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Abstract— Due to accelerating technological progress any
engineered system eventually becomes obsolete and the question
arises as to its modernization. Disciplines such as change and
configuration management propose methods to maintain system
at operational level by incorporating relatively small changes.
‘When major rebuild is required to the system, existing literature
proposes to follow the same System Engineering processes as
during new system design and development. Systems
Engineering, traditionally focused on design and development of
new systems, paying limited attention to modernization of
existing ones and its processes need to be specially tailored to the
modernization of existing system. In the case of straightforward
application of Systems Engineering processes, the step of new
system formulation is often neglected and considered as
something already granted. This paper gives an overview of
approaches and methods in the field of system modernization. It
proposes a metrics for classification of different types of system
modernization. To facilitate system modernization this work
introduces a framework based on proposed metrics, Design
Structure Matrixes and functional analysis. The framework
consists of decomposition and synthesis phases and aims to define
new (modified) system, by providing a set of alternatives. The
proposed framework anticipates application of traditional
System Engineering approach. The paper is illustrated with an
example in the field of car retrofitting.

Keywords—systems engineering; modification; modernization;
retrofit; reengineering

L INTRODUCTION

With ever-increasing accelerating technological and
socioeconomic progress, modern technical systems become
more and more rapidly obsolete. The obsolescence, as opposed
to physical deterioration, by definition, is caused not by
performance decrease and system aging due to components
degradation, but by innovations and the appearance of new
technologies and new products on the market.

In today’s reality, almost every system is to some extent
obsolete, and systems of different generations co-exist
simultaneously. Although this diversity increases maintenance
costs, obsolete systems cannot be simply disposed due to
economic and other reasons. This issue is gaining more and
more importance for all types of industrial sectors. Different
systems have different average lifetimes: from 10.7 years for
passenger cars [1] to 20 years and more for airplanes [2]. It
raises the question how to bring new functionality and concepts
into existing systems, when does it make sense, which

performance increase can be brought to the system, which
constraints need to be considered, and which strategy needs to
be selected.

The process of improving system performance and adding
new functionality to existing systems is referred under different
terms in the literature. System modification and system change
are usually interchangeable and include other terms, such as re-
engineering, retrofit, update and upgrade. By modification this
paper understands any change in a system, including addition
of new elements and functionalities. Modernization is a subset
of modification aimed at system improvements. The paper
refers retrofit as a subset of modernization, focused on addition
new functionality to existing system. By reengineering the
paper understands internal changes to the original architecture.

Systems engineering methodology covers design and
development of new systems mostly from scratch, consider
design options in the light of the issues associated with the
acquisition phase, but pays less attention to through-life
support aspects [3], while in reality, most of the systems are
based on previously existing systems. For modification of
existing systems INCOSE proposes to formulate a new system
and apply the same processes and principles that are employed
during the upfront design, development, integration, and testing
[4]. However, little attention is paid to the early steps of re-
formulation of this new system [5].

This paper aims to support decision-making by identifying
and evaluating which new functionalities to bring into existing
system. It analyzes connection between performance,
functionality and physical structure of the existing and new
system and proposes an approach for transition from existing
system to formulation of a new system, to facilitate system
modifications and eventually to complement existing systems
engineering methodology. The paper is organized as follows:
The next section gives an overview of the literature related to
modification, modernization and change of existing systems.
The third section proposes measures to classify existing
terminology and approaches based on relation between original
and modified system in terms of structure, functionality and
performance. The fourth section proposes an approach to
facilitate process of definition of a new system, required to
proceed from pre-modified system to traditional systems
engineering steps of new system design. The approach is
illustrated by example of passenger car retrofit with cruise
control. The last section summarizes the results and gives a
conclusion.



II. LITERATURE OVERVIEW

The existing literature discusses modification and
modernization of existing systems from different viewpoints
and for different application areas (software systems [6], in-
service systems [4], aerospace and defense systems [7],
building renovation [8]), proposing very diverse terminology
(Fig. 1) and methodology.

Modification| Transforming Modernizing |Re-organizing

Upkeep | Re-designing| supporting T?;?:riilgﬁv

Technology
infusion
Restructuring
Change Re_engineerin Re-using| Integrating

0
Modification | Upgrade | Refurbishment

Fig. 1. Diversity of existing terminology
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Currently, there is no global agreement on terminology:
such terms as modification, modernization, retrofit, upgrade,
update, enhancement and change are used mainly based on
areas of knowledge (field-specific jargon) or personal author
preferences. Lack of coordination in terminology eventually
limits also mutual use of methodology in different fields,
when new methods and approaches do not circulate among
different fields. The problem of loose connection between
different fields is common to many design papers [9].

The existing approaches for system modernization can be
classified depending on the factor either modernization is
conducted as part of operations and maintenance phase of
existing system lifecycle or as an independent process of new
system design. In particular, [7] states that a major rebuild
should be treated as a new system development, while dealing
with relatively small changes is a part of the system lifecycle.

A. Modification as a part of existing system lifecycle

There is considerable overlap between change
management, change control and configuration management
[10]. INCOSE considers change management as a part of
configuration management [11].

Change management is the process of requesting,
determining attainability, planning, implementing, and
evaluating of changes to a system. Important part of change
management process is a change request document [10].

Change control is the process to ensure that changes to a
system are introduced in a controlled and coordinated manner
[12].

Configuration management is the discipline of identifying
and formalizing the functional and physical characteristics of a
configuration item at discrete points in the product evolution
for the purpose of maintaining the integrity of the product
system and controlling changes to its baseline [13].
Engineering Change Proposals (ECPs) [13], [14], Engineering
Change Notes (ECNs) and Engineering Change Orders (ECOs)
[15] are used to describe and initiate updates and modifications
to the original system, as elements of configuration

management of system lifecycle. ECPs handle both minor
changes (Class II), and significant modifications (Class I),
affecting cost, warranties, deliveries and data requirements [7].

In the field of software engineering, one the most common
modernization approaches is incremental, illustrated in Fig. 2
[16], [17]. [16] considers modernization of large software
systems, implemented not in a single deployment, but using a
sequence of steps and proposes 12 different strategies, ranging
from different combinations of software restructure and
componentization. Agile methodologies also  support
incremental development [18].
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Fig. 2. Incremental approach for system modernization [16]

B.  Modification with new system formulation

For major modification of product or service INCOSE
proposes to use the same systems engineering processes and
principles that are employed during the original design,
development, integration, and testing, which require a
formulation of a new system and a new system lifecycle [4].
Many authors notice that some of the issues of sustaining
existing systems are more problematic than when new systems
are realized [3]. Application of systems engineering processes
to system modification requires additional tailoring, attention
to constraints imposed by the existing system architecture
during conceptual phase, and focus on interfaces during
synthesis stage [7].

The “Systems Engineering Fundamentals” [7] focuses on
large systems and states that upgrading or modifying of
existing system is a matter of following the systems
engineering process, with emphasis on configuration and
interface management, and proposes the list of activities (Fig.
3).

Benchmark the modified requirements both for the upgrade and the
system as a whole
Perform functional analysis and allocation on the modified
requirements

Identify cost and risk factors and monitor them

Develop and evaluate modified system alternatives

Prototype the chosen improvement alternative

[ Assess the actual capability of the pre-upgrade system

JLJL JL J I _J U

Verify the improvement

Fig. 3. DoD Framework for system modernization, adopted from [7]



A more general approach for modernization planning for
software was proposed by R. C. Seacord and et al. in [6] (Fig.
4). The proposed approach starts with portfolio analysis based
on technical quality and business value and concludes with a
defined modernization plan or a decision to terminate
modernization [6].
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Fig. 4. A systematic framework for legacy program module modernization,
adopted from [6]

[6] defines two types of modernization in software:

e  White-box that changes the application architecture
and the technological stack without losing business value and
quality attributes;

e  Black-box approach requires knowledge only about
system external interfaces;

Besides these two types, [6] and [19] point to the
differences in terminology and consider reengineering as a
separate type of modernization, including such techniques as
retargeting, rewarping, use of commercial off-the-shelf
components, and various code optimization techniques (source
code translation, reduction, functional transformation).

C. Criteria for modification strategy selection

The above-mentioned strategies for system modernization
for every particular situation require consideration and clear
understanding of the existing system and various criteria. The
following major non-exhaustive criteria can be formulated:

1) The main driver for the modification:
a) routine changes,
b) obsolescence-driven changes,

¢) system enhancements for better performance or
maintainability,

d) system repurposing

2) Type of the system: product, in-service system (is
interruption of operations possible), enterprise;

3) Accessibility to the system (some system e.g. satellites
on the orbit have limited physical access);

4) Stage of system life cycle when modification is needed
e.g. before or after deployment (modification of the system
design, modification of the existing system before deployment
or already in-service);

5) The level of available knowledge about the system
(white-box or black-box system);

6) Was modification anticipated during the system design;

7) Size of the system (number of elements or
interconnections);

8) Size of required modification;

9) Level of complexity of the system;

10) Nature of the system (hardware, software, both);

11) Precedented and unprecedented system (does the
system with desired functionality already exist on the market).

D. Transition to a new system definition

A significant amount of the literature is available on the
topic of system modification, however even generalized
approaches consider very limited options and criteria among
those listed above. Meanwhile most of the articles describe
particular examples, applications, or phases.

Existing approaches for system modification utilize
various paradigms and concepts, have different types of
input/output parameters, sometimes not defined clearly, and
cover different phases of the system lifecycle. Eventually, it is
difficult to formalize, compare and map frameworks on a
system lifecycle because of the lack of quantitative
characteristics and not clearly stated prerequisites.

The straightforward application of Systems Engineering
methods requires a re-formulation of the system and clear
understanding how other inputs, including such instances as
stakeholders and their needs might evolve. In general, little
attempts are made in the literature to give a recipe for the first
steps of formulation of a new system — inputs for systems
engineering acquisition phase. Richard Wise and et al. in [5]
states this problem, calling this process architecture re-
definition, and proposing a methodology to extract
requirements from the old system to construct a new system,
using SysML.

The process of new system formulation also includes
formulation of modification strategy, including identification
which functionality and elements need to be added or
replaced.

This paper proposes measures to characterize process of
system modification and a framework for the acquisition
phase of new system lifecycle and helps to re-architecture
existing system.



III. MEASURES TO CHARACTERIZE SYSTEM MODIFICATION
PROCESS

The process of system modification can be formalized and
classified using Set Theory, commonly used to describe and
connect various fields [20]. This paper proposes to consider the
original system and modified system in functional,
performance and physical domains. The relation between
different metrics can be used to give characterization. If none
of these domains has changes, no modification was made.
These metrics will eventually be used for the proposed
framework to identify alternative design solutions and to
facilitate formulation of the definition of the new modified
system in the physical artifact domain.

A.  System modification in physical (artifact) domain

In the physical domain, we can introduce a set of elements
to describe our system of interest. The selection of abstraction
level depends on modification objectives. Different tools, such
as for example Design Structure Matrix (DSM) [21], [22],
SysML [23] or OPM [24] can be used for system
decomposition and identification of elements.

The set of system elements Sy will correspond to the
original systems:

So={S1, S2, ..., Siy ooy S} o)

In case of a retrofit process, the existing set of system
elements Sy is not affected by modification, instead new set
system elements AS may be introduced allowing the realization
of the targeted functionality. This approach is used due to
different reasons, such as Intellectual Property protection
requirements, or in case of infeasibility of physical access to
the original system (in-service system or physically
unreachable system). We can refer to the modified system as
Sm and the elements:

S =481 82, s Siy coos S Sty - Swtjy oo Surit (2)
AS ={Sper, . Sy . Si} 3)
A4S, Sy € Sy 4)

Reengineering includes transformation of the system and
its elements into a new system, including displacement and
replacement elements of set Sy. Sp* would represent the same
set of elements as in the original system, but structured
according to a different pattern. Compared to the retrofit, the
system is considered as a white-box and this type of
modification appears to be a pure example of reengineering.

Sm = S()>k = {S], SZ*, S3* veey Si, veey Sn} (5)

Then we can describe the process of modification based on
relation between Sy, and So.

In reality, most of the cases of system modifications have
elements of both reengineering and retrofit. Use of both
approaches can help to define the new system description
before applying systems engineering approach for new system
design. Fig. 5 uses Venn diagram to visualize the difference
between retrofit and reengineering scenarios formalized by
equations (1-5).

Retrofit Reengineering
Original Original
System S, System S,
Modified System S,
Modified
Retrofit AS System S,

Fig. 5. Types of system transformation from structural point of view

B.  System modification in the functional domain

In the functional domain we can define the sets Fiso, Fsm,
Fs,%, F4s, which correspond to sets in physical domain Sy, Sy,
So* A4S, and an additional set AF, which represents the
emergence of functionality not directly related to particular
elements [25]. Adding new components can bring new
desired, undesired or neutral functionality, which needs to be
considered during system modification.

Functional decomposition should follow criteria for
functional independence, in particular, functions at the same
level should have no interdependencies [26]. The level of
decomposition should also correspond to structural
decomposition.

Similar to the physical domain, the addition of new
functionality with permanent original functionality can be
defined as a retrofit:

Fsy ={F1, F5, F3* .., Fy, Fosg, . Furid - (7)
Change of functionality, which corresponds to the original

system, can be defined as system repurposing:
Fsn =Fspr 3

Using set theory the scale of modification can be evaluated
in functionality domain via set cardinality (number of set
elements), for example, |Fss| > |Fso| can be considered as a
new system design, opposed to modification of existing
system.

The relation between such terms as system restructuring,
retrofit and repurposing can be visualized by its allocation in
corresponding quadrants, using proposed measures (Fig. 6). In



real applications, the modernization process usually is a
combination of retrofit, reengineering and repurposing.
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Reengineering
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Fig. 6. Connection between functional and physical domain

C. System modification in performance domain

Another domain for consideration is system performance.
A particular interest is to characterize relation between
performances of the original system and the modified system,
as well performances corresponding to retrofit and
reengineering. In case of performance, numerical evaluation
can be used.

For simplicity, different Figures of Merit (FoMs) can be
described as an overall performance or customer value. The
overall performance of the modified system Psy, is connected to
the functional domain and can be defined through nominal
performance of the original system Psp, increment in
performance due to retrofit Pas, performance of the re-
engineered original system Pso+ and emerging performance Par,
corresponding to Fso, Fas, Fso+ and AF. Then for the retrofit
case, overall performance can be defined as:

Psnw =Psp + Pas +Par ©)

The quantitative evaluation of proposed performance
characteristics might be conducted through surveys and
interviews of stakeholders and experts.

Performance measures allow to distinguish between
system modernization and system maintenance, aimed to deal
with aging and degradation of system elements. Original or
nominal performance Py and desired performance Pp, by
definition, have following relations:

Psw >Py; Psw <= Pp (10)

The difference between the supporting activities, aiming to
maintain system performance during operations phase such as
upkeep and refurbishment and modernization activities, aiming
to increase performance and achieve desired performance Pp
such, as upgrade and update, is visualized using proposed
measures in Fig. 7.

T Desired Performance P,

d
(¢}

Original Performance P,

Refurbishment

Zero performance /
out of operations

Fig. 7. System modification — relation to performance

Eventually we can allocate relations and connections
between different terms based on performance and
functionality metrics (Fig. 8). Directions of arrows give general
indication on the impact of each process.
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Fig. 8. Relation between different terms in function-performance domain

The above-proposed measures are used in the next section,
where a formalized approach to choose the right scenario
(reengineering or retrofit) is proposed.

IV. A PROPOSED FRAMEWORK

The proposed framework corresponds to the pre-acquisition
phase and partially the conceptual stage of acquisition phase of
system lifecycle [3]. It aims to re-architecture existing systems
and formulates alternatives of modified architectures. The
framework consumes the definition of the existing system S,
general business needs and figures of merit (FoMs).

The framework defines the possible architectures of system
described as sets of elements A4S or Syp*, with corresponding
functionalities. The framework can also determine that it may
not be feasible or cost-effective to proceed to acquisition phase
of new system design, for which pre-acquisition phase is
intended for [3].

The framework includes decomposition and analysis of the
existing system in physical, functional and performance
domains, identification and evaluation of possible alternatives
and new system formulation (synthesis).
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Fig. 9. A proposed Framework

To illustrate the framework a relatively simple case of car
retrofit with cruise control functionality was chosen. After its
invention in the 50s, classical cruise control has become a
standard in the most of modern cars [27]. More advanced
adaptive cruise control is common for cars since the 90s [27].
Retrofit kits for both types of cruise control are commercially
available on the market today. A logical evolution of cruise
control function is a fully autonomous car. Prototypes of cars
with auto-piloting are widely tested nowadays. Several
companies develop retrofit kits for Autonomous Driving [28].

A. Definition of a parent system

The clear understanding of the original system and its
borders is crucial for modernization [29]. The first step of the
framework aims to decompose existing system into elements,
formulate set Sy, and define the corresponding parent system,
sometimes called accompanying or using system. DSM is
proposed as a tool for characterization and identification of the
interactions with the environment. The selection of the
abstraction level and borders for the parent system depends on
stakeholder objectives.

In the case of car retrofitting, the parent system will include
car, driver and elements of the environment. Figure 10 shows
an example of DSM for parent system for car retrofitting case:
some elements are not represented for simplicity.
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Fig. 10. Parent system for car

Using DSM also allows conducting a quantitative
comparison of different systems. Different values might be
assigned to interfaces to give a characterization of the system.
For example, the ease of changes in the system might be
characterized in a similar manner, as system re-configurability
[30], using numeric DSM [21]. In particular, each
interconnection of elements needs an assigned value, which
depends on type of interface and ease of making changes.
Then the DSM can be represented as numerical matrix and
quantitative characteristics might be computed. Eventually, in
this way, different systems might be compared in terms of
“flexibility” for changes.

Next steps will define which elements of Spaent need to be
replaced according to business needs and FoMs.

B.  Functional decomposition of Sparem and analysis

The aim of this step is to decompose the parent system in
functional domain. Such tool as functional tree [31] can
provide required decomposition on different levels to identify
original functionality Fsy, potential functionality Fys and
emerged functionality AF.

In particular for the car cruise control retrofit case such
functionalities are performed by the driver as checking
speedometer Fs, comparing speed with the limit Fg, taking
decision and action to press gas pedal F; will form a potential
retrofit set Fys. Fig. 11 shows an example of functional tree
corresponding to Sparent for car retrofit case. The lowest level is
represented by functions F; ... F,. More advanced adaptive
cruise control retrofit case would include several additional
functions such as measurement of the distance between objects
ahead F3, emergency braking F4 and etc. Even more advance
case of retrofitting existing car with autonomous driving
capabilities consist of replacement of other functions which
driver performs today, such as navigation and identification of
available space for road maneuvering.

Transport safely an object
from point Ato B

Maintain
constant speed
helow the limi

Fig. 11. Functional tree diagram for Sparent

The next step after decomposition of Sparent in functional
domain is to evaluate impact of each identified function to
overall performance.

C. Performance characterization

For performance characterization, different FoMs need to
be correlated with overall performance. One of the approaches



is to use a weighted-sum method [32]. This approach requires
close cooperation with customer and experts, use of surveys
and interviews to define weights. The impact of functions on
the overall performance can be described:

P=wiP;+wyP;+ ... + wiP;+ ... + w,Pp, (11)

where P; ... P, — figures of merit and w; ... w, are
corresponding weights.

Then for each potential function, identified at the previous
step, its impact on FoMs and overall performance needs to be
evaluated. For example in the case of passenger car, functions
of comparing the speed Fs and making decision of pressing gas
pedal F; affect such FoMs as safety of driving, driver
satisfaction, fuel consumption and car emission rate.

The replacement of higher-level function of speed
maintenance (Fs, Fs, F7) performed by human to automatic for
some models of cars can save from 7% to 30% of fuel
consumption on hills [33]. More advanced functions as Eco-
cruise control save even more fuel, but increase travel times
[34] and eventually negatively affect driver satisfaction.

D. Identification and evaluation of enabling technologies

The aim of this step is to identify potential enabling
technologies to replace functions of the parent system.
Technology Readiness level (TRL) can be used to evaluate
feasibility [35]. Each function-technology pair needs to get
corresponding values of impact on FoMs, overall performance
and cost of implementation.

The relation between physical, functional and performance
domains allows identifying which particular elements
eventually need to be replaced and which additional customer
value can be brought to the original system.

Different methods, such as technology infusion framework
[22] and Real Options Analysis [36], can be used to evaluate
customer value of changing technology for particular function
and its corresponding cost.

For example, historically, two major technological
solutions for car cruise control were classical mechanical
controls and fuzzy logic controls [27]. In case of retrofit this
two options need to be characterized in terms of performance.

E. Formulation of alternatives for system modernization

At this step alternative modernization options, described as
different combinations of replacement and changes of the
existing elements and functionality and addition of new, can
be formulated as new systems AS or So*. The identified
modernization  alternatives can be distinguished as
reengineering and retrofit options.

Modernization alternatives can be visualized using
tradespace exploration paradigm in bi-dimensional space [37]
with customer value and cost of modernization on x- and y-
axes.

The following process of selection of an alternative is
comprehensively described in the literature dedicated to
tradespace exploration [38], [39].

After the selection of an alternative architecture is
conducted by decision-makers, system engineering processes
of new system design and development can be applied.

V. CONCLUSION

The paper gives an overview of the literature in the field of
modernization and obsolescence management of existing
systems. The work emphasizes a problem of a lack of
quantitative tools for description of system modernization and
need of developing a formalized supporting methodology to
tailor systems engineering processes for system modernization.

The paper presents measures to give a classification to
existing terminology and to support a proposed framework for
identification of a modernization strategy. The proposed
measures and framework are based on characterization of
existing and modified system in physical, functional and
performance domains using set theory. Different systems
engineering tools, such as DSM, functional tree and tradespace
exploration were used to support the framework.

The framework was illustrated by the example of car
retrofit with cruise control functionality. While the paper used
a retrospective analysis for the case study and cruise control
retrofit kits are available on today’s market, the results of the
case study have a potential to be expanded to autonomous
vehicles case.

Next steps and future work include validation of the
proposed framework on multiple case studies.
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