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Systems Engineering is an interdisciplinary process that ensures that the customers’ needs are sat-
isfied throughout a system’s entire life cycle. This process includes

understanding customer needs,
stating the problem,
specifying requirements,
defining performance and cost measures,
prescribing tests,
validating requirements,
conducting design reviews,
exploring alternative concepts,
sensitivity analyses,
functional decomposition,
system design,

" designing and managing interfaces,
system integration,
total system test,
configuration management,

risk management, DISTRIBUTION OF TS

reliability analysis, o

total quality management,

project management,

and documentation.
Material for this paper was gathered from senior Systems Engineeris at Sandia National Labora-
tories and also the following references: Blanchard and Fabrycky (1990); Sage (1992); Chapman,
Bahill and Wymore (1992); Wymore (1993); IEEE P1220 (1994); Grady (1994); Hughes Aircraft
Company (1994); Martin-Marietta (1994); Proceedings of IEEE SMC International Conference
(1994); Proceeding of NCOSE Conference (1994); Grady (1995).
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An early version of this paper was published in the IEEE Systems, Man, and Cybernetics
Newsletter December 1994, pp. 11-12. The most recent version is available via anonymous ftp on
tuson.sie.arizona.edu at pub/WhatIsSystemsEngineering. Comments are welcome at
terry@sie.arizona.edu.
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The system life cycle.

The system life cycle has seven phases: (1) requirements development, (2) concept development,
(3) full-scale engineering design and development, (4) manufacturing and deployment, (5) system
integration and test, (6) operation, maintenance and modification, and (7) retirement, disposal and
replacement. However, the system life cycle is different for different industries, products and cus-
tomers. Chapman, Bahill and Wymore (1992); Wymore (1993); Kerzner (1995).

Understanding customer needs.

Customers may not be aware of the details of what they need. Systems Engineers must enter the
customers’ environment, discover the details and explain them. Flexible designs and rapid proto-
typing help identify details that might have been overlooked. Talking to your customer’s cus-
tomer and your supplier’s supplier can be very useful.

Stating the problem.

This is one of the System Engineer’s most important tasks. An elegant solution to the wrong
problem is less than worthless.

The word optimal should not appear in the statement of the problem, because Systems Engineers
do not try to design and build optimal systems. Most system designs have several performance
and cost criteria. Systems engineering creates a set of alternative designs that satisfy these perfor-
mance and cost criteria to varying degrees. Moving from one alternative to another will improve
at least one criteria and worsen at least one criteria, i.e. there will be trade-offs. None of the fea-
sible alternatives is likely to optimize all the criteria (Szidarovszky, Gershon and Duckstein,
1986). Therefore, we must settle for less than optimality.

It might be possible to optimize some subsystems, but when they are interconnected, the overall
system will not be optimal. The best possible system is not that made up of optimal subsystems.
An all star team might have the optimal people at all positions, but is it likely that such an all star
team could beat the world champion team in basketball or football?

If the system requirements demanded an optimal system, tests could not be designed to prove that
any resulting system was indeed optimal. In general, it can be proven that a system is at a local
optimum, but it cannot be proven that it is at a global optimum.

Specifying requirements.

There are two types of system requirements: mandatory and preference. Mandatory requirements
insure that the system satisfies the customer’s operational need. Mandatory requirements (1)
must specify the necessary and sufficient conditions that a minimal system must have in order to
be acceptable (They are usually written with the words shall and must.), (2) must be passed or
failed, there is no middle ground (i.e. They must not use scoring functions.), and (3) must not be
susceptible to trade-offs between requirements. Typical mandatory requirements might be of the
following form: "The system shall not violate federal, state or local laws." Mandatory require-
ments state the minimal requirements necessary to satisfy the customer’s need.

After understanding the mandatory requirements, Systems Engineers propose alternative candi-

date designs, all of which satisfy the mandatory requirements. Then the preference requirements
are evaluated to determine the "best" designs. The preference requirements (1) should state

Bahill 3 July 1995 2



conditions that would make the customer happier (They are often written with the words should
and want.), (2) should use scoring functions (Chapman, Bahill and Wymore, 1992) to produce
figures of merit, and (3) should be evaluated with a multicriteria decision aiding technique (Szi-
darovszky, Gershon and Duckstein, 1986), because none of the feasible alternatives is likely to
optimize all the criteria and there may be trade-offs between these requirements. Typical prefer-
ence requirements might be of the following form: "The system should have high performance
and low cost: the performance and cost figures of merit will be weighted equally." Sometimes
there is a relationship betwen mandatory and preference requirements, e.g. the mandatory require-
ment could be a lower threshold value for a preference requirement.

The words optimize, maximize and minimize should not be used in stating requirements, because
we could never prove that we were there. Consider the following criteria: (1) we should mini-
mize human suffering, and (2) we should maximize the quality and quantity of human life. A
starving child should be fed, even if the child continues to live in misery. However, the criteria of
minimal suffering could lead to the conclusion that the child should die.

Quality function deployment (QFD) can help identify system requirements. Grady (1992); Bahill
and Chapman (1993); Bicknell and Bicknell (1994).

Defining performance and cost measures.

A technical performance measurement, often called a performance figure of merit, describes the
result of a test, e.g., "In this test that car accelerated from 0 to 60 in 6.5 seconds." Such measure-
ments are made throughout the evolution of the system: based first on estimates by the design
engineers, then on models, simulations, prototypes and finally on the real system.

Prescribing tests.
Early in the system life cycle Systems Engineering should describe the tests that will be used to
prove compliance of the final system with its requirements.

Validating requirements.

Validating requirements means ensuring that the requirements are consistent and that a real-world
solution can be built and tested to prove that it satisfies the requirements. If Systems Engineering
discovers that the customer has requested a perpetual-motion machine, the project should be
stopped.

Conducting design reviews.

After the system model has been simulated and validated the requiremnents are reanalyzed and
reformulated. This is called a preliminary design review. After the prototype has been validated
the requirements are again reformulated. This is called the critical design review. After the pre-
production unit has been validated the requirements are again revised in the preproduction design
review.

Exploring alternative concepts.

Alternative designs should be proposed. Multicriteria decision aiding techniques should be used
to reveal the best alternatives based on performance and cost figures of merit. This analysis
should be redone whenever more data are available. For example, figures of merit should be
computed initially based on estimates by the design engineers, Then models should be
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constructed and evaluated. Next simulation data should be derived. Subsequently prototypes
should be measured and finally tests should be run on the final system. For the design of complex
systems, alternative designs reduce project risk.

Sensitivity analyses.
A sensitivity analysis can be used to point out the requirements that have the largest effects on

determining the best alternatives. They are used to help allocate resources. Karnavas, Sanchez
and Bahill (1993).

Functional decomposition.

Systems engineers do functional decomposition on new systems (1) to map functions to physical
components, thereby ensuring that each function has an acknowledged owner, (2) to map func-
tions to system requirements, and (3) to ensure that all necessary tasks are listed and that no
unnecessary tasks are requested. This list becomes the basis for the work breakdown structure.

When analyzing an existing system, or re-engineering an existing system, Systems Engineers do
functional analysis to see what the system does in order to improve its performance (often called
value engineering), and they also do functional decomposition to see what the system is supposed
to do. In this manner they can describe the present state of the system and the desired (or goal)
state of the system. They can then suggest how the system design can be changed. Making radi-
cal dramatic changes in the system is called re-engineering. Making small incremental changes is
called total quality management.

Icarus, and many flight wanna-bes after him, tried to understand how to fly by analyzing the phys-
ical components that birds used to fly:

Legs,
Eyes,
Brain, and
Wings.

Using this paradigm man was not able to fly. The Wright brothers, in contrast, identified the fol-
lowing functions for the flight problem:

Takeoff and land,

Sense position and velocity,
Navigate,

Produce horizontal thrust, and
Produce vertical lift.

Once it was understood that thrust and lift were two functions, two physical components could be
assigned to them. By using a propeller to produce thrust and wings to produce lift, manned flight
was possible. The following table shows a mapping of functions to physical components.
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Function Airplane Physical Component  Bird Physical Component
Takeoff and land Wheels, skis or pontoons Legs

Sense position and velocity Vision or radar Eyes

Navigate Brain or computer Brain

Produce horizontal thrust Propeller or jet Wings

Produce vertical lift Wings Wings

Birds use one physical component for two functions: thrust and lift. Man had to use two physical
components for these two functions.

Recently object-oriented analysis has been replacing function decomposition for re-engineering
existing systems (Jacobson, Ericsson and Jacobson, 1995).

System design.

The overall system should be divided into subsystems of similar complexity. Reusability should
be considered in creating subsystems. For new designs, subsystems should be created so that they
can be reused in future products. For redesign, subsystems should be created to maximize the use
of existing, particularly commercially available, products. Systems engineers must also decide
whether to make or buy the subsystems, first trying to use commercially available subsystems. If
nothing satisfies all the requirements, then modification of an existing subsystem should be con-
sidered. If this proves unsatisfactory, then some subsystems will have to be designed. Engineers
designing one subsystem must understand the other subsystems that their system will interact
with. Flexibility is more important than optimality. Hardware, software and bioware must be
considered. Bioware applies to humans and other biological organisms that are a part of the sys-
tem. For example, in designing a race track the horses or dogs are a part of the bioware. Facili-
ties for their care and handling must be considered, as should provisions for education, human
factors, and safety. These activities are called System Design for new systems and Systems Anal-
ysis for existing systems.

Designing and managing interfaces.

Interfaces between subsystems and interfaces between the main system and the external world
must be designed. Subsystems should be defined along natural organizational units. When the
same information travels back and forth among different subsystems a natural activity may have
been fragmented. Subsystems should be defined to minimize the amount of information to be
exchanged between the subsystems. Well-designed subsystems send finished products to other
subsystems.

System integration.
System integration means bringing subsystems together to produce the desired result and ensure
that the subsystems will interact to satisfy the customers’ needs. End users and design engineers

need to be taught to use the system with courses, manuals and training on the prototypes. Grady
(1994). :

Total system test.

The system that is finally built must be tested to see (1) if it is acceptable, and (2) how well it sat-
isfies the preference requirements. A total system test was never done on the Hubble Telescope,
in order to save money. As a result we paid $850,000,000 to fix the undetected system error.
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Configuration management.

Configuration management (also called modification management) ensures that any changes in
requirements, design or implementation are controlled, carefully identified, and accurately
recorded. All stakeholders should have an opportunity to comment on proposed changes. Deci-
sions to adopt a change must be captured in a database and reflected in system documentation.
(This documentation is a time frozen design for costing, building, testing, etc.). All concerned
parties must be notified of changes to ensure that they are all working on the same design. The
phrase requirements tracking is now being used for an important subset of configuration manage-
ment.

Risk management.

There are two types or risk: risk of project failure (due to cost overruns, time overruns or failure
to meet performance specifications) and risk of harm (usually called personnel safety). A failure
modes and effects analysis and risk mitigation must be performed. Project risk can be reduced by
supervising quality and timely delivery of purchased items.

Reliability analysis.
Major failure modes must be analyzed for probability of occurrence and severity of occurrence.

Total quality management.

Everyone must continually look for ways to improve the quality of the system. Major tools used
in this process include basic concurrent engineering, quality function deployment (QFD) and
Taguchi’s quality engineering techniques. Bicknell and Bicknell (1994).

Project management.

Project management is the planning, organizing, directing, and controlling of company resources
to meet specific goals and objectives within time, within cost and at the desired performance
level. Kerzner (1995).

Documentation. _

All of these Systems Engineering activities must be documented in a common repository. The
stored information should be location, platform, and display independent: which means any per-
son on any computer using any tool should be able to operate on the fundamental data. Results of
trade-off analyses should be included. The reasons for making critical decisions should be stated.
Chapman, Bahill and Wymore (1992); Wymore (1993).

Creating systems engineers.

The traditional method of creating Systems Engineers was to select well-organized engineers with
lots of common sense and let them acquire 30 years of diverse engineering experience. But
recently these traditional Systems Engineers have written books and standards that explain what
they do and how they do it. So now that the tools, concepts and procedures have been formalized,
in four years of undergraduate education we can teach Systems Engineers who will have perfor-
mance levels 80% that of the traditional Systems Engineers. The other 20% increment in perfor-
mance will come with 20 years of experience.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United Stat§
Government. Neither the United States Government nor any agency thcre?f, nor any of the{r
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any }nforma}txon, apparatus: product, or
process disclosed, or represents that its use would not infringe anatcly owned rights. Refer-
ence herein to any specific commercial product, process, or service by .tradc name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, rec.om-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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