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Abstract

A prerequisite for value stream design is the segmentation of products into families. This means that all
products of a family are assigned to the same group of workstations so that the resulting material flows are
separated as good as possible, and a higher degree of transparency is reached on the shop floor. However,
since the number of workstations as well as their capacity is limited, shared resources cannot always be
avoided in practice. Furthermore, the objective of product family orientation may compete with the objective
of fulfilling product-workstation preferences. These preferences result, for example, from required
equipment like specific tooling or from capability requirements. An optimization heuristic for this product-
workstation allocation problem is presented within this article. First, the mathematical problem is formally
described, then the heuristic is introduced and the required data for its application is outlined. For the
evaluation, an extensive test set is generated, comparison heuristics are implemented, and solutions are made
comparable through problem-specific bounds for both objectives. The results show that the solution quality
of the pareto heuristic for both objective functions achieves almost the level of the comparison heuristics,
which optimize only one of the objectives in isolation.
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1. Introduction

Value stream design (VSD) is a widely used method to re-design material and information flows with the
target of achieving a leaner, waste-reduced future state. The method is characterized by its simplicity and its
application has led to significant improvements throughout different industries [1]. Practitioners particularly
value the transparency and improvements achieved by the application of VSD [2]. However, in complex
production environments, such as in high variety - low volume type companies, the application of the
standard method is challenging [3]. Therefore, the increasing data availability in production can be facilitated
to holistically support the value stream method with data analytics [4].

The segmentation of product families is a prerequisite for VSD. Families are identified by the similarity of
the products’ process steps in the downstream segment of the value stream, usually supported by a product-
process-matrix [5]. In the segmentation, resources of each process are assigned to the product families with
regards to their demand. This way, material flows are unbundled, the shop floor is structured, clear
responsibilities can be assigned, departmental interfaces are reduced, and simpler planning and control
mechanisms as well as the easier identification of improvements are facilitated through a higher degree of
transparency [6]. However, experience from various VSD projects shows, that this step is frequently
neglected and there are two major reasons for that:

DOI: https://doi.org/10.15488/12193 @publish—lng. 267



Firstly, identifying product families is particularly challenging if the product portfolio is very big and
material flows are complex. This challenge can be countered with data analytics approaches applied to the
product-process matrix [7]. Since the matrix can contain hundreds or thousands of products in mixed model
value streams, a computer-aided sorting logic can help to visualize product family affiliations [8].
Furthermore, the application of cluster algorithms supports the identification of product families [4,7,9].

The second challenge in value stream segmentation is to realize a good product-workstation allocation that
results in separable segments for the determined product families while considering workstation preferences
and capacity restrictions. Following the standard design approach, product demand and workstation
capacities are initially not taken into account and therefore, solutions are not practicable and must be adjusted
iteratively [6]. Smaller adjustments can be achieved through optimizations in processing times, setup times,
or availability. For bigger adjustments, operating times, shift models, the number of workers or machines
must be increased or decreased, or products must be moved to other workstations with overcapacity.
Depending on the initial situation, this typically results in a value stream design with shared resources and
unevenly levelled workload. Additionally, workstation prioritizations are not taken into account in the
standard approach. These prioritizations may result from restrictions such as required equipment, available
workspace, degree of automation, or simply from personal preferences. In order to develop value stream
oriented design proposals for such multi-dimensional solution spaces in complex production environments,
smart optimization heuristics are required [10].

To support a product family-oriented segmentation under consideration of the available capacities, this paper
proposes a heuristic planning approach. The multi-objective optimization problem as well as its restrictions
are formulated in the next section, followed by the description of the product-workstation allocation planning
heuristic and an outline of the required business data. Eventually, the approach is evaluated with a generated
test set using assessment measures to estimate the solution quality in relation to the solution space and
comparison heuristics that allow for contrasting with other feasible solutions.

2. Problem Definition

As illustrated in Figure 1, the product family-oriented segmentation transfers unclear material flows (left) to
a clearly structured shop floor with fewer shared resources (right). This target is reached through a well-
planned assignment of products to workstations which are limited in capacity. In the lower right of the figure,
it is illustrated how the workload of two product families adds up on a shared resource but is covered by the
slightly higher capacity of the respective workstation. Another aspect to consider in a well-planned product-
workstation allocation is the workstation prioritizations that may exist for the products to be allocated.
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Figure 1: Segmentation of the material flows of three product families
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An ideal solution is characterized by:

A) an unambiguous dedication of workstations to product families so that clearly separatable
segments are created with as few shared resources as possible, where
B) as many products as possible are assigned to their most prioritized workstation.

With the two independent objectives product family separation and prioritization-based assignment, this is
a pareto optimization problem. It is characteristic for these kinds of problems that there is a set of pareto
optimal solutions - the so called pareto front, for which no objective value can be improved without
worsening the other. An optimal choice among these solutions depends on the decision maker’s preferences.

The restrictions to this allocation problem are:

e cvery product belongs to one product family
e cvery product must be assigned to one workstation for every process it passes
e the total load of all assigned products must be covered by the capacity of the workstation

The mathematical problem formulation is outlined in the following. The objectives are described in section
0 and the restrictions are discussed in section 2.2. Since the product-workstation allocation for each process
in the value stream is independent of the other processes’ allocation, the problem is formulated for the
consideration of one process. The used notations are summarized in Table 1.

Table 1: Notations

FWAs s  Binary variable that indicates whether at least one product of family f is allocated to workstation ws
FW Aot Total number of assignments of product families f to workstations ws

Prio, s  Prioritization value for product p to be allocated to workstation ws

Priogetq;  Total prioritization reached by all product-workstation assignments

@ Priogs,ys Average prioritization value of all unassigned products of a family f for a workstation ws

Xpws Binary decision variable that indicates whether product p is allocated to workstation ws
Zpf Binary parameter that indicates whether product p is part of product family f
Yo Binary parameter that indicates whether product p is produced on this process
Lys Workload of workstation ws
Cys Capacity of workstation ws
Ctpws Cycle time of product p at workstation ws
dp Demand per week for product p at the considered process
Sws Number of shifts for workstation ws
otys Operating time of workstation ws
OEE, Overall equipment effectiveness for workstation ws
F Set of product families
P Set of products
ws Set of workstations
f Index for product families
p Index for products
ws Index for workstations

2.1 Objectives

Minimize FWAiota1 = Z Z FWAf s

(1)
WSEWS fEF
Maximize Priopiq = z Z Prioy s * Xpws )
wWse WS peP
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with:

1, if 2 Xpws * Zpyf > 0
PEP
0, else

FWAf ws = Vws€ WS,VfEF (3)

The binary decision variable of the problem is xy,,,5, which indicates whether product p is assigned to
workstations ws (X, = 1) or not (xp,ys= 0).

Equation (1) expresses objective A): the number of assignments of product families f to workstations ws
must be minimized, so that resources are shared with as few product families as possible. These family-
workstation assignments are described by the binary variable FW Ay 5. In equation (3), FW Ay ¢ takes the

value 1, if at least one item of product family f is assigned to workstation ws, and 0 otherwise. The binary
parameter z, ; in this equation indicates whether a product p belongs to the product family f. Thus, the
product of x;, s and z, ¢ is 1 if a product of the considered family is assigned to the workstation ws via
Xpws- Summing FWAg ¢ for the set of all existing families F in equation (1) gives the number of families

sharing a workstation ws. Summing this number of planned product families per workstation for the set of
all workstations WS, results in the total number of family-workstation assignments to be minimized.

Equation (2) expresses objective B): assignments must fulfil the highest possible product-workstation
prioritizations. Priop s is a parameter indicating the preferences for each product p to be produced on
workstation ws. In practice, these prioritizations can be collected in the form of a product-workstation
prioritization matrix [7], in which Prio, s can take any real number. However, it makes sense to use a
predefined scale for the value range when collecting the prioritizations. The product of Prio, s and Xy,

is summed for all products and workstations, so the result is a total prioritization value to be maximized.

2.2 Restrictions

Ezp,le VpeEP (4)
FfeF
Zpr € [0,1] VpEPYVfEF (5)
2 Xpws = Yp VpeEP (6)
ws eWS
Xpws € [0,1] VpeEP,VYwseWS (7)
Yp € [0,1] VpeEP (8)
Lys < Cys Vws eWS 9)
with:
Lys = Xpws * Ctpws " dp Vws eWS (10)
pEP
Cws = Sws " 0tys* OEE,; VwseWS (11)

Equations 5, 7, and 8 define z,, ¢, xp,\,s and Yy, to be binary. Since one product can only belong to one product
family, the sum of z, ; over the set of all families F must be 1 for each product p, which is expressed by
equation 4. If a product p passes the considered process during its production, the parameter y, is 1.

270



Therefore, the sum of product-workstation assignments x,, ,,,; over all workstations WS of this process must
be equal to y,, (equation 6). This ensures that one workstation is assigned for each required process. Equation
9 is the capacity restriction. The total load of a workstation L,,; must always be less than or equal to its
available capacity C,,s. The workload of each product is calculated as its demand at the considered process
d,, multiplied with its cycle time at the considered workstation cty,,s. Equation 10 constructs the total load
as the sum of all product assignments x,, ,,; multiplied with their cycle times and demands. Eventually,
equation 11 gives the total capacity of a workstation as the product of its number of shifts s,,, its available
operating time ot,, ¢, and its overall equipment effectiveness OEE,, 5. Since these are all external parameters,

the capacity can be pre-calculated. However, since they are key levers for adjustments in the resulting
segmentation, it makes sense to model them explicitly.

3. Heuristic For Product Family-Oriented Product-Workstation Allocation Planning

Since heuristics are typically more applicable to complicated conditions than exact methods, it is often useful
to create an accurate representation of the real problem and solve it heuristically, rather than looking for an
exact solution to a more abstracted model [11]. Since integer programming problems are known to be hard
to solve within reasonable time, the use of a heuristic also makes sense regarding the computing time for
large real-world instances. Furthermore, heuristics with good comprehensibility increase the acceptance for
their solution especially for practical problems like the one introduced in this paper. In the following, a
greedy pareto heuristic procedure for the product family-oriented product-workstation allocation planning
problem with restricted capacities is introduced as well as an outline of the required input data.

3.1 Procedure

The procedure for the proposed greedy heuristic is described by the following pseudo-code:

1 DO UNTIL all products are assigned:

2 CALCULATE @ Priog s per unassigned product family and available workstation
3 SELECT product family-workstation combination with highest @ Prios s

4 FOR each prioritization level within selected combination in descending order:
5 FOR each product in descending order of required load cty, s - dp:

6 IF available capacity = required load of product p:

7 Assign product to workstation: x;, s = 1

8 Reduce available capacity by allocated workload

9 Block product family-workstation combination for further iterations

10 IF workstation has not enough available capacity:

11 Remove ws from available workstations

The outlined procedure is iterated until all products are assigned to a workstation (line 1). First, the mean
prioritization values @ Priof,,s are calculated for each product family-workstation combination with
remaining unassigned products and available capacity (line 2). In line 3, the combination with the highest
mean value is selected since it promises to involve many products with high prioritization values for the
considered workstation. In the next step, the products of the selected product family are iteratively assigned
to the selected workstation. Therefore, they are sorted in descending order of their prioritization value (line
4) and within each prioritization level, they are sorted in descending order of their required workload (line
5). Starting with the highest prioritization level, it is ensured that as many highly prioritized products as
possible can be allocated to the selected workstation before its capacity may be exhausted. For each product
it is checked if the available capacity of the considered workstation is still higher than its required load (line
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6). If this is the case, the product is assigned to the workstation (line 7) and the remaining available capacity
is reduced (line 8). If, on the other hand, the available capacity is not sufficient, the product remains
unassigned and will be considered in further iterations. As soon as all products of the selected product family
have been considered for the workstation assignment, the respective product family-workstation
combination is blocked for all further iterations (line 9), since the workstation does not provide sufficient
capacity for the remaining products of that family which are still to be assigned. Eventually, it is checked
whether the selected workstation still has sufficient available capacity for further assignments in general
(line 10). If this is not the case, it is removed from the list of available workstations. This procedure is
repeated until all products have been assigned to a workstation.

Although the solution space may become very large for bigger problems, this heuristic is a simple and
intuitive procedure to reach a good segmentation under consideration of allocation preferences and capacity
restrictions. Its application is subject to some limitations regarding the capacity utilization. Firstly, it assumes
a situation of scarce capacity so that in a case with large overcapacity it can result in a solution, where one
workstation is assigned with two product families while another workstation is empty. In this case, the
heuristic should be rerun with adjusted capacities. In the case of insufficient capacity, no feasible result is
achieved since some products would remain unassigned. A splitting of the workload of one product does not
take place. However, if splitting is necessary, it can be modelled by duplicating the corresponding product.

3.2 Required Input Data
For the application of the proposed heuristic, the following input data is required:

e Secondary demand for each product at each process d,,
e Cycle times per product and workstation cty, s

e Product-process matrix with y,,

e Product-workstation-prioritization matrix with Prioy, s
e Product family assignment for each product z,, ¢

o  Workstation master data to calculate C,,¢

The table with secondary demand d,, can be derived via the bill of material from the forecasted or historic
overall demand of the finished products. Cycle times cty s originate at best from time recordings or
feedback data. However, planned times from the enterprise resource planning systems (ERP) can also be
used with the knowledge in mind that they might be subject to inaccuracy. Multiplying d,, and cty, 5 gives
the expected workload for each product at each workstation. A product-process matrix indicates which
processes need to be passed by which product in the form of a binary matrix that holds the values for y,,. It
is a standard tool for product family identification within the value stream method and if the information is
not already available from the ERP, the matrix is either manually created or derived from transaction data
[7]. The allocation preferences Prio, s are collected in the form of a product-workstation prioritization
matrix. These are either assessed manually by experts or they can also be derived from historic production
quantities mined from transaction data [7]. All products must be assigned to a product family which
corresponds to the binary assignment parameter z, . Eventually, the workstation master data must be given,
including all information to calculate the available capacity C,,¢ of each considered workstation. These are
the number of shifts s,,, the operating time ot,,, and the overall equipment effectiveness OEE,, .

4. Evaluation

The proposed heuristic explores a new field in allocation planning. Thus, test data and assessment measures
have not yet been established for a sound evaluation of the heuristic. Therefore, an extensive test set is
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generated, assessment measures are introduced, and comparison heuristics are used to rank the solution
quality regarding the underlying solution space. All evaluation calculations are implemented in Python 3.7.6
in Visual Studio Code and run on a MacBook Pro with 1.4 GHz Quad-Core Intel Core i5 and 8 GB RAM.

4.1 Generation of test set

The test set is inspired by a dataset from an industry project concerning the value stream design for a battery
cell production, on which the heuristic has also been applied. The test set includes 7776 problem instances
that are generated with the use of random numbers and a full-factorial design combining the parameters
listed in Table 2. Since the workstation allocation problem for one process is independent from every other
process in a value stream, each test instance only consists of one process. The number of workstations is
varied within 3, 6, 9, and 12, and for each workstation in the test instance, 10, 25, or 50 times as many
products are generated. Assignment prioritizations are allocated randomly, such that each product has a first
choice with a high prioritization value (Prio, ,,s= 10) and a second choice with a lower prioritization value
(Priopws= 2). For all other workstations the prioritization is 0. The demand for each product is either
constant 1000 pieces for each product or uniformly distributed between 800 and 1200 pieces. Cycle times
are randomly determined within the intervals [10, 190], [50, 150], [90, 110]. The cycle times are distributed
in three different ways. They can be equal for one product on every workstation, which represents the easiest
case for the product-workstation allocation with respect to the capacity alignment. They can also be equal
for one workstation with every product, which represents an environment of very different technology levels
on parallel resources, such as an automated assembly station next to a manual one. In the third case, all cycle
times are set independently. Based on the demand and the average cycle times of each product, an expected
total load can be calculated. The capacity level of the workstations in the test instances is determined as the
total load divided by an average utilization factor. This way, the available workstation capacity @C is set to
a value which allows to expect an average utilization of 80%, 90%, 95%, or 98% through the allocated
products. The actual utilization in the eventual solution can, however, differ due to the varying cycle times.
Products are grouped into product families either randomly or with the use of cluster algorithms based on
their workstation prioritizations, which imitates the process similarity that products within a family typically
have. For this purpose, the ward algorithm with Euclidean distances and the average-linkage approach with
cosine distances is used. The number of generated product families is set to 2, 4, or 6.

Table 2: Parameters for test instance generation

Symbol Description Values
|WS|  Number of workstations 3 6 9 12
|P| Number of products per workstation 10 25 50
- Demand distribution uniform constant
- Cycle times distribution by product by workstation independent
St Spread of cycle times [time units] [10, 190] [50, 150] [90, 110]
n Average utilization of total capacity 80% 90% 95% 98%
|F| Number of product families 2 4 6
- Cluster method for product family formation ward average-linkage random

4.2 Assessment of solution quality

The solution quality of the proposed pareto heuristic is assessed for the two objectives total number of family-
workstation assignments FW Aot and total prioritization Priog,.q; reached by the product-workstation
assignments. To make the solutions of each problem instance comparable, FW A;,t4; is set in relation with
a lower bound LB and Prio;,s,; 1s set in relation with an upper bound UB. These bounds estimate the
theoretically best possible values for the considered objective. As expressed in equation 12, the lower bound
for FWA¢ptq is either the number of product families or the number of workstations needed to cover the
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entire workload. For the workload estimation, the average cycle time of each product @ct,, is multiplied with
its demand d,, and summed up for all products. The division of this workload by the specified workstation
capacity @C of the test instance results in the minimum number of required workstations. The upper bound
for Priogyeq; 1s the sum of the highest prioritization value of each product as described by equation 13.

Z ep @Ct " d
LB =max{|F|,[ e (12)
UB = Z Prioy max (13)

pEP
Based on these bounds, the evaluation results are given as ratios:
FW A¢orar

FWA [%] = — > - 100% (14)

Prio [o%] = L0ttt 190
rio [%] = — 0 (15)

Therefore, values > 100% result for FWA [%] and values between 0% and 100% for Prio [%]. The bound
based ratios make different problem instances comparable and give an estimation on the quality of a solution.
However, it is depending on the problem’s structure how close to 100% a feasible solution can get for the
two objectives. To get a better idea about this, three greedy comparison heuristics are implemented:

e Random: All products are sorted in descending order by average load and randomly assigned to a
workstation with free capacity.

e  Max Prioritization heuristic. All products are sorted in descending order by average load and
iteratively assigned to the workstation with the highest prioritization, provided its capacity still
allows it.

o Min FWA heuristic: All products are separated by product family and sorted in descending order by
average load; starting with the family that has the highest total load, products are assigned block
wise to the next free workstation.

With these simple heuristics, feasible solutions can be created for each instance, indicating how good one
objective value can get when ignoring the second objective. Furthermore, the randomly created solution
indicates how far the product-workstation allocation of the pareto heuristic is from a bad solution. With these
comparative values, a classification in the solution space can take place, enabling a well-founded evaluation
of the results.

4.3 Results

All solutions were calculated by the pareto heuristic within less than 10 seconds. On average, its runtime
was 2.3 seconds. 6847 instances can be assessed, 929 instances lead to an infeasible solution in at least one
of the applied approaches, which is due to problem instances that are too restrictive in terms of capacity. 695
of these unsolved instances are generated with the highest utilization expectation of n = 0.98.

The total results for the tested heuristics on all evaluable instances are illustrated in Figure 2. Averaged over
all instances, the pareto heuristic reaches a prioritization ratio of Prio [%] = 62, which is 13 percentage
points behind the result of the max prioritization heuristic. A “natural low end” seems to be 44 percentage
points lower at a prioritization ratio of Prio [%] = 17. An even smaller gap can be observed for the FWA
ratio. Here, the pareto heuristic reaches FWA [%] = 119 on average, while the min FWA heuristic reaches
FWA [%] = 114. Compared to the average objective value of FWA [%] = 348 of the randomly generated
solutions, the pareto heuristic is particularly strong in the target of reducing shared resources for clearly
separatable value stream segments.
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The achievable FWA [%] and thus the achievable number of shared resources depends above all on the
scarcity of capacity (see Table 3), since this makes the problem more restrictive.

Family-workstation allocations FWA [%] Total prioritization Prio [%]
400% 80% s,
— 94%  348% -
62%
300% 60% 13%
134%  254%

250% 50%
200% 40%
150% 30%

* 4% 6% 119% °
100% 20% 17% 17%

soo o -44% 0%
% 10%
- -
RS A0 o o o™ Q0 N S
X ¢ s o o LS P o
W K Q(\O“\\l ¥ Q{\O“\\l % W i
N Wt

Figure 2: Average results for all heuristics in both objectives

If only those 4603 feasibly solved instances are considered for which the product families are formed using
a clustering approach, the heuristic performs even better. In this case, the resulting values of the pareto
heuristic are for both objectives almost as good as the comparison heuristic that ignores the other objective.
The average FWA [%] is 117 compared to 113 of the min FWA heuristic and the average Prio [%] is 73
compared to 75 of the max prioritization heuristic. Figure 3 illustrates the objective value pairs for these
instances as well as their averages.

600% « Random

Table 3: Average
FWA [%] for the pareto 500%

= Max Prioritization

heuristic on all instances Min FWA
. 400%
depending on the S ° « Pareto
utilization factor <
N E 300% @Random [Average]
n FWA [%] 200% X Max Prioritization [Average]
0.8 107.4 00 AMin FWA [Average]
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XPareto [Average
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0.98 128.2 0% 20% 40% 60% 80%  100%

Prioritization [%)]

Figure 3: Results for all instances with clustering-based product families

5. Conclusion

This paper has introduced a pareto heuristic to support a product family-oriented segmentation under
consideration of the available capacities as well as workstation preferences. The mathematical formulation
of the multi-objective optimization problem with its restrictions is outlined, the heuristic procedure is
presented, and the required business data is described. For the evaluation, an extensive test set is generated,
assessment measures are introduced, and comparison heuristics are implemented. The evaluation shows, that
the pareto heuristic performs strong for both objectives, especially for the target of reducing shared resources
in a value stream design. As expected, even better results are achieved, if the product family affiliation
correlates with the workstation preferences of the products. The value stream method provides to identify
product families based on similarity in their required process steps and equipment. Therefore, high
correlations between product family affiliation and workstation preferences should be observable in a well-
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executed value stream design. The limitations of the heuristic are in its applicability for scenarios of
insufficient capacity, large overcapacity, or if the high workload of one product would be required to be
split. However, project-specific conditions can easily be modelled either via an adaption of the heuristic or
via the given input data. The resulting product-workstation assignments of the pareto heuristic provides
practitioners with a good and well-founded segmentation as a basis for the next steps in the value stream
design that builds on it.
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