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Abstract. This paper introduces a case study featuring Axiomatic Design and Multi-Level Hierarchical model
(MLH) applied to redesign a fire-fighting pump set. In particular, two different design concepts are presented to
be applied to the supporting frame of the system to limit a vibration problem that can arise during potential mal-
functioning of the fire-fighting pump. The selection of the best design has been carried out through reliability
evaluation process and through the cost of failure based on the MLH model.

1 Introduction

This paper aims at demonstrating the efficient application
of Axiomatic Design (AD) on a case study, where AD has
been applied to improve the reliability of a fire-fighting
pump set. The need for this improvement can be traced
back to the fact that, in a global market where goods are
easily and more available to customers, quality and relia-
bility play a fundamental role for companies competitive-
ness. Innovation has become one of the most important
factors for the long-term success of a company, since in-
creased customers expectations and growing international
competition call for massive product variety. Companies
have had to respond to customers demand to survive on the
market, and they have had to be quick in developing new
products due to the shortening of product life cycle [1].
In this scenario, the design process covers a fundamental
role. Engineering design is usually divided into concep-
tual design and detailed design [2]. Conceptual design
is carried out at the earliest stage of engineering design,
and the most important decisions are formulated at this
stage, including the overall functional requirements and
characteristics of a product. Size and shapes of compo-
nents are instead determined in the detailed design stage,
using numerical analyses and experiments. On the one
hand, wrong decisions taken in the conceptual stage are
recognized to affect subsequent decisions and processes
of the product, and can lead to a major defect in the pro-
duct. On the other hand, wrong decisions in the detailed
design stage can impact the reliability and the overall qual-
ity of the product. Failure in one of these stages can be
very hard to cope with when the product is already in pro-
duction; moreover, the iterative steps required to correct
mistakes can be either very expensive or, in worst case
scenarios, insufficient. Therefore, a rational and method-
ological approach is desirable to avoid issues caused by
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wrong decision-making during both the above-mentioned
product development stages. The process of reliability im-
provement is in fact traditionally carried out at subsys-
tem/component level in the last stage of design develop-
ment. Classical techniques, characterized by the cycles of
build-test-evaluate-fix, thus significantly increase the pro-
duct development time and life cycle cost. As it has been
established by Suh in [3], it is known that AD can effi-
ciently avoid those issues, as it suggests a systematic ap-
proach which divides a large design problem into manage-
able small sub-problems that make the design process less
prone to decision errors.

As per reliability itself, a simplification that is often
done is the independence of component failure. Some
studies on reliability in the automotive industry [4], among
which the fundamental work on FMEA [5], have instead
shown that only a small part of the system failure is caused
by the failure of the single component. On the contrary,
the most frequent cause is the interaction between subsys-
tems or bad designed interfaces. The state of a system or
a component is simplified in "success" or "failure" follow-
ing the binary state assumption. Although binary approach
can be appropriate for reliability goal setting, it gives few
clues for engineering design regarding the improvement
of design parameters [6]. The Multi-Level Hierarchical
(MLH) method proposed by Hubka and Eder [7] and after
enhanced by Trewn and Yang [8], integrating the reliabil-
ity of functions with the concept of dependent failure and
cost of failure, is able to overcome the above-mentioned
critical issues.

In this study, the AD methodology and the MLH ana-
lytical system are applied together to redesign the support-
ing structure of a fire-fighting pump set produced by DAB
Pumps Spa. During the design phase, two concepts (that
we have indicated in the study as Alpha and Beta) have
been evaluated to find the best design in terms of reliabil-
ity, lower complexity, and expected cost of failure.
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2 Methodology

Theory of the resolution of invention-related tasks (TRIZ)
[9], Failure Mode and Effect Tree Analysis (FMETA) [10],
and Fault Tree Analysis (FTA) [11, 12] are among sev-
eral methodologies that have been developed and applied
to improve system reliability in various domains. TRIZ,
for instance, has been used – among several applications –
to increase quality and reliability with regard to the man-
ufacturing process of an industry that designs and builds
molds and equipment to produce aluminum food contain-
ers [13]. FMETA looks for the most critical characteristics
of the product from a reliability point of view, and provides
the designer with a set of possible changes. FMETA has
been successfully applied, for instance, to develop a relia-
bility tree to evaluate both the RPN for the component of
the product and to find the reliability relation useful for the
following optimization, validated by an application to an
automotive heavy-duty diesel engine [10]. FTA, namely,
Comparative FTA, has proved useful to compare the reli-
ability of an electronic braking system with its mechani-
cal counterpart [14]. Complexity is defined by Suh [15] as
the measure of uncertainty in satisfying functional require-
ments (FRs), caused by poor design or by lack of knowl-
edge (or understanding) about the system under consider-
ation. The versatility of AD has indeed been successfully
tested in its application to several contexts, among which
the authors have worked on virtual studios and television
recording [16] within the product domain, and, within pro-
cess domain, they have studied an application of AD to
improve the process of airport assistance to patients with
reduced mobility [17]. Due to its rate of successful appli-
cations, as already stated above, the novelty of this paper
is the application of AD together with MLH, as the most
suitable methodology to be applied to improve the reliabil-
ity of the fire-fighting pump set. Therefore, a comparison
has been established and debated among the best design
solutions from the point of view of system components
reliability. Ultimately, this paper aims at successfully ap-
plies AD integrated with MLH to optimize the design and
improve the reliability of a machinery.

2.1 Axiomatic Design Principles

When applying AD, the design activity can be schema-
tized by using four domains: the customer domain, the
functional domain, the physical domain and the process
domain [3]. The customer domain describes the Cus-
tomer Attributes (CAs); the functional domain (deducted
from CAs) describes the design objectives and Functional
Requirements (FRs); the physical domain provides De-
sign Parameters (DPs) for the implementation of the FRs;
the process domain translates the DPs into the Process
Variables (PVs). Mapping among design domains is per-
formed according to two axioms, representing the core of
the methodology. The first axiom is called the Indepen-
dence Axiom and it states that the independence of FRs
must always be maintained. The second axiom is called
the Information Axiom and it states that among those de-
signs that satisfy the Independence Axiom, the best design

is the one that has the smallest Information Content [3].
The AD mapping process between the functional domain
and the physical domain is defined as follows:

{FR} = [A]{DP}{ai j = (0, 1)} (1)

where [A] is the design matrix that maps the DPs to the
FRs; ai j is the element of the matrix [A] that maps the j-th
DP to the i-th FR. In this application, it is used as a design
tool and the values of the matrix are assumed to be only 0
or 1.

2.2 Analytical Multi-Level Hierarchical Modeling

As an independent development in the theory of Engineer-
ing Design, Hubka and Eder [7] defined a technical system
at various levels of abstraction. It is called Multi-Level Hi-
erarchical system and, similarly to AD, it describes the de-
sign process from the highest abstract level to the lowest
concrete level. However, differently from AD, in MLH,
after the physical space, the Component Space is also de-
fined, describing the concrete Component Structure (CS)
of the design. To merge AD and MLH, Trewn and Yang
[8] developed a theoretical 2-step framework to charac-
terize the relationship between functional reliability and
component reliability with the presence of failure depen-
dence. The underlying concept is that two case scenarios
can occur in a process design:

• Several Design Parameters can be encapsulated into a
single component.

• A single Design Parameter is delivered by using several
components.

Therefore, the structure of relationships among compo-
nents is often different than that of DPs. From a reliability
perspective, it is the subsystem/component structure that
determines the reliability, hence mapping the component
reliability to the function structure determines the func-
tion reliability of the system. Basically, Trewn and Yang
[2000] introduce the matrix [B] that maps the Design Pa-
rameters in the design space to the component structure in
the component space.

Mathematically speaking:

{DP} = [B]{CS}{b jk = (0, 1)} (2)

Where {CS} is a vector with k components that charac-
terize the component space and b jk is the element of the
matrix [B] that maps the k-th component to the j-th design
parameter. For the purpose of reliability analysis, the ele-
ment b jk is defined to be binary, where 0 = no relationship
and 1 = related. By combining the equations 1 and 2:

{FR} = [D]{CS} (3)

where the matrix [D] = [A] ◦ [B] represents the relation-
ship between the FRs and the components and it maps the
relationship of each component of the system to the FRs
that satisfies. The operator (◦) is a composite relational op-
erator for binary matrices. Finally, the reliability model is
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established by integrating failure probabilities of the com-
ponents into this hierarchical multilevel model through the
following equations:

Rs =

m∏
i=1

P(FRi) (4)

where P(FRi) is the probability that FRi is successfully
delivered and:

P(FRi) =
n∏

k=1

(1 − pk)dik (5)

where dik is the entry of [D] matrix in i-th row and k-th
column and pk is the failure probability of component k.
Clearly, dik =1 indicates that k-th component will affect
FRi and vice versa. Hence:

Rs =

m∏
i=1

n∏
k=1

(1 − pk)dik =

n∏
k=1

(1 − pk)
⋃m

i=1 dik (6)

This model allows to analyze the exact impact on the pro-
duct of component failure, and to assess the damage of the
failure with greater accuracy.

2.3 Cost of Failure

Within a system, when failure of a component occurs, it
may cause a number of components to fail simultaneously.
It is said that such failure is a dependent failure. In this
case, these components may have to be repaired or re-
placed. However, the components usually affect the sys-
tem in different ways. For example, they can affect either
some minor functions of the product or some key func-
tions that, in case of failure, can cause the entire system
failure. Moreover, different components have different re-
pair/replacement costs. In the MLH model discussed ear-
lier, the following failure cost model is introduced to ana-
lyze the cost of component and function failures on system
performance:

E[CCSk ] =
n∑

j=1

[pk| j × p j]

CRCSk +

m∑
i=1

dikCFRi

 (7)

Where:
E[CCS k ] = Expected cost of failure of component k
CRCS k = Cost of replacement of component k
CFRi = Cost of loss of function i
Equation 7 states that the expected cost of failure due to
component k is proportional to the component replace-
ment cost and the cost of losing relevant product functions
affected by the failure of component k.

3 Case Study

3.1 Fire-Fighting Pump Set Description

The fire-fighting pump sets are part of fire sprinkler sys-
tem’s water supply used in residential, public and com-
mercial buildings, hospitals, and industrial plants. Fire-
fighting pump sets are needed when the local municipal

Fig. 1. Fire-fighting pump set

water system cannot provide sufficient pressure to meet the
hydraulic design requirements of the fire sprinkler system
prescribed by UNI EN 12845:2015. This usually occurs if
the building is very tall, such as in high-rise buildings, or in
systems that require a relatively high terminal pressure at
the fire sprinkler in order to provide a large volume of wa-
ter. The system is usually powered by diesel and electric
motors, and typically connected to the public underground
water supply piping, or a static water source (e.g., tank,
reservoir, lake). The pump provides water flow at a higher
pressure to the sprinkler system risers and hose standpipes.
It starts and releases water when one or more fire sprin-
klers are exposed to a heat level which is beyond their de-
sign temperature, and the pressure in the fire sprinkler sys-
tem drops below a certain set threshold. Alternatively, the
fire-fighting pump set starts due to other fire hoses reels or
other firefighting connections opening, causing a pressure
drop in the fire fighting main.

3.2 Fire-Fighting Pump Set Redesign Motivation

After a market investigation that involved both partners
and customers, the following needs were assessed:

• Reducing components cost to be more competitive on
market.

• Increasing the overall reliability of the fire-fighting set
to reduce the extraordinary maintenance costs met by
the customers.

To accomplish these tasks, negotiations with dealers have
brought to use different components (e.g. diesel motor,
control panel) instead of the old ones. Such substitution of
the components is the main reason for the redesign of the
existing fire-fighting pump set shown in Figure 1. Due to
the partial incompatibility between the newly chosen com-
ponents and the supporting structure, the redesign process
has focused on the developing of a new supporting frame
entirely designed and built by DAB Pumps.
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Table 1. [A] Matrix

DP1 DP2

FR1 1 0
FR2 0 1

3.3 Fire-Fighting Pump Supporting Frame
Redesign

Following the AD method, the following functional re-
quirements and design parameters are chosen for the
frame:

FR1= Support the fire-fighting pump set components

FR2= Limit the fire-fighting pump set vibration while op-
erating

DP1= Fixed frame

DP2= Anti-vibration system

The design matrix [A] is shown in Table 1. The mapping
between the physical space and the component space
defined by the MLH theory is performed by applying the
equation 2. At this stage, the definition of components of
the supporting frame (i.e the CS vector) has lead to two
different design concepts called Alpha (Figure 2) and Beta
(Figure 3), the CSs of which are:

Alpha concept

CS 1= Anti-vibration rubber bells

CS 2= Pump base

CS 3= Anti-vibration foot abutment

CS 4= Diesel motor base

CS 5= Longitudinal beams

CS 6= Control panel pillars

Beta concept

CS 1= Anti-vibration rubber bells

CS 2= Pump base

CS 3= Bracket support of the uprights

CS 4= Diesel motor base

CS 5= Longitudinal beams

CS 6= Control Panel pillars

The mapping between the DP and CS domain is com-
pleted by building the [B] matrix for each design concept,
table 2 and 3. These matrices are built considering the
structural dependence between each DP and the chosen
structural component. For example regards to the Alpha
concept (table 2), DP1 depends on CS 2,4,5,6, since they
are the components that detail the fixed frame and hence
carry out the function of supporting the fire-fighting pump

Fig. 2. Alpha design

Fig. 3. Beta design

Table 2. [B] Matrix - Alpha

CS 1 CS 2 CS 3 CS 4 CS 5 CS 6

DP1 0 1 0 1 1 1
DP2 1 0 1 0 1 0
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Table 2. [B] Matrix - Alpha

CS 1 CS 2 CS 3 CS 4 CS 5 CS 6

DP1 0 1 0 1 1 1
DP2 1 0 1 0 1 0

Table 3. [B] Matrix - Beta

CS 1 CS 2 CS 3 CS 4 CS 5 CS 6

DP1 0 1 1 1 1 1
DP2 1 0 0 0 1 0

Table 4. [D] Matrix - Alpha

CS 1 CS 2 CS 3 CS 4 CS 5 CS 6

FR1 0 1 0 1 1 1
FR2 1 0 1 0 1 0

Table 5. [D] Matrix - Beta

CS 1 CS 2 CS 3 CS 4 CS 5 CS 6

FR1 0 1 1 1 1 1
FR2 1 0 0 0 1 0

(FR1). CS 1,3,5 are instead the components chosen to detail
DP2 and to fulfill the anti-vibration function (FR2). The
same metrics is used to build the [B] matrix for the Beta
concept (table 3). In both cases DP1 and DP2 are coupled
by the longitudinal beams (CS 5) that are structurally
connected with the anti-vibration rubber bells; hence,
they can be considered part of both the fixed frame and
anti-vibration system. The reliability of the functional
requirements for both concepts is determined by equation
6 given the failure probability pk estimated for each com-
ponent (table 6) and the related [D] matrix (Table 4 and 5):

Alpha concept

RFR1 = (1 − 0.05)0(1 − 0.1)1(1 − 0.01)0

(1 − 0.1)1(1 − 0.1)1(1 − 0.01)1 = 0.7217 (8)

RFR2 = (1 − 0.05)1(1 − 0.1)0(1 − 0.01)1

(1 − 0.1)0(1 − 0.1)1(1 − 0.01)0 = 0.8465 (9)

Beta concept

RFR1 = (1 − 0.3)0(1 − 0.1)1(1 − 0.1)1

(1 − 0.1)1(1 − 0.01)1(1 − 0.01)1 = 0.7145 (10)

RFR2 = (1 − 0.3)1(1 − 0.1)0(1 − 0.01)0

(1 − 0.1)0(1 − 0.1)1(1 − 0.01)0 = 0.63 (11)

Out of the comparison among the reliability values of
the two designs, it is possible to highlight that the func-
tion with the worst reliability in the Alpha concept is the
function of support the fire-fighting pump set components
(FR1), while the function with the worst reliability in the
Beta concept is the function of the supporting frame of
limiting the vibration of the system (FR2). This poor re-
liability of FR2 of the Beta concept is primarily due to
the poor reliability of the anti-vibration rubber bells (CS 1)

Table 6. Failure probability (p) of components.

Alpha Beta

p1 0.05 0.3
p2 0.1 0.1
p3 0.01 0.01
p4 0.1 0.1
p5 0.1 0.1
p6 0.01 0.01

that depends on the assembly of the Beta concept. The
pump base, the motor base and the longitudinal beams are
in fact positioned on the anti-vibration rubber bells that in
this scenario become more subject to wear.

From a cost perspective, the cost of failure needs to be
considered in order to select the best concept. To proceed
with the calculation, the matrix [P] is built for each design,
and it represents the dependence failure between compo-
nents and, therefore, the possibility that a single failure
mode may cause a number of components to fail simulta-
neously. In table 7 end 8 are represented the matrix en-
tries with the cost of replacement (CRCS k ) of each compo-
nent structure (CS k). Given the cost of loss of function for
FR1=300 e and for FR2=100 e, both of them consider
the cost of the damage to the client, due to the failure of
the system, and the cost related to the assistance service
needed for the inspection and the repairing. Considering
the scenario where failure occurs of the longitudinal beams
(CS 5) of the Alpha concept, the calculation of the expected
cost of failure applying the equation 7 is the following:

E[CCS 5 ] = [(p5|1 p1) + (p5|2 p2) + (p5|3 p3)+
+ (p5|4 p4) + (p5|5 p5) + (p5|6 p6)]·

· (CRCS 5 +

m∑
i=1

di5CFRi ) = [(1 · 0.05)+ (0 · 0.1)+ (0 · 0.01)+

+(0·0.1)+(1·0.1)+(1·0.01)]·[45+(1·300+1·100)] = 71.2e
(12)

Clearly, the introduction of dependent failure analysis al-
lows a broader and more thorough understanding about
the damage caused by the failure of component 5. As-
suming the independence, the expected cost of failure of
component 5 is in fact 45.00 e; however, by introducing
the dependent failure model, it becomes 71.2 e due to the
dependence of component 5 on the performance of com-
ponents 1 and 6. Once the procedure is applied for each
component, the estimated cost of failure of the design is
calculated by simply adding each E[CCS k ]. The calcula-
tion for the two concepts, which is not shown here in view
of a previous confidentiality agreement, has lead to select
the Alpha concept as the one to have the best design, due
to its less expected cost of failure.

4 Conclusions

The redesign of a supporting structure of a fire-fighting
pump set has been addressed using AD and a MLH model
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Table 7. [P] Matrix - Alpha

CRCS k CS 1 CS 2 CS 3 CS 4 CS 5 CS 6

10e CS 1 1 0 1 0 0 0
50e CS 2 0 1 1 1 0 0
42e CS 3 1 1 1 1 1 0
45e CS 4 0 1 1 1 0 0
45e CS 5 1 0 0 0 1 1
65e CS 6 0 0 0 0 1 1

Table 8. [P] Matrix - Beta

CRCS k CS 1 CS 2 CS 3 CS 4 CS 5 CS 6

10e CS 1 1 0 1 0 0 0
45e CS 2 0 1 1 1 0 0
55e CS 3 1 1 1 1 0 0
45e CS 4 0 0 1 1 0 0
35e CS 5 1 0 0 0 1 1
55e CS 6 0 0 0 0 1 1

to evaluate the dependent failure of components and their
related costs. The application of these procedures has al-
lowed to carry the entire design process from the concep-
tual design stage to the detailed design stage. In particular,
the MLH method has enabled the evaluation of two com-
peting concepts in terms of uncertainty to functional deliv-
ery, thanks to the mapping process that has linked the func-
tional requirements domain to the component structure do-
main. This systematic approach in conjunction with the
dependent failure cost estimation has led to choose the best
design with regard to lower complexity and improved reli-
ability. The amount of information acquired during the de-
sign process has accelerated the decision-making process,
while improving the entire design process, thus avoiding
the trial-and-error approach typical of heuristic and empir-
ical methodology.
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