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world applications, a re-sequencing of given sequences is often equally essential. On the one

hand, workpieces visit multiple departments, i.e., automobile production is subdivided into body

and paint shop as well as �nal assembly. A sequence that is optimal for one department is

usually suboptimal for other departments. Consequently, re-sequencing bu�ers can be applied

to reshu�e a sequence according to each's departments individual objective instead of producing

an unchanged compromise sequence. On the other hand, disturbances like machine breakdowns,

rush orders or material shortages occur with utmost probability, so that initial sequences are

stirred up. Especially the paint shop, where smallest defects in color necessitate a retouch or

complete repainting of cars, is a widespread reason for disordered model sequences. Again,

re-sequencing bu�ers can be applied to regain desired model sequences before �nal assembly.

O�-line bu�ers � also denoted as pull-o� tables (see Lahmar et al., 2003) � are a widespread

form of organizing re-sequencing bu�ers. Here, the current on-line model of the initial sequence

can be pulled o�-line into a free pull-o� table, so that successive models can be brought forward

and processed before the o�-line model is reinserted from its pull-o� table back into a later se-

quence position. Note that each pull-o� table is directly accessible. The paper on hand treats the

re-sequencing versions of PRV and ORV, where a given number of pull-o� tables can be applied

to rearrange an initial model sequence, so that material demand is evenly spread over time.

Figure 2: Example for the LS re-sequencing problem with �ve models and a single pull-o� table

Example: An illustrative example is given in Figure 2. Here, a given initial sequence (numbered

from model 1 to 5) arrives from a preceding production stage (see Figure 2(a)), where models

1 and 5 (black) as well as models 2, 3 and 4 (grey), respectively, share a common model type.

According to the PRV, the models of the di�erent types are to be evenly spread over the �ve

production cycles, where a single pull-o� table can be applied to reshu�e the initial sequence.

As Figure 2(b) shows models 1 and 2 change positions by pulling model 1 o�-line and reinserting

it after model 2. Then, model 3 is produced and models 4 and 5 change positions (Figure 2(c)),

so that in the �nal sequence of Figure 2(d) both model types are scheduled in alternating manner
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and the resulting sequence is better leveled than the initial one.

Existing research on mixed-model assembly lines does not treat re-sequencing in an LS context.

Instead, mainly sequence alterations in front of the paint shop to build larger lots of identical

color are investigated, e.g., by Lahmar et al. (2003), Spieckermann et al. (2004), Lahmar and

Benjaafar (2007) as well as Lim and Xu (2009). Other contributions for various re-sequencing

settings stem from Inman and Schmeling (2003), Ding and Sun (2004) and Gusikhin et al. (2008).

The remainder of the paper is organized as follows. Section 2 treats the adoptions required

when re-sequencing is applied in a PRV context. First, the resulting re-sequencing problem is

formalized and the exact PRV solution approaches of Kubiak and Sethi (1991) for the sum-

squared-deviation function and Steiner and Yeomans (1993) for the max-abs-case are adopted

to solve our re-sequencing problem. In a comprehensive computational study, the in�uence of

the bu�er capacity (number of pull-o� tables) is evaluated, so that the production manager gets

some decision support for bu�er dimensioning. Re-sequencing in the ORV context is investigated

in Section 3. Again, the problem is formalized, a solution approach is presented, which is

adapted from the graph approach of Lim and Xu (2009), and the impact of an increasing re-

sequencing �exibility is evaluated. Section 4 tests the ability of the re-sequencing version of PRV

in approximating the ORV by comparing both LS alternatives in a realistic setting. The �nal

Section 5 concludes the paper.

2 The Product Rate Variation problem under limited

re-sequencing �exibility (PRVR)

2.1 Problem description

Consider an initial sequence of models leaving a preceding production stage, e.g., the paint shop,

which contains models i = 1, . . . , T numbered according to their initial sequence position. This

initial sequence is to be re-sequenced with the help of a given number K of pull-o� tables. Each

pull-o� table can store a single model at a time and can be accessed directly so that models

pulled o�-line can be re-inserted in an arbitrary order. Thus, the re-sequencing version of PRV

(denoted as PRVR) aims at a mapping σ : {1, . . . , T} → {1, . . . , T} specifying the reshu�ed

sequence to be produced in the succeeding production stage, e.g., �nal assembly. Note that such

a mapping ensures that each model receives a unique position in σ and is thus produced exactly

once.

Furthermore, for a solution being feasible limited re-sequencing �exibility needs to be con-

sidered. In order to shift a model i to an earlier position of the sequence (forward shift), it is

necessary to remove preceding models from the sequence and reinsert them after model i has

passed. If K pull-o� tables are available, a forward shift from a position i to an earlier position

i − 1, . . . , i −K is possible. Let σ(i) denote the new sequence position of model i in reshu�ed
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sequence σ, limited re-sequencing �exibility is re�ected by condition (1):

σ(i) ≥ max{1, i−K} ∀i = 1, . . . , T. (1)

Each model i is a speci�c copy of a model type (blueprint) m ∈M (with |M | ≤ T ). The number
of copies of model type m constitutes its demand dm. The model type a model i is assigned to is

denoted as a(i). It is the aim of PRVR to evenly spread the demand of the model types over the

planning horizon. To enable a comparison of (cumulated) actual and target production rates, the

number oc(σ,m, t) of occurrences of each model type m in a sequence σ up to sequence position

t needs to be de�ned, where σ−1(t) denotes the model at position t of reshu�ed sequence σ:

oc(σ,m, t) = |{τ ∈ {1, . . . , t} : a(σ−1(τ)) = m}| ∀m ∈M ; t = 1, . . . , T (2)

Furthermore, a target production rate rm is to be de�ned for each model typem by distributing

its demand evenly over the planning horizon of length T : rm = dm
T . With these values on hand,

the deviation DEVmt between cumulated actual (�rst term) and cumulated target (second term)

production quantity can be determined in objective function (3):

minimize Z(σ) = G (Fm (DEVmt = oc(σ,m, t)− t · rm)) (3)

Thus, within PRVR a mapping σ : {1, . . . , T} → {1, . . . , T} is to be determined, which min-

imizes objective function (3) subject to constraints (1). In the literature, di�erent forms of ag-

gregation functions G(·) and (possibly model type speci�c) deviation functions Fm(·) have been
investigated, which consolidate single deviations DEVmt over all model types m and production

cycles t. In the following, we will consider the sum-squared (Section 2.2) and the max-abs-case

(Section 2.3) of PRVR.

2.2 Solving the sum-squared-case

The sum-squared-case sums up squared deviations over all cycles t and model types m, so that

the objective function takes the following form:

minimize Z1(σ) =
T∑
t=1

∑
m∈M

(DEVmt)
2 (4)

For the corresponding PRV problem, Kubiak and Sethi (1991, 1994) present an exact solution

approach (labeled KS in the following), which is based on the linear assignment problem and

runs in O(T 3) time. We will brie�y summarize the KS-procedure and show how to adopt it for

the sum-squared-version of PRVR.

First, for each model i its ideal production cycle ipci, which causes least deviation from target

rate for its model type a(i), is to be determined as follows with σ′ denoting the initial sequence:

5
































	Nils Boysen, Mirko Kiel, Armin Scholl



