling orders from

hysical vehicles can significantly improve performance. 

In a recent study Zipkin (2016) models the component alloca-

ion problem of an assemble-to-order system with multiple com-

onents and multiple end products as an integer linear program.

he author shows that for specific system structures, under a con-

ition on the component inventories, the feasible solution set is

olymatroid and this enables easy determination of the optimal

olution of the integer linear program. 

As a result, in a one-period setting with multiple end products,

he optimal ordering and allocation decisions depend on compo-

ents’ commonality level and the manufacturer’s choice of keeping

nventories in the form of components and/or sub-assemblies. 

Table 1 summarizes the literature on periodic-review, one

eriod assemble-to-order systems. For all studies discussed in

ections 2.1.1 and 2.1.2 we provide details on the number of com-

onents, number of products, number of echelons, allocation pol-

cy, backordering or lost sales assumption, component lead times

nd assembly lead time. The abbreviations D., B and L stand for

eterministic, backordering and lost sales, respectively. 

.2. Multi-period models 

In a multi-period setting, the manufacturer can place compo-

ent orders at the beginning of every period and customer de-

and arrives at the end of every period. End-of-period compo-

ent inventories and backlogs, and end product backlogs are car-

ied to the next period. Thus unmet end product demand of a

iven period may be backordered to the subsequent period. Sim-

lar to Section 2.1 we divide the literature on multi-period models

nto two depending on the number of end products; single end

roduct ( Section 2.2.1 ) and multiple end products ( Section 2.2.2 ). 
s: A review, European Journal of Operational Research (2017), 
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Table 1 

Summary of the literature on periodic-review, one period assemble-to-order systems. 

Paper # of # of # of Allocation Backorder (B) or Component Assembly 

comp prod ech policy lost sales (L) lead times lead time 

Fang et al. (2008) m 1 2 – B D. Zero 

Fu et al. (2006) m 1 2 – B D. D. 

Fu, Hsu, and Lee (2009) m 1 2 – B D. Zero 

Hsu et al. (2006) m 1 2 – B D. Zero 

Hsu et al. (2007) m 1 2 – B D. Zero 

Xiao et al. (2010b) m 1 2 – L D. D. 

Yao et al. (2013) m 1 2 – B D. Zero 

Bernstein et al. (2007) 3 2 2 Priority rule L – –

Bernstein et al. (2011) 3 2 2 Other L – –

Chod et al. (2010) m n 2 – B – –

Fong et al. (2004) 3 or 4 2 2 General L – –

Inman and Schmeling (2003) m n > 2 Other – – General 

Lee, Chew, and Manikam (2006) m n 2 Other L – –

Tsai et al. (2013) m n > 2 – – – –

van Mieghem (2004) 5 2 2 Priority rule L – –

Xiao et al. (2010a) 3 2 2 Rationing L – –

Zhang et al. (2008) 3 2 2 Priority rule L – –

Zipkin (2016) m n 2 – B/L D. Zero 
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2.2.1. Single end product 

In the case where the manufacturer produces only one end

product, the major decision is related to component order synchro-

nization. The problem of component allocation does not exist. 

Karaarslan, Kiesmüller, and de Kok (2013) study the compo-

nent replenishment decisions of a manufacturer who produces a

single product by assembling two components. One component

has a high holding cost, long lead time and short review period

and the other has a lower holding cost with short lead time and

long review period. The authors compare a pure base-stock policy

with a so-called balanced base-stock policy, and derive the opti-

mality conditions. The balanced-base stock policy synchronizes the

echelon-inventory position of the short-lead-time component with

the inventory position of the long-lead-time component by order-

ing up to the long-lead-time component’s coverage of future de-

mand over the short lead time (plus review period). Karaarslan

et al. (2013) conclude that the balanced base-stock policy outper-

forms the pure base-stock policy under low service levels and high

demand uncertainty. 

Pang, Chen, and Feng (2012) investigate a setting in which the

end product consists of only one component. This component may

have a different price in each period. Furthermore, the demand de-

pends on the product price. In every time period, the price of the

component and the ordering quantity have to be determined. This

formulation can be extended to a setting in which the product con-

sists of multiple components so it results in an assemble-to-order

system with price sensitive demand. 

There are several situations in which the manufacturer’s pro-

duction process is influenced by external factors. One example is

supply disruptions. When the manufacturer’s supply process is dis-

rupted, he cannot receive any components through the disrupted

supply process until the disruption ends. The manufacturer needs

to take a reactive action. Shao and Dong (2012) study the disrup-

tion problem of a manufacturer who purchases two components

from a supplier and assembles them to satisfy his customer de-

mand. The authors consider multiple recovery strategies and show

that a policy which combines backordering, backup sourcing and

compensation for late delivery performs the best. 

Another external factor to influence the manufacturers produc-

tion process is technology innovation. Many high-tech companies

assemble to order and they strive to rapidly improve the perfor-

mance of their products by innovating their components. This re-

sults in a complicated and dynamic planning problem faced by

many high-tech companies. Xu and Li (2007) study this problem
 t  

Please cite this article as: Z. Atan et al., Assemble-to-order system

http://dx.doi.org/10.1016/j.ejor.2017.02.029 
f a manufacturer who assembles an end product from multiple

omponents. For each component, there are two coexisting tech-

ologies. The manufacturer needs to make technology and inven-

ory decisions. The authors investigate two coordination schemes,

ne where the decisions are sequentially made (strategic level),

nd another where decisions are jointly made (operational level).

he authors show that it is often adequate to only consider the

trategic level coordination but the operational level coordination

ecomes more dominant when demand variability is high. 

We note that the recent literature on multi-period models with

ingle end product is rather limited. This may be due to the fact

hat already in Rosling (1989) the optimal policy for constant com-

onent lead times has been characterized for a multi-item multi-

chelon assembly system. The studies discussed above consider

ifferent dimensions, e.g., supply disruptions and technology in-

ovation, of the same problem. Extending the results of Rosling

1989) to stochastic lead times is still an open problem. 

.2.2. Multiple end products 

In this section, we summarize the studies that analyze

ssemble-to-order systems with multiple end products and con-

ider a finite or infinite time horizon consisting of multiple periods.

s in Section 2.2.1 , the manufacturer has two major decisions to

ake; one related to replenishment quantities of the components

nd the other related to the allocation of the common components

o multiple end products. 

There are multiple studies which concentrate on the replenish-

ent decision and make a specific assumption regarding the al-

ocation of the components. The most dominant principle is the

rst-come-first-served (FCFS) rule. Huang and de Kok (2015) study

n assemble-to-order system with linear holding and backordering

osts, installation stock replenishment policy and a FCFS allocation

ule. The authors show that the FCFS allocation rule decouples the

roblem of optimal component allocation over time into determin-

stic period-to-period optimal component allocation problems. 

Despite its popularity, the FCFS allocation rule does not reflect

he fact that end products may have different service level require-

ents and different costs associated with backorders. It is known

hat the FCFS rule is not necessarily optimal ( Song & Zipkin, 2003 ).

herefore, there is a need for non-FCFS allocation rules. In fact,

kçay and Xu (2004) show that optimizing the allocation rule is

s important as optimizing the inventory replenishment policy. The

uthors assume independent base-stock replenishment policies for

he components and formulate a two-stage stochastic program to
s: A review, European Journal of Operational Research (2017), 
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etermine the optimal base-stock policy and the optimal compo-

ent allocation policy. They show that the component allocation

roblem is NP-hard and propose an order-based component allo-

ation rule. This rule commits a component to an order only if it

eads to the fulfillment of the order within the committed time

indow. Akçay and Xu (2004) show that their order-based com-

onent allocation rule outperforms the component-based alloca-

ion rules, where component allocation decisions are made inde-

endently across different components. 

Multiple authors study other component allocation rules. For

xample, Mohebbi and Choobineh (2005) consider a rationing rule

hich allocates components to end products with the smallest

umber of components first. In addition, even if there are out-

tanding orders from the previous periods, the last period’s de-

and is satisfied first. Only then, the orders from previous periods

re satisfied in a FCFS fashion. The same allocation rule is used

n Baker, Magazine, and Nuttle (1986) . Mohebbi and Choobineh

2005) study the effect of component commonality on the per-

ormance of the assemble-to-order systems. Through an extensive

imulation study they show that increasing component common-

lity works better in systems with high uncertainty in both end

roducts’ demand and components’ replenishment lead times. In

ddition, they show that the impact of increasing commonality on

educing the average number of end product backorders or reduc-

ng the average component inventory levels is not significant. 

Huang, Jin, Huang, and Qiu (2014) studies two non-FCFS com-

onent allocation policies. The first one is similar to the policy in-

roduced in Mohebbi and Choobineh (2005) . The second policy is a

riority based rule. Within a time window, demands of some prod-

cts have higher priorities than other products. However, demands

rom an earlier time period are always satisfied first. Huang et al.

2014) concludes that both rules not only outperform FCFS allo-

ation rule but they also address differences in customer service

equirements. 

Both Akçay and Xu (2004) and Huang et al. (2014) assume back-

rdering, which implies that all customer demands are eventually

atisfied. Guhlich, Fleischmann, and Stolletz (2015) study the de-

and management decision of a manufacturer who has limited as-

embly capacity. For each incoming order, the manufacturer has to

ecide whether to accept it and for each accepted order he has to

uote a due date. The authors use bid prices to check if accept-

ng an order yields a feasible schedule with respect to component

vailability and assembly capacity. Guhlich et al. (2015) show that

heir approach performs close to the post-optimal solution, which

s the optimal solution if all demands would be known in advance.

n addition, they conclude that the assembly capacity constraint is

ore important than the component availability constraints. 

Many manufacturing companies that adopt an assemble-to-

rder strategy sell substitutable products. When end products have

imilar features but small differences in some of the components,

ustomers might base their purchasing decisions on end products’

rices. Hence, in addition to component replenishment and allo-

ation decisions, companies selling substitutable products face a

hallenging pricing decision. Oh, Sourirajan, and Ettl (2014) study

he problem of optimizing inventory replenishment, pricing and

omponent allocation decisions in an assemble-to-order system.

he authors propose a heuristic policy that decouples these three

ecisions. The heuristic policy gives the optimal solution when de-

ands do not decrease over time. 

An assemble-to-order strategy works well when the demands

or multiple end products sharing common components have high

ariance. Assemble-in-advance strategy reduces customer waiting

ime. Companies can enjoy the benefits of both strategies by em-

loying them simultaneously. Eynan and Rosenblatt (2007) con-

ider a manufacturer who employs a combination of both strate-

ies and conclude that the combination results in higher profit.
Please cite this article as: Z. Atan et al., Assemble-to-order system
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he authors show that as component commonality increases, the

ptimal number of products that are pre-assembled decreases. 

Multiple studies, including Plambeck and Ward (2006) ,

oveland, Monkman, and Morrice (2007) , Monkman, Morrice,

nd Bard (2008) , Tsai and Wang (2009) and Chen and Dong

2014) , focus on production planning decisions in assemble-to-

rder manufacturing environment. All studies argue that multiple

actors influence these complex decisions and they either pro-

ose heuristic approaches or exact solutions for relatively simple

ystems. 

As discussed in Eynan and Rosenblatt (2007) , the performance

f assemble-to-order strategy can be enhanced if it is implemented

n combination with other strategies. Depending on the manufac-

uring environment, it might also be better or practical to consider

light variations of the assemble-to-order strategy. Some of these

trategies are the assemble-in-advance strategy ( Eynan & Rosen-

latt, 2007 ), the configure-to-order strategy ( Cheng, Ettl, Lin, & Yao,

002 ) and make-to-forecast strategy ( Meredith & Akinc, 2007 ). We

o not discuss these strategies since the focus of this literature re-

iew is the assemble-to-order strategy. 

As a result, in a multi-period setting with multiple end prod-

cts, researchers address the differences in customer service re-

uirements. They conclude that the commonly employed FCFS pol-

cy is not optimal and, therefore, propose multiple alternative al-

ocation policies. The optimal allocation policy is unknown, it is

ase-dependent and difficult to characterize. Hence, more struc-

ural insights on allocation polices are needed. Another collective

nderstanding is related to the component commonality. It is con-

luded that increasing component commonality works in systems

ith (i) high demand uncertainty in end products’ demand and (ii)

igh uncertainty in components’ replenishment lead times. 

Table 2 summarizes the literature on periodic-review, multi-

eriod assemble- to-order systems. For all studies discussed in

ections 2.2.1 and 2.2.2 we provide details on the number of com-

onents, number of products, inventory and allocation policies,

ackordering or lost sales assumption, component lead times and

ssembly lead time. The abbreviation ATP stands for available-to-

romise. 

. Continuous-review models 

In this section, we study assemble-to-order models in a

ontinuous-review setting. Different from Section 2 , the manufac-

urer monitors his system continuously and, depending on the sta-

us of the system, can give immediate replenishment and assem-

ly decisions. We divide the stream of literature on continuous-

eview models into two subcategories depending on the num-

er of end products. We study the single end product models

n Section 3.1 and a broader stream of literature on continuous-

eview multiple end product models in Section 3.2 . 

.1. Single end product 

The main challenge in continuous-review models with a sin-

le end product is component order synchronization. In this sec-

ion, we explain how researchers consider other dimensions of the

roblem and tackle the challenge. Most models in the assemble-

o-order literature assume that demands arising from different

ources are handled similarly. In practice, however, for a single

roduct, different customers may have different service level re-

uirements or may be of different im portance to the manufacturer.

herefore, it might be appropriate to segment customers into sev-

ral classes and use different policies in satisfying their demands.

ence, one dimension studied by multiple researchers is related to

ifferences in satisfying customer orders. 
s: A review, European Journal of Operational Research (2017), 
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Table 2 

Summary of the literature on periodic-review, multi-period assemble-to-order systems. 

Paper # of # of Replenishment Allocation (B) or Component Assembly 

comp prod policy policy (L) lead times lead time 

Karaarslan et al. (2013) 2 1 Base-stock or – B D. Zero 

balanced base-stock 

Pang et al. (2012) 1 1 Other – B D. Zero 

Shao and Dong (2012) 1 1 Order driven – B General Zero 

Xu and Li (2007) m 1 Balanced base-stock – L Zero Zero 

Akçay and Xu (2004) m n Base-stock Other B D. Zero 

Chen and Dong (2014) m n Other ATP B D. D. 

Eynan and Rosenblatt (2007) 3 2 Other Priority rule L Zero Zero 

Guhlich et al. (2015) m n – ATP B and L – D. 

Huang et al. (2014) m n Base-stock Other B D. Zero 

Huang and de Kok (2015) m n Installation stock FCFS B D. Zero 

Loveland et al. (2007) – n – – B – D. 

Mohebbi and Choobineh (2005) m 3 Lot for lot Other B General D. 

Monkman et al. (2008) – n – – B – D. 

Oh et al. (2014) m n Base-stock Other B One period Zero 

Papadakis (2003) m n – – – – –

Plambeck and Ward (2006) m n – Other B – General 

Tsai and Wang (2009) m n – ATP L – D. 
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method to determine the distribution of customer lead time. 
Problems involving several demand classes have been studied

extensively in the supply chain and inventory management liter-

ature. Multiple authors study the assemble-to-order strategy with

multiple demand classes. Benjaafar and Elhafsi (2006) consider an

assemble-to-order system with multiple components and a sin-

gle end product. To satisfy a customer order, all components must

be available. Otherwise, the order is lost. Benjaafar and Elhafsi

(2006) assume that customers can be categorized according to

their shortage costs. The manufacturer aims to minimize the sum

of component holding and shortage costs by optimizing his pro-

duction and order acceptance decisions. The manufacturer might

want to reject a demand from a class to save the available compo-

nents for potential demands from higher priority customer classes.

Under this setting, Benjaafar and Elhafsi (2006) find that the opti-

mal production and order acceptance policies are state-dependent

base-stock and multi-level state-dependent rationing policies, re-

spectively. 

In a subsequent study ( Elhafsi, 2009 ) extends the results of

Benjaafar and Elhafsi (2006) by considering compound Poisson de-

mands. Therefore, when an order arrives the manufacturer has

to decide what proportion of the order to satisfy. The optimal

production and inventory allocation policies remain the same as

in Benjaafar and Elhafsi (2006) . Elhafsi (2009) concludes that

the optimal rationing policy provides substantial benefits com-

pared to the traditional FCFS allocation policy. Elhafsi, Zhi, Ca-

mus, and Craye (2015) study a similar problem with two customer

classes and assume that customer demands occur not only for the

end product but also for individual components. The authors ob-

tain similar results as Elhafsi (2009) for the optimal production

and allocation policies and show that the optimal rationing pol-

icy is not static but depends on the inventory levels of compo-

nents. 

In a related work Elhafsi and Hamouda (2015) study an

assemble-to-order manufacturing system, where in addition to the

end product, components are also available for sale. Assuming ex-

ponential component production times and independent Poisson

demands for the end product and the individual components, the

authors show the optimality of the state-dependent base-stock

component production policy and the state-dependent rationing

policy. They propose efficient heuristic policies, which ignore state

dependency of the threshold levels. 

Pricing is a commonly utilized strategy for demand and inven-

tory management. In an assemble-to-order setting, the manufac-

turer can affect the component inventory levels by changing the
Please cite this article as: Z. Atan et al., Assemble-to-order system
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rice of the end product. When the inventory of components is

oo high, he can reduce the selling price of the end product and

ice versa. Feng, Ou, and Pang (2008) study such a problem in

n assemble-to-order environment with stochastic component pro-

uction processes. The manufacturer aims to maximize his total

rofit by optimally controlling component production and the end

roduct’s price. For the end product’s price, Feng et al. (2008) con-

ider several discrete levels, with each level generating a different

emand rate. The authors prove that the optimal control for each

omponent follows a base-stock policy, with the base-stock level

epending on the inventories of other components. The optimal

ricing policy is a threshold policy with the thresholds affected by

ll components’ inventory levels. The same pricing policy is proved

o be optimal by Keblis and Feng (2012) in a setting with a more

eneral stockout cost function. 

In assemble-to-order systems, each component supply process

as its own production lead time. With regard to the nature of

omponent production lead times, researchers have considered

wo types of lead times: exogenous and endogenous lead times.

n the former, production lead time is not affected by the num-

er of outstanding orders and it is load-independent. However,

n the latter, production lead time depends on the number of

utstanding orders and it is load-dependent ( Benjaafar & Elhafsi,

006; Cheng et al., 2011; Elhafsi, 2009; Elhafsi et al., 2015 ). It

s obvious that management of a load-dependent production sys-

em is significantly more complicated than management of a load-

ndependent production system, since the former needs investiga-

ion of pure inventory systems, while the latter deals with an inte-

rated production-inventory system. However, under the assump-

ion of exponential processing time for each component, it turns

ut to be possible to characterize the optimal policy structure.

learly, the memorylessness of the exponential distribution plays

 key role, as it greatly simplifies the state definition of the under-

ying Markov decision process. As stated above, the optimal policy

ombines state-dependent base stock policies and critical level ra-

ioning policies. This motivates the use of base stock policies in

ore general settings. Indeed, in the single end product setting, all

uthors have considered a base-stock or (S-1, S) policy (see Table 3 )

s replenishment policy. 

In addition to component lead times, it is also important to

tudy the customer lead time, i.e. the time needed to satisfy cus-

omer orders. Assuming base-stock replenishment policy for all

omponents, Ko, Choi, and Seo (2011) propose an approximation
s: A review, European Journal of Operational Research (2017), 
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Table 3 

Summary of the literature on continuous-review, single end product assemble-to-order systems. 

Paper Replenishment Allocation Backorder (B) or Component 

lead time policy policy (L) lead times 

Benjaafar and Elhafsi (2006) SD base-stock Rationing L Exp. 

Cheng et al. (2011) SD base-stock Rationing B and L Exp. 

Elhafsi (2009) SD base-stock SD rationing L Exp. 

Elhafsi et al. (2015) SD base-stock SD rationing L Exp. 

Elhafsi and Hamouda (2015) SD base-stock SD rationing B Exp. 

Feng et al. (2008) SD base-stock FCFS B Exp. 

Keblis and Feng (2012) SD base-stock FCFS B Exp. 

Ko et al. (2011) Base-stock – B Exp. 
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Another complication affecting component lead times is un-

redictable machine breakdowns. While most researches consider

ailure-free machines in the component supply process, Cheng

t al. (2011) consider failure-prone machines, where each compo-

ent is produced and replenished by a dedicated machine that is

ffected by unpredictable breakdowns. The authors conclude that a

achine’s state not only has an impact on the production and al-

ocation policies of its own component, but also influences policies

elated to other components. Cheng et al. (2011) show that a com-

onent’s optimal replenishment policy is a state-dependent base-

tock policy with the base-stock level non-decreasing in the inven-

ory levels of the other components and the states of the other

achines. 

As a summary, an important result for continuous-review sin-

le end product models with multiple demand classes is the op-

imality of state-dependent base-stock production/replenishment

olicy and the optimality of state-dependent rationing order ac-

eptance policy. When the end product price is also a decision

ariable, the optimal policy is a state-dependent threshold policy

ith the threshold affected by all components’ inventory levels. In

ddition, multiple authors analyze the component lead times and

rove the optimality of state-dependent base-stock policy. Simi-

ar to periodic-review models with single end product, it is pos-

ible to study multiple different variants of the continuous-review

odels with single end product by adding complexities but for the

ractical purposes it suffices to know what replenishment policies

hould be used. The state-dependent base-stock policies emerge

or most systems but it depends on the particular demand and

upply process to what extend these policies can be applied. 

Table 3 summarizes the literature on continuous-review, single

nd product assemble-to-order systems. For all studies discussed

n Section 3.1 we provide details on replenishment and allocation

olicies, backordering or lost sales assumption and component lead

imes. The assembly lead time is zero in all these studies. The ab-

reviations SD and Exp. stand for state-dependent and exponential,

espectively. 

.2. Multiple end products 

An enormous body of literature in continuous-review is related

o the multiple end product setting. This is why we categorize the

tudies in this setting into four sections; component commonality,

erformance metrics, optimal control policies and approximation

ethods. 

.2.1. Component commonality 

Assemble-to-order systems with multiple end products can be

onsidered as an integration of distribution and assembly sys-

ems ( Song & Zipkin, 2003 ). These are far more complex than sys-

ems with a single end product, since they must address both op-

imal component allocation and component inventory replenish-

ent policies. In general, there is no hope for finding the optimal

olicy for systems with multiple components and end-products
Please cite this article as: Z. Atan et al., Assemble-to-order system
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ue to the curses of dimensionality and lack of special proper-

ies of the cost-to-go-function. Fortunately, special Bill of Mate-

ial structures combined with assumptions on the demand process

nd supply process allow for characterizing the optimal policy. This

otivates researchers to categorize these systems according to the

onfiguration of the system which is influenced by the commonal-

ty degree of the components, the number of components and end

roducts. The most common configurations that have been stud-

ed in the literature are ( Lu, Song, & Zhao, 2010; Nadar, Akan, &

cheller-wolf, 2014 ): 

1. N -system: consists of two components and two end products

( Lu, Song, & Zhang, 2015; Lu et al., 2010 ). One end product is

assembled from both components and the other end product is

manufactured from one of the components. 

2. M -system: consists of two components and three end products

( Lu & Song, 2005; Nadar et al., 2014 ). One end product is as-

sembled from both components. Other end products are manu-

factured from one of the components. 

3. W -system: consists of three components and two end products

( Dogru, Reiman, & Wang, 2010; Lu et al., 2010; Shao & Ji, 2009 ).

Each end product consists of one common component and one

product specific component. 

4. Nested system: consists of multiple components and multiple

end products ( Elhafsi et al., 2008 ). The set of components used

in manufacturing of one end product is a subset of the set of

components needed for the next larger end product. 

Component commonality is a differentiating factor in these sys-

ems. The systems are named after the shape of each structure, as

een in Fig. 2 . 

As mentioned before, in multiple end product assemble-to-

rder systems, it is likely to have common components for differ-

nt end products. Component commonality is one of the funda-

ental conditions for mass customization. It enables product di-

ersity at low cost. The value of component commonalty and its

ensitivity to system parameters in assemble-to-order systems is

tudied by Song and Zhao (2009) . Under the regular first-in-first-

ut (FIFO) allocation policy component demands are fulfilled in

he same sequence as they occur. Song and Zhao (2009) propose

 modified FIFO allocation policy under which product demand is

ulfilled following the FIFO rule as long as required components are

vailable. If some of the components are not available, the product

emand is assigned to the last position in the backorder list. The

uthors acknowledge the benefits of component commonality un-

er both allocation rules and argue that its value depends heavily

n the component costs and lead times. They conclude that the

nventory savings are more significant under the modified FIFO al-

ocation policy and the performance gap between the regular and

odified FIFO policies depends on the fill rate and component lead

imes. 

Shi and Zhao (2014) consider a similar problem under differ-

nt assumptions. They study the value of component commonality

n assemble-to-order systems under no-holdback (NHB) allocation
s: A review, European Journal of Operational Research (2017), 
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Fig. 2. Configurations of assemble-to-order systems ( Nadar et al., 2014 ). 
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policies. Under such a policy, a product demand is backordered if

and only if at least one of its required components is out of stock.

Shi and Zhao (2014) prove that under any no-holdback rule, as the

degree of commonality increases, the total product backorder and

on-hand component inventory decrease. 

One of the implications of component commonality is corre-

lation between demand for different components. Lu and Song

(2005) study the role of demand correlation in an assemble-to-

order system by comparing the solution of an order-based for-

mulation including demand correlation to that of a component-

based formulation, in which the correlation is ignored. Lu and Song

(2005) demonstrate that ignoring demand correlation may result

in significant cost increase. Shao and Ji (2009) study the pricing

and sourcing decisions of an assemble-to-order system consisting

of two substitutable products and three components purchased

from different suppliers. The authors conclude that the system

performance becomes worse if dedicated components are sourced

from a single supplier and the common component is sourced

from another independent supplier. 

As a conclusion, the value of component commonalty in

assemble-to-order systems depends on multiple factors including

the component costs, lead times and sourcing options. Although it

is unquestionable, the real value of component commonalty is dif-

ficult to quantify. More rigorous research is needed. 

3.2.2. Performance metrics 

One stream of literature in multiple end product setting in-

troduces performance metrics for assemble-to-order systems. This

stream of research is motivated by the intractability of the opti-

mal policy. Determining expressions for the performance metrics

of an assemble-to-order system under given assumptions is an im-

portant first step. 

Zhao (2009) studies an assemble-to-order system with com-

pound Poisson demand, where a customer may order more than

one unit of an end product. Because each end product is assem-

bled from several components, it may not always be possible to

fulfill the entire demand immediately and customers would either

receive each unit of product as soon as it becomes available (split

orders) or wait to receive all units at the same time (non-split or-

ders). Zhao (2009) considers delivery lead time and order-based

fill rate as performance metrics and derives their exact expressions

under both split and non-split order fulfillment. 

Similar to Zhao (2009) , Lu, Song, and Yao (2005) study a sys-

tem with compound Poisson product demands. The component

lead times are random and inventory of each component is con-

trolled by a base-stock policy. As a performance measure, Lu et al.

(2005) focus on the expected backorders for each product. The au-

thors study the optimal allocation of a limited budget among com-

ponent inventories to minimize a weighted average of backorders

over all products. Their solution approach is based on developing

approximations and bounds for the expected number of backo-

rders. 

Additional to positive customer demand, negative customer de-

mand is common in situations, where the firms may have special
Please cite this article as: Z. Atan et al., Assemble-to-order system
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eturn policies to provide a higher service level. In an assemble-to-

rder environment the returned end products can be disassembled

nd the components can be returned to the component warehouse.

he negative demand imposes additional complexities. DeCroix,

ong, and Zipkin (2009) consider such a system facing both posi-

ive and negative independent Poisson demand for both end prod-

ct and components. Assuming a base-stock policy for each com-

onent’s replenishment process, they provide approximate expres-

ions for multiple performance measures, such as the immediate

ll rate, fill rate within a time window, and average backorders. In

ddition, they propose a method to calculate a near-optimal base-

tock policy. 

In real-world assemble-to-order systems, where end products

onsist of many components, customers might view some of the

omponents as “key” and others as “non-key” components. Iravani

t al. (2003) study this case and assume that a customer demand

s lost if a key component is not available (selective customer) or

e accepts substitution for unavailable components (flexible cus-

omer). Iravani et al. (2003) use customer satisfaction as a perfor-

ance measure and conclude that substitution improves the over-

ll service but might result in profit loss. 

A response-time based order fill rate is another performance

easure. Assuming compound Poisson demands for the end prod-

cts and base-stock policies to control component inventories,

u, Song, and Yao (2003) derive the exact joint distribution of

nd product outstanding orders and develop approximations and

ounds for the order fill rates. Lu (2008) generalizes the results in

u et al. (2003) by relaxing the assumption of Poisson demand and

llows the demand arrival processes to be general renewal pro-

esses. The author develops approximations for key performance

easures such as average inventory and order fill rate. For a capac-

tated assemble-to-order system with Poisson demand and backo-

dering, Fu, Hsu, and Lee (2011) also propose approximate methods

or obtaining bounds on similar performance metrics. 

The difficulty of exact evaluation of any performance metric of

omplex assemble-to-order systems is undeniable. This is why the

tudies outlined above rely on approximate procedures. Feng, Liu,

nd Wan (2012) consider an order-based backorder level as the

erformance measure and identify a necessary and sufficient con-

ition to evaluate this measure. The condition is in the form of si-

ultaneous linear Diophantine equations. This shows the underly-

ng combinatorial complexity of analysis of assemble-to-order sys-

ems. 

Dayanik, Song, and Hu (2003) identify the same difficulties

n evaluating complex assemble-to-order systems with multiple

nd products. A component’s fill rate depends on demands for

ll end products which include that component. Thus, measur-

ng the fill rate is computationally demanding due to the in-

olvement of multivariate probability distributions. To overcome

his problem, Dayanik et al. (2003) consider a correlated M / M /1/ N

ueueing system for the supply system of each component and

evelop bounds to provide computationally efficient performance

stimates for order fill rates in the system. Bušic, Vliegen, and

cheller-wolf (2012) provide a new method for obtaining bounds
s: A review, European Journal of Operational Research (2017), 
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Table 4 

Summary of the literature on continuous-review, multiple end products assemble- to-order systems. 

Paper Replenishment Allocation Backorder (B) or Component 

lead time policy policy (L) lead times 

Bušic et al. (2012) Base-stock FCFS B and L Exp. 

Dayanik et al. (2003) Base-stock FCFS L and B Exp. 

DeCroix et al. (2009) Base-stock FCFS B D 

Dogru et al. (2010) Base-stock PBC B D 

Dogru et al. (2017) – – B D 

Elhafsi et al. (2008) SD base-stock SD rationing L Exp. 

Feng et al. (2012) Base-stock – B D 

Fu et al. (2011) Base-stock FCFS B Exp. 

Gao et al. (2010) Base-stock FCFS B and L Exp. 

Hoen et al. (2011) Base-stock – L D 

Horng and Yang (2012) Base-stock – L Normal 

Huang et al. (2014) Batch-ordering and JIT – L D and zero 

Iravani et al. (2003) Base-stock – L Exp. 

Iravani et al. (2004) Base-stock FCFS L Exp. 

Lu (2008) Base-stock FCFS B General 

Lu and Song (2005) Base-stock FCFS B General and D 

Lu et al. (2003) Base-stock FCFS B General 

Lu et al. (2005) Base-stock FCFS B Exp. 

Lu et al. (2010) Base-stock NHB B D 

Lu et al. (2015) Coordinated base-stock NHB B General 

Nadar et al. (2014) LD base-stock LD rationing L Exp. 

Nadar et al. (2016) LD base-stock LD rationing L Exp. 

Plambeck (2008) Threshold FCFS L D 

Plambeck and Ward (2007) Base-stock FCFS L General 

Reiman and Wang (2012) Base-stock – B D 

Reiman and Wang (2015) Base-stock Backorder target B D 

Reiman et al. (2016) Base-stock Backorder target B D 

Shao and Ji (2009) – – – D 

Shi and Zhao (2014) Base-stock NHB B D 

Song and Zhao (2009) Base-stock FIFO/MFIFO B D 

van Jaarsveld and Scheller-Wolf (2015) Base-stock FCFS B D 

Wan and Wang (2015) – Backorder target B D 

Zhao (2009) Batch-ordering FCFS B General 

Zhao and Simchi-Levi (2006) Base-stock and batch-ordering FCFS B General 

Zhou and Chao (2012) Base-stock FCFS B D/General 
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or Markov chains. For illustration of their method, they apply it to

n assemble-to-order system and study an out-of-stock situation

ith three possibilities, namely; backordering, fulfilled partly and

ost fully. 

Another complication contributing to difficulty of analyzing

ssemble-to-order systems is the unreliability of component pro-

uction lines. Gao, Shen, and Cheng (2010) study such a system

here the demand for each end product is a Poisson process and

omponent inventory levels are controlled by a base-stock policy.

he authors derive the exact joint distribution of on-order inven-

ories and use it to calculate performance metrics like order-based

nd component-based fill rates. 

A decomposition approach, which enables performance evalu-

tion, is proposed by Zhao and Simchi-Levi (2006) . The authors

nalyze an assemble-to-order system with stochastic and sequen-

ial component lead times. They consider two types of component

eplenishment policies; a base-stock policy and a batch-ordering

olicy. Under the former policy, Zhao and Simchi-Levi (2006) show

hat the system can be decomposed into multiple single-product

ystems with each subsystem corresponding to one product. For

oth replenishment policies, the authors develop numerical meth-

ds for performance evaluation. 

All studies mentioned in this section acknowledge the diffi-

ulty of exact evaluation of any performance metric of complex

ssemble-to-order systems. After making assumptions on com-

onent replenishment policies, researchers consider delivery lead

ime, expected backorders, order-based immediate fill rate, order-

ased will rate within a time window and a response-time based

rder fill rate as the performance metrics. In addition to exact eval-

ations, they propose approximate methods for obtaining bounds.

t  

Please cite this article as: Z. Atan et al., Assemble-to-order system
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ue to intractability of optimal policies, we expect more and more

tudies to emerge with an objective of evaluating performance

etrics for complex assemble-to-order systems. These studies will

erve as the first step towards identification of optimal component

eplenishment and allocation policies. 

.2.3. Optimal control policies 

An optimal control policy of assemble-to-order systems with

ultiple end products requires two major decisions; the first one

s the replenishment policy decision of the components and the

econd one is the allocation policy that decides which end prod-

ct(s) to assemble. In the continuous-review setting the majority

f authors have considered a base-stock replenishment policy and

roposed various allocation policies (refer to Table 4 ). The optimal

eplenishment and allocation policies are not known for general

ssemble-to-order systems. However, there exist multiple studies,

hich make specific assumptions and succeed in partially or fully

haracterizing the optimal replenishment and/or allocation poli-

ies. In this section, we review these studies. 

Although they are very popular in practice, assemble-to-order

ystems are difficult to analyze. As stated before, one diffi-

ulty is the correlated nature of component demands. This re-

ults in a need for multidimensional control. Plambeck and Ward

2007) prove that it is possible to separate this difficult control

roblem into single-item inventory control problems. They con-

ider a two-echelon assemble-to-order system with product spe-

ific target lead time and assume that unavailable components can

e expedited. Three decisions are studied; assembly sequencing or-

ers, component production and component expediting. According

o their separation result, under an optimal assembly sequencing
s: A review, European Journal of Operational Research (2017), 
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policy, the optimal production and expediting policy for each com-

ponent is independent of other components. In a subsequent study,

Plambeck (2008) consider a two-echelon assemble-to-order sys-

tem with deterministic component transportation times. Assum-

ing a fixed and variable unit transportation costs, the author de-

velops a model to minimize expected discounted costs for produc-

tion, transportation and lost sales. She shows the asymptotic op-

timality of a simple threshold policy with independent control of

each component for large end product demand rates and a small

discount rate. 

Another asymptotic optimality result for a two-echelon

assemble-to-order system with identical lead times and a general

bill of materials is obtained by Reiman and Wang (2015) . They for-

mulate the problem as a two-stage stochastic linear program with

complete recourse. Replenishment and allocation decisions are

considered as first and second stage decisions, respectively. Using

a base-stock replenishment policy, Reiman and Wang (2015) prove

the asymptotic optimality of an allocation policy which is based

on tracking a backordering target. This result holds for W -systems

and any assemble-to-order systems with identical component lead

times. Allocation policy suggested by Reiman and Wang (2015) re-

quires reservation of components for future high-value demands.

Wan and Wang (2015) prove that for many systems, any policy that

does not reserve components cannot be asymptotically optimal.

Reiman, Wan, and Wang (2016) study a similar assemble-to-order

system with two-echelons and a general bill of materials structure.

However, they allow lead times to be nonidentical. Reiman et al.

(2016) prove that the combination of the allocation policy used by

Reiman and Wang (2015) and the independent base-stock replen-

ishment policies is asymptotically optimal as the component lead

times grow while their differences grow at a slower rate. 

The simplest of the assemble-to-order configurations is the N -

system (refer to Section 3.2.1 ). It consists of two components and

two end products. For an N -system with general component lead

times and a state-independent base-stock replenishment policy, Lu

et al. (2010) show that a no-holdback allocation rule is optimal

among all allocation rules. As defined before, a no-holdback alloca-

tion rule allocates a component to a product demand only if such

an allocation can lead to the fulfillment of that demand. Lu et al.

(2015) study the same system with general component lead times

and back- ordering. Assuming a certain symmetric cost structure,

the authors prove the optimality of coordinated base-stock policies

and no-holdback allocation rules. Under a coordinated base-stock

policy, the inventory of the component with a longer lead time is

controlled using a standard base-stock policy, while the inventory

of the component with a shorter lead time is adjusted according

to demand realizations. 

A W -system with backordering and identical component lead

times is studied by Dogru et al. (2010) . The authors prove the opti-

mality of a base-stock replenishment policy. They proposed a sim-

ple allocation policy called priority-based backorder clearing rule

(PBC) and demonstrate that this policy achieves the optimal so-

lution when a balanced capacity condition holds and when both

end products have the same unit holding costs. Lu et al. (2010) ob-

tain a similar result for W -systems with general component lead

times and a base-stock replenishment policy. Assuming a certain

symmetric cost structure, they show that no-holdback (NHB) com-

ponent allocation rules are optimal. Reiman and Wang (2012) gen-

eralize the results of Dogru et al. (2010) to W -systems with gen-

eral deterministic component lead times. They present a set of suf-

ficient conditions under which the replenishment and allocation

policies achieve the lower bound on the long-run average inven-

tory cost. 

A generalized version of an M -system with batch ordering, ran-

dom component lead times and lost sales is studied by Nadar et al.

(2014) . Under a mild condition on batch component sizes, the au-
Please cite this article as: Z. Atan et al., Assemble-to-order system
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hors characterize the optimality of a lattice-dependent base-stock

eplenishment policy and a lattice-dependent rationing allocation

olicies. 

In a recent study Dogru, Reiman, and Wang (2017) intro-

uces a mechanism that uses two stochastic programs, one-period

ssemble-to-order model ( Zipkin, 2016 ) and its relaxation, to deter-

ine control policies for dynamic assemble-to-order systems. They

ntroduce a family of assemble-to-order systems, called chained-

OM. The M -system is the simplest multi-product system of this

amily. For assemble-to-order systems within this family, the au-

hors assume identical lead times and show that stochastic pro-

raming allows efficient determination of the optimal control poli-

ies. For the M -systems, Dogru et al. (2017) show that the stochas-

ic programs can be solved as a one-stage optimization problem.

he authors conclude that one big advantage of stochastic pro-

raming over alternative approaches is that it achieves asymptotic

ptimality. 

Elhafsi et al. (2008) study an assemble-to-order system with

ultiple components assembled into multiple end products using

 nested product design ( Section 3.2.1 ). Each component is pro-

uced in a separate facility with finite production rate and expo-

entially distributed production time. Demand for each end prod-

ct is a Poisson process. The demand can be either satisfied or re-

ected. The system incurs holding cost for each component and lost

ales cost for unsatisfied or rejected end product demands. The au-

hors prove the optimality of state-dependent base-stock and state-

ependent, multi-level rationing policies. The optimal base-stock

nd rationing levels depend on the component inventory levels. 

As evident from the studies discussed in this section, consid-

rable progress on identification of optimal policies for specific

ssemble-to-order systems has been made. Insights on the char-

cteristics of optimal inventory replenishment policies and opti-

al component allocation policies are provided for N -, M -, and W -

ystems under various assumptions on cost parameters and lead

imes. The application of stochastic programing has not only led to

olution procedures for large-scale systems, but also to the devel-

pment of new policies that are optimal for special assemble-to-

rder systems and asymptotically optimal for a wider class of sys-

ems. Since there is no hope for finding optimal policies for realis-

ic assemble-to-order systems, a promising avenue for further re-

earch is the identification of specific properties of optimal policies

ithin a class of policies. Developing generally applicable policies

hat can be compared against other policies is the next best the

perations research and operations management community can

rovide. 

.2.4. Approximation methods 

As the previous section suggests, the optimal results on

ssemble-to-order systems exist only for simple configurations.

he main reason is the curse of dimensionality of existing solu-

ion procedures. There are multiple asymptotic optimality results

or the two-echelon assemble-to-order systems with general bill-

f-material structure but these also require specific assumptions.

lthough optimal solutions are preferable, many researchers ac-

nowledge the benefits of good approximations. In this section,

e review the studies on approximation methods to analyze large

cale assemble-to-order systems. However, in most of these stud-

es no performance guarantees in relation to the optimal policy are

rovided. 

Iravani, Luangkesorn, and Simchi-Levi (2004) consider an

ssemble-to-order system in which the components are produced

n batches. They model the component production processes as a

ystem of parallel queues and assume limited queue space. Iravani

t al. (2004) introduce an algorithm to decompose the system with

ependent parallel queues into individual independent queues and

stimate the performance of each individual queue. They use the
s: A review, European Journal of Operational Research (2017), 
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ame performance metrics as Iravani et al. (2003) . The authors

how that their decomposition algorithm is accurate and insen-

itive to problem size. Another decomposition result is by Hoen,

üllü, van Houtum, and Vliegen (2011) . They study an assemble-

o-order system with Poisson customer demands and a base-stock

eplenishment policy. The manufacturer places emergency ship-

ent requests for missing components that are not in stock as

 demand for an end product requiring these components arrive.

lthough the customer demand is not lost since the end product

s eventually delivered, the demand for the components supplied

hrough emergency shipments are considered lost (partial order

ervice). Hoen et al. (2011) show that this system can be decom-

osed into subsystems and develop an approximation to calculate

he order fill rate, i.e., the percentage of demands for which all re-

uested components are available from stock. 

Zhou and Chao (2012) also provide an approximation to calcu-

ate the order fill rate for an assemble-to-order system with Pois-

on end product demands, random component replenishment lead

imes and a base-stock component replenishment policy. The error

ound of the approximation gets smaller as the variability of the

omponent replenishment lead times increase. Their approxima-

ion performs well even when the component demands are highly

orrelated. 

Developing computationally efficient solution methodologies for

ssemble-to-order systems with many components and end prod-

cts is challenging. Horng and Yang (2012) , Huang et al. (2014) , van

aarsveld and Scheller-Wolf (2015) and Nadar, Akan, and Scheller-

olf (2016) tackle this challenge. Horng and Yang (2012) pro-

ose an ordinal optimization-based evolution algorithm for an

ssemble-to-order system with truncated normal production lead

imes, a base-stock component replenishment policy and lost sales.

he objective of their algorithm is to determine a profit maxi-

izing target inventory levels within a limited computation time.

he authors formulate the problem as a combinatorial optimiza-

ion problem and propose a genetic algorithm to selecting multiple

xcellent solutions. They present the solution quality and compu-

ational efficiency of the proposed algorithm for an assemble-to-

rder system with 10 components and 6 end products. Huang et al.

2014) combine the global search ability of genetic algorithms and

ocal search ability of simulated annealing algorithms into a hybrid

enetic simulated annealing algorithm. They apply this algorithm

o an assemble-to-order system with setup costs and simultane-

us just-in-time and ( r , Q ) replenishment policies. They compare

he accuracy and reliability of the hybrid and genetic algorithms

y solving for the mixed replenishment policy of an assemble-to-

rder system with 20 components and 2 end products and suggest

hat the hybrid algorithm is dominant in finding global optimal so-

utions. van Jaarsveld and Scheller-Wolf (2015) develop a stochas-

ic programing and sample average approximation algorithm to

ompute the near-optimal base-stock levels of an industrial-scale

ssemble-to-order system with backordering and FCFS allocation

olicy. They introduced a lower bound on the expected cost of the

est base-stock policy. van Jaarsveld and Scheller-Wolf (2015) an-

lyze the impact of the FCFS allocation policy on the performance

f the system and they conclude that this allocation policy acts

ell for large assemble-to-order systems. Nadar et al. (2016) study

n assemble-to-order system with general product structures. They

dapt the lattice-dependent base-stock and lattice-dependent ra-

ioning policies introduced by Nadar et al. (2014) to these systems.

he authors compare the performance of these policies with state-

ependent base-stock and rationing policies and fixed base-stock

nd rationing policies. They conclude that the lattice-dependent

olicies outperform the state-dependent and fixed ones with re-

pect to both objective value and computation time. 

As it is evident from the studies summarized in this section,

pproximate methods make assumptions on component replenish-
Please cite this article as: Z. Atan et al., Assemble-to-order system
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ent and allocation policies and try to determine optimal or ap-

roximate system parameters. Since exact analysis are only pos-

ible for specific systems under specific assumptions, we expect

ore approximation methods analyzing assemble-to-order systems 

f realistic scale to emerge. Applicability of these approximations

epend on performance guarantees. 

Table 4 summarizes the literature on continuous-review, mul-

iple end products assemble-to-order systems. For all studies dis-

ussed in Section 3.2 we provide details on replenishment and al-

ocation policies, backordering or lost sales assumption and com-

onent lead times. The studies are on two-echelon assemble-to-

rder systems with negligible assembly lead time. The abbre-

iations SD, LD, Exp. and D stand for state-dependent, lattice-

ependent, exponential and deterministic, respectively. 

. Conclusions 

In this paper, we have reviewed scholarly works that deal with

arious problems related to assemble-to-order systems. This litera-

ure has been growing quickly in the past few years and we have

ttempted to provide a comprehensive review to serve as a refer-

nce for researchers who work in the field. 

Based on our review, we conclude that the study of single end-

roduct systems is more or less complete. Additional complexities

ould be added, but for practical purposes it suffices to know what

eplenishment policies should be used. State-dependent base-stock

olicies emerge for most systems studied. It depends on the par-

icular demand and supply process to what extend optimal policies

an be applied. 

The single period and single order models have been stud-

ed under the heading of assemble-to-order systems. However,

ssemble-to-order systems are generally considered in practice for

nd products that are unique by combining a finite amount of

odules and components. The demand for these modules and

omponents is recurring, so that it is economically viable to hold

nventory for them. One should be aware that the position of the

ustomer order decoupling point ( Hoekstra & Romme, 1992 ) is

rimarily driven by demand volatility for end products and their

hild items. Assemble-to-order systems apply when final assem-

ly takes less time than the customer lead time that is required

n the market. The single period and single order models apply to

he so-called engineer-to-order systems. Examples of such systems

re building and infrastructure construction, prototype high-tech

ystems, and defense systems. Another notion used for such sys-

ems is one-of-a-kind systems. It is important to base the model-

ng categorization in the field of multi-item multi-echelon systems

n the widely applied concept of the customer order decoupling

oint. Thus we distinguish between make-to-stock, assemble-to-

rder, make-to-order (where only components are held in inven-

ory) and engineer-to-order (where no inventory is held of compo-

ents, but timing component ordering is the name of the game).

ore recently, new notions like configuration-to-order and build-

o-order emerged in practice. We consider these notions special

ases of assemble-to-order systems. 

The systems with multiple end products cannot be solved to

ptimality in general. However, considerable progress on identifi-

ation of optimal policies for specific assemble-to-order systems

as been made. The study of N -, M -, and W -systems under var-

ous assumptions on cost parameters and lead times have pro-

ided further insight on the characteristics of optimal inventory

eplenishment policies and optimal component allocation policies.

he application of stochastic programing has not only led to so-

ution procedures for large-scale systems, but also to the devel-

pment of new policies that are optimal for special assemble-to-

rder systems and asymptotically optimal for a wider class of sys-

ems ( Dogru et al., 2017 ). 
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The study of assemble-to-order systems has shown that two as-

pects of multi-item multi-echelon systems need to be addressed:

allocation of components to end products, and synchronization of

replenishment orders of different com ponents in the same end

products. The way allocation and synchronization must be imple-

mented depends strongly on the lead time distribution. For sys-

tems with exponential lead times, for which we know the optimal

policy, allocation is dealt with by critical level policies and syn-

chronization is dealt with by state-dependent base stock policies.

The latter mechanism seems to extend to systems with constant

lead times, while the former does not. This is due to the complex-

ity of optimal allocation policies in divergent systems with con-

stant lead times. 

Assemble-to-order systems assume that customers are willing

to wait longer than the time needed to assemble the end product

from modules and components. Thus the trade-off between cost of

customer waiting time must be traded-off against cost of invest-

ments in resource flexibility and inventories. Various authors have

provided insight into the relevant trade-offs, in particular the im-

pact of demand volatility. It seems that the trade-off needs to be

considered for each specific situation, as some outcomes are qual-

itatively complex even for relatively simple situations. 

New features have been added to assemble-to-order systems,

such as pricing and disruptions. However, the added complexity of

the system yields added complexity of optimal policies and man-

agerial insights are problem- and instance-specific. 

Numerical studies on complex assemble-to-order systems show

that the component allocation policy and the component replen-

ishment policy are of equal importance for realistic problem in-

stances. We should be aware that in the business-to-business con-

text service levels of 80% are quite common and this is the range

where this equal importance applies. This equal importance seems

to relate to the non-negligibility of remnant stocks under service

levels below 90%. This implies that analysis of assemble-to-order

systems ignoring remnant stocks is likely to fail in capturing the

main trade-offs. 

It follows from many studies that FCFS allocation of compo-

nents to end products is non-optimal from a cost-perspective. Hav-

ing said this, we should be aware that penalty costs are typically

end product dependent, but not customer-dependent. From a cus-

tomer perspective FCFS might better manage the customer wait-

ing time than cost-optimal policies. Admittedly, this is a specula-

tive statement, but we emphasize here that this aspect needs to be

studied in order to make a relevant contribution to practice. 

Given the complexity of optimal policies for assemble-to-order

systems in special cases, the recent research on the structure of

“myopic-optimal” policies is quite relevant. As these policies seem

to perform well in special cases, it makes them a candidate for

further exploratory research. 

5. Future research directions 

The literature on assemble-to-order systems is likely to con-

tinue to grow over the coming years. In this section, we identify

multiple promising future research directions. 

Probably the most important next step to take in the analysis of

assemble-to-order systems is to propose policies for multi-echelon

systems. So far, the far majority assumes that there is only a sin-

gle echelon at which inventory is held. Real-world assemble-to-

order systems consist of multiple echelons upstream of the original

equipment manufacturer assembling the end product that hold in-

ventory (and invest in resources). Only a few papers propose poli-

cies that are applicable to multi-item multi-echelon assemble-to-

order systems. Clearly, base-stock policies can be used in multi-

item multi-echelon systems, yet component allocation policies may

be different at higher echelons, as they replenish inventory and
Please cite this article as: Z. Atan et al., Assemble-to-order system
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o not satisfy customer demand. Also synchronization mecha-

isms regarding component replenishment are likely to get more

omplex. 

Rolling scheduling procedures based on periodically updating

eterministic models are commonly (possibly exclusively) used in

ractice. In de Kok and Fransoo (2003) it is shown that this pro-

edure yields suboptimal results. Recent research has provided

umerical methods to solve more realistically sized assemble-to-

rder systems with some performance guarantee within a class

f policies, in particular base-stock policies for component inven-

ory replenishment. There is a need for further exploratory re-

earch based on a common test-bed of assemble-to-order systems.

s stated earlier, there is no hope to find optimal policies for re-

listic assemble-to-order systems. Developing generally applicable

olicies that can be compared against other policies is the next

est the operations research and operations management commu-

ity can provide. This is comparable to the current practice in the

eld of combinatorial optimization. This allows both further devel-

pment of deep theoretical insights, e.g. concerning asymptotic op-

imality in some sense, or optimal policies for special structures,

nd engineering research on solution procedures for problems of

ealistic sizes. 

A promising avenue for further research is the identification of

pecific properties of optimal policies within a class of policies,

hich allow fast computation of optimal policies within this class.

his line of research has been exploited in Diks and de Kok (1998) ,

e Kok and Fransoo (2003) , de Kok (2003) , and more recently in

tan, de Kok, Dellaert, van Boxel, and Janssen (2015) , to efficiently

olve large-scale problems. In all cases recursive Newsvendor equa-

ions emerged as optimality equations to be solved to determine

olicy parameters. Clearly, this line of research contributes to the

ormer one. 

As assemble-to-order systems are typical for low-volume high-

ech systems, the life cycle of product families is characterized by

ontinual engineering changes. These can be seen as disruptions.

s lead times of key components and modules are quite long, an

ntimely engineering change can be quite costly as it may make

ipeline stocks obsolete at the original equipment manufacturer or

ts suppliers. The problem of engineering changes has been high

n the agenda of most companies operating an assemble-to-order

upply chain, yet it has received little attention in operations re-

earch and operations management literature. Clearly, rigorous re-

earch can make considerable contributions to practice. 

In most papers the focus is on inventory management, given

he lead times and bill-of-material (BOM) structure. A few pa-

ers recognize that lead times are a result of investment into re-

ources and likewise the BOM structure. As assemble-to-order sys-

ems emerge in highly volatile supply and demand environments,

ore research is needed to identify the trade-offs between cus-

omer service, resource investments, material investments, and re-

earch and development investments, as well as the associated

osts over time. Development of stylized models based on specific

ractical contexts capturing the main trade-offs, should provide

oth insights into appropriate managerial strategies, and building

locks for strategies that can cope with realistic problems. 

It is out of the scope of this paper to formulate a complete

esearch agenda for the study of assemble-to-order systems. We

ave argued that it is important to distinguish assemble-to-order

ystems from make-to-stock systems and engineer-to-order sys-

ems. With that distinction one may state that the focus on

nventory management of assemble-to-order systems is justified,

s final assembly adds relatively little value in that context. For

ake-to-stock systems we expect that a more balanced view

n inventory and resource management is needed, while for

ngineer-to-order systems the focus should be on resource man-

gement. We advocate to make this distinction more clearly in
s: A review, European Journal of Operational Research (2017), 
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uture research papers, thereby better aligning with the distinction

ade in industry for over 40 years. 
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