
My dissertation concerns the
application of constraint-
based reasoning to paramet-

ric engineering design (Murtagh
1991).1 It deals with the practical
application of constraint networks,
using automated reasoning to over-
come some of the blind spots in con-
ventional iterative design.

Parametric engineering design
refers to routine-level design (Brown
and Chandrasekaran 1985) in which
the parameters and variables describ-
ing the design object are known, and
the problem is one of finding a con-
sistent set of parameter values that
conform to specified requirements. It
involves converting a well-established
symbolic representation of an object,
consisting of a set of parameters and
variables, into a specific numeric rep-
resentation. This conversion involves
the attachment of numeric values to
the parameters and the use of analysis
programs to either verify the consis-
tency of these values or eliminate
inconsistent values.

Conventional methods of paramet-
ric design rely on the iterative reuse
of analysis programs to converge on a
satisfactory solution. Finite-element
and other analysis programs require
considerable computer resources; are
unidirectional; and are inflexible in
that they require a complete repro-
cessing, irrespective of how small the
change is that was made to the previ-
ous design description. Furthermore,
exact values are required, and impre-
cise data cannot be dealt with.

My research proposes a general
method to minimize the use of the
analysis programs and enable bidirec-

tional reasoning by availing of con-
straint-based reasoning to carry out
redesign (Murtagh and Shimura 1990,
1991). A problem solver, consisting of
constraint networks that express basic
relationships between individual
design parameters and variables, is
attached to the analysis programs, so
that these programs can provide ini-
tial values for the parameters. In
redesign and optimization, however,
the networks alone can then reason
about required adjustments to find a
consistent set of parameter values.

Constraint Representation
My dissertation compares various rep-
resentations of design constraints and
sets out how global constraints repre-
senting standard design behavioral
equations can be decomposed to
form binary constraint networks.
These networks can then use back-
ward reasoning to communicate
required adjustments from perfor-
mance parameters back to input vari-
ables and, thus, determine dependen-
cies between key parameters. Further
development of the networks enables
the same reasoning system to forward
propagate executed adjustments,
using relationship information to
update only those parts of the design
description that are affected by the
adjustment. Hence, the redesign pro-
cess can be simulated by constraint
reasoning alone, with the analysis
programs used only for setting out an
initial description. Single-parameter
optimization is implemented by
extending the reasoning process used
in redesign.

Various issues involved in propaga-
tion are then considered, comparing
them with the techniques used by Lel-
er (1988), Dechter and Pearl (1988),
and Mackworth (1977). Forward prop-
agation through the constraint net-
work is exact because it follows the
steps of conventional algebra. Back
propagation, however, is generally
approximate because of loops or
cycles in the constraint networks and
generally relies on ad hoc procedures
to converge on a solution. At best,
back propagation gives exact accuracy
(for single-path, or no-loop, depen-
dencies) and good approximations for
other multipath dependencies. At
worst, it relies on a heuristic correc-
tion factor to steer the adjustment in
the right direction. In the latter case,
the system uses a general hill-climb-
ing strategy as a fallback when back
propagation is not adequate, that is,
when the reasoning system tends not
to converge on a solution. The imple-
mentation of interval propagation
provides an additional efficient
method of overcoming the problem
of network cycles.

Interval Propagation
Current parametric engineering
design systems can only process
problems expressed in terms of
exact numbers, mainly because of
the requirements of analysis pro-
grams. However, constraint net-
works for propagating exact values
can be adapted to hold ranges of
values or intervals. Besides the obvi-
ous benefit of being able to consider
non-exact values, my research shows
how the propagation of intervals
facilitates the search for a global
optimum in continuous, nonmono-
tonic parameter performance curves,
to which conventional hill climbing
cannot conveniently be applied. By
considering ranges of values simul-
taneously and determining the
approximate maximum and mini-
mum of the performance curve val-
ues they produce, it is possible to
move more efficiently toward the
optimum value than is possible with
conventional discrete-value process-
ing. This practical application of
interval propagation is compared
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with the theoretical work of Hyvo-
nen (1989). It also gives a different
perspective on the redesign methods
discussed by Orelup et al. (1988),
who proposed variations on conven-
tional hill climbing but always with
exact values and repeated analysis.

Test Sessions
A constraint network was implement-
ed with an analysis program for struc-
tural concrete design, and design ses-
sions were performed to demonstrate
how redundant analysis could be
avoided and examine different
aspects of the reasoning and propaga-
tion strategies provided. Interval
propagation is shown to generally
enable convergence on a global opti-
mum in a finite number of steps.
Although interval propagation is gen-
erally useful, it is shown to be more
expensive than single-value propaga-
tion and is only used where non-
monotonic performance functions
are involved. When back propagation
does not give good dependencies, the
reasoning mechanism is shown to
resort to a version of hill climbing
using forward propagation alone, but
it is not necessary to reanalyze at any
stage after the initial trial design. The
different forms of communication
between parameters and variables
within the design are compared for
accuracy and expense.

Conclusions
My research has shown how the para-
metric design paradigm can be
improved by (1) separating the initial
design stage from that of redesign; (2)
using reasoning networks to simulate
analysis; and (3) using various tech-
niques, including the propagation of
intervals, to overcome network cycles.
The constraint networks do not
replace conventional analysis pro-
grams but complement them in a
symbiotic system. Thus, it is proposed
that the successful combination of
representations and strategies is the
key to improving the parametric
design paradigm.
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