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There are established archetypes that demonstrate the dynamic properties of make-to-order/stock and assemble-
to-order production planning and inventory control systems and their impact on total on-costs, allowing for
performance benchmarks to be established. However, the dynamic properties of engineer-to-order (ETO) pro-

E:;;ﬁti on duction system, where products are designed and made to a specific customer order, are not well understood.
Rework Time and cost-overrun, poor capacity planning and high rates of rework are difficulties faced by ETO managers

and, for now, solutions for these problems are still lacking.

Therefore, this paper develops an ETO production model which merges a service-orientated design subsystem
with a working-unit-orientated production subsystem to establish an order book-controlled ETO system. The
developed model realises automatic capacity control to maintain the expected lead time and order book. At the
same time, we also conduct transfer function and stability analysis on this holistic ETO model to investigate the
system’s dynamic properties using Control Theory and System Dynamics.

This paper’s contributions could be summarised from four perspectives. 1. It provides an automatic capacity-
controlled archetype for practice benchmarking and demonstrating the advantage of a whole system level order
book controller. 2. The order book proportional controller, at a whole system level rather than just in the local
subsystems, can offset the rework’s negative impact, while achieving target order book and service times. 3. The
dynamic analysis provides transfer functions, demonstrating the dynamic relationship between demand (input)
with order book and lead time (outputs). 4. The derived critical condition for system stability provides guidelines
for system managers to prevent the system becoming unstable.

The limitation of this paper is that we assume the rework could only happen in the production system and
could be rectified in the production system. However, in practice, rework could happen and be detected
everywhere. Further research could relax this assumption and explore the dynamics of these scenarios.

1. Introduction

Engineer-to-Order (ETO) supply chains are mainly adopted in ‘one/
first-of-kind’ production environments, such as construction (Braglia
et al., 2020), shipbuilding (Alfnes et al., 2021) and capital goods (Birkie
et al., 2017), wherein products require a specific design to satisfy cus-
tomised requirements. This feature gives ETO supply chains project
characteristics and makes ETO an interdisciplinary subject that encap-
sulates Project Management (PM) and Supply Chain Management
(SCM).

However, ETO’s interdisciplinary nature, and complex interactions
between design, production, and project delivery systems, increase the
difficulty in model definition and positioning. Given the project delivery

characteristics, a model of an ETO system should exhibit both project
and supply chain features, in other words, combining aggregated level
planning with project level management (Gosling et al., 2015). There-
fore, an ETO archetype, which we refer to as a reference systems model
typical of an ETO situation, is still little considered in current research on
the dynamics of planning and control systems. This contrasts with the
long history of research on the impact on the production economics,
such as production on-costs and inventory variance costs, of the dynamic
behaviour of make-to-order/stock (MTO/MTS) systems (see Lin et al.,
2017 for a recent review) with more recent exploration of the dynamics
of order-book based MTO production (Wikner et al., 2007) and
assemble-to-order (ATO) systems (Lin et al., 2020). Such longevity of
research builds on archetypes developed over many decades with now
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well-established performance and decision parameter benchmarks (e.g.
Towill 1982; John et al., 1994; Aggelogiannaki et al., 2008; Wikner
et al., 2017).

The absence of an ETO archetype motivates our research. An
archetype is defined as a typical and general model of a specific system
which could be used as a foundation for future study (Batista et al.,
2018). A well-developed archetype may contribute by 1) providing in-
sights into the system dynamics behaviour, providing a better theoret-
ical understanding of ETO supply chains and 2) acting as a benchmark
for future systems analysis for both academe and practice by adopting
appropriate metrics.

Hence, the aim of this paper is to develop and analyse an ETO archetype
by applying system dynamics and control engineering approaches. This
translates into three objectives.

1. Determine the ETO archetype’s system boundary and its positioning
within the wider body of research on the dynamics of production
planning and control systems (Lin et al., 2017).

2. Define and analyse distinguishing variables and features for an ETO
archetype.

3. Realise an appropriate decision rule to ensure that the ETO archetype
satisfies targeted system state requirements

In achieving the aim and objectives, the ETO system dynamics
archetype goes beyond the traditional heartlands of production planning
and control know-how. In so doing, we exploit Control Theory and
System Dynamics modelling and simulation techniques that have a long
and established history of application in Production Economics.

2. Theoretical background
2.1. Engineer to order system

ETO supply chains are dynamic, complex systems wherein the order
penetration point is located at the design stage (Wikner and Rudberg
2005; Gosling et al., 2017). Products or services in such a system are
fully driven by the customers’ orders (Gosling and Naim, 2009). ETO
industries have distinguishing project features, hence receiving much
attention from the project management research community (Denicol
et al.,, 2020). In contrast, much of the research on the dynamics of
production planning and control systems have evolved from the SCM
arena.

Aside from research that stems from the SCM field, Adrodegari et al.
(2013) developed an One-of-a-Kind Production (OKP) framework,
demonstrating the production process of special purpose machine in-
dustry, and highlight the critical role of Information Communication
Technologies in ETO environments. Wang et al. (2016) designed a
domain model of the service system, which could be used for facilitating
computer assistance and human-centred decision-making. Bajomo et al.
(2022) provide a SD model which simulates the material management
system of the Engineering, Procurement and Construction (EPC) in-
dustry and reproduces the dynamic behaviour of material volume.
Despite the forgoing, an integrated design-production aggregate plan-
ning control system which can automatically adjust capacity and absorb
the impact brought by rework is still absent. At the same time, a method
to analyse and explain the dynamic behaviour from a control engi-
neering perspective is still missing.

2.2. Control theory and system dynamics applications in the ETO field

System Dynamics (SD) simulation and Control Theory are two
frequently used methods in system simulation and analysis, which can
be mutually transformed. Both are used in this research. Classic control
theory is a widely used technique in production planning and control
system dynamics research, which provides sufficient analytical tools for
system dynamic analysis (Lin et al., 2017). For instance, the transfer
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function analysis, as the fundamental tool in control theory, provides
insight to parameter value settings, transient response analysis, appli-
cation of the initial- and final-value theorems and critical stability
conditions. The application of control theory contributes to the In-
ventory Order Based Production System (IOBPCS) development (Towill
1982), regarded as the fundamental archetype for production planning
and control systems (Lin et al., 2017). This method has been applied in
MTO (Wikner et al., 2007), TS-MTO (Wikner et al., 2017) and ATO (Lin
et al., 2020) systems.

SD is a widely used approach in both the PM and SCM fields.
Adopting SD into archetype development contributes to the knowledge
sharing between PM and SCM, thereby maximising the integration of PM
and SCM based on SD, Pena-Mora and Li (2001) developed the Dynamic
Planning Methodology for construction process analysis. This model is
further adopted in change management (Lee et al., 2005; Lee and
Pena-Mora 2007) and quality management (Lee et al., 2006). Moreover,
Barbosa and Azevedo (2019) applied SD in MTO/ETO manufacturing
environment to simulate and assess the performance of an ETO-type
company.

Overall, four limitations are identified. First, the ETO SCM field
partially overlaps with PM. However, the terminology in these fields has
not been unified, which hinders knowledge sharing. Secondly, an
aggregate-level production planning and control model for ETO, which
holds a perspective from the organisational level, is still absent. The
third limitation is the lack of control theory application in ETO system
dynamics research, which limits research on ETO system dynamic
analysis. The other limitation is modelling design and production sys-
tems is a challenging task, not many studies have modelled a design
system.

3. Method
3.1. Modelling

The first step in developing an archetype is to identify and specify the
key variables of ETO system, considering their unique attributes but also
similarities when compared to MTS, MTO and ATO supply chains. Based
on the literature reviewed in Section 2, the theoretical background
provided the basis for model development from both PM and SCM
perspectives. However, as the elements that constitute an ETO were
established from the two disciplinary lenses, some concepts might be
overlapping. Hence, we synthesis the identified variables to create a
single unified archetype. The result of the background study and key
variables are presented in Section 4.1.

In designing an ETO archetype there is a need to realise an appro-
priate control mechanism to satisfy the required system states. As
Wikner et al. (2007) have shown, an order book controller has the
capability to ensure a stable dynamic response of an MTO system.
However, unlike a single MTO system, the ETO archetype is composed of
two coupled sub-systems, therefore, there is a need to determine where
the order-book controller is located. Hence, in line with Wikner et al.
(2017) we adopted an experimental approach and conducted two sim-
ulations to investigate the effect of controllers at different levels, one
local controller within the production sub-system, the other one being
an holistic ETO system controller. Candidate models are demonstrated
in block diagram form using discrete-time, z-domain, representation and
via the adoption of Simulink® and difference equation simulation in
Sections 4.2 and 4.3.

3.2. Simulation comparison and dynamic analysis\

After the candidate models are developed, we conduct simulations
on a spreadsheet to compare their dynamic performance. Step changes
are used as the input which align with previous research, and notably
that of Wikner et al. (2007), to see which model could maintain lead
times at a desired level. The production and design delays are both set as
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1 time unit as per Chen and Disney (2007). Two scenarios are conducted
with different rework ratios. Prior to the change in system input, the
initial steady-state conditions for each scenario are obtained by running
preliminary, warm-up simulations with a step input of 100, and with a
predefined rework ratio.

With consideration of simulation accuracy and correctness, we
conduct simulations for both experiments on Simulink® and by
implanting difference equations in the Excel spreadsheet package. We
also derived the transfer functions of both experimental models and used
MATLAB® to reproduce the dynamic behaviour and compared it with
the simulation results. Hence, we ensured the triangulation of results via
three different techniques.

To further analyse the dynamic behaviour of the archetype we adopt
the Final- and Initial-Value Theorems to study the equilibrium condi-
tions of the models by exploiting the transfer functions. Finally, stability
analysis is conducted using the Routh-Hurwitz matrix to calculate the
critical stable conditions for the systems. The results are crucial for the
implementation because it provides information about in what cir-
cumstances the system will become unstable. Results are given in Sec-
tion 5.

4. Proposed model
4.1. Model development

The key elements identified are presented in Table 1, with the last
column demonstrating the variables that will be used in model devel-
opment. The reasons for consolidating are as follow:

1. Rework is a distinguishing feature of project-based production where
operational excellence approaches have yet to eliminate its occur-
rence as often happens in manufacturing production lines.

2. We determine to model the working units rather than material flow
in the system to avoid potential problems which may arise from
diverse products/project properties.

3. Work rate was retained because the model in this research focuses on
working units.

4. Lead time, as a key indicator for system performance and a key factor
for customer satisfaction, should be included as an essential variable,
used as a metric in dynamic assessment.

5. Work-to-do is merged with the order book as both represent the work
waiting to be completed.

Moreover, according to the definition from Gosling and Naim
(2009), ETO should consist of design and production sub-systems.

Considering both the design and production sub-systems are

Table 1
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order-driven and hold no stock, we model the two sub-systems with
reference to the SCM-orientated structure of an order-book based MTO
system (Wikner et al., 2007), and the structure of the Integrated Design
and Operations Management (IDOM) enterprise information system that
connects design with the production (Zhang et al., 2019). The syn-
thesised archetype connects the two subsystems and models the working
units at an aggregate level, providing the archetype with a PM feature.
The order book, as a stock for uncompleted working units, is utilised to
calculate the lead time by exploiting Little’s Law (Little 1961). More-
over, we select order book and lead time as our main metrics to deter-
mine whether the system can adapt to accommodate rework or demand
change while ensuring the delivery of products on time. As for rework,
we need to answer two questions before going further: where does the
non-conformance, that is, unqualified products or tasks, occur? And how
does the system adapt to such rework?

In practice, non-conformance problems create high uncertainty, not
only because they may happen at each of the design and production
stages, but also because the inspection of non-conformance is often not
timely (Han et al., 2013). Consequently, non-conformance detected
downstream may be attributed to upstream work (Love et al., 2010). For
instance, in an ETO scenario, non-conformance detected in the pro-
duction system may be attributed to the design defects, which requires
rework in design (Han et al., 2013). However, to focus our study, we
simplify by assuming that non-conformance can only happen and be
rectified in the production stage.

4.2. Experiment 1: production rework with local order book controller

Nomenclature is defined as per Table 2. Fig. 1 demonstrates the
model structure of Experiment 1, in which the production sub-system
rectifies non-conformances detected internally, via an inbuilt order
book controller. Moreover, to ensure the controllability of the system
and prevent the system from being too reactive to demand disturbances,
we include a proportional controller for OB adjustment (Wikner et al.,
2007),

To simplify the model and aid in the initial analysis, we make the
following assumptions, commensurate with studies of previous MTO,
MTS and ATO archetypes (e.g. (Towill 1982; John et al., 1994; Wikner
et al., 2007; Lin et al., 2017).

1. The transfer function models developed for stocks and levels are
linear and time-invariant.

2. The capacity is infinite.

. The design and production lags are taken as a single time unit.

4. The total system lead time output calculations are based on Little’s
Law (Little 1961).

w

Distinguishing elements of combined PM and SCM perspectives of an ETO system and synthesis result.

Elements Reference Explanation Consolidated ETO
elements
Project Rework Lyneis and Ford (2007) and Love et al. (2019) Rework is a canonical feature in project management; such a v
Management Explore the impact of rework on project dynamics. ~ problem is often inevitable in practice.
Work-To- Pena-Mora and Park (2001) and Park (2005) Work-To-Do is another distinguishing variable in project modelling;
Do Study the project dynamic based on SD. this variable records the overall work that has entered the system but
is yet to be completed.
Working Pena-Mora and Park (2001); Lee et al. (2006) Research in the project management field often models working v
units Model the working unit in their simulation. units as opposed to product volume.
Work rate Lee et al. (2005) Develop a SD model which Work rates directly reflect productivity. v
includes work rate.
Supply Chain Order rate Towill (1982), Lin et al. (2017), and Wikner et al. Order rate is an essential element in production planning and
Management (2017). Develop supply chain models, which control, especially in order-driven systems, which determine the
include order rate. production speed of the supply chain.
Lead time Wikner et al. (2007), Lin et al. (2020), and Lead time, a vital concept in SCM, directly affects both cost and v
Spiegler et al. (2012) Study the lead time dynamic ~ revenue, which can be used as an indicator for system performance
of the supply chain system. in order-based production systems.
Order Wikner et al. (2007) Explore the adoption of Order ~ One of the distinguishing variables in the MTO system is the order v
book Book control in MTO system. book, which represents the order waiting to be satisfied
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Table 2
Nomenclature.
Abbreviation Full name Explanation
ETO system
DEM Demand Demand for the ETO system
OB Order Book Order Book for ETO system
LT Lead time The lead time of the ETO system
DELRATE Delivery Rate Rate of qualified products, which

Design Sub-system

DES Design

DEMpgs Design Demand

COMRATEpgs Design Completion Rate

OBpgs Design Order Book

LTpgs lead time

Production Sub-system

PROD Production

DEMprop Production Demand

WRATEprop Production work Rate

COMRATEprop  Production Completion
rate

OBprop Production Order Book

RWRATEprop Rework rate

LTprop Lead time

Coefficients

D Expected Design Delay

Tp Expected production
Delay

ToB Time for order book
adjustment

TETOOB Time for ETO system
order book adjustment

RW Rework ratio

meet the customers’ requirement

Abbreviation for design

Demand for the design system.
Completion rate of the design
system

Order book of the design system
The Lead time of the design system

Abbreviation for Production
Demand for the production system.
Work rate for the production system
Completion rate of the production
system

The sum of uncompleted works
(including reworks)

The number of units needing rework
The lead time of the production
system

Delay caused by designing or design
adaptation
Delay caused by production

Time used for adjusting the
production system’s order book
Time used for adjusting the overall
ETO order book

The rework ratio of the production
system

DEM

International Journal of Production Economics 250 (2022) 108620

5. The primary flow in the system is ‘working units’; those units are
homogeneous, which require the same length of time to design and
produce. Therefore, the input demand for a production sub-system is
equal to the completion rate of the design sub-system.

6. The workload for design and production can be measured by number
of working units.

7. The system can detect non-conformance in the production stage and
rectify it internally by rework.

8. The rework ratio is constant and continuous.

9. Rectifying non-conformances requires the same number of working
units as the original work.

Design system:

The following formulations represent the model as given in Fig. 1.
This model adopts pure delays to represent the production and design
lags.

DEMpgs(t) = DEM(t) @

COMRATEpgs(f) = DEMpgs(t — 7p) )

This model utilises the order book to represent orders received but
not yet completed and delivered to the customer.

OBnlgs(t) = OBngs(t — 1) + DEM{)ES(f) — COMRATE[)rs(I) (3)

Production system:
As per Assumption 4, the demand for production system consists of
demand from the upstream system and rework from the last period.

DEMPROD(I) = COMRATEl)Ijs(t) + RWRATEprop (t — 1) (4)

Equation (1.5) represents the local order book controller mechanism.
Parameter 7pp is added and set to 20. This value was selected based on
multiple simulation tests and chosen to ensure an overdamped system,
eliminating undesirable oscillatory behaviour that will impact on ca-
pacity (Wikner et al., 2007).

DES

COMRATE ;.6 [

DEMpop

Design Subsystem

> OB

nall); > LTpgs

Production Subsystem

P

WRATEprop 2~

e

COMRATEggop

RW

RWRATEpgon

& > |OB «,
X)— + — S()—> LT
x z—1 X

DELRATE

1 - RWt

Fig. 1. Experiment 1, a candidate ETO archetype with local controller.
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OBprop(t) — DEMprop (t)-p

Tos

()

WRATEprop(t) = DEMprop(t) +

COMRATEPRQD(I) = WRATEPROD(I — Tp) 6)

Equation (1.7) illustrates how OBpgop stores incomplete work units.
We use COMRATEprop instead of DELRATE because DEMpgop (t) in-
cludes non-conformance generated working units. Therefore, the actual
uncompleted working units is equal to the difference between
DEMPROD (t) + RWRATEPROD and COMRATEPROD (t).

OByprop(t) = OBprop(t — 1) + DEMprop (f) — COMRAT Epop (1) %)

RW represents the ratio of rework caused by non-conformance.

RWRATEPROD(t) = COMRATEPROD([)RW (8)
DELRATE(1) = COMRATEprop(1)-(1 — RW) ©)
OB(t) = OB(t — 1) + DEM(r) — DELRATE(r) (10)

We use Little’s Law to calculate the delivery time.

_ OBpgs (1)
LToes = COMRAT Eps (1) (11)
LTpop = - OBreon ) 12)
PROD COMRATEprop (l)
OB (1)
LTero = DELRATE(?) (13)

4.3. Experiment 2: the ETO model with holistic order book controller

Fig. 2 demonstrates the model structure for Experiment 2. The
structure in the shaded box aims at keeping the overall OB at the desired
level by adding new working units to the ETO system. This model
automatically calculates the difference between the target and actual
order books and sums this value with the input demand, DEM.

International Journal of Production Economics 250 (2022) 108620

OB(t) — DEM(t)-(p + 7p)

DEMpgs(t) = DEM(t) + (14)
TETOOB

COMRATEpgs (t) = DEMpgs (f — TD) (15)

03055(1) = OB[)Es(t — 1) + DEM[)ES(t) — COMRATEpljs(I) (16)

Production system:

In this system the actual and target order book difference is fed back
to the design system, thus for the production system, work rate is equal
to the sum of new demand and rework.

DEMprop (1) = COMRATEpgs(t) + RWRATEppop (1 — 1) a7

WRATEprop (t) = DEMprop(t) (18)

The other formulations of this experiment are the same as for
Experiment 1 and are as given in Appendix A.

5. Experiments and results
5.1. Results of experiment 1

5.1.1. Experiment 1-local controller scenario 1: rework ratio = 0

Given the initial and coefficient values of Table 3, Fig. 3 demon-
strates the transient performance of the system. The lead time of the
design and production system, after an initial transient response, ach-
ieves the desired final steady-state value of 1 time unit each, with an
overall ETO lead time of 2. All Order Books are doubled. Besides, the
peak value for order book reach to 405 in period 7 and the peak value of
lead time reaches 4 in period 6.

Table 3
Initial Value and co-efficient value for experiment 1 scenario 1, with local order
book controller and rework ratio = 0.

Initial values

Demand for the design system is composed of the sum of input de- COMRATEpgs ~ OBpgs ~ RWRATEprop =~ COMRATEprop ~ OBprop ~ OB
mand and a fraction of the order-book adjustment value. 100 100 0 100 100 200
Design system: Co-efficient values
Parameter 7groop is a proportional controller to adjust the system Tos ™ i RW
response time, playing a similar role as the 7op in Experiment 1 but at a 20 1 1 0.0
whole-systems level.
DEMp; DES
| COMRATE z
D DES < o 1
= )® ) z-1 ™0 + TP
TETOOB
DEMpron
OB Controller
L'rmmn @Q 2 ;1 ‘ \” LT
] DELRATE
RW
COMRATE
RW
i RWRATE;p0n

Fig. 2. Experiment 2, a candidate ETO archetype with holistic controller.
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(a) 600
=~ Design Order Book
—— Production Order Book
[——FETOSystem |
= 405 -~
=
2
< 300
o
; |
A
0
0o 8 25 50
Period
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(b) Desi i
ign Lead Time
4] —=— Production Lead Time
ETO Lead Time
= 3]
=
|
()
£
=
0
0o 7 25 50
Period

Fig. 3. Experiment 1 Scenario 1 transient state outputs, with local order book controller and rework ratio = 0.

Table 4
Initial Value and co-efficient value for experiment 1 scenario 2, with local order
book controller and rework ratio = 0.2

Initial values

COMRATEpgs OBpgs RWRATEprop COMRATEpgop OBprop OB
100 100 25 125 125 250
Co-efficient values

ToB D TP RW

20 1 1 0.2

5.1.2. Experiment 1-local controller—Scenario 2: rework ratio = 0.2

To investigate the performance of the model with rework, we con-
ducted Scenario 2, the initial values and co-efficient values are presented
in Table 4. Initial values were adjusted to guarantee the system is
balanced and stable at initial steady state. The initial Order Book is
calculated as

. DEMprop

OB prop = Tp m

19

In Fig. 4, the order book of the ETO system and production system
stabilize at 500, which is 2.5 times of new demand. Production system
order book is doubled, as calculated by equation (19). In the meantime,
the lead time of the overall system is longer than tp+tp. This problem is
due to gradually increased rework until the condition for balancing the
rework loop given when WRATEpgrop reach DEMprop/(1-RW) = 125.
Such a phenomenon was also observed in Lyneis and Ford (2007)’s
SD-model. Moreover, in this scenario, the peak value of lead time
increased by 0.5 compared to the scenario 1, and order book peak value
increased to 504, 100 units greater than Scenario 1.

According to the simulation above, the model developed in

(a) 700
Design Order Book
—=— Production Order Book
w— ETO System
504 -~ -
= :
) i
x 350 !
g i
i
0 :
0 14 25 50
Period

Experiment 1 does not automatically control the system to deliver
products/projects on time and requires excess capacity to cope with a
larger order book. Hence, we further developed this model and syn-
thesised an order book controller at the aggregate level as given in
Experiment 2.

5.2. Results of experiment 2

5.2.1. Experiment 2—holistic controller — scenario 1: rework ratio = 0

Scenario 1 aims to investigate the system performance without
rework. Table 5 demonstrates the initial condition of the system. Ac-
cording to Fig. 5, the lead time stabilize at 2, which refers to the on-time
delivery is guaranteed in long-term. Peak value of order book trace
slightly increased by 10 units compared to Fig. 3.

5.2.2. Experiment 2 — holistic controller — scenario 2: rework ratio = 0.2

Based on scenario 1, we adjust the rework ratio to 0.2 in Table 6, and
the simulation results obtained are as Fig. 6.

As shown in Fig. 6, the lead time of the overall system start at and
returns to 2 time units, which is equal to the sum of production and
design lead time (see Fig. 7). A similar form of response is observed in
left chart of Fig. 6, the order book of the ETO system returning to 400,
which is equal to (rp+7p)-DEM = 2x200 = 400. However, the drawback
of this model is the longer settling time although the benefits greatly
outweigh this with enhanced customer due date conformance and
reduced order book capacity requirements.

In summary, the model developed for Experiment 2 is capable to
maintain lead time and order book at the desired levels in long term,
thus, we propose this model as our ETO archetype. In Sections 5.3 and
5.4, we adopt transfer function analysis to further investigate and
explain the dynamic behaviour of this archetype.

(b) © o
Design Lead Time
—— Production Lead Time
=———ETO Lead Time

45F--- .
] |
[ |
I
- I
o 3 |
E :
|

25 50
Period

Fig. 4. Experiment 1 Scenario 2 transient state outputs, with local order book controller and rework ratio = 0.2.
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Table 5
Initial Value and co-efficient value for Experiment 2 Scenario 1, with whole
system level order book controller and rework ratio = 0.

Initial values

COMRATEpgs OBpgs RWRATEprop COMRATEprop OBprop OB
100 100 0 100 100 200
Co-efficient value

TETOOB ™ TP RW

20 1 1 0.0

5.3. Transfer function determination and exploiting initial, final value
theorems

In this section, we deduce the transfer function for order book.
Investigating this variable via the transfer function provides insight into
the archetype’s transient response. 7p and 7p are set to 1 respectively, to
correspond with the simulations in Sections 5.1 and 5.2.

Using the model from Experiment 1 (localised OB control) we may
derive the following transfer function.

i) = OB(z) 224 (=1 +2%)70p)

- = 20
DEM(z) RW(z—2)+z+ (z—1)(Z — RW)1o 20

and that for the ETO archetype from Experiment 2 (holistic OB control)
is

Faz) = OB(z) 2(2(1 —RW) + (22 — 1)70s)

T DEM(z) 1—RW + (2= 1)(Z —RW)70p @y

To cross-check the transfer function with simulations, we utilise the
initial value theorem and final value theorem for both (20) and (21) and
reproduced the dynamic behaviour in MATLAB® by visualising the
transient response of equation (21), that is, for our synthesised ETO
archetype.

The calculation for initial and final value theorem is as per (Truxal
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z z—1\_ z z—1\ _ 2
lim( Fi(z)————) = 1 1 F = 22
zl.rg( ](Z)z—l z ) I:TI( ](Z)z—l z ) 1—RW 22
. z z—1\_ . . z z—1\_
lim( F(z)——— 1lim( F>(z)——— 2 (23)
700 z—1 z =1 z—1 z

In both cases the system’s initial value is 1 which indicates the first
increment of order book is 1 times demand. The final value for (22) is
dependent on RW, which if greater than 0 will lead to an offset from the
desired level. For our preferred archetypes, as per equation (23), the
final is 2, which means the output is equal to the sum of designing delay
and production delay. This result corresponds with Fig. 6, wherein, the
sum of 7, and 7p is 2. Taking scaling into account, then we may deter-
mine from Fig. 6 that the first change in output value is +100 and the
final value steady stat change in output is +200.

5.4. Stability analysis

Stability is a critical factor for the system, as an unstable system may
lead to ETO failure in terms of project costs and lead time creep.
Therefore, we conducted stability analysis on the ETO archetype to
investigate when the system is stable and how the coefficients affect the
system’s stability.

To assess the stability of the model in the z-domain, we convert the
characteristic equation to the w domain using the Wright function, the
result is shown in (24). Then, we adopt the Routh-Hurwitz Criterion that
has previously been exploited in production planning control systems
(Disney and Towill 2002).

(1= RW)W* + (= 3(1 — RW) + 2703 — 2RWzzrp05)W +
(3(1 = RW) + 47008 + 4RW1op)w — 1 + RW + 2tg1008 — 2RWTET008
29

Then we can obtain the Routh array

S - RW3(1 — RW) + 47er00s + 4RWTEroos — 3(1 — RW) + 277008 — 2RWTEr008)RW — 1 + 27£7008(1 — RW)

S| 8((RW — 1) — (1 — 2RW)z0p + (1 + RW)Z21005>)
s 2tgr008 — 3

§0| (1 —=RW)(2teroos — 1)

0

1958). According to (20) and (21), following a unit step input of the
form (%), we obtain equations (22) and (23).

(a) 600
Design Order Book
—=— Production Order Book
= ETO System
_ 415 —
=
b |
x 300
(]
= ,,,,
0
0 9 25 50
Period

(25)

According to the Routh-Hurwitz criterion, the system is stable only
when the first column of the Hurwitz matrix is all positive. RW is the

5
(b) Design Lead Time
—— Production Lead Time
4 + = ETO Lead Time
£s
5 3
£
i 2| A
1 et
0
0o 7 25 50

Period

Fig. 5. Experiment 2 Scenario 1 transient state outputs, with whole system level order book controller and rework ratio = 0.
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Table 6
Initial Value and co-efficient value for experiment 1 scenario 2, with whole
system level order book controller and rework ratio = 0.2

Initial values

COMRATEpgs OBpgs RWRATEprop COMRATEprop OBprop OB
100 100 25 125 100 200
Co-efficient values

TETOOB ™ TP RW

20 1 1 0.2

rework ratio, range from 0 to 1, 7op is a proportional controller which is
always greater than 1, thus the first element and the fourth element are
positive. Hence, we need to assess the second and the third elements and
calculate the critically stable condition. To note here, 7op is a decision
parameter to be easily determined by the management team, while the
rework rate is often not easy to change, hence, for equation (25), we set
the necessary condition for 7gp.

73(1 — RW) + 27.'51'003 — ZRWTETOOB) >0

Let 8((RW — 1) — (1 = 2RW)705 + (1 +RW)TET00B2) -0 (26)
2%gro08 — 3
Then we obtain
Tgroos > 1.5
and @7
(1 —2RW) + V5 + 4RW)
TETOOB >

2(1 + RW)

Therefore, the system is only stable when the parameters satisfy the
formulation of Equation (27). Interestingly, when RW = 0 the critical
condition is 7groop > 1.618, the latter being the Golden Ratio, which has
also been identified in previous production planning and control
research (Disney et al., 2004).

To check the correctness of this result, we run the simulation, and
given 7p = 7p = 1, RW = 0.2, step change from 100 to 200. As per (27)

(1-2RW)+v/5+4RW)
2(1+RW)

stable when 7groop > 1.5. Thus, we test the system’s dynamic when
tgToos = 1.5 and 1.7. The transient outputs are given in Fig. 2, where the
curve of lead time and increasing peak value of order book demonstrate
that the system is unstable. We also present a comparison simulation
with 7op = 1.7, result shows that the system converges as shown in
Fig. 8.

= 1.25, which is smaller than 1.5, thus the system is

(a) 600
= Design Order Book
—=— Production Order Book
= ETO System
461

Work Unit

0 1M 25 50
Period
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6. Discussion

Table 7 demonstrates the theoretical contribution of this paper by
comparing the proposed archetype with the previous research. From the
modelling perspective, this paper contributes to the wider body of
knowledge in production planning and control by providing a unique
archetype for an ETO system. We introduced an order book controller
into the system and discussed the effectiveness of different levels of
control. We found that placing the order book controller at the whole
system level maintains the lead time at the required level. The concept of
order book control feedback originated a MTO system concept, pre-
sented in block-diagram form, (Wikner et al., 2007). From MTS to ETO
the CODP point gradually moves upstream, hence our work sheds light
on the dynamic properties of the supply chain system under the condi-
tion that CODP point locates at the design level. We also model the flow
in terms of work units instead of material to include the design sub-
system in our model and to accommodate diverse product/project
characteristics.

For industry partitioners, this paper suggests that the order book, the
sum of working units of projects or products waiting to be completed,
could be used for capacity planning. However, given the unit lead times
for design and productions, the capacity adjustment must be divided by
705. Interestingly, according to Equation (27), when RW = 0, to stabilize
the system, 7groop must be greater than 1.618, which is the golden ratio
(e.g. see Disney et al., 2004). However, compared with the critical sta-
bility condition when RW = 0.2, 7groop must greater than 1.5, hence the
boundary value for stability for the non-rework scenario is greater.
However, in practice, the rework ratio is only known after the produc-
tion, thus keeping zgroop greater than 1.618 is sufficient overall to sta-
bilize the system. Moreover, the proposed archetype is also capable to
offset the negative impact brought by rework, by preplanning extra
capacity, to maintain the expected lead time. The findings from this
research could benefit various industries, such as special purpose ma-
chine manufacturing, shipbuilding, and construction.

7. Conclusions

The aim of this paper is to develop and analyse an ETO archetype by
applying system dynamics and control engineering approaches. The
main aim is translated into three objectives.

1. Determine the ETO archetype’s system boundary and its positioning
within the wider body of research on the dynamics of production
planning and control systems.

2. Define and analyse distinguishing variables and features for an ETO
archetype.

3. Realise an appropriate decision rule to ensure the ETO archetype
satisfies targeted system state requirements.

(b) ° —
- Design Lead Time
—— Production Lead Time
4+--- = ETO Lead Time
.“é‘
5 3
£
L
1 el
0 l L
0o 7 25 50

Period

Fig. 6. Experiment 2 Scenario 2 transient state outputs, with whole system level order book controller and rework ratio = 0.2.



Y. Zhou et al.

1500

——Order Book

—_
= &
o
o
o
—

Work Unit
(&)
o
o

-500 . s
0 50 100
Period

Time Unit
(4]
o

International Journal of Production Economics 250 (2022) 108620

200

——Lead Time

P

O

-
-
(4]
o

-
o
o

o

ok

-100
0

50 100
Period

Fig. 7. Simulation result for stability analysis verification with zgroos = 1.5.
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Fig. 8. Simulation result for stability analysis verification with zgroos = 1.7.

The first two objectives are addressed in Section 4, which presents
the key elements that are the distinguishing variables of ETO systems
based on a theoretical background study. The third objective is
addressed in Section 5. We conducted two experiments under two sce-
narios, and adopt transfer function analysis, Final-and Initial-value
theorem, and stability analysis on the developed archetype. Finally, we
develop an ETO archetype which can automatically control the pro-
duction to maintain the lead time, at the same time we conclude that
holistic system level order book controller is much effective than a local
controller in production planning and control.

This research is limited to the assumptions listed in Section 4.2. To
simplify the archetype, we assumed the capacity of both sub-systems are
infinite and we determine the impact on capacity requirements by
determining the variability in both order book and lead time, hence,
capacity requirements may be determined. In practice however, design
rework is also a great contributor to the schedule delay and cost overrun,
with an even greater impact on the system. Also, the capacity is often

limited, introducing nonlinear constraints to the system. Moreover, as
the scope of this paper is developing the ETO archetype, we only conduct
stability analysis on this system. The system’s dynamic behaviour could
be further explored by control theory.

Future research can focus on relaxing the assumptions listed in
Section 4.2, and further develop the archetype with due consideration of
design non-conformances, capacity constraints and capacity adjustment
delay. Other analysis may include 1) exploiting non-linear control the-
ory for determining the transfer function of the total system lead time
variable; 2) a deeper investigation of the implication of the identifica-
tion of the Golden Ratio; 3) robustness and sensitivity analyses of the
system; 4) further consideration and research of the stability boundary
conditions to determine the rework feedback proportional value; and 5)
relaxing the assumption that the sub-system lags are of a single time unit
value. Moreover, as the ETO archetype is a conceptual model, future
research could adopt this archetype in practice and/or benchmark this
archetype with a case study to assess the model’s fidelity.

Table 7
Contribution of this paper (based on CODP considerations from Gosling et al., 2017).
System Type Original reference Typical CODP Location Feedback Feedforward Flow Main analysis technique
Path Path
MTS Towill (1982) Finished stock Inventory Demand Material Laplace
ATO Lin et al. (2017) Sub-assembly WIP Inventory Backlog Demand Material Laplace
MTO Wikner et al. (2007) Raw materials Order Book Demand Material Simulation
WIP
ETO This paper Design Order Book Demand Work Unit z-transform
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Appendix A. Experiment 2, holistic order book controller, mathematical formulations

Design system

OB(1) — DEM(1)-(tp + 1)

TETOOB

DEMpgs(t) = DEM(t) +

COMRATEpgs(t) = DEMpgs(t — Tp)

OBpgs(t) = OBpes(t — 1) + DEMpgs(t) — COMRATEpgs (1) #(A.3)

Production system

DEMprop(t) = COMRATEpgs(1) + RWRATEpgop (1 — 1)
WRATEprop(t) = DEMprop (1)

COMRAT Epon () = WRATEprop (1 — 1)

OBiron (1) = OBprop(t — 1) + DEMpgop (f) — COMRAT Epgon (1)
RWRATEpgop(1) = COMRAT Epgop (1)-RW

DELRATE(t) = COMRAT Epgop(1)-(1 — RW)

OB(i) = OB(t — 1) + DEM(t) — DELRATE(?)

IT, - OBDES (t)
DES — AAAADATLE (A
COMRATE pgs (1)
IT _ OBprop (l‘)
PROD = COMRATEpgop (1)
OB (1)
LTiro = —— -t —
F19 ™ DELRATE(r)
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