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ABSTRACT

ARTICLE INFO

The techniques employed to manage an industrial project are based on tools
that aim to achieve the objectives set by an organization. Most of these tech-
niques consider the development of operative and predictive models. The
difficulty in developing project planning models relies on estimating large sets
of parameters and the need to include model sections of poorly identifiable,
that increase costs and time. This work develops a hybrid forecasting model
for all the phases that make up die-casting projects through a series of param-
eters and sub-models that contemplate the particularities of each case, there-
by achieving greater precision in the forecast. The model identifies the cost
and time factors that affect project planning, specifically in the die-casting
industry, and intends to predict their future behaviour when certain initially
given conditions are modified. To estimate the parameters of the hybrid mod-
el, several factors in the processes were considered that interact in this indus-
try, such as primary matter costs and activities associated to the process. The
considered processes that have a substantial economic impact on the imple-
mentation of the project were selected. The criteria for this selection consid-
ered identifying the relevant parts of the design and manufacturing in the die-
casting industry. Process factors such as the Cost of aluminium and its related
activities, whose processes will be grouped into cost and time entities to build
a set of metrics that allow better control over them. Finally, the proposed
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model is based on analytical, parametric, and analog methods that achieve
accuracy greater than 85 % in predicting the time and Cost of the process.

1. Introduction

Project planning is useful for improving time and costs in company projects involving manage-
ment techniques. These approaches have been designed and developed since the middle of the
20th century [1-4] intending to improve the outcome of project planning, the development of
qualitative [5-7] and quantitative models [8-11] has ben considered. These models have moti-
vated the implementation several optimization strategies that have contributed to reducing op-
eration costs and operative times of processes included in the project.

Developing valuable models (usually known as estimation models) in project planning re-
quires analyzing historical information regarding the effects and results of different operative
strategies and control techniques implemented in previous projects. Due to the specific condi-
tions of each productive sector where the estimation models could be applied, they must depend
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on different operative, commercial, and economic variables, including the technology for devel-
oping the project, raw materials, workforce, etc. These highly specialized models have been de-
veloped for sectors as varied as software [12], construction [13-14], aerospace [15, 16], and au-
tomotive [17, 18], machining [19], among others. Specifically, the use of models for estimating
manufacturing costs and time, widely used to determine the Cost of forged parts [20], rotating
parts [21], manufacturing of die-casting molds [22], and preformed parts employing die cuts [23].

The importance of estimation models in manufacturing processes lies in their ability to accu-
rately predict the costs of primary materials and methods and operative times. In addition, the
successful models considered specific needs and practical implications that are part of the envi-
ronment in which the project is developed. Also, on many occasions, the precision and speed in
estimating costs and operative times are associated with the final purchase order, which the
customer defines.

With the intention to determine goods production times and costs, the manufacturing pro-
cesses can be calculated using several methods, like the analytical methods that break down
manufacturing activities into their elementary parts. However, despite the benefits of these
models, their descriptions usually have many parameters. They are very nonlinear and may not
consider some problematic aspects of the model.

A different technique for developing the estimation model is based on non-parametric meth-
ods that could produce a mathematical representation of productive relationships using the in-
formation generated by the industrial sector under study. These non-parametric models can be
complemented with analogous methods to classify product indices according to their dimen-
sional and quality characteristics [24]. All these methods have been successfully used in estimat-
ing time and costs for diverse projects of various industrial sectors, including metal mechanics.

In the aluminum die-casting industry, the existing estimation models focused on several fac-
tors that affect the manufacturing process. An example of such a method is the model developed
by Madan that focuses on determining the optimal Cost and time of production, depending on
the geometric conditions of the part; through these data, they determine the number of cavities
necessary for the die casting dies [25]. On the other hand, the model developed by Sung focuses
on simulating the pores within the die-cast process. Specifically, this model considers factors
such as trapped air during the die-casting process caused by the design of the die-casting mold
and the properties changes by anisotropic composition due to the die-cast process conditions [26].

Srivastava proposes a model to determine the conditions that cause thermal fatigue, and
cracking of casting die [27]. The work presented by Tsoukalas produces a model to determine
the porosity of AlSigCuz aluminum used in die casting. The model is supported by genetic algo-
rithms that validate as main variables the die casting temperature, the die casting mold tempera-
ture, and the speed of the phases of die casting [28].

The models described above establish connections between operative conditions in the die-
casting process. Nonetheless, they are not formally related to the economic aspects of the final
product and its delivery time to the final consumer. Nowadays, many companies apply paramet-
ric or probabilistic cost estimation methods. The characteristics and rapid implementation are
unique elements of these models. However, these models use synthetic data obtained by approx-
imating the total production cost and overall production time and assuming some desired fea-
tures for the final product.

The product features can be diverse depending on the design requirements and manufactur-
ing activities. The main problem of this production process is the lack of information about the
cost structure and the product’'s manufacturing processes.

As a result, it became difficult for the designer to visualize the necessary modifications that
should be applied to the model to reduce costs in the quotation activities. Such a fact makes it
complex to assign only a cost value to the product, limiting the transparent negotiation of the
Cost and consequently causing a delay with the customer.

The indirect costs are other factors to consider in the product cost structure, materialized by
the support activities. Besides, the causal relationship between cost objects (products and ser-
vices) and consumable resources is difficult to assess. This evaluation can be solved using trace-
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ability, which makes cost analysis explicit in a network with its incorporation into products or
services, which is difficult to achieve with the traditional cost estimation approach.

The application of a hybrid model allows accurate forecasting of the phases that make up the
processes of die-casting projects. Hybrid models have significant advantages in their use, as
shown in the following key applications: a) the optimization of manufacturing processes for ob-
taining fiberglass in the automotive industry [29], b) the improvement of pill production pro-
cesses in the pharmaceutical sector [30], and c) in the construction of metal structures at high
temperatures through process planning [31]. Likewise, other critical applications for the appli-
cation of hybrid models that have advantages in precise parameterization in industrial activities
are, for example, for inventory control [32], electrical energy consumption [33], in the handling
of the materials [34] and the costing for the manufacture of turbines [35].

The advantages of using hybrid models for process planning lie in the flexibility of these
models and their ability to adapt to a significant number of features that they may have, select-
ing the model that best suits the characteristics to be predicted [36]. However, it is also essential
to consider that the main disadvantage of its use lies in the large number of data that must be
used to achieve considerable precision of the model.

This study presents a data-driven hybrid model to asses costs and process time in the die-
cast aluminum industry. The model shown in this work uses analytical, parametric, and analo-
gous methods. Among the variables that are considered for the model development are: a) the
Cost of the raw material (which is a determining factor in signing long-term contracts with the
automotive and aerospace sector), b) the processing time, and c) the Cost of the operations that
will be carried out for the manufacture of the piece, including intermediate process such as die-
casting, grinding, die-cutting, drilling, shot blasting, and packing, among others. The goal of the
modeling process is to generate a projection that allows controlling the project plan of the die-
casting process. In addition, the proposed model considers technical and economic aspects es-
sential for developing projects in the die-casting industry. The successful development becomes
the model into an auxiliary tool for estimating the costs and delivery times of the customer
product. As a result, the problem of estimating the Cost and time in die-casting projects focuses
on constructing a model that can be described as an integral formulation. Such completeness is a
consequence of considering a series of sub-models that allow its adaptation to the specific char-
acteristics of the casting process to predict. Hence, this work considers three fundamental as-
pects of the model design:

e The changes in the price of aluminum in international markets.

e The changes in the production process that have more significant impact on the Cost and
the time of the project (die casting, grinding, drilling, and packing, among others).

e The model aspects related to the manufacture of the die-casting mould.

This work is organized as follows. Section 2 is the mathematical basis and the details of the
construction of the model. The description of the data set used for its test is included in this part.
Section 3, the simulation results achieved by the model. Finally, Sections 4 and 5 close the study
with the model's accuracy and relevant conclusions describing some problems related to the
discussed topic.

2. Model construction

For the development of the model proposed in this work, it was necessary to estimate the fol-
lowing steps:
e Determination of cost and time entities (CTE) divided according to each primary activity.
e Development of CTE for the manufacturing of parts and manufacturing tooling.
e The CTE for the raw material only considers the Cost, not the time, since it is a comple-
mentary value chain activity.
e The CTE's information is gathered from various productive projects to carry out the simu-
lations and the relationships between the projects' time, Cost, and weight.
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e The weight directly determines the production costs and expenses to complement the Cost
Entity.
e Theequations for each CTE are formulated according to the information and the simulation.

2.1 Cost and time entity

For die-casting, estimating Cost and time is the crucial combination for predicting how much it
will cost and how long it will take to make a certain product or many products through the anal-
ysis of the particularities attributed to it [37]. To identify and control these intrinsic particulari-
ties of each development, CTE is proposed. Developed for the analysis of the Cost and time of
each critical activity, it provides information related to the added value of the project, so the CTE
will allow the estimation of the Cost and time between the products, considering the Cost per
kilogram and the time of the product manufactured for homogeneity.

The CTE (Fig. 1) is composed of two elements. Its first element is the Cost Entity (CE), whose
primary function is controlling each project phase's Cost. The Time Entity (TE) is its second ele-
ment, which determines the time assigned to each activity to be carried out.

It's essential to define once the homogeneous resources for the project are stable and inter-
dependent. They are stable because of the imputation of these within the productive chain,

which is given byg (i. e, \%,:Lg ) Notice that each resource does not need to change depend-

ing on the product. These components are interdependent since the resources are consumed in
the same proportion by one element in any way the product is used.

Assuming that R; = [k: k € K] represents the number of resources consumed by the CTE;,
TE; or CE; to realize the i;; activity gave by A4;. If [ylk X)) = Xiak] is equivalent to the number of
resources k consumed by carrying out the activity A; under the condition X; (where a, is the
coefficient with which resources k are consumed) and if C;, = y*(X;) and T, = y¥(X;) is the al-
location fee corresponding to the Cost and time of the resource units and units k. Therefore, Egs.
1 and 2 are basic for the determination of Cost and time:

CE = Z Cr (yik(Xi)) (1)
kER;

TE = > T (yE00) @
kER;

The definitions for the distribution of the Cost of a resource would be the following:

e Machining (nb)a; (%) an imputation fee (g)
o ((Xl-)ock) is an imputation fee, determined by Cost based on weight.
e y¥(X,) is an imputation fee, determined by the time.

The a;, is the coefficient with which resource k is consumed, nb is the identification of the
Cost for machining. The coefficients to determine the degree to which resources are consumed
within the project activities were determined through statistical relationships obtained from 20
projects within the die-casting industry.

Input Resources Input Resources
targets | targets
3| CostEntity | .. | TimeEntity |
Specifications Specifications Time
Activity Output Activity Output
targats targets

Fig. 1 Graphic representation of the CTE
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Cost and time entity pattern

The Cost and Time Entity Pattern (CTEP) is a macro-entity that meets the characteristic of ho-
mogeneity of the resources of the CTE. CTEP simplifies the model for determining Cost and time
and helps establish an overview of the manufacturing chain.

The basic information for estimating costs and time in projects of the die-casting industry is
represented in the Scheme of the Cost and Time Entity Patterns (SCTEP) shown in supplemen-
tary file 1. The SCTEP is built based on the product's characteristics, such as; physical specifica-
tions of the product (weight and type of aluminum), manufacturing (the type of surface finish,
drilling, packing, among others), and the tooling (number of cavities, volume, etc.). For the esti-
mation of the Cost and time in the design as well as in the manufacturing, the purchase order is
used. Such application allows us to quantify the flexibility of the order and give an adequate es-
timation of the phases necessary to develop the project, so the purchase order represents a pri-
ority aspect [38].

It is important to establish that the CE and TE maintain the homogeneity condition under-
stood as the similarity of the activities between the parameters; resources, activities, inputs, and
outputs. Therefore, the union of the parameters and the sum of the costs and elementary times
of the different cost entity patterns (CEP) and time entity patterns (TEP) are described in Egs. 3

and 4
cEP =) > G (vEen) -
iEN kER;
TEP =" Te(vF(D) @
iEN kER;

where N is the number of CE that is part of CTEP.
General model for determining cost and time

Once the elements that will be part of the model structure have been defined, it is important to
identify the main activities to be modeled. For this work, the activities taken into consideration
are:

The price of the metal.

The manufacturing time of the product.

The Cost of the Product.

The manufacturing time of the die-cast tooling.

The Cost of the die-cast tooling.

Considering it, the models proposed for the determination of the total Cost and time of the
project can be represented as Egs. 5 and 6.

COStTotal = COStRM + COStmanufacturing + COStTooling (5)

TimeTotal = Timemanufacturing + TimeTooling (6)

In some cases, there may be the possibility that the customer no longer requests a part of the
project; for example, the customer can provide the tooling. In consequence, it would only be
necessary to establish the Cost of the raw material and manufacturing. A binary matrix can be
constructed to establish this relation, where zero identifies an activity that does not occur and
one that occurs in the project.

3. Methodology and primary results

CTEP; of the raw materials

In this case, the CTEP; for the raw material will include only the calculation of the Cost of alumi-
num, for which the historical data reported by the London Metal Exchange (LME) of the Cost in
dollars per ton will be used. The start date of data collection was January 1, 2016, and the end of
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it on May 25, 2019. The database contains five monthly readings that will give 246 data for the
analysis, this information can be consulted at supplementary file 2.

Intending to determine the most accurate forecast model, it is necessary to apply tests to es-
tablish the stationarity of the time series, for which the Eq. 7 gives the correlation function of the

sample [39].
T T -1
re=( D G = Dt = B (Zt_l(xtw) )
t=1 -

Therefore, it is possible to develop the correlogram shown in Fig. 2(a), in which the analyzed
series of the LME presents a simple and partial first-order correlation, which determines that
the immediately previous data are the ones that have the greatest influence on the value of the

following data.
T T -1

d= Z(et —ep_1)? Z ef (8)

t=2 t=2
Included observations: 246

Autocorrelation  Partial Comrelation AC  PAC Q-Stat Prob s .
Null Hypothesis: PRICETON has a unit root

i ] i 1| 1 0975 0975 23662 0.000 Exogenous: Constant, Linear Trend
] i 2 0948 -0.045 46133 0.000 Lag Length: 0 (Automalic- based on SIC, maxlag=15)
| == 1 3 0927 0037 67692 0.000
| == 1] 4 0910 0087 88591 0.000 I-Statistic  Prob*
= L 5 0895 0004 10886 0000
=S| | b o s sosrevenne o oo
1 — ih 8 0845 0012 16565 0.000 est crilical values. e |:::| b
== 1 9 0833 0054 18355 0000 :
= ih 10 0822 0030 20102 0.000 10% level -3.137529
= L 1 11 0813 0038 21817 0000
| [— i 12 0.799 -0.078 23480 0.000 *MacKinnon (1996) one-sided p-values.
= 1 13 0.784 -0.000 2509.1 0.000
[—| p 14 0776 0112 26675 0.000
= m 15 0770 0014 23240 0.000 Augmented Dickey-Fuller Test Equation
::' : : :g g;gg ‘gg‘:g gf«l‘g; gggg Dependent Variable: D(PRICETON)
Ly — | 1 18 0.738 -0.049 32729 0.000 g:g:ogaheﬁﬁgsqﬁ;?isw
= ihh 19 0.727 0022 34149 0.000 Samﬁle(adjusled)'2-245
1 ] i 5
= i 32 g;‘g g:gfg gg;}:zl g:ggg Included observations: 245 after adjusiments
| = " 22 0.703 -0.040 38259 0.000 i i
| [—) i 23 0692 -0.019 39568 0.000 Variable Coefficient  Std.Error  t-Statistic  Prob.
= n 24 0679 -0.031 40834 0000
= UL 25 0667 -0.014 42062 0.000 PRICETON(-1) -0.022656  0.015956 -1.419885  0.1569
) ] n 26 0656 -0.029 43254 0000 o 4477125 2649674 1689688  0.0924
=3 g 27 0639 -0092 44392 0.000 @TREND('1") -0.006567  0.051529 -0.127446  0.8987
| = 1 28 06519 -0.061 45465 0.000
= s R b i R-squared 0016396 Mean dependentvar 1208163
= A 31 0565 0052 48338 0000 Adjusted R-squared 0.008267 S.D.dependentvar 4298413
= h 22 0550 0009 49202 0.000 S.E. of regression 4280609 Akaike info criterion 10.36341
i = ih 23 0537 0.014 50028 0.000 Sum_sqqared resid 4434315 Sd\warzcnl_enon. 10.40628
[ | q 34 0519 -0.085 50803 0.000 Loglikelihood -1266.517 Hannan-Quinn criter, 10.38067
= i 25 0502 0.018 51533 0.000 F-statistic 2.016938 Durbin-Watson stat 1.869386
' = Ll 36 0485 -0.085 52215 0.000 Prob(F-statistic) 0.135203

a b

Fig. 2 (a) Aluminium price correlogram for LME, and (b) Dickey-Fuller test

Once the correlogram is obtained, the autocorrelation of the data is determined by the statis-
tical Eq. 8 of Durbin-Watson [39], obtaining a value of 1.869886, establishing no autocorrelation.

P
Ay, = ¢+ ¢; +ay_1 + z 8id¢—1 + ¢ )
i=1
On the other hand, the analysis of the stationarity series is carried out using the Dickey-Fuller
test as shown in Eq. 9 [39]. The results are shown in Fig. 2(b), setting a decision value of -
3.428349 and -1.420186. As a result, it is established that the time series of the LME is not sta-
tionary and have a unitary root, so it is possible to model this PEC through an ARIMA model.
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With the main characteristics of the time series determined, such as their autocorrelation and
non-stationarity, it is possible to select a model that best adapts to the forecast.

In the mentioned above case, an ARMA model (2,2) was chosen, which will be the model for
determining the PEC;; this determines the Cost of the raw material expressed with Eq. 10

PEC; =Y +0(Y—; — Yi_3) + ¢(@;-1) (10)

where the coefficient values for the self-aggressive part expressed by 6 is 0.797492 and for the
mobile part expressed by ¢ is 0.833451, and a;_; = y;_1 — y:—1- This model adjust precisely to
the series of the Cost of aluminum.

CTEP: of Product Manufacturing

To build the CTEP; corresponding to the manufacture of the piece, the first step is to propose the
matrix of activities of the processes used in its manufacture so it is possible to establish the par-
ametric relationships. For this, 25 projects were selected from the Maquinados e Inyecciones
Tecamac SA de CV client portfolio. This company die-casts more than 45 tons of aluminium an-
nually for clients such as Siemens-Mexico and Donaldson, among others, being a second-order
supplier of assemblers such as Nissan and GMC. Therefore, the projects (supplementary file 3)
cover 87 % of the company's annual production. It is important to mention that this Table will
become a binary matrix indicating whether the activity is carried out (1) or not (0).

Once the project has defined the activities, the times required by activity for its manufacture
are established, and the relationship between these times and the weight of the piece is estab-
lished. To achieve this, it is necessary to calculate the number of cycles to be observed given by

Eqg. 11
st\? i

"= (k)?) (11)
where n is the number of cycles to be observed given that s is the standard deviation of the test,
k the desired degree of accuracy that is 95 % and X the average time, with this a pilot run is es-
tablished stating that it is necessary to observe 50 cycles. Hence, the study of times of the 25
projects is carried out according to the activities listed in supplementary file 3. The study per-
formed for the Optimized Shield in supplementary file 4 (named as part name no. 2 in supple-
mentary file 3) is taken as an example.

When time and movement studies were carried out for each case, the data fit the best distri-
bution that resembles its behavior. This allows for generating a more significant number of ob-
servations artificially. This setting can be seen in supplementary file 5, in the case of Optimized
Shield time's part name no. 2.

This process is repeated for each of the projects, as well as for the operations that are neces-
sary for its manufacture. With this, it is possible to determine the appropriate distribution type,
resulting in more than 7,000 data supporting the forecasts; this process is illustrated in supple-

mentary file 6 for the die-cast operation.

Construction of the TEP,,; for the time of part manufacturing activities
The data shown in supplementary file 6 allows us to determine the relevant equations for each
process and estimate the time for the manufacture of the piece. The resulting equations are
shown in supplementary file 7, where Y;* is a binary variable that takes the value of 1 if the activ-
ity is carried out and 0 if the activity is not carried out. Also, X; is the weight of the piece to be
manufactured.

With the specific equations and metrics that govern each of the TE of TEP,,, the general
equation is constructed, which is expressed as follows.

TEP,, = Zk . y{ET;X; = Y} (27.36 + 51.87X;) + ¥{*(0.9068 + 60.65X; — 89.98X7?) +
ER;

YX(7.94 + 33.47X;) + Y5(0.78 + 26.20X;) + Y;*(0.61 + 64X,) (12)

Y/ (5.15 + 80.63X; — 163.27X?) + Y*(2.22 + 26.33X,)
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Construction of the CEP; for the Cost of part manufacturing

For the construction of the CEP, a characterization of the Cost is made concerning kilograms
manufactured; for this, the following descriptions were generated:

e Workforce vs. weight. For this relationship, the direct, indirect, and administrative work-
force is considered as a whole, considering that a relationship is kept according to the kil-
ograms produced by the company.

e (as vs. weight. Gas is the fuel oil used to fuse aluminum in melting furnaces, the second
most important raw material. It is directly related to the number of kilograms produced by
the company.

e Electric power vs. weight. Electric power allows the operation of the die-casting equipment,
as well as the various finishing and melting equipment; the consumption of electrical en-
ergy is determined directly by the number of kilograms produced by the organization.

e Expenses vs. weight. The expenses are all those agents necessary for the organization to
carry out its productive activity but are not delivered in the final product; these are dis-
tributed equally in the kilograms produced by the company.

The company history is reviewed for the workforce vs. weight evaluation to establish its cor-
respondence; the data is shown in supplementary file 8.

Once the workforce's Cost per kilogram is obtained, the next step to determine the CE is to
make the corresponding adjustment in the behavior of the data shown in supplementary file 11.
In this way, the trend will be analyzed, so we can apply a more suitable model for simulation.
This procedure is carried out in the same way for the rest of the costs, leaving the equations as
shown in Table 1.

Table 1 Cost of the workforce against sales from December 17 to February 19, in Mexican pesos

CE Equation Type of distribution
Workforce CE;51 = N(19.92,6.40)X; Normal
Gas CE;,, = N(10.63,1.38)X; Normal
Power Supply CE;,3 = N(5.77,3.88,1.84)X; Triangular
Expenses CE;,4 = N(26.09,11.89,7.53)X; Triangular

Where X; is the weight of the piece to be developed, which will have an allocation rate for the
Cost according to the distribution that best fits the item.

Construction of CTEP; for the Tooling Manufacturing

The complementary activities for the time estimation of machining that help in the tool manufac-
turing process are the following [40]:

e Habilitation of the material. It consists of preparing the steel that will be machined by ad-
justing the shingles to have a reference cut for the machining; this activity lasts between 5
to 10 percent of the total machining activity.

e Preparation of tools. The tools that will be used in the machining operations are selected
and prepared; this process lasts 5 to 10 percent of the machining activity.

e (Generation of operations. The design of the tooling or device is executed according to the
specifications and requirements of the client, then the designs are transformed into in-
structions for the operation of the CNC. The generation of operations is one of the main ac-
tivities within the manufacture of tooling, and its duration lasts between 30 and 35 per-
cent of machining activities.

e Machining. The design is emptied into the material, and a swarf is removed. This activity is
carried out with numerical control equipment, which gives precision and certainty. This
element gives added value to the manufacturing, so it is the guiding operation within the
forecast model.

e First Mold Assembly. An initial assembly is carried out to see no interferences inside the
cavity and the sealing is adjusted. This operation lasts no more than 2,880 min.
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e Heat treatment. It is subjected to the cavity at high temperatures to subsequently cool it
gradually; this allows the cavity to have a hardness on its surface; this operation lasts no
more than 2,880 min compared to the standard established by the company.

e Second mould assembly. Once the cavities have been treated thermal, these are assembled
again to verify if there are deformations or interferences inside the cavity. If these occur,
they are readjusted and returned to verify the closure of the cavity, and this operation
does not last more than 2,160 minutes for the standard set by the company.

e First test run. The die-cast mould is tested inside the die-cast equipment, allowing them to
perform the necessary actions for the final adjustment. This operation does not last more
than 1,440 min by the standard established by the company.

e Final adjustment. The adjustment of all the observations that were presented in the execu-
tion of the test is carried out. In general, these operations include the adjustment of the
knobs and the adjustment in the closing of the mould; this operation does not last more
than 2,880 minutes, according to the standard established by the company.

Defined the operations that make up the manufacturing of the injection mould, the times ob-
tained from four documented projects are those described in supplementary file 9, where the
different machining times are established and likewise, the relationship between the machining
is sought, the weight and the number of cavities that make up the tool.

With these data, it is possible to identify the correlation between the weight removed against
the weight of the mould (weight of the piece by the number of cavities) by applying the Pearson
linear correlation index according to Eq. 13. Which establishes a correlation of 0.9369 and, sub-
sequently, the correlation between the machining time required against the weight eliminated;
with this value, it is possible to obtain the TEP, as follows:

TEP;, = 2 yET, P, = Y}(705.00 + 161.75P)) (13)
keR;
Where Yik is a binary variable that takes the value of 1 if the activity is carried out, and 0 if the
activity is not carried out, P; which is then withdrawn weight given by P; = 0.252 4+ 155.98X;,
and X; is the weight of the piece to be manufactured. For the estimation of the ECT3,, it is estab-
lished that it is directly related to the time invested and the fixed and variable costs of the ma-
chining activity. The time costs are shown in the Table 2.
When the CTEP; has been developed for the activity of the manufacture of moulds, it is possi-
ble to use the model to forecast the Cost and time within the projects of die casting, as well as to
measure its degree of precision.

Table 2 CNC hourly costs for the manufacture of injection molds

Cost per hour Range in minutes
Min Max
400 0 101663
250 101664 177352
200 177352 0

4. Model accuracy

To determine the model's accuracy, the test of the y? represented in Eq. 14 will be carried out to
establish that the sample obeys the entity model for the estimation of Cost and time. Where Vj is
the real value, and 1, is the expected or predicted value, the k degrees of freedom are adjusted

according to the number of observations generated for each test.
N

Vo(k) — )2
X(zk_1)=2( 0() e) (14)

|74
k=1 €

The test will be applied to each one of the developed sub-models of the CTEP, so the following
elements will be evaluated:
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Cost of raw material.

Cost of the piece.

Time of manufacture of the piece.
Tooling cost.

Tool manufacturing time.

To determine the degree of precision when estimating the Cost of the raw material, a test
with 19 degrees of freedom is applied, as shown in supplementary file 10. The obtained value of
5.4135 can be interpreted as a 95 % reliability of the model for the Cost of the raw material.

The same procedure follows the rest of the CTEP, which we can summarize in Table 3.

Table 3 Model sensitivity analysis

CTEP Degree of X2 Degree of Standard Kurtosis  Asymmetry Jarque-Bera
freedom Reliability (%)  deviation

Cost of raw 19 5.4135 95 1.8213 0.2871 -0.0230 3.6807
material
Cost of 19 12.1588 85 0.5015 0.0607 -0.0253 4.3209
the piece
Time of
manufacture 19 12.9878 80 0.0248 -0.0376 -0.1643 4.6675
of the piece
Tooling cost 5 2.2916 80 398.44 -1.2481 -0.0665 9.0323.
Tool
manufacturing 5 2.2857 80 0.2059 -1.1548 -0.0580 8.6379
time

5. Conclusion

The results obtained from the different tests carried out to determine the model's reliability
show that it presents a degree of accuracy above 85 percent. This result allows a quick forecast
to be made with the minimum information required for the quotation, leading to the construc-
tion of an entity-based model to efficiently determine costs and time to provide certainty and a
competitive advantage to the die-casting industry.

Analyzing the model structure established that the information necessary for estimating Cost
and time is introduced through the different entities built. Such analysis facilitates the person in
charge of the quotation's fast and efficient handling of all the data required during the quotation
process. These entities of Cost and time have in their main structures the Cost of the raw materi-
al, the Cost and time of manufacture of the tools, and the Cost and time of manufacture of the
part. Such determination is an advantage in the process since it allows the evaluation of the dif-
ferent projects, although these represent other structures.

An important innovation that the use of CEP provided was that the model increases accuracy
and facilitates user interaction. In the same way, it was possible to gather information to gener-
ate a solid and well-structured database on which the model can base its approximations.

Finally, in the development of future research, it would be possible to use other modeling sys-
tems, such as genetic algorithms or artificial intelligence, to increase the accuracy of the pro-
posed model.
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