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Abstract
Evolvability is a design characteristic that facilitates more manageable transitions between
system generations via the modification of an inherited design. This paper pursues parallel descriptive (empirical-based) and normative (theory-based) approaches to determine initial design
principles and measurable metrics for evolvability. Contrasting biological and technological evolutionary processes was used to yield insight into possible design principles. Several starting
points for evolvability metrics have been identified, including metrics for interface complexity,
visibility, and changeability. Once these metrics reach a level of maturity that allows for simulation of case studies, it is expected that additional data-based design principles will be identified to
augment the existing list of proposed design principles that include modularity and redundancy.

Motivation
The early phases of conceptual design require careful consideration as early decisions will
have substantial influence on the new system, ultimately enabling or limiting success of the system over time. Measuring a system‟s “ilities” such as changeability, adaptability, flexibility, and
survivability, gives stakeholders and decision makers an enhanced basis for differentiating between design alternatives. In the face of changing contexts or needs, called epochs, systems can
be designed to change in response, or remain robust, in order to retain useful functionality to
avoid suffering deficiencies and even failure. Designing an evolvable system may reduce the
long term cost of system upgrades or replacements in the presence of epoch shifts over its lifespan. Evolutionary design starts from an existing design, rather than a blank slate, and is an increasingly common trend; for instance nearly 85% of GE‟s products are modifications of previous products (Holtta-Otto 2005). In industries where redesign is the norm, evolvability clearly is
a desirable trait. This paper describes a research effort to characterize and quantify system
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evolvability and ultimately to provide a set of prescriptive design principles for designing for
evolvability.

Research Approach
The initial thrust of this research has been to precisely define evolvability. After fully exploring the state of evolvability literature, the research will draw on two approaches, descriptive and
normative, and the results of these will be combined into prescriptive measures for designing for
evolvability (Figure 1).
Normative

Many existing
definitions

Engineering
Systems definition

Metrics
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Historical cases

Design principles
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Design principles
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Figure 1. Dual approach to develop evolvability design principles

In the descriptive approach, initial design principles of evolvability are derived using purported principles in literature and knowledge gathered from interviews with systems engineers.
The validity of these design principles may be tested by inductively mapping the evolvable characteristics of existing systems to the set of preliminary design principles, similar to what was
done in recent survivability design principle research (Richards 2008). Initial principles will be
revised with the insight gained from these empirical test cases. If these test cases show patterns
that cannot be mapped to the working design principle set or if certain principles are not found in
practice, the working design principle set may be revised to reflect these insights.
The normative approach focuses on extracting relevant ideas from existing literature and
looking for trends, which will form the basis of a theoretical model of design evolvability. The
relevant ideas have included definitions of evolvability, suggestions for when to design for
evolvability, evolvability metrics, and principles for designing for evolvability. Several candidate
metrics are explored with the intent of building on them to form a more comprehensive evolvability metric. An analysis of applications of this metric to selected case studies will result in theory-based evolvability design principles.

Design Evolvability Defined
The first task in this research has been to establish a meaningful definition of evolvability
that is broad enough to apply to systems in multiple domains, yet free of unnecessary ambiguities. The proposed definition was initially informed by the biological perspective, the originating
domain of evolution-related concepts. Additionally, applications from other fields such as systems and computational engineering were also considered. The current proposed definition of
evolvability at this stage of the research is:
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The ability to change an inherited
design across generations [over time].
The key aspects of the definition include: some threshold amount of change
in the system has occurred, and the new
system is based upon or has „inherited‟
part of its design from a prior „generation.‟ This change between generations
will occur through some mechanism of
variation and selection. In Figure 2, the
inheritance from prior generations of the
Figure 2. The Evolution of Systems Over Time
system are shown as vertical connecting
lines going into the design of the new
system generation. It should be noted that the older generation system may continue to operate in
parallel with newer generations of the system, and that inheritance may come from any prior
generation.

Contrasting Biological and Technological Evolution
As the definition for evolvability was initially informed by the biological perspective, exploring characteristics of biological evolution may be beneficial in developing initial design principles for engineering systems.
Darwinian evolution, as summarized by Maynard Smith, requires populations of entities to
have three properties: (1) the ability to multiply; (2) variation of characteristics within the population; and (3) some level of heritability with the variations. Natural selection is the emergent
behavior of populations with such principles. Variations are passed to future generations through
genetic code in an entity‟s DNA, or genotype, and their specific realizations, or phenotypes, are
selected on by the fitness function of their environment (Ziman 2000). These variations are generally created through some means of recombination and mutation. If these variations turn out to
give some sort of competitive advantage to an entity, it is more likely that the new genotype will
be carried into future generations. Thus over time, favorable characteristics are passed on, and
the species evolves. It is important to note that these variations are random, and generally not
induced by their environment, and that the variation-selection mechanism acts on the population
(Ziman 2000).
While there are currently much greater levels of complexity to the biological basis for evolution, the Darwinian view of variation and selection is remarkably still applicable to the natural
evolution that has been going on for millennia. This basic framework of biological evolution
seems to relate to the engineering systems‟ design process of concept creation and selection.
Over time, life has developed and refined alternative means for implementing variation and
selection. Most notably, the emergence of sexual reproduction, a much more complex means to
reproduce, has increased evolvability due to its effective capacity to create increased variation.
Applying the concepts of evolution to engineering systems can be informed by and improved by
these mechanisms of variation and selection that have emerged in nature. Kevin Kelly has done a
large amount of work comparing the mechanisms of biological evolution to those of technologi3
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cal evolution (Kelly 2010). As biological evolution shapes how “living systems” change over
time across generations, technological evolution shapes how “engineering systems” can change
over time across generations. Kelly‟s study of technological evolution provides a descriptive basis for this comparison of natural “systems” evolution to engineering systems evolution.

Forces for Evolution
If the goal of designing for evolvability is to improve how a system can evolve through generations, understanding what forces drive evolution in biology and technology is an important
first step. Figure 3 is a representation of Kelly‟s triad of forces that impact evolution in life and
in technology. Each domain has three legs on which evolution stands. The Historical/Contingent
leg is the „luck‟, or the happenstance of a species. Since variation is random, speciation comes
from improbable triggers in the past that leads a species down a contingent path (Kelly 2010).
The second leg of the triad is the Structural/Inevitable. This force drives the macro-level structures in biology and technology. Where the contingent force is historical, this force is ahistorical.
Corresponding to the theory of convergent evolution, this force would be responsible for similar
forms independently developed seen today. This force is based on the laws of physics in the
world that yield general truths like air density affecting flight or fluid displacement affecting marine life and technology. In biology an example of this might be the convergent evolution of the
wing, where technology might show this principle in the form of hemispherical boats. While the
causes of convergent evolution are debatable and controversial in biology, it is more important to
see it as an emergent behavior of evolution and a useful tool in analyzing the evolvability of systems.
Functional
Intentional
The Adaptive/
Adaptive
Open
Functional leg is
the fundamental,
orthodox
force
Life
Tech
discussed earlier.
Those
stronger Structural
Historical
Historical
Structural
species that are Inevitable
Contingent
Contingent
Inevitable
able to reproduce
are naturally se- Figure 3. Kevin Kelly’s Triad of Forces Driving Evolution in Biology and Technology
lected to continue. This force however, is where life and technology may differ. While biology relies on the mechanism of BVSR (Blind Variations Selectively Retained) (Ziman 2000), technology, and more
specifically, a system, can be deliberately designed and implemented by the Intentional/Open
force.
In the third force, possibilities are expanding in time. This intentional part of Kelly‟s triad is
the optimization engine of technology. The intentional mechanism differs from life‟s natural selection engine in that it may be completely conscious, driven by free will and choice. This is why
technology, once given the tool of the human mind, or an intelligent designer, has evolved so
much faster than life on Earth (Kelly 2010).
Kelly‟s construct is a good starting point in comparing natural evolution to technological
evolution. As Kelly intended to inform modern innovation by following evolutionary trends in
the past, engineering systems may find value in early concept and design phases by effectively
implementing principles derived from natural evolution. Designing an evolvable system requires
4
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the daunting task of predicting trends, or evolutionary pathways, and designing for future contexts and needs in order to maintain value to system stakeholders over time (Ross 2008).

Characteristics for Technological Evolution
In exploring different domains‟ ideas on the relationship between technological and biological evolution, common characteristics of evolutionary mechanisms emerged for technology that
biology does not utilize as well, if it all. These observed aspects of technology may lead to initial
design principles that could be applied to engineering systems in order to lower the required effort to move from one generation to the next.
Non-sequential Inheritance. Biological evolution requires sequential improvements passed
down from parents to children (the next generation). Small changes that improve fitness are
passed down to offspring and so on. DNA may be seen as a transcript of evolution over millions
of years; however, each new population can only pull traits from their respective parents. Populations cannot directly pull from other species or their distant relatives, many generations earlier.
The evolution of technology, however, does not have this chronological constraint. Since most
technology is recorded in patents and journals, for example, any new system can pull from any
generation before itself, all the way back to the inception of the technology.
Evolutionary Leaps. Living systems have slowly and incrementally evolved to improve fitness over time. Since more extreme variations generally lead to life that is not viable, biological
evolution favors small changes between generations. In technology, however, there is no requirement of small, incremental steps in evolution. Transistors did not slowly evolve from vacuum tubes one small piece at a time. Technology is often characterized by fewer, but larger evolutionary steps between generations.
Conscious Variation and Selection. Technology has the benefit of having an „intelligent designer‟. While biology relied on natural selection to slowly find optimal solutions over millions
of years, technology may produce systems that never could have naturally evolved with biological rules for reproduction. While
technology may benefit from
some level of random variations,
the ability to channel or „push‟
these variations into useful system concepts improves evolvability. Biology limits the inheritance of offspring not only to the
previous generation, but also to
the same species (the parent species). Technology, however, can
pull from any domain or „species‟ in creating new „life‟ or a
Figure 4. Inheritance structure of technological systems
new system. A principle or design from aerospace can be applied to automobiles or trains or vice versa. Any one system‟s success can be applied to another system in the future. Figure 4 shows how systems may use this
principle in their evolutionary path between generations.
Technology is not vertical, as in the family trees found in biological lineage. It can use lateral
jumps across „species‟ or generations to reuse or repurpose old ideas. Inheritance may occur
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from different systems or different generations at anytime in development. Successful solutions
may be shared across time and domains.
Exaptations. Exaptations are inadvertent inventions that give value in a repurposed role.
These are rare in biology. For example, feathers were first used in biology as a means of thermal
control, but in time, became very useful in another task, flight, adding another competitive advantage to participating species. In technology, exaptations are common and very useful (Kelly
2010). Inadvertent discoveries in one domain can translate to more utility in another domain.
The goal of future research is to use these characteristics to inform possible biology-informed
design principles for evolvability. While these principles would be derived from the biological
comparison, other principles may be derived directly from engineering systems concepts.

Designing for Evolvability
Whereas biological evolution is more of a constant emergent behavior of populations, choosing to use an evolvable engineering process to modify an existing design or incorporating evolvability in a new design is a conscious decision of the designer. Ideally, a set of design principles
should be accompanied by considerations for when and under what conditions to use them.

Deciding to Design for Evolvability
Why should a design team bother to design for evolvability? Several considerations go into
this decision based on timing and needs: (1) how often will available technologies change?, (2)
how often will requirements change?, (3) what is the life cycle of the system?, and (4) is the system part of a larger system of systems? The idea of comparing a technology development cycle
to a system development cycle is not a new one. In Axiomatic Design, (Suh 1990, p 376) explains that “in some industries, products become obsolete so rapidly that the product development cycle – the lead time for product development – must become shorter and shorter to keep
up with competition and customer demand.” An evolvable design ideally accommodates faster
change (requiring less effort and resources) and thus is better suited for rapid modification in the
presence of new requirements and/or available technologies.
Ideas from an approach called Epoch-Era Analysis can be used to form a better context for
looking at this problem. A system era is the full lifespan of a system and is made up of one or
more epochs. An epoch is a period of time where the system experiences fixed context and value
expectations. Further characteristics of
an epoch include static constraints,
available design concepts, available
technology, and articulated attributes
(Ross and Rhodes 2008). This approach
can be abstracted a further level to compare system eras and context frequencies. A system era captures the lifetime
of a system and additional information
Figure 5. Net Context Frequency Derived from Epoch
can indicate the frequency at which new
Variable Component Frequencies
systems will be developed, the redesign
frequency. A context frequency would encompass the rate at which technologies associated with
the system are changing as well as how often requirements change. The context frequency is a
function of many component frequencies associated with epoch variables, which are the va6
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riables representing key exogenous uncertainties and are used to characterize an epoch (If epoch
variable A changes every 3 years and epoch variable B changes every 4 years, then an epoch
change would, on average, occur every 2 years, as illustrated in Figure 5). An example of a component frequency in a context period is Moore‟s law, which states that the number of transistors
that can be reasonably placed on an integrated circuit doubles every two years. For systems affected by this type of technology change, an epoch variable with a frequency of one change
every two years would need to be considered. It is important to note that based on our definition
of evolvability, evolutionary changes will occur in the redesign phase, between the fielding of
successive systems. The goal of the evolvability-minded designer is to sync up the redesign frequency with the appropriate context frequency, when in their control. The reasoning behind this
goal is that as the redesign frequency approaches the context frequency, successive generations
can better take advantage of new technologies. In the case where context frequencies and redesign frequencies are out of the designer‟s control, Table 1 shows how important evolvability is as
a design consideration. Systems with redesign frequencies on the same order as their context frequencies are the best candidates for having valuably evolvable designs. When the time comes to
redesign the system,
Table 1. When is Evolvability Important?
whether planned or as a
reaction, having evolva- Relationship
Relative Importance
bility will enable a less Redesign Frequency << Context Frequency
Low
resource-intensive rede- Redesign Frequency ≈ Context Frequency
High
sign process. If the con- Redesign Frequency >> Context Frequency
Medium
text frequency is much
shorter than the redesign frequency, then evolvability is less important of a design consideration.
It is likely that available technologies will be so different from what the system was originally
designed with that clean sheet design is most likely the most viable option. On the other end of
the spectrum, where the redesign frequency is much shorter than the context frequency, evolvability is a moderately important design consideration. In this case, the changes in available technologies and requirements will be relatively small for each generation, but the designer may still
want their system to be able to take advantage of any new technology and meet any new requirements.
New requirements often change the formulation of a utility function, which can be used to
measure the perceived usefulness of a system, meaning that new requirements may result in a
new definition of an “optimal” design point. This observation parallels Kevin Kelly‟s perspective
that since “instability and imbalance are the norm in today‟s economy… systems optimized to a
single design point will not last very long” (quoted in Fricke and Schulz 2005, p. 346). Therefore, designers desiring optimal solutions in the presence of changing requirements should strive
to include evolvability in their designs if their plan is to field new designs (as opposed to modifying existing systems).

Candidate Evolvability Metrics
No perfect evolvability measure currently exists. Based partially on the metric qualities proposed by (Christian 2004), a “perfect metric” would be simple to state, state any environmental
conditions, state time dependence, be quantitative, be relatively easy to measure, and help the
user identify the system that best meets their needs. A perfect evolvability metric then has the
specific requirements of characterizing ease and extent of changes that are possible for a design
to incur between generations. An exploration of the current literature has exposed many attempts
7
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at evolvability metrics as well as candidate metrics from other categories, such as complexity
and changeability. These metrics fall short in several ways: some actually measure a different
ility (such as adaptability or complexity), some are time intensive and are potentially unreliable
(such as relying on interviews), and still others require very highly developed models before they
can be applied. These prior metrics will serve as starting points for creating a more comprehensive metric that aligns itself with the definition of evolvability used in this paper.
The interface complexity metric proposed by (Holtta-Otto 2005) was meant to be used to decide where modular boundaries (and therefore interfaces) should be defined in a given system.
The metric expresses the relative difficulty of a given
change to an interface, measured in percentage of original
design effort, as a function of
the percent change needed. An
example of this relationship is
shown in Figure 6. The three
parts of the curve, as separated
by the two discontinuities on
the graph, represent three categories of redesign: (1) where
no redesign is required, (2) Figure 6 Example of Holta-Otto’s Interface Complexity Metric (43)
where redesign is required and
some relationship, not necessarily linear, relates the percent change to the redesign effort required, and (3) where the amount of change required is so great that a new module, component,
or interface must be acquired or designed. The shortcoming of this metric is that it, as implemented by Holtta-Otto, relies on interviews to develop the relationships. To make this metric
more viable, a more robust method of determining these relationships should be developed.
Another way to adapt this metric to make it more useful for measuring evolvability would be to
use it to measure cost and time required given a specific change in a parameter (as opposed to an
interface).
Rowe and Leaney (1997) propose an ontolog1 Fi
ical framework that fully defines the possible
Vi 
state space, the state functions (Fi), and reference
Fi 
frame of a system. They define a lawful state
space as well, which is a subset of the possible
Equation 1. Relative Rate of Change
state space determined by the laws of physics and
(Rowe and Leaney 1997)
other restrictions imposed on the system. Based
on this framework, they define the relative change
of a system in the ith respect and with respect to α,
2
1

(

,

)

Vi  
shown in Equation 1. These authors propose interi
1
2
1



2
1
preting the relative rate of change as the sensitivity
of an architecture to changes in particular reln Fi ( 2 )  ln Fi ( 1 )

quirements that affect system properties. They also
 2  1
define the relative extent of change of a system in
Equation
2.
Relative
Extent
of Change
the ith respect, with respect to α over the interval
(Rowe and Leaney 1997)
[α1, α2], shown in Equation 2. They propose inter-
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preting the relative extent of change as the normalized effort required to perform a given change.
Both of these measures would contribute to measuring evolvability; the only drawback to this
framework is that it requires the system designer to have a very well-defined and extensive model of the system, including all of its state functions in terms of all system parameters. An improvement on these metrics would be to add a cost function that could be combined, especially
with the relative extent of change, to represent the cost of a given change. If the user defines a
cost threshold, these metrics could then be used to explore the tradespace to see what subset is
reachable with the given resources. This is very similar to the filtered outdegree metric for measuring changeability proposed by Ross (2006). The aforementioned metric measures the number
of outgoing paths from an initial design to a transitioned design that fall below some cost threshold. The filtered outdegree metric also has the advantage of having been actually applied to
case studies. Once a cost filter is set, the implementation only requires that change mechanisms,
tradespace, and costs associated with given changes be defined. The algorithm can then search
the outdegree from a certain design point and return how many paths are below the cost threshold.
Using design structure matrices (DSMs) is another potential method for measuring evolvability. DSMs are a matrix representation of the dependencies and connections in a system. Entries
are traditionally binary and can represent a structural connection or a flow of information, mass,
or energy. An often unseen drawback of DSMs is that they only capture first order relationships.
Any systems engineer who has dealt with a complex system knows that a change to a parameter
rarely affects just one component, and most likely is not even limited to affecting the components directly linked to the component being changed. This effect is characterized through
change propagation analysis and the change propagation index in (Giffin et al. 2009), which can
serve as guide for developing an evolvability metric based on similar concepts. Another method
for seeing the full extent of these relationships, introduced by (MacCormack et al. 2007), involves raising the DSM to higher orders (until an empty matrix is reached) and summing the resulting matrices. Since not all matrices will reduce to zero at higher orders, a set number of iterations can be prescribed. The matrix that results from the sum is called the visibility matrix. The
sum of an element‟s row is the visibility fan out (VFO) and represents the number of dependencies it has on other elements, both directly and indirectly. The sum of an element‟s column is the
visibility fan in (VFI) and represents the number of elements that depend on it, both directly and
indirectly. A modification to the visibility matrix and the VFO and VFI that might improve their
ability to characterize evolvability is to use continuous scale rather than the binary scale for the
DSM entries. Similar exploration is seen in Tyson Browning‟s work; he proposes adjusting the
“coupling coefficient” in a DSM from linear to exponential to better capture the importance of a
dependency (Browning 2001).
Current research efforts focus on building on the candidate metrics proposed above. By taking care to ensure all modifications to these metrics are based on sound reasoning, and are linked
to key concepts in the definition of evolvability discussed in this paper, the end result should be a
more applicable evolvability metric that can be applied to case studies.

Preliminary Evolvability Design Principles
The normative approach of this research involves deriving design principles from the metrics, assuming one or more metrics emerge that capture and reflect all essential aspects of evolvability. Techniques for designing a system that results in the highest evolvability score should
constitute good evolvability design principles. Unfortunately, the metrics are not yet mature
9
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enough to be applied to case studies, so drawing design principles from theory and simulation is
not yet possible. What follows are some evolvability design principles revealed in the literature.
Modularity is a design principle that is beneficial for many more reasons than just evolvability. The concept can be traced back all the way back to evolutionary biology, where data shows
that the number of traits a variation affects is inversely related to its likelihood of being selected
(Hansen 2003). The concept applies in the same sense to systems engineering; if a system is designed into modules such that a proposed change to a system only affects one module, potentially
much less redesign will be required than the same change being implemented on a highly
integral system. Modularity is not always good however; (Holtta-Otto 2005) points out that designing for modularity is accompanied by the potential for over-design and potentially inefficient
performance. As mentioned earlier, being optimized to only one design point (efficient performance) does not allow for a system to thrive in uncertainty. Only a certain degree of modularity
might be needed. For instance, if a system has components A, B, C, and D, but technology and
requirements concerning A and B are constant and show no signs of changing, leaving A and B
coupled will not hinder evolution.
In their paper on designing for changeability, (Fricke and Schulz 2005) list several extending
principles for enabling changeability. Despite being applied to changeability, many of these principles appear to also be applicable to evolvability. The first principle is integrability, which is
characterized by compatibility and common interfaces. This goes hand-in-hand with modularity;
modules are only as good as the interfaces through which they interact. Scalability is another one
of the extending principles that applies to evolvability, which can apply to either a single parameter or the entire system. The range of a parameter‟s scalability is determined by the capacity
of the rest of the system to accommodate the change. The third applicable design principle proposed by Fricke and Schulz (2005) is decentralization. This principle calls for distributing resources to appropriate locations, rather than having them located at a single place. Decentralization, like modularity, aims to minimize change propagation. The final applicable design principle
mentioned in their paper is redundancy. Redundancy allows for more constant performance and
functionality in the face of potential faults or failures. Anticipating where these failures might
occur “facilitates an identification of objects/units likely to be affected by architectural evolution” (Fricke and Schulz 2005). Redundancy and modularity can be very powerful together, because it potentially allows a module to be taken away without the system losing a critical function.
Reconfigurability is a design principle explored extensively by Siddiqi and de Weck, who
claim reconfigurability aids evolvability through “[enabling the system to change] easily over
time by removing, substituting, and adding new elements and functions” (Siddiqi and de Weck
2008). Siddiqi suggests two design principles that lend themselves well to designing for evolvability: using self-similar modules and maximizing information reconfiguration. Self-similarity
can enable radical change and utilize the same components to achieve a very different function.
Maximizing information reconfiguration is based on the fact that changing an informational
structure is almost always less costly than physically reconfiguring a system or redesigning physical components.

Conclusions and Future Work
Evolvability is a powerful concept that describes the ability of a design to be modified across
generations in the presence of changing contexts, allowing for the potential to deliver more value
10
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over the course of a family of systems‟ lifetime. The evolvability design principles described in
this paper, including modularity, integrability, scalability, decentralization, redundancy, and reconfigurability, (achieved through self-similarity and maximizing information reconfiguration)
are as yet a preliminary list. Future research will expand on these and compare them to the principles that will be extracted from applying developed metrics to case studies and the biologyinformed design principles. The descriptive approach will continue in finding applicable case
studies to empirically test the initial set of principles and conduct informal and formal interviews
with experts in different domains of engineering systems in order to elicit past applied evolvability approaches. The next goal for the normative approach is to develop the metrics to the point
where they can be applied to case studies, which will eventually facilitate the extraction of further design principles. The eventual final product of this research will be a set of design principles and considerations that designers can use to increase the value robustness of their families
of systems using evolvability.
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