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‘Vehicles Knowledge-Based Design Environment
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The Vehicles design environment is a knowledge-based system that assists designers in studying tradeoffs,
evaluating alternative designs, and identifying design drivers. The environment is composed of 1) analysis tools,
such as parametric analysis and what-if analysis capabilities; 2) subsystem sizing and performance models; 3) a
historical data base (of satellites that have already been built); and 4) an extensible architecture in which new
models, tools, and design concepts may be added. We have found that building in flexibility, both for the
designer to explore a variety of space system design solutions as well as for the software developers to continually
enhance Vehicles’ capabilities is essential. The analysis tools, which have been very well received by the design
community, include the capability to study parametric sensitivities, trace the derivation of results, and compare
multiple design concepts. An integrated design environment, one that offers a variety of analysis and informa-
tion handling tools, gives the designers the ability to view a design from different perspectives and across

functional, organizational, and other boundaries.

Requirements

ECISIONS made early in the conceptual design phase of

space systems often lock in much.of the cost and future
allocation of resources. To create spacecraft architectures that
cost less and have better performance, it is important to de-
velop design tools that are capable of in-depth evaluation and
optimization. .

The difficulties in designing artifacts as complex as space
_systems are well known. To name just a few, 1) the design is
created by people with expertise in different areas and with
different goals; 2) the models, data, and designs created by the
design team must be integrated into a single design concept; 3)
there are many competing factors (such as performance re-
quirements vs budgetary constraints); and 4) designs are often
-context dependent, with the context including operating envi-
‘ronments, mission scenarios, threats, political and fiscal reali-
ties, and the policies of regulatory agencies.

In addition, concurrent engineering, during the design

phase, necessitates that design take into account a growing

number of disciplines, requirements and "constraints, and
tradeoffs. Thus a design environment that meets these needs
must support the work of subsystem designers, space system
planners, evaluators of competitive designs, and developers of
models that characterize subsystems. Increasingly the experi-
ence of manufacturing, system maintenance, and marketing
.also needs to be integrated. 7
At the heart of a design environment is the need to provide
insight into tradeoffs, to identify the effects of decisions so
that alternative designs and design drivers can be evaluated,
and to study multiple designs within the entire solution
"space—not just a single solution. Improving insight and un-
derstanding involves viewing a design from different perspec-
tives,! clarifying correspondences, and identifying interdepen-
dencies that might not be obvious. Because studying tradeoffs
from many different viewpoints is essential, a systems design
approach must look at the entire design and its interfaces, as

well as study the design of the individual subsystems. Tracing,

the impact of decisions throughout an entire design often
uncovers unforeseen effects. This is especially so in optimizing
a design, whete local optimizations do not guarantee a
globally optimal solution.?
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Along with these analysis tools, a design environment will
be more effective if it provides a repository of engineering
models, existing designs, and contextual information about

-each design. Without this, work that is done early in a project

may not be usable when one returns to it, months or years
later. For example, without the context, i.e., the models and
assumptions underlying the design decisions, the work may
not be credible, understood, or usable as a basis from which to
make further studies. In that case, the work may need to be
duplicated, starting from the beginning again.

These issues need to be addressed to provide designers with

_an environment that is sufficiently powerful so that the design

process is focused on the creative aspects and less on 1) data
management, 2) recasting the design problem to be something
the existing design software can handle, and 3) searching for
information located in many different places.

Related Research
Chandrasekaran and Brown? identify many levels of design,
ranging from the fairly routine and well-specified process of
making modifications to an existing design to the innovative

‘creation of a totally new design. To date, most work has

focused on automating and facilitating the more routine as-
pects of design. In the case of conceptual design, as in Vehi-
cles, a number of challenges arise because the process is a

‘highly creative and innovative one. A challenge arises from

manipulating and combining information appropriate to dif-
ferent design levels, such as the functional, structural, and
behavioral levels, and from using information specific to mod-
els that may be based on different assumptions. This is not as
much of an issue for redesign work, since the models are
already known to be consistent; however, the conceptual de-
sign stage may be the first time that the models and informa-
tion are integrated.* Another issue is that existing design aids
are often too rigid to allow alternative design styles. The
designer must conform to the style of the software design tool,
rather than the software adapting to the strategy taken by the
designer.

Design brings many diverse factors into play. Heuristics,
detailed calculations, interpolations, precalculated tables, ex-
isting programs, sets of equations, constraints, and require-
ments are all used in the design process. Although models of
spacecraft subsystems must draw upon these diverse sources
of information, the dynamic nature of the information makes
it difficult to represent and maintain the knowledge. For ex-
ample, the models go through an evolution as the information:
on which they are based changes, as requirements and capabil-
ities of the artifact being modeled change, and as the models
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themselves are refined. The relationships between the models
and the knowledge associated with them evolve as well. It is
important, therefore, to track this evolution, to maintain con-
sistency, credibility, and traceability of the information upon
‘which the analysis is based. 4
" Chalfan’ describes work at Boeing on the analysis of aero-
space vehicle design. Chalfan’s approach has been to integrate
existing programs by explicitly capturing ‘‘problem-solving
knowledge required to perform the integration’’ in an expert
system. Similarly, we are gathering domain knowledge for the
subsystems in. addition to knowledge on integrating the sub-
system designs. One main problem-solving strategy is to per-
turb parameters and view the repercussions. Both Chalfan’s
system and Vehicles take this approach. In addition, we find
that by using the equations symbolically and having the do-
main knowledge at hand, we can vary or keep fixed any of the
parameters, which is not possible when using code for which
the only handle is on the input parameter list.

Buckley et al.5 have built Design Sheet, a tool to support
trade studies during conceptual design. They work with alge-
braic equations and provide tradeoff, optimization, and other
analysis capabilities. Vehicles has a similar emphasis, repre-
senting the equations so they may be manipulated and recast
with different sets of independent and dependent parameters.
As a foundation for trade studies, this is essential. Design
Sheet also addresses the difficult task of error propagation
and has a constrained optimization capability. A difficulty
faced by optimization algorithms, in general, is that the equa-

tions may be nonlinear and the values may be discrete, so there-

is no assurance of differentiability or convergence.

Bouchard’ has built a powerful design environment, Engi-
neer’s Scratch Pad (or ESP), not only to create designs, but
also to give instructions on how a design that can be used in
fabrication is built. While taking a much more process-ori-
ented approach than has been taken in Vehicles, both systems
focus on how to handle the complexity involved in designing
large systems. Strategies include 1) providing a variety of
analysis and reporting tools to explore the design space, 2)
capturing knowledge about designs and the design process,
and 3) handling data and knowledge for ease of access. ESP
also provides a number of optimization algorithms.

The methodology used to design and construct an environ-
ment for the design of space systems has been developed to
address a number of challenging issues. Prominent among
these issues are the following: 1) the users have varied design
‘and analysis strategies as well as different viewpoints; 2) addi-
‘tional capability (analysis tools, handling of new types of
information) will continually be added throughout the lifetime
of the software environment; 3) the information in the envi-
ronment and the derived results must be credible (accountabil-
ity); and 4) information from different sources must be inte-
grated to work together and be accessible by analysis tools as
well as by the users. .

Methodology

The methodology used to address these issues is based on
the following:

1) A knowledge-based paradigm for representing and using
information in a variety of situations (scenarios, trade studies,
simulations, what-ifs).

2) An extensible architecture, which makes it possible to
add new tools and new types of information.

3) The availability of analysis tools at any stage or level of
a design. ' .

4) The option to start either with high-level requirements
and develop a detailed design, or with a new technology or an:
existing design and analyze new capabilities.

The knowledge-based paradigm used in Vehicles includes
concepts such as the explicit representation of information,
‘the separation of the knowledge and data from the actions
(inferencing and solving), and the declaration of the relation-

ships among information. Explicitly storing the information

makes it possible to browse all of the information. This is'
important when several models by different authors are used
together to characterize a satellite. Rarely will any one person
be expert in all fields, making it even more important to
provide access to the models, their assumptions, and their
authors. This approach makes the conglomerate system model
more credible, transparent, and accessible. The user can also
follow decisions through. to their conclusions, or vice versa,
trace conclusions to the assumptions and decisions on which
they are based.

Another challenging aspect of supporting the design process
is that the knowledge and data bases are not static; the infor-
mation becomes obsolete, is superseded, or may be appropri-
ate only in a particular situation. This makes it important to
gather contextual information® about the design data and
knowledge (which includes the types just mentioned), as well

- as about constraints and conditions for their use.

Integrating the many different kinds of information is a
challenge, because of the different perspectives of the design-.
ers, planners, and analysts, as well as the different sources of
the engineering models, data bases, and analysis tools. The
models may have different levels of detail, different variable
names that mean the same thing (or a single variable name that
means something different in each model in which it is used),
equations based on different assumptions, or different degrees
of calculation precision. Most of the integration has been done
by hand, which involves working with the authors of the
models, defining terms, and specifying assumptions and con-
straints. We are investigating how the burden on the user
might be reduced.’

Part of the solution to integrating this information is to
declare explicitly the interdependencies in the models. Thus,
when a model is changed, the repercussions on other models
are evident. It also makes the person who is changing the
model aware that changing certain parameters could lead to
inconsistencies. )

There is a need for extensibility because the software envi-
ronment will evolve and will require enhancements as new
analysis tools and data sets are required. The architecture of
the environment must support this growth, while providing
analysis capabilities in the short term. The ability of the archi-
tecture to accommodate new kinds of information is possible
through the use of a ‘‘blackboard’’ architecture, which pro-
vides a globally accessible forum to track information that is
relevant to a project, the status of the design and analysis
studies, and the interdependencies of information that has
been partitioned (e.g., into subsystem models). This architec-
ture has been implemented by means of system definition
statements (which are predicates within Prolog). The new
information may either be contained entirely within the system
definition statement itself, or it may be accessed by means of
a pointer. The latter method often saves storage space and
simplifies the specification of the information.

The system definition is composed of the following: 1)
System Name; 2) Subsystem; 3) Type of Information; 4) Val-
ues or Pointers; and 5) Version and Date.

The first field is the System Name, such as /landsat or dscs.
The second field, Subsystem, is the breakout of the system
segments. This might include a space and a ground segment.
The space segment might be further described by satellite:
subsystems, such as bus and payload. A similar breakout can
be seen in Fig. 1, where both the bus and the payload have
additional breakouts. The Type of Information, given as the
third field in the above list, is the category of information,
such as subsystems, parameters, equations, dependencies,
and so on. The fourth field, Values or Pointers, describes the

-information. If the type of information were dependencies,

the Values field would contain parameters that are not gener-
ated in the subsystem being described. For instance, in a radar
subsystem, the dwell time is dependent on the slant range,
which in turn is calculated in the orbit subsystem. The last
field in the list contains the Version and Date, which is neces-
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Fig. 1 An overview of the subsystems studied in a communications satellite concept.

sary to maintain consistent models, especially since they may
frequently change.

Additional information, even new types, is incorporated
simply by adding new system definitions, or by creating new
‘“types’’ if the information is new. Analysis tools and new
reports may be added by writing a preprocessor or postproces-
sor that accesses the information to input into the tool or
incorporates the output of the tool into the appropriate data
structures. This is mediated by the system definition state-
ments, which have routines that assist in retrieving or saving
the information.

With design paths that may begin (or end) with require-
ments, a flexible manner of handling equations was sought.
We have used a symbolic equation solver that stores the equa-
tions symbolically. Then, depending on which variables are
known, the equations are solved for any unknown variables.
‘Thus, there is no longer a distinction between the variables on
the right- or left-hand side of the equations. The same equa-
tions may be used to solve for any variable, depending on the
initial conditions.

As noted earlier, the architecture of the software support
-system, like that of the space system being designed, must”
permit multiple experts to create, modify, and extend the:
architecture itself. Substantially different approaches, view-
points, and information bases necessitate that the architecture
address these difficult design problems. To this end, an open
‘and extensible architecture has been investigated.!® This is
being addressed by 1) modularizing the code; 2) separating the:
knowledge and data bases from the analysis and synthesis!
tools; 3) exploring schemes to ‘‘wrap”’ (or characterize) analy-
sis tools with metaknowledge about the tool’s usage, its in-;
puts, and its outputs; 4) representing information about the
structure and interdependencies of design components explic-
itly; and 5) providing access to programs written in other
languages.

Capabilities

We have built a software environment to rapidly model the
technology, performance, architectures, and context of arti-
facts being designed or studied. The artifacts we have dealt
with are satellites, constellations of satellites, and satellite
subsystems; however, Vehicles can support the design of any
artifact that can be described as a hierarchy of subsystems.
This could include automobiles, printers, or launch vehicles.
Figure 2 shows the tools, reports, and kinds of information
that are in Vehicles. Recently, we have begun to use Vehicles
as an environment in which to integrate existing software
programs into a consolidated simulation.

Analysis Tools

A number of tools have been developed and others are being
added to Vehicles in order fo increase the designer’s ability to
study the designs, their performance, and their behavior.
Among these tools are the following:

1) Equation solvers, allowing the set of independent and
dependent variables to be changed, depending on the case
being studied.

2) Sensitivity analysis, which gives the relative importance
of independent factors in relation to the dependent variable.

3) A parametric study capability, to vary several indepen-
dent variables and monitor dependent variables, while select-
ing those designs that meet requirements, constraints, and
criteria set by the user.

4) A subsystern characterization report, a report summariz-
ing the critical factors, a communications power link budget,
and a weight-breakdown report (among other reports).

5) A comparison and evaluation of design alternatives us-
ing such criteria as comparison to a baseline design, constraint
and requirements satisfaction, and sanity checks.
~ 6) Presentation of multivariate information,!! graphically

and in tabular format.
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Traceability

Considering the complexity and numbers of people working
on a project, it is not sufficient simply to provide the answer.
It is also necessary to provide insight into how solutions were
derived and where the information origihated; i.e., the data
may be due to an estimate, or a measurement, or be from a
reference. Along with the explicit representation of knowledge
in a knowledge-based approach, information is stamped with
the date, time, and the source (or origin). This makes it
p0551ble to trace the development of a design and find the
user’s decisions, when rules were applied, which equations
were used, and which external tools or data bases were used.
This information is then used to buiild a dependerncy diagram
of how a parameter vahie was derived. For example, Fig. 3
shows that the power rcvd signal, i.e., the power of the re-
ceived signal, depends on the frequency, the receive and trans-
mit antenna diameters, the power radiated, power avg, and
the orbit. In the figure the parameters dre in bold print,
underneath those are the subsystems, and beneath the subsys-
tems are the values. The lines connecting the parameters indi-
cate that the parameter on the left was derived using the
parameter(s) to the right of it. The méthods (e.g., rule, equa-
tion, external routine) are not displayed, to avoid cluttering
the dependency diagram.

Example Trade Study

A trade study is given to exemplify how the above tools are
used and the kinds of information that comes into play. For

example, in designing a surveillance satellite, models are devel-
oped to size and characterize the performance of the sensor
payload, the spacecraft bus (attitude control, electrical power,
communications, and so on), the environment, the orbit, and
the cost and schedule. One trade study compares a scanning
sensor to a staring sensor, monitoring the affect of each design
on the signal and data processing, the telemetry bandwidth,
the weight of the subsystems, and the relative cost of the
different alternatives. This may be done within Vehicles as
opposed to having each individual engineer analyze their sub-
system and then pass that information along to the next engi-
néer. The results’are stored within Vehicles for further analysis
and reporting.

Status

Vehicles is an interactive environment built to enhance,
assist, simplify, and expedite design activities under the guid-
ance of the designers. We stress its interactive nature, because
the knowledge being captured is sufficiently focused on indi-
vidual tasks so that a higher-level systems view necessitates
having the designer in the loop.

The core of Vehicles is written in Quintus Prolog and C on
a Sun workstation. A new user interface is being built using
X-windows, C+ +, and the Interviews widget set. We have
also linked Vehicles to existing software tools (in Fortran and
C) for graphics and engineering analysis.

We have developed the ability in Vehicles 1) to support
varied styles of design, 2) to handle and evaluate multiple
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Fig. 2 The Vehicles knowledge-based desigh environment,
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designs, 3) to provide meaningful status reports on the resuilts
obtained and on the degree of completion of a design, 4) to

provide a variety of analysis tools, and 5) to create an open.

and extensible architecture.

Vehicles has been built and used, in parallel with tradition-
ally coded simulations, to study tradeoffs during the concep-
tual design phase. of several different satellite-architecture
studies. ‘The projects we have supported within the last few
years include the design of a radar payload, the development
of a balanced configuration of satellites to meet mission
needs, the design of a modular spacecraft bus that supports
interchangeable payloads, the evaluation of designs from
competing contractors, and a study modeling the effectiveness
of environmental testing of satellites. The system has been
delivered to two sites within Aerospace Corporation for use,
evaluation, and the iterative process of improving the system
based on feedback from its users.

Currently, Vehicles has over 300 rules, 900 equations, 2400
parameters, and 150 subsystems. The number of subsystems
and paraméters are high because the same kind of subsystem,
such as ‘‘antenna,’’ might have a different name, depending
on its type. Thus, some of the antenna subsystems in Vehicles
are the following: gda, horn antenna, mba, mbal, mba2,
mba3, scamp, and scott. These represent a gimballed dish
antenna, a horn antenna, a few multibeam antennas, and a
couple of mobile terminals. Each of these antennas is a sepa-
rate subsystem characterized by a similar set of parameters.
Some parameters include antenna _type, freq band, gain, and

n_beams. The last parameter, the number of beams, would

appear only in the multibeam antenna subsystems. Although
the scamp and scott terminals are based on the ground, they

-must be modeled in order to charfictérize the communications .

links'? and to study the allocation of resources between the
ground stations and the satellite(s).

Lessons Learned

An environment dedicated to supporting designers is power-
ful because the tools that comprise the environment 1) provide
insight into design, 2) enable one to explore the design and
solution spaces, 3) integrate diverse engineering models, and
4) capture the design flow; i.e., the decisions made, models
used, assumptions, and design approaches. The insight must
ensure a better understanding of a design, a set of design
alternatives, the tradeoffs, and the design drivers, while keep-
ing in mind the limitations of the modeling process (a model is
not the artifact it describes).

The credibility, transparency, and traceability of informa-
tion are important because the information is complex, origi-
nates from a variety of sources, and to be used in ways the
authors had not forseen. Engineers, having developed their
own analysis programs, know the assumptions and capabili-
ties on which the programs are based, as well as the limitations
of the software. As both the information and the analysis
tools gain a wider audience, a whole set of meta-information
(information about information) is needed to understand how
the information (or tool) may be used, when it is appropriate,
and what it is based on.
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For this reason, as well as to build credibility in the eyes of
the designers, it is vital to validate the information and models
being used, to enable the user to view what the models are
composed of and where the information comes from, as well
as to ensure consistency within and across models. The latter
issue, that of integrating models® that have been authored by
different people, is an ongoing area of research.

Information about the design information, such as the
sources (e.g., an equation, a report, or a person) or conditions
placed on the validity of some information or model, is explic-
itly captured and represented, and may be displayed. This is

coupled with reporting tools to support the transparency and

traceability of information. The self-documentation report
takes the current state of the design and documents all of the
models and information on which that design is based. It
includes only the information that is actually relevant to the

design. For example, in the design of a phased-array radar, the.

models appropriate to phased arrays are automatically called
into play once the ‘‘radar type” is set to ‘‘phased array.”
Radar models appropriate to a reflector antenna would not be
included in the documentation. The second tool, the depen-
dency graph, traces the information that was used to solve for
a dependent parameter. This was already presented in Fig. 3.

We have found it essential to involve the users as early as

possible, even while the Vehicles environment was being devel-

oped, so they will feel that they ‘““own” the system; this also .

ensures that it directly addresses their needs. Building a proto-
type has made it possible to respond quickly to user needs and
get feedback. Often the users themselves did not know what
‘they wanted. However, upon seeing the prototype, it was
easier for them to identify what they wanted and to evaluate
the current proposed design. The prototype has thus acted as
a ‘“‘strawman,”’ which is how space system designers often
begin—initially presenting a preliminary or rough system con-
cept in order to stimulate other ideas. One postscript to this is
that the system developers must be open to feedback and to
making a variety of changes. This is a very different approach
from writing software based on a requirements specification.
A high level of trust and open communication channels be-
tween the system’s users and its designers!? help ensure that
everyone work as a team, rather than as adversaries.

Another lesson we have learned is that it is important to
make explicit the interactions among components, subsys-
tems, models, and so on. By explicitly stating what these
interactions are, it is possible to trace effects beyond a single
module and to perform an impact assessment or trade study.
This will also form the basis for a global optimization or
satisficing routine to be built. We are actively pursuing the
incorporation of such routines.

Engineering designs are always being refined, improved,
and expanded. Similarly, the set of design information, analy-
sis capabilities, and kinds of reports needed for design and
analysis also change and are enhanced over time. Thus the
design platform that is built today will have additional re-
quirements placed on it throughout its lifetime. Supporting

this evolution requires that flexibility be built into the design
environment, from the perspective of new kinds of engineer-
ing models and information as well as from the perspective of
software architecture.
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