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Computer aided order sequencing in a mixed � model assembly system

1. Introduction
Due to the demand of the market, an increasing number of
producers develop methods to minimize the time that elap-
ses between ordering and receiving the finished product by
the customer, especially by introducing Make-To-Order
production (MTO), based mostly on orders from sales cen-
tres or even directly from customers. While the idea of pro-
duction of this type is extremely simple (a company is sup-
posed to manufacture exactly what was ordered), the matter
of execution is a bit more difficult. Firstly, the company
should have the proper production capacity at disposal
when the demand comes up, secondly, all the components
required for a particular order execution should appear on
the main assembly line on time, thirdly, the company must
be able to flexibly manage production to provide effective
utilization of all available resources and to ensure timely
delivery of the final product while, of course, maintaining
a high level of quality.
Products with unique features selected by the customer are
now the most widely produced in production lines [1, 2].
Continuous linear mixed-model assembly systems arose
through evolution from linear systems prepared for the as-
sembly of one product (single-model assembly lines, Figu-
re 1). It is a solution that allows standardization of proces-
ses and smooth flow of products during the assembly. Ba-
sing on the principles of economies of scale, the use of
assembly lines allows reducing unit production costs � after
introducing the assembly line by Ford, Model T�s price in
10 years decreased from almost $ 900 to about $ 290. Intro-
ducing assembly lines was the largest so far and one of the
few such significant revolutions in assembly processes. The

second most frequently given revolution is the rise of TPS
(Toyota Production System, or Thinking People System
[3]), with the proviso, that it didn�t provide such significant
improvement in the performance of assembly processes.
In modern production systems, on the lines various pro-
ducts (models) or different varieties of the same product
(versions), differing in e.g. version of the body, components
and accessories, and though differing also in labour-con-
sumption are manufactured. One of the problems that arise
in mixed-model production systems is the appropriate utili-
zation of available resources, including assembly workers.
It should be noted that the organization of the linear produc-
tion system, imposes certain limitations. The assembly line
consists of a given number of workstations, each of which
determined by a space that it occupies. Assuming that the
material handling system moves continuously at a predeter-
mined speed, the station has only a limited time in which all
the operations assigned to it must be finished. Limitation is
mainly due to the physical constraints of stations space.
Also in automatic lines robots, are able to perform only wi-
thin strictly determined workspace. In the case of manual
assembly lines, it is possible for the operator to cross the
station borders, however due to the need of using tools lo-
cated within the stations it is also limited. Moreover, this
leads to unnecessary displacement and disorders in opera-
tors work at the next station.
With differences in labour-consumption between different
products, producers may control the cycle time in order to
ensure production flexibility. Cycle time may be elongated,
and adapted to the product, execution of which requires the
most effort (has the highest labour-consumption). Howe-
ver, this leads to idle times on workstations in a situation
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Figure 1. Evolution of linear assembly systems



Zarz¹dzanie Przedsiêbiorstwem     Nr 2 (2014) Strona 43

Computer aided order sequencing in a mixed � model assembly system
when a product with lower labour-consumption appears.
On the other hand, shortening of the cycle time leads to fre-
quent outages/stoppages of assembly line.
As the producers usually must use the average cycle time,
efforts on improving the assembly processes are rather fo-
cused on balancing lines and sequencing of production or-
ders. The aim of determining the proper sequence is to en-
sure that the operator has the sufficient time to complete all
assembly operations resulting from the planned production
program and to provide a high level of utilization of work-
stations at the same time.
This paper is a part of extensive work on tools for suppor-
ting production management in small and medium-sized
enterprises conducted in the Institute of Automation Pro-
cesses Engineering and Integrated Manufacturing Systems
of the Silesian University of Technology and in the Depart-
ment of Production Engineering of the University of Biel-
sko-Biala. Research focuses in particular on production or-
ganization integration, software development and techno-
logical processes planning [2, 14] as well as the product
design, analysis and engineering calculations [12, 13].
2. Mixed-Model Assembly System
Mixed-model assembly systems are commonly found in the
automotive industry, where at the same resources multiple
products may be manufactured. Usually in such systems
few different car models, with possibility of multiple engi-
nes, multiple colours of interior, multiple additional equip-
ment components are produced in parallel with the produc-
tion of special and limited versions as well.
Usually level of production and the types of products are
hardly predictive, thus the production plan may be subjec-
ted to constant changes (also as a result of distortions con-
nected with parts availability in JIT systems). This type of
environment requires a specific management, as such sys-
tems are supposed to achieve few different goals at the
same time, usually denoted as the minimization of the com-
pletion time of a specific set of tasks, ensuring adequate
saturation of assembly line as well as ensuring adequate uti-
lization of human resources.

For the purpose of considered problem of determining a pro-
per sequence of orders to be admitted to assembly, the actual
production system in a car manufacturing company has been
limited to a section located at the assembly department (Fig.
2). Considered system consists of an assembly line, into
which production orders are distributed from a buffer [2].
Line consists of a given number of workstations. Few diffe-
rent products are assembled in the plant, each with a large
number of versions. For the purpose of sequencing pro-
blem, based on current research on the nature of production
and the quantities and types of products, manufactured ver-
sions were divided depending on the labour-consumption
value into the classes from 1 to 7, where 7 indicates the
most labour-consuming. Material handling system is reali-
zed through a chain-driven conveyor.
The conveyor moves at a constant speed through the whole
assembly line, setting a steady rhythm of production. An
additional element, which allows greater opportunities in
determining the sequence of orders on the line, is the by-
pass � a part of conveyor line, into which the semi-product
may be sent to, in the case it cannot be completed for vario-
us reasons. In the system two such places exist, first identi-
fied as Bypass 1 (long bypass), located on the exit of the
buffer, but before entering the assembly lines. Second �
Bypass 2, which begins with a line 8 in buffer (short by-
pass). Through both bypasses semi-product may be sent
back to the beginning of the buffer.
Buffer, out of which orders are transmitted into assembly
line, consists of eight lines, limited by a certain capacity. In
this case, only a buffer and a section of the conveyor just
before and after it are locations where it is possible to per-
form proper sequencing of production orders. Each semi-
product coming into the buffer has a specific identification
code (ID). Orders selected for admission to assembly are
released from the ends of various buffer lines. Also a spe-
cial procedure for semi-products entering the buffer lines
must be determined. Because only 8 buffer lines are ava-
ilable at the entrance to the buffer, it is not possible in the
considered system to achieve a satisfactory sequence wi-
thout earlier analyse of the orders at the entrance to the
buffer lines.

Figure 2. Simplified diagram of a conveyor lines on an assembly department
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The car-bodies entering the buffer are allocated to the ap-
propriate buffer line in such a way, that the result is a subse-
quence, which in turn one after the other may be admitted
into the assembly line. In this solution, appropriate sequen-
cing of orders is taking part at the exit of the buffer, and also
at its entrance. The lines are filled simultaneously, taking
into account the previous car-body, which has been placed
on them (Fig. 3). If there isn�t any option available to assign
the car-body to a certain line, such a body would be directed
to the line 8 and further to the bypass.
3. Order Sequencing in a Mixed Model Assembly System
Establishing an appropriate sequence of tasks consecuti-
vely admitted to be assembled in the manufacturing sys-
tem is one of the major tasks in managing a mixed-model
assembly systems. For the first time CSP (car sequencing
problem) has been described in [4]. In [5] authors present
general definition of an instance of the car sequencing
problem. An instance of the problem is defined by a tuple
(V, o, p, q, r), where:
V = {v1, .., vn} is the set of vehicles to be produced;
O = {o1, .., om} is the set of different options;
p: O ��     and  q: O ��     define the capacity constraint
associated with each option oi Î O, this constraint restricts,
that for any subsequence of qi consecutive cars on the line,
no more than pi of them may require option oi;r: V x O �� {0, 1} defines the requirements for options, for
example for each car vj Î V and for each option oi Î O,
rj i = 1 if the option oi must be installed in vj and rj = 0
otherwise.
It should be noted that two dif-
ferent cars of a set V may requ-
ire the installation of the same
configuration of option. All the
vehicles that require installation of the same configuration
options are grouped in the same class. More specifically,
they form a k different vehicle classes, so that the set V is
subdivided into k subsets V = V1 u V2 u . . . Vk such that all
vehicles in a single subset Vi require the same configuration
of options. Solution of the CSP problem is a set of cars in
the sequence V, thus defining the order in which they pass
along the assembly line. CSP decision problem is to address
the question if a sequence that satisfies all constraints im-
posed can be found, and optimization for CSP is to find

a sequence that minimizes costs (the cost function should
also take into account the non-fulfilment of constraints).
In its simplest form, the problem of car sequencing can also
be formally written as in [6], i.e. an instance of a problem
consists of n cars and m options. Each option represents the
ratios of restrictions about pk/qk where pk < qk <= n. Each
car ci is defined as a bit string of length m, such that ci,k= 1 if
the car and has the option of k, and 0 otherwise. A solution,
is given as the sequence (which is a permutation) of n cars,
such that, for each option ok, each subsequence qk car has at
most pk cars equipped with the option ok.
4. Proposed method
The sequencing according to the basic CSP guidelines is po-
ssible only in systems with fixed production plans, and with
no interferences in logistics processes. However, according
to the authors, the modification of the approach proposed in
the base version of the CSP problem can be considered, to
match the current case [15]. Namely, production line should
not be treated as a single resource for which the sequence is
being determined, but as a set of workstations for which
information is available about the influence caused by the
different products in a sequence. This is caused by the fact
that products may have different influence on certain work-
stations. Determining the sequence should take into acco-
unt the workload of individual workstations rather than the
entire line. This is done with the use of the vector of com-
plexity, which can be described by a discrete function Wifor i = 1�m, where m is the number of machines:

(1)

An example of the vector of complexity of the product 1
version 3 will be as follows:
W1

3 = [1,1,1,1,1,1,1,1,1,1,2,1,1,1,4,4,4,4,4,4,4,4,4,4,1,1,4,1].
Depending on the value of the vector of complexity labour-
consumption class of the order is determined. Then, for a
set of orders individual vectors of complexity are compared
with each other and the sequence of tasks in order not to
overload the system is determined [7]. The criterion for se-
quencing can take both the total number of overloading

Figure 3. Car bodies arranged into subsequences in the buffer lines
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events in the system for a given sequence and the total time
of overload caused by the specific sequence of tasks. The
aim of the proposed method is to check how certain values
change depending on the individual sequences, and to pick
the most appropriate of them � the best fit according to the
established criteria. Each production order appearing at the
entrance to the buffer is analysed due to the vector of com-
plexity. On the buffer lines, subsequences that facilitate
proper sequencing of orders that are later on accepted into
the assembly are being created. The initial creation of sub-
sequences is not vital, however it improves sequencing or-
ders at the end of the buffer.
At the output of the buffer a number of different sequences
is being analysed. The optimization criteria were adopted to
minimize the total time exceeded at the workstations �
min(SumPC) and number of exceedances � min(LPC). The
exceedance (ei,o) of the o-th operation of the i-th order is
calculated as:

(2)
where:
tfi,o � the finishing time of the o-th operation of the i-th order,
tci � the starting cycle time of i-th order (the first operation
of the order),
c � the working cycle of the system.
The SumPC performance measure is calculated by:

(3)
The LPCi,o performance measure of the o-th operation of
the i-th order is calculated by:

(4)

The LPC performance measure for overall sequence of or-
ders is calculated by:

(5)
Due to the nature of the system, the concurrent execution of
operations is admissible. The employee may cross the bor-
der station. This however results in shorter time available
for the execution of next production order on the worksta-
tion. It should also be noted that any overload (stations bor-
der crossing) adversely affect the system as it disturbs the
rhythm in the next workstation.
5. The Prototype of Hybrid Solution for Tasks Sequencing
For the purposes of the problem of sequencing production
orders in an automotive company a unique prototype of ap-
plication, which, for a given set of production orders deter-
mines a sequence in which they can be adopted for assem-
bly has been created.
Proposed hybrid approach is searching for a solution in
parallel threads, with the use of implemented heuristics
and meta-heuristics (e.g Immune Agorithm [11]) and local

search. The sequence of orders searching procedure is run
periodically, at user-specified number of car-bodies admit-
ted to the assembly. After each admission of certain number
of orders for the assembly, the process of updating the prio-
rities of the orders remaining in the buffer is conducted. It is
a solution that prevents formation of blockages of car-bo-
dies in the buffer. The time available to find a solution also
allows the designation of one or more solutions. The con-
ception of the functionality of the computer system is pre-
sented in [8] where the problem of scheduling in soft real-
time conditions in manufacturing systems is discussed. The
basic requirements of scheduling in a real time system and
multi thread approach with rule-based heuristics, meta-
heuristics and random searching is presented there.
The selection of solutions is carried out in two stages, using
a multi-criterion evaluation. For practical reasons, weighted
sum method has been applied, to provide the ability to use, in
addition to the previously described basic criteria, other cri-
teria defined by the decision makers. In [9, 10] the multicrite-
ria optimization problem in scheduling of manufacturing
systems is widely presented. Described decision-making sta-
ges that should be taken in scheduling process became the
basis of the application development. In the first stage, each
of the algorithms evaluates designated solutions and selects
a specified number of the best of them. These solutions sub-
sequently enter the common list. From such created ranking
list, solution to be implemented is being chosen.
To start operation of the order sequencing software all the
required data, e.g. the number of workstations, processes
and operations in processes (including the determination of
the scope for concurrent execution of the operations on the
following workstations), should be introduced in the appro-
priate forms.
After entering the data, searching for the proper sequence
can be started. The program begins to check different sequ-
ences and calculates parameters defined by user in a real
time (Fig. 4). In the present case, the criteria were the num-
ber of exceeded cycles (MZ_LPC) and the total time exce-
eded in workstations (MZ_SumPC).
Depending on the pre-set stop condition, the program may
terminate its operation after a predetermined number of ite-
rations, or with the approval of the selected indicators.
While searching the solution space achieved results are also
presented. Presentation is useful in so, that the user can obse-
rve how the adopted optimization criteria change, and basing
on that information to stop the calculation at any time.
After stopping the program, results can be viewed and the
decision upon which sequence achieved the highest point
value of the objective function can be made. The results
may be sorted, which greatly speeds up the process of sear-
ching for desired solutions. (Fig. 5). In the present case, the
criterion was the number of exceeded cycles (MZ_LPC)
and the total time exceeded in workstations (MZ_SumPC).
In addition, the work schedule, which shows the flow of the
order through the assembly line (Fig. 6) is generated. The
further of the work on the program is planned to create a
tool for scheduling workers activities, which in the case of
large cycle exceeds will allow to introduce additional staff
(floaters), that will be responsible for assisting in the execu-
tion of tasks that exceed the cycle time of the workstations.
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Figure 4. Sequencing process in the hybrid sequence-generation environment

Figure 6. Results

Figure 5. Searching the solution space (common list visualisation)
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6. Summary
This paper presents the issues related to the mixed-model
production in linear production systems. Problems associa-
ted with the presented class of production systems, and the
reasons why sequencing of orders is vital in terms of the
systems proper functioning have been discussed. Authors
present the essence of the CSP problem on the example of
car manufacturer. The genesis of the problem and a detailed
description of the problem instance is presented. General
description of proposed method is given. The functioning
of a hybrid computer sequencing system containing heuri-
stics and meta-heuristics (with the possibility to implement
further algorithms), created for the purpose of sequencing
orders in the considered company is described. In presented
solution the minimization of two basic measures is used:
the total time exceeded at the workstations � min(SumPC)
and number of exceedances � min(LPC). Practical determi-
nation of the assessment should be based on a larger num-
ber of criteria, apart from the above, also i.e. the average
time or standard deviation of exceedances. Adapted multi-
criteria evaluation method provides the ability to conduct
searches in various forms, both �a priori� and �a posteriori�
[10]. Interactive variant of evaluation process is allowed
only when the time to search for a solution can be extended
for the next cycle of calculation. Further work on the sub-
ject should also concern on searching for other algorithms,
which may be implemented into the computer system in
order to improve the speed of calculation processes and qu-
ality of the solutions obtained.
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Abstract:
In the paper issues related to the mixed-model production
in linear systems on the example of a car manufacturing
company are discussed. The origins of linear assembly sys-
tems are described, and problems concerning determining
the sequence of tasks to be admitted to assembly processes
are pointed out. The computer system for projecting the
production orders sequence in a mixed-model production
system, based on a hybrid solution is presented. Also basics
of the CSP (car sequencing problem) are discussed.

KOMPUTEROWO WSPOMAGANE SEKWENCJO-
NOWANIE ZLECEÑ W SYSTEMIE PRODUKCJI
MIXED-MODEL
S³owa kluczowe:
systemy produkcji mixed-model, CSP, sekwencjonowanie.
Streszczenie:
W artykule omówione zosta³y zagadnienia zwi¹zanie z pro-
dukcj¹ w systemach mixed-model na przyk³adzie przedsiê-
biorstwa wytwarzaj¹cego samochody. Przedstawiona zosta-
³a geneza liniowych systemów monta¿owych oraz problemy
zwi¹zane  z ustalaniem sekwencji zleceñ przyjmowanych do
monta¿u. Zaprezentowana zosta³a równie¿ aplikacja kompu-
terowa do projektowania sekwencji zleceñ w systemach mi-
xed-model, oparta o rozwi¹zanie hybrydowe. Omówione zo-
sta³y równie¿ podstawowe za³o¿enia problemu CSP (ang.
Car Sequencing Problem, Problem Sekwencjonowania
Samochodów).
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