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Abstract. Effective decision making in the automotive supply chain is complex,
due to the increasing number of suppliers and customers who form part of it. For
this reason, the use of tools that allow to improve the performance of the supply
chain is necessary. Simulation Software is one of these tools. Therefore, in this
paper a simulation model to improve the performance of an automotive supply
chain is developed. Using sensitivity analysis, this study finds the values that
allow the supply chain to improve its order fulfilment indicator. In the sensitivity
analysis, the variables Cycle Time, Production Adjustment Time, Delivery Time,
Raw Material Inventory, and Finished Good Inventory, were modified. The results
show that: 1) in the base line scenario, only the 78.85% of the orders are fulfilled,
and 2) to fulfil the 100% of the orders Cycle Time, Production Adjustment Time,
and Delivery Time must be reduced to one week.
Keywords: simulation software, supply chain automotive, decision making.

1.

Introduction

In a globalized market, such as the automotive sector, both assemblers and suppliers
have been forced to improve their processes and products, as well as to define strategies
to enlarge their warranty time and offer better after-sale services. Thus, strategies based
only on costs are no longer the base for a competitive advantage. In the automotive
sector, proper supply chain management is key for its success due to the amount of
components needed to manufacture a vehicle.
According to [1], a supply chain (SC) is a network of independent organizations
working in coordination to control, manage, and improve the material flow and
information, from the raw material suppliers to the final customer. Also, SC can be
defined as a network of autonomous or semiautonomous business entities collectively
responsible for moving a product or service from the supplier to the customer [2]. In this
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context, a SC network is essentially an information-flow-driven dynamic network with
the operation of material flow and cash flow, which add complexity to the network [3].
Furthermore, the current SC design and structure increase this complexity.
In order to overcome shortcomings of the traditional analytical methods in modelling
and analysing SC networks, simulation – especially discrete event simulation – has been
widely used as a decision-making tool for supply chain optimisation. Simulation is the
process of exercising a model for a particular instantiation of the system and specific set
of inputs in order to predict the system‟s response [4]. It has been widely recognized as
the best and most suitable methodology for investigation and problem-solving in realworld and complex systems in order to choose correctly, understand why, diagnose
problems, explore possibilities, train personnel and managers, and find optimal solutions
[5].
From a similar perspective, supply chain simulation is defined as a kind of scientific
method that builds and runs the simulation model of a real-world supply chain system.
This method allows users to observe the operation of the entire SC and perform a “What
if” analysis among different scenarios [6].
In this regard, computer simulations allow users to try out different strategies or
alternatives without actually implementing them in practice. Another advantage of
supply chain simulation is that it helps reduce costs, as changing real systems can be
expensive [7]. Similarly, it increases customer satisfaction, because customers, in
general, do not like to be part of „„failed experiments‟‟ [2]. In addition, SC performance
improvement initiatives strive to match supply with demand, thereby driving costs down
while improving customer satisfaction. There are several cases of SC computer
simulation, from RFID-enabled supply chain analysis [8], construction supply chain [9],
automotive supply chain framework [10], to selection of new facility in supply chain
[11], among others.
As regards the automotive supply chain, simulation is submitted to many decisions.
Moreover, the number of variables and key indicators to be considered in the evaluation
and model development are much extended and complex. People only consider a part of
these variables, or the ones they believe are the most important. Unfortunately, this
limits the best solution area, thus reducing the effectiveness of the decision [12].
The modelling process is crucial from the supply chain resilience perspective. The
simulation model should provide adequate performance measures to assess the real
system‟s behavior [13]. One of the principal key performance indicators (KPI) for SCs
is order fulfilment. Two variables that impact on this indicator are cycle time and
inventory management [14].
Since SC has been widely improved by system dynamics (SD) based simulation
modelling [15, 16, 17], this article proposes a SD-based simulation model through a
sensitivity analysis that aims at evaluating the impact of five variables on the automobile
SC performance. These variables are: Cycle Time (CT), Production Adjustment Time
(PAT), Delivery Time (DT), Raw Material Inventory (RMI), and Finished Good
Inventory (FGI). The case study is conducted in a Mexican company that is member of
the Automotive Cluster of Coahuila.
The article is thus structured as follows: section 2 presents the background on SC and
the SD approach, while section 3 discusses the model development. Then, section 4
reports the results from the analysis. Finally, section 5 includes the conclusions and
directions for future work.
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Background

Several articles that indicates the tools and techniques to evaluate the performance of
supply chains were analysed, focusing primarily on the simulation tool. Subsequently,
several articles that uses SD to simulate supply chains were selected. In this case, only
those that consider cycle time in their supply chain evaluation performance and those
that are applicable to the automotive industry were taken in consideration.

2.1.

Supply Chain

The main objective of SC management is to create initiatives to improve SC
development, while diminishing costs and improving customer service. To accomplish
this, suppliers, producers, and distributors must be in constant synchronization [18].
However, in the practice, this is not always possible to achieve. Some of the most
common obstacles include failure to comply with time agreed and scheduled [19],
variability of cycle times in every SC process, uncertainty (which can affect the demand)
[20], and custom problems among countries [21].
Fortunately, many decision-making techniques and tools have been developed to
analyse and evaluate SC performance. They depend on the attributes or variables to be
considered and the goal of the analysis. Similarly, these techniques and tools are
included in three main categories: economic, multi-criteria, and simulation.
Economic techniques integrate the attributes to be measured in a monetary quantity,
while multi-criteria techniques integrate qualitative and quantitative attributes. Finally,
simulation methods are a combination of both economic and multi-criteria tools [22,
22]. Simulation models have been used for SC evaluation in terms of B2B collaboration
[23], electric SC distribution [25], partnership performance evaluation [26], and SC
sustainability [27, 28], among others.
Simulation is an effective tool in production operations and logistics systems. Its
main strength – if compared with math programming methods or stochastic models – is
that users can observe, analyse, and learn the system‟s dynamic behaviours [12] from the
simulation model. There are different types of simulation for SC evaluation, but five are
the most important: i) Simulation on calculation sheet; ii) System dynamics (SD); iii)
Discrete event simulation; iv) Dynamics systems; and v) Business simulators. This study
relies on a SD approach, since it helps easily represent delays, which expose the
behaviour of the system studied [29].

2.2.

Supply Chain under a System Dynamics Approach

SD is a methodology developed by Jay Forrester in the beginning of the 60s. Thanks to
its interdisciplinary focus, SD helps understand the dynamic characteristics of a complex
system. Similarly, causal loop diagrams are the main tools of this methodology [30].
Many SD-based simulation models have been developed for many contexts, and they
all consider cycle time as an important variable affecting the performance of both SCs
and the automotive industry. For instance, [31] developed a model to analyse planning
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strategies of SC resources, whereas [32] proposed strategies for a food SC, where
transport and delivery times were important factors. Likewise, [33] analysed the
increasing capacity of a SC in which the product lifetime was short. Among the relevant
variables, authors considered production time adjustments to ensure fast response to the
demand.
From a similar perspective, [34] evaluated the impact of the Tohoku Earthquake as a
disruption to the industrial SCs of Japan in 2011. Similarly, the work of [35] presented a
multi-tier study on SC performance in the automotive industry, while [36] proposed a
model to evaluate inventory trends in emerging market supply chains. Finally, cost
reduction in the procurement processes of an automotive SC is analysed in [37].

3.

Development of the Model

In Mexico, the automotive industry is important for the national economy. It accounts
for 6% of the country‟s Gross Domestic Product (GDP) and represents 18% of the total
employment in the manufacturing sector [38].
As regards the Automotive Cluster of Coahuila, it is mainly structured by two
assemblers and their Tier 1 suppliers, which are mostly global corporations [39]. The
case study here presented focuses on a company called ABC that belongs to a supply
chain from the Automotive Cluster of Coahuila. ABC wants to analyse the impact of an
increasing customer demand on its performance. Figure 1 shows the demand‟s expected
behaviour during the next 52 weeks.
Thus, by means of a simulation model developed through the system‟s dynamics
methodology, the influence of such a demand in the key processes of the company‟s
supply chain will be assessed.

Fig. 1. Behavior of the demand during the next 52 weeks
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Causal Loop Diagram

The works of [40, 41] are considered to structure the causal loop diagram, which is
divided in three processes for a better comprehension: 1) Sourcing, 2) Production and,
3) Distribution and Evaluation. These processes are described below.
Sourcing:
 Raw Material Inventory: Inventory level of available material for the
production process.
 Orders to Supplier: Indicates when a raw material order has been generated to
the supplier.
 Delivery Time: Time that the supplier takes to make the order.
Production:
 Production Capacity: Maximum production capacity of a company, according
to its resources.
 Cycle Time: Time to transform raw material into a finished good.
Distribution and Evaluation:
 Demand: Customer requirements.
 Evaluation: Difference between customer requirements and what the company
supplies of those requirements.
 Finished Good Inventory: Inventory level of finished product used to supply
the orders.
 Shipments to Customers: Orders supplied to customers.
Figure 2 shows the main variables of the model through a causal loop diagram. In
order to understand a causal loop diagram, it is necessary to analyze the cause-effect
relationships (
among the variables. For instance, variable Production Capacity
has a positive relationship with Production Rate (represented by the positive sing in the
arrowhead). This means that if the Production Capacity increases, the Production Rate
will also increase, and vice versa. Conversely, Cycle Time has a negative relationship
with Production Rate (represented by the negative sing in the arrowhead). Thus, if the
Cycle Time increases, the Production Rate will decrease, and vice versa.
A closed loop of causes and effects forms a feedback loop, which defines the
dynamics of the model. The feedback loops of the diagram are described below:
Loop B1: If the Raw Material Inventory decreases, the number of Orders to Supplier
will surge. This increases the amount of Raw Material in Transit. When Raw Material
in Transit is delivered to the company, the Raw Material Inventory will grow.
Loop B2: If the Finished Good Inventory increases, the number of Shipments to
Customers will also increase. Increased Shipments to Customers will decrease the
Finished Good Inventory.
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Fig. 2. Causal loop diagram

3.2.

Equations

The equations from the simulation model that correspond to the key processes of the
automotive supply chain are described below.
Sourcing. In the supply chain, the orders to supplier (OS) are requested according the
condition shown by Equation 1.
IF RMI + RMT <= OP THEN SP ELSE 0,

(1)

where SP is the supplier lot, RMI is the raw material inventory, RMT is the raw material
in transit, and OP represents the order point. Thus, if the sum of RMI and RMT is less
than or equal to OP, an order will be requested. RMI behaves as expressed in Equation
2.
d(RMI) = OS(t) - RP(t),

(2)

where RP stands for the real production.
Production. The production (P) is calculated as the sum of the demand (D) and the
product of such D and the correction factor (CF), as described in Equation 3.
P = D + (D*CF)

(3)

However, due to the time lag in the production process, it is necessary to calculate the
desired production level (DPL) to correct such time lag (Equation 4).
DPL = DELAY(P, PAT)

(4)
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The function DELAY is used to represent the time lag, which returns a delayed value
of P, with a duration specified by the production adjustment time (PAT).
In addition, it is necessary to consider that P is limited by constraints such as the
company‟s production capacity (PC) and the available RMI. Therefore, the RP is the
minimum between the DPL, PC and RMI, as shown in Equation 5.
RP = MIN{DPL, PC, RMI}

(5)

Thus, the finished good inventory (FGI) behaves according to Equation 6.
d(FGI) = RP(t) - SCT (t),

(6)

where SCT are the shipments to customers (SCT takes the minimum value between FGI
and D) calculated by Equation 7.
STC = MIN{FGI, D} .

(7)

Distribution and evaluation. The total shipments to customers (TSC) and the total
demand (TD) are calculated as expressed in Equations 8 and 9, respectively.
n

TSC = Σ STCi

(8)

i=1
n

TD = Σ Di,

(9)

i=1

where n is the number of weeks simulated. Finally, the KPI considered in the simulation
model is Order fulfilment OF, since it measures the company‟s responsiveness to
comply with customer orders (Equation 10).
OF = (TSC/TD)*100%

4.

(10)

Results and Analysis

The simulation model was developed in STELLA software, Version 10 ® (see Figure
3), and simulated during 52 weeks using the demand presented in Figure 1. The
assumptions considered in this model are the following: the order point and the quantity
of raw material are constant when an order is generated; RMI has a maximum capacity
for 8,500 units; PC has a normal distribution behavior with a mean of 1,300 units and a
standard deviation of 30 units; FGI has a capacity for 5,000 units.
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Fig. 3. Simulation model

Table 1, indicates the initial simulation values and results of the model. The
parameters Cycle Time, Production Adjustment Time, Order Point, Raw Material
Inventory and Finished Good Inventory, were obtained from data provided by the ABC
company, while the Delivery Time of Raw Material and Supplier Lot are parameters
defined by the company‟s supplier. As can be observed, during the 52 weeks six orders
for raw material are placed. Also, only 78.85% of the orders are fulfilled, since it takes
three weeks to receive the raw material. This demonstrates that variable Delivery Time
of raw material has an important impact on the company‟s performance.
In Figure 4, it is compared the D and the FGI, showing that during the first 26 weeks
of the simulation, D surpass FGI producing stock shortage and disruptions in the
product‟s supply. After week 26, as a response to the stock shortage and the increasing
demand, production rises, exceeding FGI during several weeks the D. However, despite
this rise in production, in some weeks there is still product supply shortage, due to the
three-week delivery time of raw material.
Table 1. Values and initial results of the model

Variables
Delivery Time of Raw Material
Cycle Time
Production Adjustment Time
Raw Material Inventory
Supplier Lot
Order Point
Finished Good Inventory
Orders to Supplier
Average Orders Fulfilled
* They remain constant

Initial Values
3 weeks
1.5 weeks
3 weeks
1,500 units
7,500 units
2,500 units
1,200 units
0
0

Results
*
*
*
6,682 units
*
*
1,0001 units
6
78.85 %
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Fig. 4. Demand vs FGI according to the initial simulation values

4.1.

Sensitivity Analysis and Results

As shown in Table 1, the company would not successfully satisfy the customer‟s orders
if the demand were the one presented in Figure 1. A sensitivity analysis is therefore
conducted to find the values in the variables that will enable to fulfil all the orders, and
thus improve ABC‟s performance. As mentioned in the introduction, variables CT, PAT,
DT, RMI, and FGI are considered in the evaluation. The values for CT were chosen
according to operational specifications of the company, while PAT, RMI and FGI were
defined though the experience of the company‟s managers and DT corresponds to the
delivery service provided by the raw material supplier. Thus, two scenarios are proposed
in the simulation.
The first scenario considers the following data:
CT= 1.5 weeks
PAT = 1, 2, and 3 weeks
DT = 1, 2, and 3 weeks
RMI = 1000, 2000, and 3000 units
FGI =1000, 2000, and 3000 units
Table 2 shows the results from the first scenario evaluation. Note that CT remains
constant during the evaluation, since it is a critical variable. The table 2, indicates that
among the set values exist a behavioral pattern. In general, a larger DT and PAT,
decreases the OF. In the other hand, a larger RMI and a larger FGI, increases the OF.
This behavioral pattern, prove the logic described in the causal diagram. Unfortunately,
in this scenario it is not possible to fulfil 100% of the orders. Order fulfilment would
increase up to 99.02% with CT=1.5, PAT=1, DT=1, RMI=2000 and FGI=3000.
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In Figure 5, using the previous values, the D and the FGI were compared, showing
that during the first 9 weeks is possible to fully satisfy the demand, since the FGI surpass
the D. However, from week 10 to 21, the surge in the D produces stock shortage, for
which it is not possible to satisfy the 100% of the orders. From week 22, the production
increases as a response to the previous surge in the D, however during these weeks the D
decreases, causing a growing FGI.
Table 2. Obtained results with a CT of 1.5 weeks
CT = 1

1,000
DT = 1

DT = 2

DT = 3

FGI

FGI

FGI

PAT = 1

PAT = 2

PAT = 3

RMI

RMI

RMI

2,000

3,000

1,000

2,000

3,000

1,000

2,000

3,000

1000

92.98

95.00

94.85

92.70

92.73

92.55

92.49

92.80

92.55

2000

95.00

97.01

96.86

94.71

94.74

94.56

94.50

94.81

94.56

3000

97.01

99.02

98.87

96.73

96.76

96.58

96.51

96.84

96.58

1000

85.87

87.88

88.28

85.87

87.88

88.28

84.26

86.27

88.28

2000

87.88

89.90

90.29

87.88

89.90

90.29

86.27

88.28

90.29

3000

89.90

91.91

91.31

89.90

91.91

91.31

88.28

90.29

92.31

1000

77.45

79.46

79.78

77.45

79.46

79.78

77.45

79.46

79.78

2000

79.46

81.47

81.79

79.46

81.47

81.79

79.46

81.47

81.79

3000

81.47

83.48

83.80

81.47

83.48

83.80

81.47

83.48

83.80

Fig. 5. Demand vs FGI according to CT=1.5, PAT=1, DT=1, RMI=2000 and FGI=3000
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The second scenario considers the following data:

CT = 1 week
PAT = 1, 2, and 3 weeks
DT = 1, 2, and 3 weeks
RMI= 1000, 2000, and 3000 units
FGI =1000, 2000, and 3000 units
Table 3 shows the aforementioned behavioral pattern among the set values and an
overall increase in the percentages of orders fulfilled, compared with the percentages
achieved in the previous scenario. Consequently, it is possible to fulfil 100% of the
orders with the following two combinations: CT=1, PAT=1, DT=1, RMI=2000, and
FGI=3000; and CT=1, PAT=1, DT=1, RMI=3000, and FGI=3000.
Figures 6 and 7 compare the D and FGI for these two combinations, respectively. In
both cases, during the 52 weeks, the FGI is greater than the D, allowing to satisfy the
entire product orders, even when there is a sudden increase in the D, like the one that
occurs from week 13 to 32. However, after week 32 the FGI is on an upward trend, due
to the fact that the D decreases, and the company produces according to the previous
increasing demand.
Table 3. Results obtained with a CT of 1 week
CT = 1

1,000
DT = 1 FGI

DT = 2 FGI

DT = 3 FGI

PAT = 1

PAT = 2

PAT = 3

RMI

RMI

RMI

2,000
97.05

3,000

1,000

2,000

3,000

1,000

2,000

3,000

97.01

95.00

95.00

94.85

94.68

94.99

94.75

1000

95.04

2000

97.05

99.06

99.02

97.01

97.01

96.86

96.69

97.00

96.76

3000

99.06

100.00

100.00

99.02

99.02

98.87

98.70

99.02

98.77

1000

87.51

89.52

89.90

87.51

89.52

89.90

85.87

87.88

89.90

2000

89.52

91.53

91.91

89.52

91.53

91.91

87.88

89.90

91.91

3000

91.53

93.54

93.92

91.53

93.54

93.92

89.90

91.91

93.92

1000

79.16

81.17

81.47

79.16

81.17

81.47

79.16

81.17

81.47

2000

81.17

83.18

83.48

81.17

83.18

83.48

81.17

83.18

83.48

3000

83.18

85.20

85.49

83.18

85.20

85.49

83.18

85.20

85.49
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Fig. 6. Demand vs FGI according to CT=1, PAT=1, DT=1, RMI=2000 and FGI=3000

Fig. 7. Demand vs FGI according to CT=1, PAT=1, DT=1, RMI=3000 and FGI=3000

Thus, by reducing the CT, PAT, DT, and increasing RMI and FGI, the company
would fulfil the 100% of the orders.
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Conclusions and Future Work

In this research, the case study demonstrates the importance of simulation software
within the complex environment of the automotive supply chain, because in a real
system the time and cost to validate different scenarios are high, being this aspect the
main advantage in the use of software.
The causal loop diagram shown the key variables such as Raw Material Inventory
that provided raw material at production process, a disruption in the raw material
inventory would affect the production, which depends on the cycle time because a long
cycle time would impact negatively the Finished Good Inventory. Another key variable
is the Production Adjustment Time because influences the production rate if adjustment
time increased then the production process would have a greater delay in the adjusting to
demand and the Finished Good Inventory would have a rate slow in the shipments to
customers, being another key variable in the shipment of customers the Delivery Time.
Due to the above a sensitivity analysis is used to evaluate five critical variables and
define the best policies to successfully fulfil the demand of customers.
In conclusion, to fulfil 100% of the orders requested, the following values must be
met: Cycle Time=1 week, Production Adjustment Time=1 week, Delivery Time=1week,
Finished Good Inventory= 3000 units, and Raw Material Inventory=2000 units or 3000
units.
As future work, we propose to include costs and analyse other variables that impact
on the automotive supply chain performance.
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