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Abstract

Traditional system engineering methods rely on decomposition for establishing system
partitions. As one of the key responsibilities of a system architect, the decisions made
with respect to how an avionics system is partitioned play a significant role in the
system’s Life Cycle Cost (LCC). Despite this, most of the decomposition methods
available focus on managing the complexity of the system with respect to the architect’s
ability to understand the system. In other words, the method is designed to keep the
complexity of the system below the architect’s inherent threshold limit of understanding.
Given the impact that the partitioning process has on the system’s LCC, it seems
appropriate to derive a methodology that takes into consideration not only complexity
but also other critical factors.

A framework was developed in order to quantify and compare the reliability and
maintainability of five different helicopter avionics system architectures. The information
was extracted from actual data collected during the maintenance of the five helicopter
systems used by the US Government over a period of two years. Based on these five
case studies, a set of partitioning criteria was developed that can be used in future
programs in order to improve the LCC of the system.

The methodology provides a process whereby the analysis of maintenance data can
assist the system architect in making better architecting decisions. The process
identified some compelling issues with respect to data available in this area. There are
significant limitations in the current maintenance infrastructure that need to be resolved
to a greater extent before this method can be more generally applied. The process also
identified some additional factors that have an impact on the LCC. The most compelling
was that of legacy subsystems that offer significant problems with respect to their
partitioning due to the fact that they are more entrenched in the current avionics market.

Thesis Supervisor: Dr. Eric Rebentisch
Title: Research Associate, Center for Technology, Policy, and Industrial Development
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1 Introduction

1.1 Problem Statement

Historically, Sikorsky Aircraft has developed a majority of its airframes in direct
response to a United States government military need. The structure of this
development often led to programs with high technological and performance goals with
less consideration for cost. In the recent decades, this has changed. Customers are
now much more diverse and expect high performance at a lower cost. As a result, the
number of new airframe developments has been significantly reduced with the industry
converging on the concept of platforms. Thankfully, because of the performance-
focused approaches of the past, Sikorsky Aircraft (SA) has benefited from a set of high
quality and extremely robust designs that have made excellent platforms. Since few
new airframes are being developed, even the modest growth in the helicopter market
has resulted in the development of many new derivatives from the existing platforms.

A helicopter system is made up of many subsystems all of which play an important
role in the ultimate performance of the vehicle. These include the airframe/structure,
propulsion, avionics, flight controls, fuel, weapons, hydraulics, and hoisting amongst
others. The technology changes in these subsystems occur at different rates. The
subsystems that have a higher rate of change usually play a bigger role when it comes
to new projects since the customers normally strive to capture the best performance
available for the cost.

The relatively high rate of improvements and innovation in Avionics combined with
the large role that avionics plays in mission performance makes it the biggest area of
consideration and design when it comes to developing new derivative helicopters.
There are typically two types of projects that can result from a derivative product. The
first is a derivative that uses an existing platform but defines a unique set of avionics
intended to support a particular mission. The second is an upgrade project that uses an
existing aircraft with an existing configuration and incorporates changes to the avionics

suite in order to achieve better mission performance. Airframes have very long
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operational lives usually exceeding 20 years and commonly reaching 30 years. It is
very common given the high clock speed of avionics that several upgrades are required
during that long life cycle. The life cycle costs include the total cost of developing and
owning a system over its entire life. These costs include acquisition, utilization, and
disposal.

The requirements for each of these systems are generally provided as some
combination of functional level and commercial off the shelf (COTS). Deciding how and
where to allocate the functionality is one of the bigger challenges of a system architect.
Making these partitioning decisions to the satisfaction of the large group of stakeholders
is complicated by many factors. The customer sometimes dictates an existing avionics
subsystem that might be currently in wide use. These legacy subsystems are
sometimes part of the existing logistics support system that will be used to support the
new product. It may be because the customer has some previous experience with the
system and is familiar and confident with its use. Customers very often have pre-
conceived ideas of how the system will be configured based on their past experiences.
In some cases, subsystem suppliers have already influenced the customer’s position
previous to the involvement of the avionics system architect. The unfortunate fact is

that the architect rarely gets the opportunity to start with a clean sheet.

Traditional system engineering methods rely on decomposition for establishing
system patrtitions. As one of the key responsibilities of a system architect, the decisions
made with respect to how an avionics system is partitioned play a significant role in the
system’s Life Cycle Cost (LCC). Despite this, most of the decomposition methods
available focus on managing the complexity of the system with respect to the architect’s
ability to understand the system. In other words, the method is designed to keep the
complexity of the system below the architect’s inherent threshold limit of understanding
without particular consideration to LCC. Given the impact that the partitioning decisions
have on the system’s LCC, it seemed appropriate to derive a methodology that takes
into consideration the maintenance costs attributed to the avionics subsystem.
Therefore, the question is —

Can a good understanding of maintenance costs drive different partitioning

decisions?
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1.2 Thesis Structure

This thesis proposed to answer the question expressed in the problem statement.
The structure of the thesis is described below:

Section 2 provides a review of current methods and techniques found in
subject literature.
Section 3 describes the methods developed in this work.
Section 4 describes the interview of the avionics architects and the specific
application of the method to maintenance data acquired for the five
helicopter models studied.
Section 5 describes the results and observations as it applies to the

analyzed data.

Section 6 provides conclusions made as a result of the development of this
work and information on further study.
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2 Literature Review

Architecture is defined as the science, art, or profession of designing and
constructing the “structure of things” and architecting is defined as “the planning and
building of structure”.® If we say that a system is a structure, system architecting is then
the process of the planning and building of systems. Engineering is defined as the
science concerned with putting scientific knowledge to practical uses.! At face value,
there does not seem to be a big distinction between a systems architect and a systems
engineer. This difference between engineers and architects has long been debated.
Civil engineering offers some help in trying to make this distinction. Although civil
engineers have not answered this question in the abstract, they have in practice.
Engineering is a deductive process. In general, it deals almost completely with the
measurable using analytic tools derived from mathematics and the hard sciences.
Architecture deals largely with immeasurable quantities using non-quantifiable tools and
guidelines based on practical experiences. That is to say that architecting is an
inductive process. From a cost point of view, engineering is concerned with quantifying
cost while architecture is concerned with quantifying value. Engineering targets
technical optimization while architecture strives for customer satisfaction. Engineering
is more of a science while architecture is more of an art.

In considering the differences between architecture and engineering, there is
another important difference between the concerns of each. This is form versus
function. The architect performs the most abstract, high-level function in product
development. Function relates to the conduct of a system and to the operations and
transformations that contribute to the performance of the system. Form relates to the
structure, layout or arrangement of the physical or logical configuration of the system.
Form also relates more closely to the aggregate sum of the parts of the system.
Function can therefore be defined as the action for which a system exists while form
more closely defines the particular ostentation or implementation of that function. In this

context, the engineer tends to have more responsibility with respect to form while the

! Neufeldt, Victoria E., Editor in Chief, Webster's New World Dictionary — Third College Edition. New
York, NY: Webster's New world Dictionaries, 1988.
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architect’s focus is on function. Itis common and helpful to use the phrase “form follows

function” in order to better relate the sequence.

2.1 System complexity

System complexity relates to having many interrelated, interconnected or
interwoven elements and interfaces. Increasing complexity is at the heart of the most
difficult problems facing today’s system architects.? Therefore, complexity also drives
the methods that are used by the architects. Although the number of subsystems can
contribute to the complexity of the system, generally, the majority is contributed by the
interactions between those subsystems. Because of this, a complex system requires a
great deal of information to specify.

Complexity should be considered a system property that is absolute and
quantifiable.® Possible measures of complexity can be the number of interactions
organized by type. The sophistication of the interactions with respect to how much
information is required to specify. The sensitivity or robustness of the interactions with
respect to how much information is required to describe. The common premise relates
complexity to the amount of information required for specifying or describing a given
system in a comprehensive way.

Apparent complexity is the perception that something is complex.® It can be said
that ‘complicated’ things have high apparent complexity. Complexity is also in the eye
of the beholder. It is always with respect to some reference whether that be defined or
interpreted based on the individual's experiences and point-of-view. Ideally, the
complexity visible and managed by the architect should not be visible to the user of the
system.

Functionality describes the grouping of utilities performed by a particular system.
For example, the basic function of a watch is to indicate time of day. A more complex
watch may also indicate the date, day of the week, have multiple alarms, and indicate

time for more than one time zone. Time of day would be the functionality of the first

2 Rechtin, Eberhardt. The Art of Systems Architecting. Boca Raton, FL: CRC Press, 1997.

3 Crawley, E., System Architecture Lecture Notes — Rev 2, MIT, November 12, 1999
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watch while time of day, date, the day of the week, multiple alarms, and time for more
than one time zone would be the functionality of the second watch. Essential
complexity is defined as the minimal level of complexity required in order to perform the
fundamental utility desired from the system. It is that which is essential to deliver
functionality before gratuitous complexity slips in.* Gratuitous complexity refers to the
complexity associated with any part of the system that is not part of providing the
essential functionality. Considering our more complex watch example, if there is a
button press required in order to display some subset of the watches functions, then the
button can be considered to contribute to the gratuitous complexity since it increases
the total complexity of the watch without increasing its functionality.

What drives complexity? Mostly, it is driven by functionality. Functionality can also
include a broader set of functions that the product will at some point be used for.
Because of this, it is the basic functionality that drives essential complexity.* Complexity
is not necessary good or bad; it should be considered a total cost that increases as you
purchase more functionality, efficiency, flexibility, etc.

One of the main challenges of an architect is dealing with complexity. The human
being’s ability to simultaneously consider issues hovers around 7 + 2 items.> Systems
whose essential complexity exceeds the limit of humans to understand are perceived to
be complicated. Systems below the limit of human understanding are considered
simple. Integrated avionics systems are well beyond this threshold and tend to be
considered complex. A couple of guidelines with respect to complexity have been used
in order to make partitioning decisions. One is that the actual complexity should be kept
close to essential complexity. This means that superfluous complexity should be kept to
a minimum. This keeps total complexity of a system down. The other is that the
perceived complexity should be kept below the limit of understanding from any single
person’s point of view. Keeping actual complexity levels near essential complexity
facilitates the partitioning process because it reduces the number of functions that

require a partitioning decision. A concept that results in low essential complexity is

“ Crawley, E., System Architecture Lecture Notes — Rev 2, MIT, November 12, 1999

® Miller, G.A., The Magic Number Seven, Plus or Minus Two: Some Limits on Our Capacity for Processing
Information, An essay in The Psychology of Communication, Basic Books, 1967,
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sometimes considered ‘elegant’. In order to manage the perceived complexity of these
systems and maintain them within the range of human understanding, various methods
of partitioning have been used in the past. These include decomposition, abstraction,
and hierarchy techniques.

Decomposition refers to the separation of a system into smaller, more basic
elements. This decomposition can be done with respect to function or form.
Decomposition of function simply means taking a top-level function and breaking it up
into lower level, more basic functions. Decomposition of form results in sub forms often
called objects, modules, elements, or chunks. This technique for managing complexity
takes on the concept of ‘divide and conquer’ reasoning that by dividing a big system into
smaller systems results in the smaller systems being more manageable®. The big
advantage of decomposition is that it reduces perceived complexity and that is what
actually what makes the sub components of the system more manageable.

Abstraction is the process of separating the inherent qualities of something from the
actual object or concept to which they belong. This allows functionality to have an
intrinsic nature independent of form. This approach can be used to depict and mask
more detailed behavior within subsystems permitting a simpler representation at the top
level and can be used in both function and form.

Hierarchy is a technique in which groupings are ranked one above the other and is
usually a byproduct of decomposition. This approach tends to conceal information that
is more than one layer away from the reference point.

Using decomposition and creating abstractions and hierarchies can be used to
maintain the actual complexity close to the essential complexity and keep perceived
complexity below the understanding threshold of the individual. Some of the architecture
in complex systems is not evident in the final product. This characteristic contributes to
a system being user friendly.

Some indicators of good and bad architecture relate directly to a system’s standing

with respect to complexity. See Table 2-1.

6 Decomposition can actually increase the total complexity of the system above the essential complexity
since it can increase the number of interactions within the sub components of the system. Increasing the
number of interfaces inherently increases the complexity.

24



Characteristic ‘Good’ Architecture | ‘Bad’ Architecture Avionics Systems
Essential complexity Low High High
Actual Complexity Slightly higher Significantly High
than essential Higher than
essential
Perceived Within Limit Above Limit Above Limit
Complexity

Table 2-1 Complexity comparison; Good, Bad and Avionics Systems

2.2 Architecting approaches

There are four processes of Architecting described by Rechtin’.

2.2.1 Normative method

The first is the normative methodology. This Architecting method is based on the
predetermined definition of success or “what should be”. This approach depends on the
value judgments of experienced and successful architects. The guidelines tend to be
prescriptive. Do this. Don’t do that. This approach is based on the understanding of
good, bad, right and wrong®. The rules are laden with the values of the creator®. These
rules are obviously a function of the architect that propagates them. The better the
architect, the better the results. There are some significant disadvantages to this
method. Those that might follow this process may be deprived of developing innovative
and more creative approaches because they are focused on the method based on

someone else’s personal experiences. This type of process can also be very difficult to

" Rechtin, Eberhardt. Systems Architecting, Creating and Building Complex Systems. Englewood Cliffs,
NJ: Prentice Hall, 1991.

8 Nadler, Gerald, System Methodology and Design, IEEE Transactions on Systems, Man and Cybernetics
SMC-15, 6, 685-97. Dec 1985.

o Lang, Jon., Creating Architectural Theory, The Role of the Behavioral Sciences in Environmental
Design. New York, NY, 1987.

25




follow. As the guidelines get more detailed, their application is less and less general
and in many cases loses their use because they are too dependent on the context in

which they were originally developed.

2.2.2 Rational method

The second is the rational method. The problems with the normative method
resulted in the development of this method. This method depends on more structured
approaches. Procedures play a bigger role in this approach. The tools used are more
rigorous, methodical and mathematical. They can include probability theory, vector
algebra, algorithms and problem solving methodologies.

The basic premise of the rational theory is that problem solving is inherently
procedural. Following a relatively simple set of steps can lead to a solution.

This procedural premise is based, to some extent, on drawing analogies between
computers and human minds. Indeed, the rational theory was generated in large
part by cognitive (knowledge), information, and behavioral scientists applying the
scientific method to the study of how humans solve problems.[2]

Like computerized databases, human memory is thought to be organized in
“chunks”. These smaller units are used to facilitate the search for a solution when the
possible number of results is very large. This may be linked to the concept of
partitioning that will be discussed later. Similar to a computer, the brain has both long
and short-term memory and can carry out steps in sequential, logical fashion. Using
these two facts, Simon proposed that the human brain’s functional complexity is not a
function of its architectural complexity but that of the large amount of information related
to experiences contained in the brain'®. If this is true, then the process of architecting
can be defined as a series of rational steps operating on an established database. The
results may not be optimal but a useful conclusion should be achievable making the
process of architecting mechanistic and not intuitive. These conclusions tend to be

controversial to say the least. It appears that the brain actually has several different

10 Rechtin, Eberhardt. Systems Architecting, Creating and Building Complex Systems. Englewood Cliffs,
NJ: Prentice Hall, 1991.
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ways of thinking, only one of them being classified as logical. It seems likely that the
process of architecting uses them all.

Despite of its shortcomings, the rational method is an improvement over the
normative method in that it has less dependence on specific personal experiences and

the learning that comes from those.

2.2.2.1 General systems theory

One version of the rational method is the general systems theory (GST). When it
was first developed in the late 1940’s proponents such as the mathematician Norbert
Weiner hoped that the “system approach” would solve many of the world’s toughest
systems problems. The premise is that systems can be studied in the abstract and in
the absence of context. This is clearly a pure approach to systems engineering that is
similar to pure mathematics where the processing of the numbers is done independent
of their meaning. This would then facilitate the handling of complex systems. One
would start by taking a particular system and mapping it into a general system. The
general system could then be solved and then be remapped into a specific system.
Compared to the analytical procedure of classical science with resolution into
component elements and one-way or linear causality as basic category, the
investigation of organized wholes of many variables requires new categories of
interaction, transaction, organization, teleology, etc. These considerations lead to the
postulate of a new scientific discipline that we call general systems theory. Its subject
matter is the formulation of principles that are valid for "systems" in general, whatever
the nature of the component elements and the relations or "forces" between them.

General systems theory, therefore, is a general “science of wholeness"*!

. The meaning
of the somewhat numinous expression, "The whole is more than the sum of its parts" is
simply that essential characteristics are not explainable from the characteristics of the
isolated parts.

There are many issues with general system problem solvers (GSPS). In order to

make progress with these methods, generally some assumptions and constraints have

™ nternational Society for the System Sciences (ISSS) web site, www.isss.org.
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to be defined. These tend to be very context dependent and turn out to defeat the
original objective of generality. Some structure is required in order to be able to operate
within these GSPS methods and unfortunately it appears that the details of the structure
are dependent on the context. Another obstacle is the difficulty in quantifying
relationships within the particular system. It turns out that sometimes these are not
guantifiable and commonly do not have the same “value” when compared to each other.
That is to say that two relationships may not have the same impact on the overall

system and therefore do not have the same importance.

2.2.2.2 Axiomatic design

Axiomatic Design defines design as the creation of synthesized solutions in the form of
products, processes, or systems that satisfy perceived needs through mapping between
functional requirements (FRs) and design parameters (DPs).'? The goals of the design
are represented as functional requirements (FRs). In order to satisfy the needs, which
are defined in the customer domain, the FRs are defined in the functional domain. The
Design Parameters (DPs) relate to how the functional requirements are satisfied. DPs

are created in the physical domain to satisfy the FRs. See Figure 2-1.

Constraints
e

Customer Functional Design Process
Wants Requirements Parameters Variables
e cwomee TN 2T TN TN
needs
e expectations
® specifications
T e Caprf rapr | rpr
s e 1 1 1
Customer Functional Physical Process
Domain Domain Domain Domain

2 Suh, Nam P., The Principles of Design, Oxford Press, New York, 1990.
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Figure 2-1 Four Domains of Axiomatic Design*

The customer’s needs must be mapped to the functional domain where they are
translated into a set of FRs. As a result of translating customer wants to FRs,
constraints will start to appear. Constraints must be followed through the complete
design process and can apply to FRs, DPs, or Process Variables (PVs). The FRs are
then mapped to the physical domain and the DPs are mapped to the process domain in
terms of PVs.

In most cases, decomposition of the problem is required. Figure 2-2 shows
hierarchies in the functional, physical, and process domain. Going back and forth
between two domains as required in a sort of zigzag pattern develops the hierarchies.
A design concept is generated after defining the FR of the top level. This mapping is
demonstrated in Figure 2-2.

Left Domain: Right pomain:
representing thewhat representing thehow

asF as DP
Level 1 Fll?1 FR2 DP1 DP2
Level 2 I k{“‘!

zc]
FR11 FR12 FR2t1 FR2 B

221G ZAG
1. conceptualize Define the FRs
2. mapping of the next level
FR = [DM] * DP
3. prove the
Independence FR = Functional Requirement]

- DP = Design Parameter
Axiom DM = Design Matrix

Figure 2-2 Developing an hierarchy by zigzagging between two domains™

The mapping requires that two axioms be followed*?:
Axiom 1: The independence Axiom

Maintain the Independence of the FRs
Axiom 2: The Information Axiom
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Minimize the Information Content of the Design

The FRs and DPs are described mathematically as a vector. The Design Matrix (DM)
describes the relationship between FRs and DPs.

{FRs} = [DM}{DPs}

An element in the design matrix Dmy; is defined by:
Dmij =dFR;/ dDPj

This is a constant in linear design. DM must be a diagonal or triangular matrix in order
to satisfy the independence axiom. Designs involving diagonal matrices are referred to
as uncoupled designs. Designs involving triangular matrices are referred to as
decoupled designs. Decoupled designs can satisfy the Independence Axiom if it DPs
are implemented in a specific order.

The Information Axiom, 2" Axiom, is defined in terms of probability of

successfully achieving FRs and DPs. The information is defined as:

| =4&i=1n [logz (1/p)]

Where p is the probability of DP; satisfying FR;. 1 is in units of bits.  The total
information content is the sum of the probabilities since there are n FRs. The
information Axiom states that the design with the smallest | is the best design, since it
requires the least amount of information to achieve the functional requirements of the
design.*®

This approach, although theoretically interesting, offers one significant
disadvantage, the dependence on the 1°' Axiom. The Independence Axiom is for the
most part not particularly practical since the interdependence between the functions of

the avionics systems being considered is very high.

13 Reynal, Vincent A. and Cochran David S., Understanding Lean Manufacturing According to Axiomatic
Design Principles. The Lean Aircraft Initiative Report Series, #RP96-07-28, November 1996.
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2.2.3 Argumentative method

The argumentative approach refers to the scenario where an Architect is arguing
with and learning from others involved in the process. These participants make
contributions of new problems, possible new solutions, and different points of view while
the architect weights these inputs at a higher level and tries to reach a satisfactory
architectural result. It can be likened to brainstorming with a single decision-maker
within the brainstorming session. This process is difficult to implement and control. It
often leads to dispersion of the original goals and to the implementation of particularly
dramatic ideas without enough consideration for the well thought out ones. Establishing

a structured and repeatable argumentative method is nearly impossible.

2.2.4 Heuristic method

The heuristic approach has some of its origins in the pronouncement and rational
approach. The central idea came from asking architects what they do when confronting
a complex problem. The skilled architect likely would answer, “Just use common
sense”'®. A better way to describe “common sense” might be to call it contextual sense.
This refers to knowledge of what is reasonable given the particular context being
considered. Through their education and experiences over the years, practical
architects build up a body of contextual sense. This process seems to take about 10
years®. Only then are they generally entrusted with complex, system level problems.
Just as important as accumulating these experiences, architects learn how to use their
body of common sense in order to effectively, although not always efficiently, solve
complex problems.

A heuristic can be thought of as a statement of common, or contextual, sense
that aids in concept development, problem solving, decision-making, or judgment. The
difference between a pronouncement made by an individual and a heuristic is that the

heuristic tends to apply to subjects with some general consensus. Heuristics are not

! Rechtin, Eberhardt. Systems Architecting, Creating and Building Complex Systems. Englewood Cliffs,
NJ: Prentice Hall, 1991.

15 Rechtin, Eberhardt. Systems Architecting, Creating and Building Complex Systems. Englewood Cliffs,
NJ: Prentice Hall, 1991.
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guite scientific laws because they generally are not qualitative. They are different from
mathematical statements because they tend to be derived as generalizations from
specific examples, not conclusions derived from general principles. An example of a
heuristic night be:

Success is defined by the beholder, not by the architect.

Heuristics can be derived from almost any source. Although they can be helpful under
certain conditions, they have the disadvantage of not being quantifiable. Relating the
information to others or substantiating a particular decision becomes more difficult in the
absence of a quantifiable method. Heuristics should be thought of as guidelines and

they are not likely to be successful without some additional supporting tools.

2.3 System partitioning

The driver for decomposition and partitioning is complexity. Decomposition can be
performed on a function, concept, or form and can be done at any level. Decomposition
can operate on goals, function, needs, and processes resulting in abstract objects.
Decomposed things are never recomposed to any literal sense of the word.®
Partitioning is defined as the decomposition of a set into a family of mutually exclusive
sets but is done in either a physical or logical domain (form) and is concept specific.
One distinction between partitioning and decomposition is that the results of partitioning
are generally a function of the thing being partitioned. For example, if you partition a
form, you get a product or a system. Partition timing and you get a timeline. Partition
operator actions you get operations. Partition a process schedule you get a schedule.
Partition a team you get an organization. The big difference with partitioning is that it
results in actual physical or logical things and that partitioned things do integrate to form
a whole. Neither decomposition nor partitioning is necessarily unique. Two different

architects will generally develop different decompositions and partitioning.

18 Crawley, E., System Architecture Lecture Notes — Rev 2, MIT, November 12, 1999.
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Decomposition tends to be more generic while partitioning tends to be more specific to
the form.

A useful guideline might be to partition for easy integration and for flexibility in the
evolution of the product. These are key but their implementation can be very difficult.
Decomposition and partitioning are key to managing complexity from the architects
perspective. Although the challenge in a complex project can appear to be the
integration of the subsystems, the source is usually related to bad partitioning decisions
at the start of the project. “...60% of all failures are caused by connectors or wiring...
partitioning should minimize the interaction across boundaries. For example, an
excessive number of wires between boxes suggests poor minimization of coupling and
poor adhesion within the boxes.”*’

Given the complexity and typical boundless characteristic of systems, the architect
has a significant challenge in deciding how to partition the functionality contained in a
complex system. Here are some reasons why the partitioning problem is difficult.
Architects mostly evolve from engineering backgrounds. The traditional training for an
engineer focuses on optimizing designs. This is in some sense a contrast to the
architect’s goals, which might be described as ‘optimize’ nothing but the complete
system in the largest context that you can imagine. If a system has been optimized, it
is usually with respect to some single or at most, a few characteristics. These
‘optimized’ designs are inherently difficult to change. Because products tend to evolve
from their original defined functions, large complex systems often experience many
specification changes through the development process. It is important for the system
to have some flexibility not only at the point of the original conception but also during the
subsequent period of development and use. A fine balance must be achieved with
respect to flexibility. Too much flexibility can compromise performance while too much
optimization on performance can compromise flexibility.

So how are partitioning decisions made now? Arbitrary slicing through a tightly
integrated system is clearly a mistake. Unfortunately, decisions on partitioning

sometimes get made for less then stellar reasons. A common approach is to base

1 Lacy, J.A., Systems Engineering Management, New York, NY, McGraw-Hill, 1992.
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partitioning on the enterprise’s organizational structure. The system is partitioned
following the division of the organization currently in place. The traditions and decisions
of the past then influence the way the functions are distributed and how partitioning
decisions are made in the future. This influence can be thought of as the Legacy Effect.
In many cases, the enterprise and its groups have some legitimate validation for how
they are focusing on the job. The way it was done in the past may not be the best way
to do it in the present given the current set of goals. The subsystems that play a role in
avionics systems and their integration also suffer from the legacy effect. Many of the
functions are predetermined either by the customer or by the lack of options available.

2.3.1 Partitioning using heuristics

The industry still depends on a small set of experienced individuals who use mostly
the normative or heuristic methods in order to fulfill their architecting responsibilities.

Some interesting heuristics in the area of partitioning are listed below:

In partitioning, choose the elements so that they are as independent as possible,
that is, elements with low external complexity and high internal complexity.
(Alexander, 1964)18

In partitioning a system, choose a configuration in which local activity is high
)19

speed and global activity is slow change. (Courtois, 1985
In partitioning a system, choose a configuration with minimal communication

between the systems. (For example, aerospace, communication network, and

software systems.)®

18 Rechtin, Eberhardt. Systems Architecting, Creating and Building Complex Systems. Englewood ClIiffs,
NJ: Prentice Hall, 1991.pp 41.

19 1bid, pp 41.

2 pid, pp 41.



Don’t partition by slicing through regions where high rates of information

exchange are required. (For example, computers)?

The heuristics noted don’t seem to be so much concerned with the performance
of the system from a life cycle cost point of view but more from the point of making it
more manageable for the architect.

An important point refers to keeping functionality isolated within an element such
that only a few critical external events can disturb the inner workings. This isolation
guideline can contribute to maintaining stability within a particular subsystem. A related

heuristic is:

Design the elements to make their performance as insensitive to unknown or

uncontrollable external influences as practical.?

This helps in the development process since it means that those subsystems can
be developed separately. This approach is designed to achieve good system
performance from a holistic point of view but will not result in optimal performance within
a given parameter. It does not necessarily result in a system with minimum weight,

minimum power consumption, or any optimization for any other characteristic.

2.3.2 Partitioning trees

There are some more formal methods supporting partitioning decisions. The most
common form is using decomposition, sometimes in the form of partitioning trees. This
process involves dividing the problem into smaller parts at each successive level of form
or logic. This approach can be thought of as having vertical cuts through the solution
space. This results in a multilevel tree-structure hierarchy. The process continues until
the parts are small enough to perform detailed design. The last step is to integrate the

results. Figure 2-3 depicts the tree approach to partitioning.

L pid, pp 41.
22 pid, pp 42.
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Figure 2-3 Structure of partitioning tree

This approach has some advantages. First, it is very general since you can break
up any large problem into smaller parts. It allows the system to be made up of a
subsystem design, developed and implemented by others. It leads to a clear definition
of interfaces and responsibility for each so it offers some advantages to the
organizational structure.

The tree process of partitioning also has some disadvantages. The main
disadvantage is the lack of connectivity between the branches. Horizontal movement is
usually more difficult. You can connect the elements at the same level on your branch
going in the vertical direction but cannot connect the other branches without going up
and over. One important weakness relates to flexibility. When there are significant and
repetitive changes to the specification, the tendency of making local changes in the
implementation when using a tree approach compromises the result. It can lead to
changes that change the approach to a non-tree problem with lots of complicated
branches. As the tree complexity increases, as with any other system, making changes
becomes increasingly difficult. This sometimes results in highly modified large system
definitions becoming so cumbersome that the architect may once again start from

scratch.

2.3.3 Partitioning layers

A less common method of partitioning is layers. The method is to break the
problem up into groups or layers no characteristic of which has any explicit connection
to those in the layer above and below it. This approach can be thought of as having

horizontal cuts through the solution space. Some examples would be assembler and
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the Internet. Software assemblers are generally structured so that the functions operate

at a given level without significant interaction between levels.

Figure 2-4 Structure of partitioning using layers

The advantage of this approach comes to light when making a specification
change. If the system has been properly designed, changes can be made at the
highest levels without impacting lower ones. This allows the architect to better focus on
reducing the lifetime cost of the system without being limited by the changes of the day.
Organizations that emphasize rapid creation of effective teams, or very long
organizational life, tend to be layered.

The disadvantages with this method are related to the extra effort that is required
in order to establish and maintain each layer. This has to be a carefully evaluated effect
but it can often be worth it given the advantages of this approach. This approach is
inherently more difficult. It requires more experience and foresight. Object oriented
design is an example. If you consider a general concept where functionality is
organized in layers that do not have intensive links, the aggregation of the objects
results in a system that is easier to modify. The additional effort to initially set up the

system that way is the trade-off.

2.3.4 Partitioning using tree and layer combinations

There have been many attempts at taking advantage of both the vertical
implications of tree structures and of the horizontal implications of the layer method.
Most of these are in the area of organization and they include integrated product teams
(IPTs), process reengineering, flat organizations, matrix organizations, military
organizations (rank and unit). These organizations tend to be structured more like

matrices.
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Rate of change is an important consideration for choosing which one to use.
Low rates of change will generally make the tree-structured approach seem better.
Very high rates of change will make the make the layer approach seem better. PC
architecture is an example.?® This can be also seen in organizations. Organizations
that are involved in industries with large rate of change tend to establish small and
therefore flexible organizations or combinations of small units.

Much of the abstract thinking about complexity, decomposition, and connectivity
is common to both tree and layer methods. Team organization and Form connectivity
are highly coupled and in many ways determine product success. A traditional view is
that teams exist so consider fitting product to the model of the organization. Eppinger’s

fundamental point is to fit the team to the organization for best product results?*.

2.3.5 Partitioning using tree and layer combinations

Another method for organizing functions into groupings is referred to as the N x N
Matrix. %> This derivation from the popular Design Structure Matrix method can be used
for establishing organizations, subsystems, components, processes, and so forth. For
organizing functions with the goal of achieving good partitioning, one could start by
establishing an N x N matrix filling the diagonals with N elementary functions. See
Figure 2-5 for a depiction of this approach.

The remaining elements are filled with the one way interfaces between the basic
functions. The interfaces can be thought of as “flowing” clockwise with columns
mapping to the input into the basic function contained in that column and the rows

mapping to the outputs out of the basic function contained in that row.

2 Baldwin, Carliss Y. & Clark, Kim B. Design Rules, The Power of Modularity. Cambridge, MA: The MIT
Press, 2000.

24 Eppinger, Steven D. and Ulrich, Karl T., Product Design and Development, New York, NY, McGraw-
Hill, 1995.

% Adapted from Kockler, DSMC Systems Engineering Management Guide.
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“Squaring off” sections that have high interface density defines the functional
groupings that are contained in one subsystem. An example of this is provided in

Figure 2-6.
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Figure 2-6 Partitioning defined by the groupings of related functions.

Three groupings are established given the matrix’s functional interface density.
Partitioning here refers to the assigning of the functions to subsystems. This method
provides a good method for aggregating and grouping with respect to
interdependencies of the functions in the system. The biggest limitation with this

approach is that it only accounts for one parameter; functional interfaces.
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2.4Life Cycle Cost

Life cycle cost (LCC) is defined as the total cost of acquiring and owning a system over
the entire life of the system including acquisition, operation, and disposal. Figure 2-7
Distribution of costs through life cycle shows a typical breakdown of the LCC indicating

that the operations and support component is about 60% of the total costs.

Life Cycle Cost >
Operations & Support ———=

[<————— Production ————»

System Acquisition

Research &

Development 60%

A A A "
o 1 0w Time

Figure 2-7 Distribution of costs through life cycle®

This large cost is generally made up of the following:

Actual operations (flying hours, fuel, personnel, etc.)
Labor costs associated with the maintenance of the aircraft including
troubleshooting, removing and replacing of equipment
Costs associated with the tracking of maintenance actions
Purchase of spare components
Maintenance of logistics system to manage spare components
Training for maintenance personnel

Many of the current methods used for partitioning revolve around managing the

system architect’s view on complexity. This results in systems that could be developed
and operated within the limitations of the existing context but seems to limit the

possibilities of implementing a methodology that considers other factors. One area that

% Kochler, Defense Systems Management College, Systems Engineering Management Guide, 1989.
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contributes significantly to the final life cycle cost is the maintenance of an aircraft once

it is situated in an operational environment.

2.5 Objectives of a System Architect

The systems architect is concerned with the overall architecture, not just the system
architecture. Although this work focuses on the aspect of partitioning, it is recognized
that partitioning is only one of several important parts of effective system architecture.
In an effort to be most concise, four basic points have summarized the responsibilities
of the system architect?’.

The first is “Fit form to function”. This implies the full understanding of “function”
before a form can be determined. Functioning in an abstract world for some period of
time before deciding on the form is critical.

The architect should aggregate function into a few groups. This speaks to the idea
of forming functional modules in order to reduce complexity but also takes advantage of
aspects that might be common between more than one function. Keeping in mind not to
partition into too few groups or else compromise the flexibility of the system.

The architect should partition into autonomous elements. These elements need to
contain the required functionality but not be too isolated from the functionality of the
system. Eliminating too many of the interfaces will reduce the benefit of integration.

The challenge is to “fit”, “balance”, and “compromise”. Saying that everything is
important may sound ridiculous but to some extent, it is true. Relating and
understanding the context enough to make good decisions with respect to partitioning
will consider the reasonable compromises and achieve the system balance required for

a successful system.

27 Crawley, E., System Architecture Lecture Notes — Rev 2, MIT, November 12, 1999.
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3 Methods

3.1 Interviews with Avionics System Architects

In order to identify the methods that are currently being used, a group of
experienced avionics system architects was interviewed. The group of architects was
made up of twelve individuals with an average experience in avionics system
architecting of 14.5 years. Of the twelve, nine are employed at Sikorsky Aircraft and
have all been involved to some extent with the architecture of the five aircraft types
studied. The three remaining architects were from outside the organizations. One was
from a large organization significantly larger than SA that is involved in the design and
integration of advanced avionics systems. The other two are from smaller companies
that have done subcontract work for SA in the past.
With an eye on identifying the actual processes practiced, the criteria for
interview candidates was:
Extensive experience in the specific area for this study, Avionics System
Architecting
Minimum Experience of 10 years in the field
Experience of at least three projects involving significant architecting content
Willingness to participate in the interviews
Demonstration of interest in the results of the study

Each individual interviewed had the title of Sr. Avionics System Engineer or higher.

The interview was designed to identify architecting decision processes with focus
on the partitioning aspects. A copy of the structured interview questions is provided in
Appendix A. The interviewing process began with a brief explanation of the area of
study including a review of the research questions. Each interviewee was assured that
specific details of their interview would be kept confidential to encourage openness. A
specific time charge number allocation was made available and the interviews were
scheduled around the interviewee’s schedule in order to assure that the required
amount of time was used without having to rush. The interview times ranged from 40

minutes to over two hours.



All but three of the interviews were done in person with the exceptions done via
telephone due to distance constraints. Detailed notes were taken during each of the
interviews and transcribed, usually the same evening, in order to capture the full

essence of each of the interviewee’s perspectives.

3.2 Maintenance data analysis methodology

The methodology developed here had as its primary objective the identification of
partitioning rules that reduce life cycle costs of an aircraft with a particular focus on
reducing the significant maintenance costs associated with helicopters. For this,
maintenance and reliability data was gathered from five different helicopter products
produced by Sikorsky and operated by the US Navy and Marine Corps. These
consisted of 3 helicopter types in the medium-lift category (Seahawk variants) and 2
helicopter types in the heavy-lift category (H-53 variants). The data were acquired in
raw format and processed as required in the development of the described
methodology.

The hypothesis considered was that through the analysis of real data for well
defined and understood avionics systems, a series of partitioning insights could be
identified to be later applied in the design of new avionics systems. For this, the data
gathered from the five aircraft were first compared in order to evaluate the feasibility of
using this data set for a case study. The advantage of using five aircraft all operated by
the two operators is that similar technique and an identical system was used for the
collection of the maintenance and reliability data. The system used by all five aircraft
utilized identical categories and nomenclature for the subsystems despite the fact that

aircraft had different avionics architectures.

The full set of data tracked a total of 33 sub-system categories. Of these, twelve
of the categories made up the avionics system and were studied in detail. The data
covering the 12 systems were extracted from the full data set and scanned into a table