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Abstract. Currently, the highly competitive environment of the assembly indus-
tries has been an engine for them to seek differentiating factors for improving their
efficiency. One of these factors is the study of times and methods (referred to the
analysis and the critical and systematic examination of how a task is presently
performed, facilitating to find more effective methods), which allows alleviat-
ing internal and external aspects that affect productivity and provides the basis
for management decision-making. The present work has two primary objectives;
firstly, the calculation of standard times within the enterprise operative area and,
additionally, the development of a mathematical model for time prediction. For the
fulfillment of these purposes, a referential conceptual framework was established
about the study of time and the multiple linear regression model. This framework
allowed elaborating a procedure for the development of the mathematical predic-
tion model, together with its validation. The study concludes with a discussion on
the importance of having models to estimate standard times in business decision
making, and the establishment of relevant conclusions.

Keywords: Assembly - Linear regression - Process times - Work cells - Standard
times

1 Introduction

Ecuadorian assembly companies face increasingly complex challenges generated by
both external and internal factors. For instance, in the motorcycle assembly sector, there
has been loss of market places as a result of government policies, which together with
the dynamism of the Ecuadorian economy, the low purchasing power of citizens and the
high unemployment rate, have generated a decrease in sales and therefore in motorcycle
production [1]. Similarly, the automotive industry has been impacted by policies that
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affect its ability to compete fairly with imported vehicles, which enter the country with
0% tariffs [2]. In addition to the external factors mentioned, the assembly industries
also present challenges caused by internal factors, such as limited resources and low
productivity, which cause inefficient business performance, reflected in economic losses
and market share. The most representative aspects of low productivity are the reprocesses,
poor management of resources and methods, and downtimes [3]. Moreover, the decrease
in productivity is greatly influenced by an excessive demand for operators’ effort [4].
These factors can be summarized in terms of incorrect work-study.

Method engineering represents a systematic conception for the development of strate-
gies that increase productivity in assembly industries, significantly optimizing their
resources and providing tools to raise levels of competitiveness. Over the years, method
engineering has developed improvement techniques focused on the study of work, in
order to solve problems related to the inadequate administration of times and movements.
The main objective of the study of work is to detect, reduce, or eliminate downtime by
creating standards for the execution of tasks [5].

This work contemplates two intimately related fundamental aspects that, according
to [6], are: the study of methods and the study of times. Through the former, the move-
ments that an operator performs when executing a task are analyzed in order to find
improvements to reduce or minimize the operating time [3, 7]. The measurements of
the latter are taken as inputs to determine optimal times; that is, the time required for a
trained worker to perform a specific activity [8]. In addition, with the establishment of
standard times, it is possible to carry out other strategic processes such as production
planning and cost calculation and productivity. Therefore, it is essential to focus on the
study of times to raise the level of competitiveness. In turn, due to the changes that occur
in the industrial assembly sector, it is necessary to develop tools that allow anticipat-
ing the internal behavior of the processes, with the aid of mathematical tools such as
regression models.

2 Theoretical Background

The industrial and technological advancement led to the development of new tools to
facilitate the work of the time analyst, allowing the conception of techniques for the
determination of standard times [6]. This calculation can be obtained utilizing the fol-
lowing alternatives: estimates made by analysts, historical records, predetermined time
systems, and chronometer time study [5]. The estimates made by analysts are based
on the expertise of a person trained to determine the standard time most adjusted to the
reality of the activity [9]. The determination of standard times 7, by means of historical
records, is based on time data of tasks performed in the past. For this, three values of
time are taken into account: optimal time or optimistic time 7,, modal time or most
probable time T;,, and most bulky time or pessimistic time 7. For the calculation of
the standard time, a weighted average of the mentioned values is used, according to the
formula given by (1) [10].
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One of the most advanced techniques for the study of times is the so-called Pre-
determined Time Systems, which is based on the use of databases with information
on movements and their respective durations for the establishment of standard times
[5]. Finally, the time study with a chronometer is the primary technique for measuring
works. It is a direct method since the calculation of the standard time is based on the
observation and timing of the various activities in a certain number of cycles [5]. The
basic elements to carry out in this time study are a chronometer, time study form, and
observation board [11]. The study of times with a chronometer can be divided into four
steps, preparation, execution, evaluation and determination of supplements [12]. How-
ever, the International Labor Organization summarizes these steps in three: the selection
of work to study, recording by direct observation of the process, and calculation of the
standard time [11].

Standard times are indispensable inputs for correct decision-making [13], and there-
fore, they are significant factors to consider. With this argument, it is necessary to
determine prediction models that allow obtaining standard times without the need to
re-conduct field studies. A classical statistical technique to represent a process relies
on linear regression models, which allow quantifying the link between one or more
dependent variables based on values adopted by independent variables or regressors
[14, 15].

To estimate the behavior of the dependent variable y, based on the values of the
independent variables xi, x2, x3, ..., Xp, it is necessary to construct a mathematical
model as described in (2), based on a set of observations y;, i = 1, 2, ...n, made on the
production process. The estimated value of the dependent variable will be called y, and
can be represented by the linear, algebraic mathematical model, given by (3).

yzf(xl,x2,x3,...,xp) 2)
Ye = Bo + Bix1 + Baxo + B3xz + ...+ Bpxp 3)

By defining the vector of coefficients E = (,30 Bi, B2, ....B p)T, and the inclusion of

the independent variables in the vector X = (1, X1, X2, ...X p) T, Eq. (3) can be rewritten
in vector form, as showed in (4).

-

ye=pBT% 4)

The coefficients of the f vector are calculated using the least-squares method,
by defining an objective function that reflects the quadratic differences between the
measurements and the estimated value, as defined in Eq. (5).

Each observation y; corresponds to a vector X;, and the concatenation of the vectors
X;,i=1,2, ..., nallows defining the matrix (pxn) of values X = [X|X,....X,]. In turn,
the observation y; i = 1, 2, ..., n defines the vector of observations y = (v, y2, ..., yn)T.
The coefficients g;,i = 0, 1, ..., p are calculated appropriately utilizing an optimiza-
tion procedure. The solution to the problem of minimizing the objective function (5) is
presented in (6).

J=5 3 iy 5)
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The correlation between the dependent variable and the independent variables can
be determined using the coefficient of determination R?, defined by the equation in (7).
R2 _ S S R
SSr

In (7), SSr represents the sum of squares of the regression given by (8), while SSt
is the sum of total squares given by (9).

)

r=B"X"y

n )2
_ (lenl yl) (8)
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The value of the coefficient of determination belongs to the interval [0, 1], and its
interpretation is as follows, the closer to 1 the value of R2 18, the better the estimate
given by (4); otherwise, the estimate will be inaccurate. Therefore, it is necessary to
find R? values closest to 1 [16]. The linear correlation coefficient allows identifying the
influence that an independent variable exerts on the dependent variable. This coefficient,
defined through (10), is a good measure of the goodness of the regression line fit, and
its values belong to the interval [—1, 1].

SSr=yTy -

S2
2 Xy
- (10)
5252

Where,

S2 = Covariance of xy

’ﬁ = Standard deviation of x
S} = Standard deviation of y

If the value of 72 is equal to 1, then there will be an exact linear relationship between
the independent variable and the dependent variable.

3 Materials and Methods

The present study contemplates the analysis of a motorcycle assembly plant; therefore,
in the first instance, it is based on the processes carried out in [17]. Then, being the
primary objective constructing linear mathematical models, which serve as instruments
to predict standard times, variables related to the work environment, and the operator
information of the motorcycle assembly plant were used. This plant produces seven
different motorcycle models and consists of six assembly cells. In each cell, two operators
work by performing simultaneous tasks both in the front and the rear of the motorcycle,
in order to complete the product. The population consists of each motorcycle model and
all operators within the assembly area, that is, 12 workers. The coding, M1, M2, M3,
M4, M5, M6, and M7, was used for motorcycle models, respecting the confidentiality
agreement established with the company.
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3.1 Methodology

The research represents a case study of a longitudinal-non-experimental type since the
analyst was in charge of handling the predetermined variables through n observations. It
is also of a mixed nature due to the need for a documentary review of the various theories,
strategies, and models about time standardization and multiple linear regression. The
work required a field investigation for the collection of information directly from the
source.

For the development of the time study, the methodology applied by the International
Labour Organization (ILO) was used as a baseline. This is structured in three phases [11],
selection of the job or position to study, registration of the process by direct observation,
and calculation of standard time.

Phase 1. Selection of the Job or Position to Study. During the development of this
phase, a detailed study was carried out on the process of assembling the products. Like-
wise, through direct observation, a diagram of the precedence of the activities of the
process could be defined.

Phase 2: Registration of the Process by Direct Observation Using Appropriate Tech-
niques. Once the job to be studied was selected, it was divided into several operations
and these into activities with a clear beginning and end. To determine the operating cycle
time, an initial sample was taken to define the number of cycles to be timed by using the
Westinghouse table. This table provides the number of observations necessary depend-
ing on the duration of the process cycle [13, 18], which for this particular case resulted
in three observations; however, five observations were made for a better interpretation
of the actual data.

Once the number of observations was known, the time was recorded using three
primary instruments: chronometer, observation board, and time study form [11]. For
illustrative purposes, Table 1 shows a record of times observed on the rear part of
motorcycles, in Cell 1.

Table 1. Times observed on the rear part, of Cell 1

Observations Average observed time
I (min) 2 (min) 3 (min) 4 (min) 5 (min) 1Op (Min)

M1 |70.31 |70.04 69.97 |70.62 70.14 |70.21

M2 7839 |77.47 |75.62 |77.89 |78.56 |77.59

M3 |54.18 |52.47 5242 5288 |52.29 |52.85

M4 149.00 |49.19 149.19 |49.60 |47.14 |48.82

M5 5991 |57.00 5995 |56.80 |58.52 |58.44

M6 | 5748 |57.53 |57.73 |56.65 |57.72 |57.42

M7/66.66 |64.08 |63.99 6497 |64.84 |64.91
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Finally, it was necessary to calculate the normal time T, which represents the
qualification of the operator’s work rhythm when performing a task. This is defined as
the “time it takes for a qualified operator to perform a certain task or activity at a standard
speed, without any delays due to personal or external situations” [19]. Normal time is
calculated using (11).

Ty = Topx C (11)

Where,

Tn = Normal time
Top = Average time observed
C = Performance qualification

The assignment of the work rate of the operators was carried out utilizing the West-
inghouse method. The method, developed by Westinghouse Electric Corporation, takes
into consideration four elements for assessing the pace of work: skill, effort, qualifica-
tion, and consistency [9]. This method provided the data in Table 2 for the “Performance
Qualification” of each operator. Table 3 presents an example of the calculation of normal
time, based on the data in Table I relative to Cell 1.

Table 2. Westinghouse qualification system.

Operator Ability Effort Conditions Consistency Qualification
Operator 1 | 0.03 0.02 0 0.03 1.08
Operator 2 | 0.06 0.08 0 0.03 1.17
Operator 3 | 0.03 0.02 0 0.01 1.06
Operator 4 | 0.06 0.02 0 0.01 1.09
Operator 5 | 0.06 0.06 0 0.03 1.15
Operator 6 | 0.03 0.02 0 0.01 1.06
Operator 7 | 0.03 0.06 0 0.01 1.1
Operator 8 | 0.06 0.06 0 0.03 1.15
Operator 9 | 0.06 0.06 0 0.01 1.13
Operator 10 | 0.03 0.06 0 0.01 1.1
Operator 11 | 0.03 0.02 0 0.01 1.06
Operator 12 | 0.06 0.02 0 0.03 1.11

Phase 3. Standard Time Calculation. With the knowledge of the normal time, the
standard time T is calculated using the formula given by (12).

Tg = Tn(1+5) (12)
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Where,

S = Supplements.

The value of the supplements is established by direct observation in the workplace,
analyzing various aspects such as standing work, improper posture, use of force, light
intensity, visual tension, mental tension, and mental tedium.

Table 3. The normal time of the rear - Cell 1.

Average time observed | Qualification | Normal time (min)
(min)

M1 |70.21 1.17 82.15

M2 | 77.59 1.17 90.78

M3 |52.85 1.17 61.83

M4 | 48.82 1.17 57.12

M5 |58.44 1.17 68.37

M6 | 57.42 1.17 67.18

M7 | 6491 1.17 75.94

For the development of the prediction model using the structure of multiple linear
regression, it is necessary to select those variables that have more influence on the deter-
mination of the standard time. For this purpose, each value of the correlation coefficients
was analyzed with respect to the standard time, defined by (10) [20]. As a result of this
analysis, five independent variables x;,i = 1,2, 3, 4, 5, corresponding to age, weight,
height, noise and illumination were selected.

Table 4 includes the correlation coefficient values of independent variables with
respect to the standard time, based on the rear of the M7 model. Note that illumination and
noise are the most correlated variables with the prediction of the standard time, followed
by age and weight, while height affects less than 10% on the prediction. However, by
introducing this variable in the linear model, an important adjustment in the prediction
values was achieved.

Table 4. Selection of variables.

Variables Coefficient of correlation r2
Age 0.137216543
Weight 0.123469244
High 0.081088858
Noise 0.261844676

Illumination | 0.397216472
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Tables 5 and 6 show the selected variables and their measured values, which are
expressed in the following units: [age] =» years; [weight] = kilograms; [height] =
centimeters; [noise] =» decibels; [lighting] =» luxes.

Thus, by matching the dependent variable y, defined in (4) with the estimated stan-
dard time Tg,, the mathematical model given by (13) is obtained, valid for both the front
and the rear part of each motorcycle model.

5
Tee =fo+ ), _ Bixi 1=12...7 (13)

Table 5. Independent variables front-part from the motorcycle.

Variables Cell 1| Cell2 | Cell 3| Cell4 Cell 5 Cell 6

Age 38 33 21 19 22 27
Weight 61 63 54 66 66 63
High 160 165 |164 176 |165 |165
Noise 90 94 88 86 93 91

Illumination | 194 | 187 |214 | 178 189 194

Table 6. Independent variables back-part from the motorcycle.

Variables Cell1l | Cell2 | Cell3 Cell4 Cell5 Cell 6

Age 38 28 30 24 23 23
Weight 54 66 54 56 68 62
High 160 | 175 160 |171 163 |168
Noise 90 94 88 86 93 91

Illumination | 194 | 187 |214 | 178 189 194

By defining the vector B = (Bo, B1s .- ﬂ5)T, and the vector x = (1, xq, ... ,x5)T,
(13) can be represented in the vector form given by (14).

-

Tpe = B'% (14)

The values of the model parameters are obtained by minimizing the objective function
given by (15).

1
Jz=5(TE1—TEel)2 I=1,2,...,7 (15)
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4 Results

Tables 7 and 8 include the standard times obtained from (12) for the motorcycle models
considered.

Table 7. Standard time Tg for the front (min).

Model | Cell 1 | Cell2 | Cell 3| Cell4 Cell 5 | Cell 6
M1 85.19 | 84.38 | 89.96 | 85.62 | 88.14 | 83.80
M2 89.18 | 89.88 1 86.80 | 89.74 | 91.35 | 87.15
M3 75.11 17529 | 77.79 |75.43 | 76.34 | 72.06
M4 62.07 | 58.93 | 64.14 1 60.87 | 58.79 | 58.49
M5 72.85 | 73.07 | 76.56 | 74.05 ' 74.53 | 71.16
M6 66.47 | 63.23 1 69.27 1 67.53 68.00 | 63.68
M7 84.07 | 83.92 1 87.41 | 85.28 | 87.47 | 82.40

Table 8. Standard time T for the rear (min).

Model | Cell1 | Cell2 |Cell3 Cell4 Cell5 |Cell 6
M1 95.49 | 92.68|88.12 | 93.89| 89.94| 90.57
M2 107.12 1 105.65 | 99.17 | 107.47 | 100.31 | 102.62
M3 72.54 | 7470 66.44 @ 69.95 67.83 | 68.10
M4 67.41 66916259 6572 6342 64.86
M5 80.68 | 80.02 72.64 | 78.62| 77.38 76.72
M6 79.27 77.66 | 73.18 | 78.54 75.00 75.30
M7 83.26| 78.8876.38 | 8245 78.53 78.86

The minimization of the objective function was carried out by programming a spread-
sheet, which allowed performing the matrix operations defined by (15). Tables 9 and 10
contains the linear models for the prediction of standard times for each motorcycle.

The use of (7) to calculate the coefficients of determination allowed to perform an
analysis to corroborate the validity of the constructed regression models, resulting in 1
of both the front and rear part of each motorcycle model.
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Table 9. Time prediction model for the front-part of the motorcycle.

Model | Equations

M1 Tge = 81592 — 1.16x1 — 2.29xp — 1.87x3 — 0.23x4 — 1.17x5
M2 Tge = 660.91 —0.78x1 — 1.65xp — 1.45x3 — 0.03x4 — 1.07x5
M3 Tge =921.05 — 1.17x1 —2.98x7 — 1.98x3 — 0.10x4 — 1.51x5
M4 TEe =592.12 — 0.59x1 — 1.85x7 — 1.15x3 — 0.58x4 — 0.81x5
M5 Tge = 72191 —0.96x1 —2.31xp — 1.51x3 — 0.09x4 — 1.14x5
M6 TEe = 95791 — 1.28x1 — 2.46xp — 2.24x3 — 0.77x4 — 1.36x5
M7 Tge = 885.64 — 1.23x7 — 2.50x7 — 2.01x3 — 0.19x4 — 1.36x5

Table 10. Time prediction model for the rear-part of the motorcycle.

Model | Equations

M1 Tre = 88.19 — 0.23x; — 1.18x2 — 0.10x3 4+ 1.95x4 — 0.41x5
M2 TEe = 66.29 — 0.56x1 — 1.99x2 — 0.03x3 + 3.25x4 — 0.61x5
M3 Tge = —16.77 4 0.07x1 — 0.85x2 + 0.17x3 4+ 1.95x4 — 0.37x5
M4 TEe = 0.65 — 0.56x7 — 1.68xp — 0.08x3 + 3.05x4 — 0.43x5
M5 TEe = 54.04 — 0.23x1 — 1.08x2 — 0.12x3 4 2.19x4 — 0.43x5
M6 Tge =77.58 — 0.07x1 — 0.75x2 — 0.03x3 + 1.24x4 — 0.32x5
M7 TEe = 120.62 — 0.23x1 — 0.94x2 — 0.20x3 + 1.32x4 — 0.34x5

5 Discussion

It is well known that the study of times represents an essential discipline for decision-
making due to its contribution to the operational control of industries. This serves as a
reflection of the situation they are living in and may raise awareness of improvement
situations. In the present work, it was possible to determine various activities within the
production process that do not add value such as transport and storage, the latter due to
the nature of the production planning managed within the plant.

Referring to the standard time, it should be noted that it has a significant variation
concerning the observed time, which ranges between values close to 30%. The present
fluctuation is due to the manual nature of the work, which is executed in assembly
cells made up of two operators. This value represents fatigue for them, among oth-
ers considered for the determination of supplements, within the study of time with a
chronometer.

It is worth mentioning that, according to the study [21], the chronometer time study
has the participation of 89.5% concerning the other methods mentioned above. While it
is true that there are more advanced techniques such as the Predetermined Time System,
based on databases for the calculation of standard time, most time analysts, opt for taking
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time with a stopwatch. Although it represents a longer time, its main advantage is the
reflection of the reality of the plant.

A recent study suggests the existence of a relationship between productivity, working
conditions, and the environment, proposing a set of appropriate conditions for the good
performance of a worker [22]. Likewise, it is known that ergonomics and productivity
are interwoven in the prevention of ergonomic risks [23]. Thus, these arguments were
considered in the selection of quantitative and qualitative variables for the construction of
the time prediction model, which also constitutes a factor closely related to productivity.
As a result of this approach, the variables illumination, noise, age, weight, and height
served as the basis for the construction of linear prediction models suitable for estimating
standard times associated with the assembly of seven motorcycle models. While it is true
that regression models have been widely used in manufacturing processes, there is no
background on its uses for predicting assembly line times.

Multiple linear regression analysis is essential to define the relationship between the
dependent and independent variables in order to issue estimates and predictions within
an adequate confidence interval. The present case shows a perfect relationship (R* = 1)
between the selected independent variables (illumination, noise, age, weight, and height)
and the dependent variable (standard time).

6 Conclusions

The standard time setting is a technique that, together with the work measurement, allows
determining optimal times to operate processes, minimizing the amount of work, elim-
inating unnecessary movements, and replacing methods. Standard times thus facilitate
the detection and reduction of downtime, to generate higher added value.

This article proposes a multiple linear prediction model structure for time prediction,
whose main objective is to provide inputs for decision-making that allows for increased
productivity. The study let to select important variables to model the behavior of the
standard time and to validate the models constructed using the coefficient of determina-
tion, which concerning the accuracy of the adjustment. The model construction approach
applies to other business scenarios with predictive purposes, such as sales forecast, staff
turnover rate, among other possibilities.

The present study serves as the basis for future analysis on the prediction of times,
in which it is possible to include other ergonomic variables, such as energy wear, mental
load, and workload, to build better models.
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