Int. J. Simul. Multidisci. Des. Optim. 12, 8 (2021)
© S. Aly, Published by EDP Sciences, 2021
https://doi.org/10.1051/smdo/2021008
Available online at:
https://www.ijsmdo.org

Advances in Modeling and Optimization of Manufacturing Processes

RESEARCH ARTICLE

Binary goal programming model for optimizing tire selection using
branch and bound algorithm
Shady Aly*
Assistant Professor, Faculty of Engineering at Helwan, Helwan University
Received: 12 January 2021 / Accepted: 13 May 2021
Abstract. The problem of assessment and adoption of automotive tyre design speciﬁcations has not been
addressed sufﬁciently in literature. This is in spite of its signiﬁcance as a crucial component relevant to design
and safety of the automobile. In this paper, a multi-objective optimization model of the tyre design trademark
adoption decision is proposed. Multi-attribute or multi-criterion decision making techniques are heuristics
providing good solution, but do not guarantee optimum solution. Up to date, there is no optimal yielding method
for selection of vehicle tyre manufacturer or trademark based on prespeciﬁed design targets. The proposed model
is formulated as a binary goal programming model for optimizing tyre trademark design selection decision by
adopting an optimal tyre design trademark that best achieve design targets. The model is solved by the branch
and bound algorithm. One advantage of the proposed model is ﬂexibility to incorporate multiple design targets,
tolerance limits and different constraints. The proposed model can support efﬁcient and effective decision
making concerning the adoption of tyre trademark design for new automobile or to re-adopt new design for new
road vehicle operating conditions.
Keywords: Tyre designs / tyre trade-mark selection / binary goal programming / integer programming /
branch and bound (B&B)

1 Introduction
Tyres are one of the most important parts of a vehicle as
they represent the only connection between the automobile
and the road surface. Hence, it is essential to adopt a
speciﬁc tyre manufacturer or trademark such that they
enhance the acceleration, braking and handling quality of
the automobile vehicle. The fuel efﬁciency is also improved
with good quality tyre. On the other hand, cheap, low
quality tyre can give you an unpleasant and bumpy ride
and even can jeopardize the safety of the driver. Indeed,
tyre is a very crucial component. It has a signiﬁcance
impact on the performance of the vehicle other components
as well as on the safety of the automobile on the road.
Automobile’s designers usually seeks improvement of their
design’s competitiveness through optimizing design attributes, while minimizing associated costs.
Nowadays’, in the market, there is a wide spectrum
of tires available for various models and styles of
automobiles. Therefore, the consistency and justiﬁcation
of tyre choice decision is an important and a crucial issue.
In order to select appropriate tyre design, the automobile
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manufacturer has to select adequate tyre standard size
including: tread width, percentage tread height, tyre
radius, wheel diameter, load index and speed rating of
the tyre. Additional criteria depending on signiﬁcance to
the design may include, cushioning, dampening, braking
torque, rolling resistance, and expected life span [1–3].
An automobile designer has to ensure that the selected
tyre manufacturer (i.e., trade-mark) among the available
alternatives) complies among the other alternatives with
the prospective automobile’s desired performance based on
availability of pre-speciﬁed set of tyre design attributes.
In fact, literature on tyre trade-mark or standardized
design speciﬁcation selection is very rare. Most research on
tyre were related to studying the tyre properties on tyre
performance. For instance, Ratrout in 2005 [4] & 2006 [5]
highlighted that elongation and tensile strength of the tyre
are important quality control criteria in vehicles road
performance evaluation. A ﬁeld investigation of eight
different brands of tires to understand the reasons for tyre
failure was reported in Ratrout [4]. Boodihal et al. [6]
further assessed the tyre noise on the road. Other
researchers focused on the impact of tyre failure on road
accidents and reported a signiﬁcant impact. Tire blowouts
are extremely a safety issue concern. Ratrout [7] reported
that close to 13% of road accidents reported are attributed

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

2

S. Aly: Int. J. Simul. Multidisci. Des. Optim. 12, 8 (2021)

to tire failure. Carcaterra and Roveri [8] introduced a
technique for identiﬁcation of tire grip based on utilizing
strain information inside the tire. Using the tire’ strain
information, relevant characteristics of the tire-road
contact can be extracted. Weyssenhoff et al. [9] investigated the characteristics of selected passenger car tires’
manufacturing defects. They analysed samples of tires’
defects and causes occurred during manufacturing process.
Pattanaik and Balu [10] studied the effect of plus size tire
on vehicles performance. They aimed to demonstrate how
the plus-size pneumatic affects all vehicle’s performance as
well as its stability. Mousavi & Sandu (2020) [11] developed
a theoretical model for the study of the performance of tire
on ice. They validated the model using experimental results
for three similar tires with different rubber compounds
properties. They concluded that the developed model can
be used to predict the temperature changes at the
contact patch, the tire friction force, the of wet and dry
regions’ areas, the height of the water ﬁlm for different
ice temperatures, different normal load, etc. He et al.
(2021) [12] presented an a laboratory based experimental
study of the tire tractive performance on soft soils. They
stated that the research ﬁndings can be considered
groundwork for tire off-road dynamics and the development of traction controllers for vehicles on soft soil.
Concerning tire loading performance, Cosseron et al. [13]
proposed an optimization technique of the wheel instrumentation, to minimize the uncertainties of the sought
parameters during the tire-trim loading identiﬁcation
process. Kang et al. [14] utilized the discrete element
method (DEM) to study the performance of discarded offthe-road (OTR) tire chips under compression. Concerning
tire speed rating and rolling resistance, Gao et al. [15]
presented a technique 3D digital imaging correlation for
measuring tire rolling resistance coefﬁcient for high-speed
running tire. Gao et al. [16] introduced a modeling and
experimentation of tire deformation characteristics as a
result of high speed rolling conditions. Research on tire
tread depth focused on the impact of tread depth and tread
pattern on the tire performance. Particularly, they
addressed the inﬂuence of tread pattern on tire noise.
Concerning the tire noise, Wang [17] presented an analysis,
measurement and simulation on automotive tire noise and
vibration. They considered tire noise issues from tire structure
and from the whole vehicle. Chen et al. (2021) [18] utilized the
Bayesian analysis to model and study the inﬂuential factors
that impact tire  pavement noise. Among the signiﬁcant
ﬁndings are that the tire/pavement noise increases with
macrotexture depth while decreases with the porosity of the
surface material. The porous asphalt pavement attenuates
noise more signiﬁcantly at a higher speed. The noise level
increases statistically when the tire load increases, while it
decreases as the air temperature increases. Concerning tire
grip or traction, Cutini et al. (2020) [19] assessed the
performance drawbacks of 17.5 R25 sized industrial winter
tires. presents a method for testing winter tires in outdoor test
facilities with a focus on traction performance. Mohammadi
and Ohadi [20] presented a new approach to design of quiet
tires, using multi-objective minimization of generated noise.
They focused on designing tires with low-noise level and help
manufacturers based upon scientiﬁc insights.

Closely related to this research and one of the rare
attempt to implement multi-criteria decision making is the
work Ateekh-Ur-Rehman & Alkahtani [21], who presented
an approach for assessing of automobile tires alternatives
taking into account multiple criteria, such as tyre
sustainability, tire road performance, environmental
issues, tire purchase cost and tire road grip. They stated
that the presented approach helps to not only in ranking
alternatives but also in establishing the superiority of an
alternative over others.
The above literature indicate that the problem of
assessing tyre’s design speciﬁcations selection has not been
sufﬁciently addressed in the literature, except for very few
attempts mentioned above and only based on assessing
several alternatives, and considering optimizing the
decision for speciﬁc design target related to the automobile
design, and which represent one limitation of reliance on
multicriteria decision alone in this selection process and
without optimizing the decision to arrive at best solution
from the perspective of target design. It is obvious that
there is no methodology exists to optimize tyre design
selection.
Therefore, based on the above outcome, it is a worthy to
have more reliable and efﬁcient a method that optimize the
decision of tyre design selection. Tyre trade-mark manufactures offers several tyre design speciﬁcations for
common tyre design attributes such as: tread depth,
max speed, rolling resistance, grip or both wet and dry
conditions. The common issue here is which trademarks to
select based on some given target design speciﬁcations
depending on the design of the vehicle and its adequate tyre
design. This should be based on the adopting the closest
tyre trademark speciﬁcations to the target tyre design
speciﬁcation required. However, there is still another
selection factor which is the cost of the tyre trademark.
This means that optimization is necessary to help adopt the
optimal tyre design trademarks offering.
In fact, multi-criterion decision making methods, in
spite of wide use in decision making problems, these
methods are not sufﬁcient without mathematical programming that help optimizing the ﬁnal outcome. Instead, this
research proposes a binary goal programming optimization
model that enables adopting the optimal tyre trademark
that has identical or closest design speciﬁcation that yield
the minimum deviation from the required tyre design
speciﬁcations targets, while minimizing the cost as an
important goal. This one major advantage of goal
programming approach that help achieve several conﬂicting goals which optimizing the realization several constraints, such as the cost. Over and above, the proposal of
utilizing binary version of goal programming is naturally
ensuing from the fact that the decision to whether adopt a
speciﬁc tyre design trademark is a binary: “Yes” or “No”.
The proposed approach is inspired by real case of designing
ﬁrst Arab, Saudi Car, Gazal (Fig. 1).
Therefore, this research presents a binary goal
programming (GP) model for optimizing the selection
decision of automobile tyre designs. The GP optimization
have been utilized before successfully to deal with multiobjective and multi-criterion decision making problems.
Chang (2007) [22] presented a binary fuzzy goal programming
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Fig. 1. Gazal automobile design.

model and solved it using the integer programming method.
Jayaraman et al. (2015) [23] proposed a weighted goal
programming model that integrates efﬁcient allocation of
resources to simultaneously achieve sustainability related
goals. Rubem et al. (2017) [24] proposed weighted goal
programming (GP) approaches were to solve the multicriterion data envelopment analysis (MCDEA) to tackle
the issue of lack of discrimination power model. Broz et al.
(2019) [25] presented a formulation for the optimal planning of
the daily production of sawmills. They solved the problem
using a Goal Programming approach allowing different
criteria to be weighted. Amin et al. [26] presented combined
goal programming and inverse data envelopment analysis
(DEA) method for target setting in mergers and applied to
banking industries. Ho (2019) [27] presented two methods of
multi-objective decision making, Weighted multi-choice goal
programming (MCGP) and MINMAX MCGP. The compared the two methods on the manufacturing company’s
problem of selecting suppliers based on multiple objectives
and different weights. They used fuzzy numbers to express
goals satisfaction and weights estimation. Al-Husain and
Khorramshahgol [28] propose a supply chain (SC) design
methodology. They combined the analytical hierarchy
process (AHP) with weighted binary goal programming
(GP), in a two-stage approach to design a SC. At the
initial stage, the AHP used to develop weights for the
individual SC drivers. The GP model is used to determine
the optimal set of SC-driver decisions for developing the
overall satisfactory SC design.
This paper is organized as follows. Section 2 introduces
the tyre standards, designations codes that are essential to
identify tyre selection criteria and requirements. Section 3
will introduce the common selection attributes of the
automobile tyre design trademark. In Section 4, the input
data of the tyre design trademarks are introduced. Section 5
presents the basic constituents of the binary goal
programming model for the tyre selection optimization
problem. In Section 6, the conclusion is presented. in
Section 6.

Fig. 2. Tire identiﬁcation codes.

the world. International tire technical standards and
regulations includes:
– DOT code is an alphanumeric character sequence molded
into the sidewall of the tire and allows the identiﬁcation
of the tire and its age. The code is mandated by the U.S.
Department of Transportation (49 CFR 574.5  Tire
identiﬁcation requirements.), but this code is used
worldwide.
– In the United States, the Ofﬁce of Vehicle Safety
Compliance, a component of the Department of
Transportation, is one of the agencies tasked to enforce
the Federal Motor Vehicle Safety Standard (FMVSS).
Canada has published tire regulations, such as the Motor
Vehicle Tire Safety Regulations SOR 95–148.
– All tires sold for road use in Europe must carry an
E-mark. An (upper case) “E” indicates that the tire is
certiﬁed to comply with the dimensional, performance
and marking requirements of ECE regulation 30.
Automotive tires are designated by an alphanumeric
tire code, which is generally engraved or molded into the
tire’s sidewall. The ISO metric tire code is composed of a
string of letters and numbers to indicate various design
speciﬁcations parameters of the tire including tire sizes,
speed rate, tread depth, wet and dry grip grades, etc. (See
tire code indications in Fig. 2).
Based on study of tire standards and codes, nine key
tyres design speciﬁcations were identiﬁed, and upon which
this research study will consider as key tire selection
attributes focus. They are: max speed rating, tread depth,
rolling resistance, dry and wet grip or traction, noise
pollution, carrying load, long lasting and cushioning.
Sections 3 will deﬁne the most signiﬁcant tire selection
attributes or criteria.

3 Tyre selection attributes
2 Tyre standards and identiﬁcation codes
Several well-known international tire standards exist and
inﬂuence the tire design speciﬁcations undertaken all over

The selection attributes and of the automobile tyre
manufacturers and their ranges of values are deﬁned and
explained in this section (See Fig. 3). They are as follows:
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Fig. 3. Tyre manufacturers selection attributes.

3.1 Function (C1)
Involves tyre functionalities related to guaranteeing safety,
comfort and durability attributes. The function includes
carrying, cushioning and long lasting:
3.1.1 Carrying (C11)
Measures the ability of the tyre to support vehicle load
during acceleration and braking. Normally the tyre can
carry about 50 times its weight.
Mostly, the maximum load the tyre can carry ranges
from 800 to 1250 kg.
3.1.2 Cushioning (C12)
The ability of the tyre to absorb the shocks due to the
obstacles, surface roughness and irregularities confronted
by the car on the road. The cushioning is expressed
qualitatively from very poor to very good cushioning
degree, and can quantitatively expressed between 0 and 10,
respectively, with center values for ﬁve grade levels, as
indicated in the Table 1.
3.1.3 Lasting (C13)
The ability of the tyre to keep their optimum working
performance level for millions of wheel revolutions. The
tyre wear is affected by its use conditions: load, speed, state
of road surface, state of vehicle, and driving style.

Table 1. Cushioning grade and corresponding quantiﬁed
value.
Cushioning grade

Cushioning grade value

Very poor
Poor
Moderate
Very good
Very good

2
4
6
8
10

The tyre lasting ranges from 1 to 2.25 years for most
known tyre trademarks.
3.2 Working performance (C2)
The performance of the tyre is affected my multiple factors.
They are deﬁned below.
3.2.1 Max speed (C21)
Tyre speed rating is usually denoted by letters of alphabets
from A to Z. as the speed increases, and has a corresponding
kilometers/hours values.
The speed rating in Kilo-meters per hours (km/h) has been
studied for about ten trade marks, where the maximum speed
the tyre can reach without damage have been decoded and
found to be within the range 180–270 km/h.
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3.2.2 Tread depth (C22)

3.4.2 Grip on wet surface (C42)

Tread patterns in general is responsible for the performance of your car in different weather conditions. They are
responsible for channeling the water away when you are
driving through a water-logged area. The depth of tread is
very signiﬁcant safety factor of the tyre, since it affects the
stopping distance in wet, and in gripping when cornering.
The legal tread depth limit is 1.6 mm, but for greater safety
in wet condition, the tyre is recommended to be changed at
3 mm.
Usually, the tread depth of the manufactured tyre
ranges from 7 to 9 mm, and it is desirable to have maximum
tread depth.

Grip on wet surface has two aspects for which forces of grip
differ:
– Visco-planting is due presence of a residual ﬁlm of water
between the road surface and the tyre, where water level
is less than 0.5 mm. In this case, grip tends to be zero and
sliding cannot be stopped.
– Aqua-planting is the progressive loss of contact with the
ground on account of the formation of a sheet of water
between the tyre and the ground, where the water level is
greater than 0.5 mm, and as a result of speed of the vehicle.

3.2.3 Rolling resistance (C23)
Rolling resistance is deﬁned as a measurement of how easily
(or not) a tyre rolls down the road. The higher rolling
resistance of a tyre, the greater the power requirements to
propel in motion, which in turn leads to larger levels of fuel
consumption.
Expressed in percentage (% of resistance), a range from
10% to 20% is deﬁned and used by the tyre manufacturers
to express the degree of rolling resistance. Typically, a
minimum rolling resistance is preferred.
3.3 Noise pollution (C3)
Tyre noise is produced by the tyre while running on a
ground surface. Every tyre pattern has a particular level of
tyre noise. For instance, the tyre noise level of rib tyre is
much lower than that produced by lug or block tyre. Cars
with light load have a lower noise level than that of heavy
load, etc.
The tyre manufacturer usually expresses the tyre noise
in terms of a percentage, and for common tyre manufacturers, it ranges from 68 to 76 decibel (dB). It is desirable to
have minimum noise level.
3.4 Grip (C4)
The grip or traction criterion or tyre property is very
essential in braking and cornering. A grip of tyre is
important for a car to turn or advance. If tyre grip does not
exist, then the cars would just spin in a one place. In fact,
grip is synonymous with safety. The grip properties of car
tyre in dry surfaces are different from grip on wet surface.

Tyre grip on wet surface is expressed also in term of % of
tyre performance. Typically, higher percentage of tyre
performance on we surface is preferred. The tyre trademarks grip on wet surfaces ranges from 50% to 60%.
3.5 Cost (C5)
The tyre cost represents the tyre purchase price and all
necessary processing and installation expenditures. Tyre
cost speciﬁed for the four wheels ranges from 1800 to 9000
Egyptian pound.
The above attributes and properties are relevant to the
tyre selection, and this research, it is sought to present a
model that achieve the following aims:
– Optimize the values of the above attributes, properties
and/or judgment criteria in such a way that the target
values of the above criteria are achieved as goals.
– Handle multiple goals, concerning the optimum levels of
technical attributes, while minimizing the associated cost
as resulting outcome of the selection achieving Provision
for handling trade-off between beneﬁt-based criteria and
cost-based criteria.
– Handle the associated vagueness inherent with assessing
the qualitative subset of the criteria.
The problem now can be stated as follows:
“Given a set of tyre manufacturers trade-marks
alternatives A = {a1, a2, …, ai, .., am}, and the given
the selection attributes C = {c1, c2, …, cj, .., ck}, it is
required to select the optimum tyre manufacturer, that
achieve a set of pre-speciﬁed target attributes values
simultaneously, where the desirability is to achieve a target
attribute value is deﬁned either as approximately equal
(=), approximately greater than or equal (≥) or approximately less than or equal ()”.
In the next section, the input data of the tyre selection
optimization problem are deﬁned.

3.4.1 Grip on dry surface (C41)
Grip on dry surface has two aspects for which forces of grip
differ:
– Micro roughness (a few angstroms) brings into play
molecular forces of grip, and occurs on smooth surfaces.
– Macro roughness (a few microns to a few millimeters)
brings into play very signiﬁcant forces of grip.
Tyre grip on dry surface is expressed in term of % of tyre
performance. Typically, higher percentage are preferred.
The tyre trademarks grip on dry surfaces ranges from 88%
to 96%.

4 Tyre designs data
The desired tyre size is 255/55 R20 110V, with maximum
speed equal to 240 km/h, however, the lower limit for the
maximum speed is 200 km/h. The collected input data [21]
about tyre selection attributes include the measured key
attributes values for nine attributes, deﬁned in previous
sections. The studied data are for ten well-known tyre
manufacturers. Table 2 shows the mean attribute values
for 9 attributes and for the ten tyre manufacturers. Table 3
gives the average tyre cost for the size 255/55 R20 110V.
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Table 2. Tyre selection attribute values for 10 tyre manufacturers.
Tyre
manufacturers

Max
speed
(km/h)

Tread
depth
(mm)

Long
lasting
(years)

Noise
pollution
(DB)

Rolling
resistance
(%)

Dry
surface
(%)

Wet
surface
(%)

Carrying
load
(kg)

Cushioning
(Grade)

T01
T02
T03
T04
T05
T06
T07
T08
T09
T010

240
210
240
200
210
180
200
170
190
210

8.8
8.6
9
8.6
8.6
9
8.6
8.4
8.4
8.8

1.5
2.2
2.23
1.9
1.8
1.9
1.6
1.25
1.25
1.8

72
72
73
73
72
73
73
72
73
73

12
15
12
13
14
16
18
17
16
13

93
95.8
95.2
93
92.7
94.5
91.5
90
92
95

55.7
56
58
56.5
58.8
56.7
55
53.2
53
57

1120
1090
1090
1000
1060
1120
1090
1060
1060
1060

8
10
10
8
8
10
6
6
4
8

Table 3. Average tyre cost for the size 255/55 R20 110V.
Tyre manufacturer

T01

T02

T03

T04

T05

T06

T07

T08

T09

T010

Tyre cost (LE)

7000

6500

5750

4000

5500

4250

3500

3800

3500

5500

Table 4. Goals for tyre selection attribute.
Tyre manufacturers

Carrying Cushioning Cost
Wet
Dry
Rolling
Noise
Max speed Tread Long
(LE)
(km/h)
depth lasting pollution resistance surface surface load
(%)
(%)
(%)
(mm) (Years) (dB)

Inequality preference (/≥)
Target values (Goals) (gj)
Tolerance lower limit (Li)
Tolerance lower limit (Ui)

≥
240
200
–

≥
8.6
8
–

≥
1.5
1.25
–


72
–
73

The target design values or goals of each tire Selection
attribute of the Gazal automobile tires are indicated in
Table 4 below.
Next section, the goal programming model of the tyre
manufacturer selection optimization is presented.

5 Binary goal programming model for tyre
selection optimization
5.1 Goal programming model
In this section, the goal programming model is presented.
The goal programing commonly known with the goal
values, that are the right-hand sides of the deﬁned goals
inequalities. The simple additive or weighted sum goal
programming model is deﬁned as for k number of goals,
þ
Gj(x), with deviational variables: S 
j &S j :

Xk 

þ
Minimize
S
þ
S
j
j
j


14
–
18

≥
94
93
–

≥
54
52
–

≥
1090
1080
–

≥
8
6
–


6500
–
7000

Subject to
Gj ðxÞ þ Gj ðxÞ þ S j  S þ
j ¼ gj ;
þ
S
j ⋅S j ¼ 0
þ
S
j ; S j ; x ≥ 0; j ¼ 1; 2; . . . ; k:

where: gj represents the target level of the j-th goal.
In fact, the utilization of goal programming in tyre
design trademark selection offers several advantages. One
of these advantages is its ability to handle realistic conﬂicts
in goals inﬂuencing the decision process. Also, goal
programming enables use of deviational variables for
suiting different requirements of vehicle designs, while
through design tolerance limits validity can still be
guaranteed. Further, the problem of tyre design trademark
optimization is more conveniently modeled using binary
variables, the proposal of utilizing binary version of goal
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programming is naturally ensuing from the fact that
the decision to whether adopt a speciﬁc tyre design
trademark is a binary: “Yes” or “No”. Therefore, the
binary goal programming modeling of the tyre design
trademark selection is considered adequate, based on the
nature of decision problem’s variables conﬂicting goals,
constraints, etc.
Now, the branch and bound approach that is widely
used for solving binary integer program is computationally
efﬁcient option for optimizing the tyre design election
decision.
Next section reviews the basic steps of the branch and
bound algorithm.
5.2 The branch and bound algorithm
Branch and bound (B&B) techniques have proven very
successful in many applications due to its high capability to
reduce the search space and exhibit a high computational
efﬁciency. B&B algorithms have been implemented
extensively in many applications in the literature. Due
to its computational efﬁciency, its utilization continues
widely. Among recent application is the development of a
combinatorial Branch and bound for the common
Knapsack problem [29]. Gmys et al. (2020) [30] developed
a B&B algorithm for optimizing the permutation ﬂow-shop
scheduling problem, with make span objective. Theurich
et al. [31] applied a branch and bound approach to the
scheduling of tamping actions in railway. They modeled
the problem as is a vehicle routing optimization. Becker
et al. (2018) [32] addressed the tire noise optimization
problem. They presented a mixed integer linear program
for solving the non-linear tire noise optimization using
branch and cut approach.
The algorithmic steps is stated as follows:
Initialization: Set an initial lower bound Z* = ∞,
for a maximization problem (Z* = +∞, for a minimization
problem), on the optimum objective value of integer.
Set i = 0.
Step 1. (Fathoming/bounding). Select a linear
program (LPi), the next subproblem to be examined. Solve
LPi, and fathom it using one of three conditions:
– The optimal objective function’s value of LPi (i.e., Zi)
cannot yield a better value than the current lower/upper
bound (i.e., Zi  Z* in case of max. and Zi ≥ Z*, in case of
minimization).
– LPi yields a better feasible integer solution than the
current lower bound/upper bound.
– LPi has no feasible solution.
Two outcomes can arise:
– If LPi is fathomed and a better solution is found, update
the lower/upper bound. If all subproblems have been
fathomed, stop; the optimum ILP is associated with the
current ﬁnite lower/upper bound. If no ﬁnite lower bound
exists, the problem has no feasible solution. Else, set
i = i + 1, and repeat step 1.
– If LPi is not fathomed, go to step 2 for branching.
Step 2. (Branching). Select one of the integer
variables Xj, whose optimum value Xj* in the LPi solution
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is not integral. Eliminate the region [Xj*] < Xj < [Xj*] + 1
(where [m] deﬁnes the largest integer  m) by creating two
LP subproblems that correspond to:
h i
h i
Xj  Xj andXj ≥ Xj þ 1
Set i = i + 1, and go to step 1.
5.3 Formulating and solving the tyre manufacturer
selection optimization
The following is the deﬁnition of the decision variable, goal
inequalities, constraints and the deviational variables.
Then the ﬁnal complete goal programming model for tyre
trade-mark selection optimization will be formulated as
follows: 
5.3.1 Deﬁning decision variables
(
Xi ¼

1

if jth tyre manufacturer is selected

0

Otherwise

where: I = 1,2,…,10. The index 1 refers to tyre
manufacturer “Toyo”, and so on. It should be noted that
the cost attribute is the 10th index.
5.3.2 Formulating goal inequalities
The tyre selection goals are expressed in form of inequalities as follows:
Goal 1: Attain the target Maximum speed goal:
240 X1 + 210 X2 + 240 X3 + 200 X4 + 210 X5 + 180 X6 +
200 X7 + 170 X8 + 190 X9 + 210 X10 ≥ 240
Goal 2: Attain the target Tread depth goal:
8.8 X1 + 8.6 X2 + 9 X3 + 8.6 X4 + 8.6 X5 + 9 X6 + 8.6 X7 +
8.4 X8 + 8.4 X9 + 8.8 X10 ≥ 8.6
Goal 3: Attain the target Long Lasting goal:
1.5 X1 + 2.2 X2 + 2.23 X3 + 1.9 X4 + 1.8 X5 + 1.9 X6 +
1.6 X7 + 1.25 X8 + 1.25 X9 + 1.8 X10 ≥ 1.5
Goal 4: Attain the target Noise Pollution goal:
72 X1 + 72 X2 + 73 X3 + 73 X4 + 72 X5 + 73 X6 + 73 X7 +
72 X8 + 73 X9 + 73 X10  72
Goal 5: Attain the target Rolling Resistance goal:
12 X1 + 15 X2 + 12 X3 + 13 X4 + 14 X5 + 16 X6 + 18 X7 +
17 X8 + 16 X9 + 13 X10  14
Goal 6: Attain the target Dry surface goal:
93 X1 + 95.8 X2 + 95.2 X3 + 93 X4 + 92.7 X5 + 94.5 X6 +
91.5 X7 + 90 X8 + 92 X9 + 95 X10 ≥ 94
Goal 7: Attain the target Wet surface goal:
55.7 X1 + 56 X2 + 58 X3 + 56.5 X4 + 58.8 X5 + 56.7 X6 +
55 X7 + 53.2 X8 + 53 X9 + 57 X10 ≥ 54
Goal 8: Attain the target Carrying load goal:
1120 X1 + 1090 X2 + 1090 X3 + 1000 X4 + 1060 X5 +
1120 X6 + 1090 X7 + 1060 X8 + 1060 X9 + 1060 X10 ≥ 1090
Goal 9: Attain the target Cushioning rate goal:
8 X1 + 10 X2 + 10 X3 + 8 X4 + 8 X5 + 10 X6 + 6 X7 +
6 X8 + 4 X9 + 8 X10 ≥ 8
Goal 10: Attain the target Cost limit goal:
7000 X1 + 6500 X2 + 5750 X3 + 4000 X4 + 5500 X5 +
4250 X6 + 3500 X7 + 3800 X8 + 3500 X9 + 5500 X10  6500.
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X1 þX2 þ X3 þ X4 þ X5 þ X6 þ X7 þ X8 þ X9 þ X10 ¼ 1

5.3.2.1 Constraints
Constraint 1: The goal programming optimization model
must yield only one tyre manufacturer best satisfying all
goals:
X1 þ X2 þ X3 þ X4 þ X5 þX6 þ X7 þ X8 þ X9 þX10 ¼ 1
Constraint 2: The decision variables possible values:
Xi ≥ 0ðBinary ð0; 1ÞÞ
5.3.3 Introducing deviational variables
The goal programming model is formulated essentially by
deﬁning deviational variables that deﬁnes magnitudes of
realizations of individual goals for each selection attributes.
Then solved by minimizing the model, while minimizing
the magnitudes of these deviation, and considering all other
logical constraints, as indicated below.
Objective function:





Minimize Z ¼ S
1 þ S2 þ S3 þ S4 þ S5 þ S6


þ
þ S
7 þ S 8 þ S 9 þ S 10

Subject to:
240X1 þ 210X2 þ 240X3 þ 200X4 þ 210X5 þ 180X6
þ 200X7 þ 170X8 þ 190X9 þ 210X10
þ
þ S
1  S 1 ¼ 240
8:8X1 þ 8:6X2 þ 9X3 þ 8:6X4 þ 8:6X5 þ 9X6 þ 8:6X7
þ
þ 8:4X8 þ 8:4X9 þ 8:8X10 þ S 
2  S 2 ¼ 8:6
X1 þ 2:2X2 þ 2:23X3 þ 1:9X4 þ 1:8X5 þ 1:9X6 þ 1:6X7
þ
þ 1:25X8 þ 1:25X9 þ 1:8X10 þ S 
3  S 3 ¼ 1:5
72X1 þ 72X2 þ 73X3 þ 73X4 þ 72X5 þ 73X6 þ 73X7
þ
þ 72X8 þ 73X9 þ 73X10 þ S 
4  S 4 ¼ 72
12X1 þ 15X2 þ 12X3 þ 13X4 þ 14X5 þ 16X6 þ 18X7
þ
þ 17X8 þ 16X9 þ 13X10 þ S 
5  S 5 ¼ 14
93X1 þ 95:8X2 þ 95:2X3 þ 93X4 þ 92:7X5 þ 94:5X6
þ
þ 91:5X7 þ 90X8 þ 92X9 þ 95X10 þ S 
6  S 6 ¼ 94
55:7X1 þ 56X2 þ 58X3 þ 56:5X4 þ 58:8X5 þ 56:7X6
þ 55X7 þ 53:2X8 þ 53X9 þ 57X10
þ
þS 
7  S 7 ¼ 54
1120X1 þ 1090X2 þ 1090X3 þ 1000X4 þ 1060X5 þ1120X6
þ 1090X7 þ 1060X8 þ 1060X9 þ 1060X10
þ
þ S
8  S 8 ¼ 1090
8X1 þ 10X2 þ 10X3 þ 8X4 þ 8X5 þ 10X6 þ 6X7 þ 6X8
þ
þ 4X9 þ 8X10 þ S 
9  S9 ¼ 8
7000X1 þ 6500X2 þ 5750X3 þ 4000X4 þ 5500X5
þ 4250X6 þ 3500X7 þ 3800X8 þ 3500X9
þ
þ 5500X10 þ S 
10  S 10 ¼ 6500

þ
S
i ; S i ≥ 0; ਡi ¼ 1; 2; . . . ; 5:

5.3.4 The branch and bound solution of the binary goal
programming model for tyre manufacturer selection
optimization
The B&B solution of the integer programs is applied to the
above binary goal programming formulation of tyre
selection optimization model. The B&B tree is illustrated
in Figure 4.
As shown in Figure 4, the B&B solution procedure is
followed. The solution of the ﬁrst node yields objective
value Z = 1.26, representing the measure of overall
deviations from goals attainments, and unfeasible value
of the variable X1 is unfeasible because it is non-integer.
This requires further branching. The solution procedure
continues until ﬁnding an integral value for the objective
function, that is to be set as an upper bound. Solutions
branches are fathomed either they are integral solution,
or they lead to no feasible solution. This occurred at
node 3, with an objective value equal 51. The ﬁnal
optimal solution occurred at node or iteration 10, with an
objective value equal 49.5. The solution variables values
are:
Z* = 49.5
X1 = 0, X2 = 0, X3 = 0, X4 = 0, X5 = 0, X6 = 0,
X7 = 1, X8 = 0, X9 = 0, X10 = 0.
(Integral solution).
The ﬁnal optimal solution results are obtained and are
shown below.
– The optimal solution is found after 10 iterations, with an
objective value equal z = 49.5 and the optimal tyre
alternative selected is “T07” (X7 = 1).
– The detailed results on the model deviational variables
are illustrated in Table 5, below.
Table 5 shows the values of the deviational variables’
values for each goal tyre trademark alternatives expressed
as selection variables with values ether 0 or 1, based on
either selected or not. The tables yields as well the
deviational. It clear from Table 5, that the optimal decision
is to adopt the T07 tyre manufacturer trademark, as it has
the lowest overall possible deviations from the target
design values.
The implementing the B&B yielded the following
results, based on the deviational values on the goals:
The optimal solution attained through applying the
B&B algorithm to the tire selection goal programming
model is validated against the lower and upper bound
limits according to attribute type case (i.e., either
maximization or minimization, respectively). In spite of
the existing deviations in the values of the goals which is
usually the nature of the goal programming model, it is
obvious from Table 6 that all deviations are within lower or
upper limits or tolerance, which is acceptable.
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Fig. 4. B&B tree for tire selection optimization.

Table 5. B&B solution results for binary goal program of the tyre selection optimization.
Goals
Deviational
Deviational
Variable
Deviational
Deviational

g2

g1
Var.
values
Var.
values

S
1
40
S
6
2.5

g6

Sþ
1

S
2

0

0

Sþ
6
0

S
7
0

g7

g3
Sþ
2

S
3

0

0

Sþ
7
0

S
8
0

g8

g4
Sþ
3

S
4

0

0

Sþ
8
0

S
9
2

g9

g5
Sþ
4

S
5

1

0

Sþ
9
0

S
10
0

Sþ
5
4
g10

Sþ
10
0

10
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Table 6. B&B optimal solution for the tyre selection validated against the tire speciﬁcation tolerance limits.
Tyre manufacturers

(g1)
Max
speed
(km/h)

(g2)
Tread
depth
(mm)

(g3)
Long
lasting
(Years)

(g4)
Noise
pollution
(dB)

(g5)
Rolling
resistance
(%)

(g6)
Dry
surface
(%)

(g7)
(g8)
(g9)
(g10)
Wet
Carrying Cushioning Cost
surface load
(LE)
(%)

Inequality preference (/≥)
Target values (Goals) (gj)
Tolerance lower limit (Li)
Tolerance lower limit (Ui)
B&B optimal solution
Within limits?

≥
240
200
–
200
Yes

≥
8.6
8
–
8.6
Yes

≥
1.5
1.25
–
1.6
Yes


72
–
73
73
Yes


14
–
18
18
Yes

≥
94
93
–
91.5
Yes

≥
54
52
–
55
Yes

6 Conclusion
A binary goal programming model is used to model and
solve the problem of tyre design trademark selection
optimization. Due to the lack of methodologies to select
tyre design trademarks manufacturer, given pre-speciﬁed
target design values attributes, the proposed solution
methodology that yields an optimal tyre selection solution
represent a great contribution to this research area. The
proposed methodology has an obvious advantage over the
multi-criterion decision making methods in that it is
guaranteed to yield the optimal solution, especially in case
of conﬂicting goals. The disadvantages of multi-criterion
decision making are that they have no means to handle or
compromise conﬂicts in goals, design tolerance limits and
slight deviations in design from target goals’ values. Goal
programming approach is also suited when the target
design slightly differs from the offered alternative’s design
attributes, and that slight deviations from the target design
levels are permitted with a prespeciﬁed tolerance limits.
In this research, we have applied the binary goal
programming model to optimize the tyre design trademark
selection decision of the Saudi Gazal car. the model has
been solved by the B&B solution algorithm. The obtained
optimal solutions include the identiﬁcation of the optimal
design trademark. The solution has been validated using
the tyre design tolerance limits, since all the slight
deviations of the goal program were inside the design
tolerance limit.
The presented methodology is transparent and displays
the deviation from target design speciﬁcations, where it is
difﬁcult to satisfy conﬂicting objectives simultaneously,
and it is not common to ﬁnd a speciﬁc tyre manufacturer
design exactly equal to the tyre target design attributes.
Finally, the presented methodology is practical and
computationally efﬁcient.

7 Implications and inﬂuences
The presented article will pave the road towards several
subsequent research. It has introduced a structured
analysis and building blocks of research prototype for
optimization of the tyre designs selection. It has structured
the design criteria, built the goals based on their values and

≥
1090
1080
–
1090
Yes

≥
8
6
–
6
Yes


6500
–
7000
3500
Yes

eventually formulate the problem logically into a binary
multi-objective goal programming optimization model,
which is solved efﬁciently using the branch and bound
algorithm.
This novel research necessarily will compensate for the
scarcity of contributions to this important design element
of the civil automobiles. Due to the lack of treatment and
approaches for tyee design optimization, the proposed
article is particularly valuable in its scientiﬁc contribution
and future implications and inﬂuences. The interested
researchers have now starting point to launch new
research under varying requirements and constraints. In
the other hand, practitioners of course have a reliable
methodology to manage and optimize the tyre design
adoption decision.
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