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ABSTRACT
Many products have been developed for use in developing

regions (areas of South America, Africa, and Asia). These prod-
ucts often go unused or under used by the intended individuals.
One reason is a misjudgment of the actual requirements. Sys-
tems which are capable of in-service evolution may address this
issue. A similar issue exists in the area of complex engineered
systems (e.g., aircraft carriers, aircraft, communication systems,
and space craft). These systems must remain in service for ex-
tended periods of time, even though the environments and re-
quirements may change dramatically. The ability of these com-
plex system to evolve to meet these new requirements is a valu-
able attribute. A methodology has been developed for evaluating
the evolvability of a complex system based on excess capability
embedded in the system. Applying the ideas of evolvability from
the study of complex engineering systems to the design of prod-
ucts for poverty alleviation in developing regions can improve the
success of the products. This paper presents a methodology for
optimizing the evolvability of these types of products, followed
by a case study in which an improved cookstove is optimized for
evolvability.
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1 INTRODUCTION
There is an ever increasing number of products that are de-

signed for use in the developing world. These products are often

designed with the intent to improve the health and well-being of
the end users, such as products that deliver clean water, medical
care, clean energy, etc. However, despite their high potential for
impact, the majority of these products fall short of their intended
goal because they fail to achieve longer term use and adoption.

There are a variety of issues that go into determining
whether a certain product will be adopted and used long term,
including but not limited to social, political, engineering, and
environmental issues. For the purposes of this paper we will fo-
cus on just two; products fail regularly because there is either a
misidentification of the initial customer needs, or the products
can’t adapt over time to the changing user requirements or the
changing operating conditions. Thus, the products become pre-
maturely obsolete.

Avoiding premature obsolescence, has been a topic of in-
terest primarily in the past for large complex systems (i.e. air-
craft carriers, warplanes, etc). As illustration, consider the C-
130 aircraft, which was originally designed in the early 1950’s
as a military cargo and troop carrier. Since its first flight in 1954
it has undergone over 55 evolutions, including maritime patrol
and rescue, electronic warning and control system, aerial refu-
eling, and even a gun ship. Today, with over 2,000 aircraft in
service, the C-130 remains a vital military aircraft. Because of
its ability to evolve and meet new requirements, the C-130 has
exceeded service-life expectations. The principles of evolvabil-
ity, however, are not just limited to large complex systems, and
there is value in applying them to other genres, such as products
designed for the developing world.

This paper presents a methodology for optimizing the evolv-
ability of products intended for use in the developing world.
More specifically, this paper defines and describes evolvability
and its potential benefit in the design process. The principles
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of evolvability will then be applied to a case study of improved
cookstoves for the developing world.

2 EVOLVABILITY AND EXCESS
In biological terms, evolvability is often defined as the abil-

ity of an organism to respond to circumstances that challenge
its survival [1]. This response is generally a gradual, but per-
manent change to the species. Evolvability can also apply to
some engineered systems, such as, complex, large-scale engi-
neered systems, which are an important part of modern life. Ex-
amples of this type of system include communication networks,
commercial aircraft, ocean vessels, telecommunication satellites,
and military weapon systems. These systems are generally com-
plex and expensive (in terms of development and production).
Because of the large investment requirement, they must often re-
main in service for extended periods of time (as much as 50 to
100 years). During this extended service period, new require-
ments will likely emerge and premature obsolescence results if
the system is unable to evolve to meet these new requirements.

A variety of terms are used, in the literature, to describe the
way engineered systems change, including flexible [2,3,4,5], re-
configurable [6,7,8], adaptable [9,1], transformable [10,11] and
changeable [12,13]. These terms often refer to subtle differences
in the type of system change or motivation for the change. While
these differences are important, many of the methodologies, the-
ories and principles associated with these terms can be applied
to all types of system changes. The evolvability methodology
presented in this paper also applies to nearly all types of system
change. Evolvability helps engineered systems avoid premature
obsolescence by enabling changes to an improved state based on
emergent requirements, whether or not these changes are enabled
by any specific area of research noted above. We define system
evolvability as the ability of a system to improve based on emer-
gent requirements after the system has been deployed.

Increasing the evolvability of a system is achieved by adding
excess capability. Excess capability can be either included in the
original design (embedded) or added on after the initial design
and production of the product has occurred. Tackett et al. [14]
have shown that the influence of adding excess capability to a
system can be quantifiably measured. Watson et al. [15] have
shown that the value of evolvability can be expressed as the dif-
ference between the benefit of a new capability and the cost to
implement it.

E =V −C (1)

Where E is a measure of the systems evolvability, V is the value
of the new capability, and C is the cost of the new capability.
The equation for V is a function of market factors (e.g., demand)

and the equation for C is a function of design parameters and
associated manufacturing costs. The overall value to many future
needs can be calculated as

Etotal =
n

∑
i=1

V −
n

∑
j=1

C (2)

Where n represents the number of new requirements being con-
sidered.

System evolvability is enabled by:

1. Excess embedded in the system
2. Excess made available by the elimination of unnecessary re-

quirements
3. Excess is made available and then consumed by the ex-

change of one capability for another.

Each of these groups involve excess capability. Excess ca-
pability is defined as a capability, embodied by a system, which
is not committed to any of the system’s design requirements. This
paper only focuses on evolvability that is facilitated by existing
or embedded excess. When systems evolve to a new capability,
excess must be available to allow the new function to be added.
Excess capability is a key element of system evolvability and
as such a potential parameter for optimizing evolvability [16].
This paper will deal with the optimization of embedded excess
to maximize the evolvability of the design (i.e., maximize useful
life).

3 CASE STUDY PROBLEM FORMULATION
There exists an opportunity to apply the principles of evolv-

ability to the topic of improved cookstoves for the developing
world. Approximately 3 billion people throughout the world still
cook over an open fire or with other rudimentary biomass cook-
stoves [17]. These cooking practices cause nearly 1.6 million
deaths every year [18], contribute to global warming [19], cause
rapid deforestation [20], and predominantly require women to
spend several hours each day gathering fuel [21]. In order to
counter the negative consequences of traditional cookstoves, mil-
lions of improved cookstoves have been distributed to the de-
veloping world in the past decade. These improved cookstoves,
when designed correctly, are capable of reducing emissions by
90% and reducing fuel consumption by nearly 50% [22]. How-
ever, as with many other products designed for the developing
world, the majority of these improved cookstoves have been
adopted at surprisingly low rates. Such low rates are due to the
improved cookstoves not meeting the current, or future needs of
the users [23, 24, 25, 26, 27, 28].

There are several challenges involved with designing im-
proved cookstoves in which the principles of evolvability can
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FIGURE 1: Picture of Prolena Ecostove in Nicaragua.

potentially help resolve. First, engineers typically lack a com-
plete understanding of all the customer markets their cookstoves
must appeal to. Second, the cooking needs of each household
are continually evolving as family size grows and fuel supplies
change [29]. Unfortunately, improved cookstoves have tradition-
ally been unsuited to meet these types of future variations, and
thus users abandon their improved cookstoves sooner than ex-
pected. In this case study we aim to demonstrate a resolution, by
optimizing the evolvability of a Nicaraguan cookstove.

3.1 Base Design
The Prolena Ecostove is an improved cookstove commonly

found in Nicaragua, and is shown if Fig. 1. It has a rectangular
footprint, has a 1/4 in. thick iron cook surface on the top side,
and steel sheet metal on the other five sides. The steel sides are
surrounded on the outside with a thin layer of insulation to retain
the heat internally and improve its efficiency. Though various
models and sizes of this stove are actively used, for the purposes
of this paper we have simplified the design to that shown in fig-
ure 2. The exact stove dimensions and parameters can be found
in Table 1.

3.2 Future Needs
We make the assumption in this paper this Prolena Ecos-

tove, as described above, satisfies the current needs of the users.
However, it is likely that there will come a time in the future in
which the users’ needs will change, and the cookstove will need
to provide additional capability. If stove designers knew exactly
what these future requirements were, they could just redesign the
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FIGURE 2: Simplified model of the improved cookstove that will
be optimized for evolvability.

Original Stove Dimensions

Width

(x0)

Length

(y0)

Height

(z0)

Insulation

Thickness

(tinsul0 )

Steel

Structure

Thickness (tsteel0 )

0.3048 m

(12 in.)

0.6096 m

(24 in.)

0.3048 m

(12 in.)
0.0 m

1.519 e-3 m

(16 ga. 0.060 in.)

TABLE 1: Original Stove Dimensions

entire stove to optimally meet those requirements. But in reality
there is a large amount of uncertainty when it comes to predicting
future requirements. Therefore, it becomes advantageous to the
designers if they could develop a sound base design that meets
the current requirements, and then explore how excess could be
added to enhance the cookstove’s evolvability. Thus increasing
the cookstove’s chances of meeting those possible future needs.

As the first step in optimizing the evolvability of this cook-
stove, we identify four likely future cookstove capabilities that
would be of interest to the users.

1. Increased amounts of cooking surface area.
2. Ability to cook at higher temperatures.
3. A larger combustion chamber, in which greater amounts of

fuel can be inserted at one time.
4. Ability to add legs to their stove.

The next step is identifying what parts of the stove are candi-
dates to have excess capability designed into it. Though there are
dozens of different possibilities of where or how to place excess,
we limit this study to just six, and they are as follows.
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dx: increase the size in the x direction
dy: increase the size in the y direction
dz: increase the size in the z direction
dtsteel : increase the thickness of steel
dtinsul : increase the thickness of steel
dLegs: addition of legs to elevate the stove off the ground

For the remainder of this article, we will refer to these six
items as our design variables. It is important to note that all of
these elements of excess are continuous variables except dLegs,
which is a discrete variable that can exist only in certain states.
The states are designated as follows, along with a percentile
value that will be used as a reference later on in the paper.

0. No leg capability provided (legs = 0%)
1. Only steel structure thickness is embedded (legs = 33%)
2. Steel structure thickness and attachment features are embed-

ded (legs = 66%)
3. Legs are fully embedded (legs = 100%)

The optimization challenge then becomes to determine not
only what amounts of excess to include, but also what types of
excess should be designed into the stove to satisfy the greatest
number of potential future requirements. This is achieved by
maximizing the evolvability of the cookstove.

3.3 Residual Equations
With a set of future requirements identified, and a list of

design variables defined, the next step is to generate the residual
equations that link these two together. This will be approached
systematically in the next four subsections, each dedicated to one
of the future requirements as outlined.

Increase in Cooking Surface Area The increase in
cooking surface area, dA, is simply expressed by the equation

dA = (x0 +dx)(y0 +dy)− (x0 ∗ y0) (3)

Increase in Combustion Chamber Volume The in-
crease in combustion chamber volume, dV , is simply expressed
by the equation

dV =(x0 +dx)(y0 +dy)(z0 +dz)−
(x0 ∗ y0 ∗ z0)

(4)

Increase in Cook Surface Temperature The in-
crease in cook surface temperature is defined as the difference
between the current cook surface temperature Tcs, and the initial

cook surface temperature Tcs0 , prior to any excess being added to
the stove.

dT = Tcs −Tcs0 (5)

The process for calculating Tcs0and Tcs is the same, except
Tcs is calculated using the new sizes and parameters after excess
has been added. This includes using updated values for the sur-
face area of the walls, area of cook surface, steel thickness, and
insulation thickness. Equations 6 through 16 describe this pro-
cess.

Tcs = Tinternal −qcsRcond iron (6)

With Rcondiron being the conductive resistance in the iron
cook surface and is calculated by the equation

Rcondiron =
Lcs

kironAcs
(7)

With Lcs being the thickness of the cook surface, kiron being
the thermal conductivity of iron, and Acs being the area of the
cook surface.

Tinternal , from equation 6, is calculated by

Tinternal = T∞ +Q f ireRe f f (8)

The Q f ire is assumed to be a steady state value of 2,000 kW.
T∞ is assumed to be constant at 27 Celcius. Re f f is computed
by combining the resistances of the side walls, Rwalls, with the
resistances of the cast iron cook surface, Rcs, as shown in the
following equations.

Re f f =
1

1
Rcs +

1
Rwalls

(9)

Rcs =
Lcs

kironAcs
+

1
hcsAcs

(10)

Rwalls =
tsteel

ksteelAwalls
+

tinsul

kinsulAwalls
+

1
hwallAwalls

(11)

The area of the walls, Awalls, includes the area of the four
side walls and the bottom surface. Determining the convection
coefficient of the walls , hwall , and of the cook surface, hsc, is
computed using

hwall =
kairNuL

Awalls/Perimeter
(12)
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hcs =
kairNuL

Acs/Perimeter
(13)

Where Perimeter is the perimeter of each surface, and NuL is
the Nusselt number. The Nusselt number is determined by the
Raleigh number Ra as is defined by the following equations.

NuL = 0.54R
1
4
aL (14)

RaL =
g∗β (Ts −T∞)L3

να
(15)

Lastly, the qcs as displayed in equation 6 is computed by

qcs =
Tinternal −T∞

Rcs
(16)

Equations 6 through 16 are repeated twice, once for for Tcs
and once for Tcs0 . Then equation 5 can be solved for dT , the
change in temperature across the cook surface. The values for the
various parameters in equations 5 to 16 can be found in table 2.

Addition of Cookstove Legs In order to attach legs to
the cookstove, three things must occur and they must occur in the
following order.

1. Additional steel is embedded into the side walls for struc-
tural strength

2. Attachment features welded to the four corners of the stove
body

3. Leg extensions inserted into attachment fixtures

Item one can only be included as embedded excess during
the initial manufacturing of the stove, but items 2 and 3 can either
be embedded or retrofitted at some later time. If the steel is not
embedded initially, then there is no possible way to retrofit at a
later time and evolve to having legs.

3.4 Value and Cost of Cookstove Evolutions
Since the evolvability of the cookstove is defined as the dif-

ference between all the values minus all the costs (equation 2), in
this segment of the report we will clearly define what the values
and costs associated with each evolution are. We refer to an evo-
lution as a specific design state. For instance, if a greater amount
of surface area is achieved by changing dx and dy, then that is
referred to as one evolution.

Densities

Iron (kg/m3) 7300

Steel (kg/m3) 7850

Thermal Properties

Energy of Combustion (w) 2000

Temperature Ambient (K) 303

Conduction

Iron (w/m-K) 55

Steel (w/m-K) 35

Insulation (w/m-K) 0.04

Convection/Radiation

Cook Surface (w/m2 K) 20

Stove Sides (w/m2 K) 10

Stove Bottom (w/m2 K) 11

Cost Factors

Iron ($/kg) 1.248

Steel($/kg) 2.819

Insulation ($/m3) 10.000

TABLE 2: Stove parameters used in the various residual equa-
tions

Typically, the value of a particular evolution is determined
from in-depth market studies, however for this paper we simpli-
fied the process by estimating the market value by predetermined
value functions. To estimate the cost of an evolution, we also
used predetermined value functions that are primarily based on
the cost of additional materials required. The associated values
and costs will be presented systematically as follows.

Value of Increased Cook Surface Area A negative
parabolic curve was used to assign value, in units of dollars($), to
an increase in excess surface area (m2). The parabolic equation is
displayed in Eq. 17 as well as plotted in figure 3. This value curve
was generated by assuming that maximum value would occur
when the cook surface approximately doubled in size. Anything
larger than that, would then have a diminishing value.

dValue(SA) = (−166.7)2(dA−0.18)2 +30 (17)
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FIGURE 3: The associated value of increasing surface area.
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FIGURE 4: The value associated with increasing combustion
chamber volume.

Value of Increased Combustion Chamber Volume
Similar to surface area, the value of increased combustion cham-
ber volume (m3) is assigned using a negative parabolic curve.
This parabolic equation is displayed in Eq. 18 as well as plotted
in figure 4. The maximum value occurs when the combustion
chamber has approximately doubled in size.

dValue(vol) = (−50)2(dV −0.6)2 +30 (18)

Value of Increased Cook Surface Temperature
The value of increased cook surface temperature was assigned
according to an exponential curve as depicted in equation 19.
Figure 5 plots the increase in temperature (K) against value ($).

dValue(temp) = (−e
−dT
7.5 +1)(30) (19)

Value of Added Legs The capability of having fully
functional legs is valued at a maximum of $30. This is regardless
of whether the legs are embedded during the initial manufactur-
ing, of if they are added on later during the cookstove’s service
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FIGURE 5: The value associated with increasing cooking surface
temperature.

life. But the value of having legs is dependent on the probability
that the legs will actually be needed. Therefore, when optimizing
the evolvability of the cookstove, the value is computed using the
equation

Value = P∗$30 (20)
(21)

Cost of Increased Excess There are also trade offs
that come with increasing the amount of excess in any system.
These trade offs can come in the form of, but not limited to, addi-
tional upfront monetary costs, decreased performance, increased
weight, etc. In this study, we assume that a major portion of the
cost for embedded excess is accounted for in the increased cost of
materials. Though this is a major simplification, it is well suited
for demonstration purposes. The following equations describe
the increased iron, steel, and insulation costs.

dCostiron =dAcs ∗ tcs ∗ρiron ∗Cp iron (22)

dCoststeel =(dAwalls)(t0wall )(ρsteel)(Cpsteel )+

(dtsteel)(Awalls)(ρsteel)(Cpsteel )
(23)

dCostinsul =(dAwalls)(tinsul0))(ρinsul)(Cp insul )+

(dtinsul)(Awalls)(ρinsul)(Cs)

(24)

With ρi being the density of each respective material, Cpi

being the cost per pound of each respective material. Values for
these parameters can be found in table 2.

The cost of adding legs is dependent on whether each ele-
ment of the legs is embedded or retrofitted. Meaning, it will cost
more to retrofit the attachment features and leg extensions then
it would be to embed them. The cost of adding legs is also de-
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pendent on the probability (P) that legs will be needed, and is
described by the following equation.

Cost = (Costembed)− (P)(Costretro f it) (25)

The cost to embed the attachment features is $4 and to
retrofit is $8. The cost to embed leg extensions is $8 and to
retrofit is $12. Thus if there is a high probability that the legs
will be needed, it is more cost effective to embed the legs, but if
there is a lower probability then it is more cost effective to retrofit
the attachment features and leg extensions.

3.5 Optimization Problem Setup
With clear definitions for the values and costs of each evolu-

tion, we now can form an optimization problem for maximizing
the evolvability of the cookstove.

min. f =−Etotal =−

(
n

∑
i=1

V −
n

∑
j=1

C

)
(26)

w.r.t. = [dx,dy,dz,dtsteel ,dtinsul ,dLegs]T (27)
s.t. C ≤Cmax($) (28)

Since this optimization problem consists of both continuous
and discrete design variables, it must be solved with a gradient
free optimization technique, or split into two different parts. We
chose to split it into two different parts since it is approximately
100 times faster to solve the continuous parameters with a gradi-
ent based method. The fitness values for each part (gradient and
gradient free) is calculated separately and then added together.
The optimal point is selected based on the sum of these fitness
numbers. Matlab’s fmincon and genetic algorithm functions was
used to solve each respected part.

4 RESULTS AND DISCUSSION
4.1 Optimal Solution

The optimization routine resulted in the addition of excess
width, length and legs (see table 3). All four future needs were
addressed by the optimization (see table 4). Figure 6 presents, in
graphical form, the original parameters of the cookstove and the
optimized excess that should be added. These results are typical
of a variety of different original cookstove geometries.

At this point , two observations can be made. The graphical
representation (figure 6 ) illustrates both of these observations
clearly. From the figure it can be seen that

1. Excess tends to be added to move the cookstove to a square
footprint

Optimal Design Variable Excess (Maximum Cost: $75)

Optimal

Excess

Original

Dimension

Width 0.1511 0.3048

Length 0.0000 0.6096

Height 0.0000 0.3048

Insulation

Thickness
0.0094 0.0000

Legs Attributes

Steel Thickness 1.5 e-3 1.519 e-3

Attachment

Feature
yes no

Legs Provided yes no

TABLE 3: Optimization results and the associated design param-
eters for the stove

2. Excess height is not added.

The tendency toward a square footprint is primarily the re-
sult of the thermal equations, which are attempting to maintain
or increase the cook surface temperature, while minimizing the
total surface area. Thus a square footprint is more thermally effi-
cient.

The absence of excess height results from the fact that in-
creasing width or length provides both cooking surface and com-
bustion chamber benefit, while increasing the height only pro-
vides combustion chamber volume benefit. It also negatively
impacts the cook surface temperature. The value of increasing
width and length is greater than the value of increasing height.
Clearly all six design parameters are tightly connected in this
problem.

4.2 Sensitivity Analysis
Sensitivity analysis provides additional insights into the be-

havior of the optimizer. Interesting enough, the optimization was
not sensitive to the amount of energy supplied by the fire. Ad-
ditionally, changes to the initial width and length of the stove
tended to have a predictable impact on the results, as the opti-
mizer wanted to create these two dimensions effectively equal.

By contrast, the optimization is sensitive to several parame-
ters. A sensitivity analysis of the maximum cost constraint pro-
vides interesting results regarding discrete variables. As the max-
imum cost constraint is increased, the cooking surface area and
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Optimized Excess Capability (Maximum Cost: $75)

Capability
Increase

(%)

Cooking Surface Area 0.0921 m2 49

Combustion Chamber Volume 0.0281 m2 49

Cooking Surface Temperature 62.5 C 30

Legs provided n/a

Resulting Evolvability $42.64

TABLE 4: Optimization results for new capabilities

(a) width, length, height

(b) steel and insulation thickness

FIGURE 6: Original and excess design parameters optimized for
evolvability

combustion chamber volume also increase, reaching a constant
value at $55. However, the cooking surface temperature remains
constant throughout the optimization. The discrete leg capability
is excluded until the maximum cost constraint is sufficiently high
to accommodate its lowest cost requirement. Figures 7 displays
this relationship. Once the maximum cost constraint reaches $79
the leg option becomes possible and the optimization shifts to
enable it. As a result, at $79 the cooking surface area and com-
bustion chamber volume drop from 68% to 18% of increased
capability. As the cost constraint continues to increase, the area
and volume begin, once more to increase, ultimately reaching a
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FIGURE 7: Sensitivity analysis on the effect the maximum cost
constraint has on the increased cookstove capabilities (normal-
ized).
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FIGURE 8: Sensitivity analysis on the effect the maximum cost
constraint has on the amount of excess added to each design pa-
rameter (normalized).

constant level 20% lower than the constant level achieved prior
to introducing the leg option.

Figure 8 displays the values of the design variables during
this optimization process. In general the design variables change
similarly to the changes in capabilities noted above. Interest-
ingly in figure 7 we noticed that the cooking surface temperature
did not change significantly during the analysis. In figure 8 the
change in insulation thickness required to maintain this constant
temperature can be observed. The excess insulation reaches a
maximum thickness of 0.0156m.

Once the maximum cost constraint is increased $90, the new
capabilities and excess design parameters are no longer effected
by the cost constraint and remain at a steady state (optimization
is unconstrained). The maximum unconstrained evolvability is
$48.43, 13% greater than the constrained evolvability when sub-
ject to $75 cost constraint.

A study of the sensitivity to the probability that an evolution
will occur reveals a few items of concern. The future needs are
generally difficult to determine, and the probabilities of a poten-
tial evolution occurring are even more difficult to predict. Fig-
ure 9 illustrates the sensitivity of this optimization to the prob-
ability that a leg evolution will occur. As can be seen, the opti-
mization results are not affected until the probability of evolution
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evolution occurring to excess design parameters (normalized).
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FIGURE 10: Sensitivity analysis of the original height of the
cookstove – excess design parameters (normalized).

reaches 63%. Between 63% and 67% several changes in config-
uration take place. At greater than 67% the optimization is again
unaffected by the probability of an evolution taking place. The
significant impact probability of evolution has on the results is
one issue that needs to be addressed in future research.

Another interesting observation is found in the sensitivity of
the optimization to original height of the cookstove. As noted
previously the optimization does not add excess to the cookstove
height. However a study of the sensitivity of the optimization to
original cookstove height (not excess height) reveals that there
is an optimal relationship between the height of the stove and
the lengths of its sides. From figure 10 it can be seen that there
is an objective function minimum at an original stove height of
0.2 m. Based on the original stove width and length (0.3 m),
this implies that a height to base ratio of 66% results in optimal
cookstove performance.

4.3 Summary of Results
This case study demonstrates that a cookstove design can

be optimized for evolvability to satisfy a greater amount of fu-
ture needs, if the value and cost of the potential evolutions can
be determined. Based on the geometries and thermal equations
presented, the study has shown that a stove with a square foot-
print and a height equal to 66% of the length of the side is most

desirable.
There are two sensitivities which may be problematic and

require additional research. First the optimization is sensitive to
the maximum cost constraint. This is expected, however it high-
lights that care should be given to the selection of the maximum
cost constraint.

The second issue is that the optimization is very sensitive
to the probability of an evolution taking place. These probabili-
ties are often difficult or impossible to determine. Therefore this
issue requires further study and ultimately a resolution.

5 CONCLUDING REMARKS
This paper presents a methodology for evaluating and opti-

mizing the evolvability of a product during the initial stages of
design. Increasing the evolvability of a product is advantageous
in that it increases the product’s chances of satisfying future re-
quirements that were not present during the time of initial de-
sign. Product evolvability is achieved by designing in certain
types and amounts of excess. When combined together in ap-
propriate ways, these elements of excess increase the product’s
value, but also come with an associated cost.

This methodology was then applied to optimizing the evolv-
ability of an improved cookstove used in Nicaragua. The re-
sults showed that by adjusting certain parameters of the stove, the
overall evolvability could be improved. The case study also pro-
vided insight into certain tendencies and behavior of the method-
ology.

One such behavior is the complexity that exists between the
elements of excess and new capabilities. For instance adjusting
one element of excess (such as width) will impact multiple capa-
bilities (such as surface temperature, combustion volume, cook-
ing surface area etc.). Accurately deriving the residual equations
in terms of the elements of excess are an essential characteristic
of this method.

While some evolutions simultaneously enable several new
capabilities, other evolutions consume elements of excess mak-
ing them unavailable for other future evolutions (needs). The
complexity of accounting for the value and cost of these two
different types of evolution is important to quantifying and op-
timizing for evolvability. Additional research into the coupling
of elements of excess and the consequences of simultaneous evo-
lutions will be beneficial.

This study, and accompanying case study, makes some sim-
plifying assumptions for the purposes of this paper and there ex-
ists opportunities to research out in more depth these assump-
tions. For example, in this study we simply assigned expected
evolution values based on probability. The optimization is found
to be quite sensitive to this probability. To improve the useful-
ness of this methodology, improved probability predictions or
desensitizing the optimization to probability is needed. An adja-
cent area of research is to include not just the probability of an
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evolution taking place, but also it’s timing.
In summary, this paper provides a valuable contribution by

providing designers with the tools necessary to design for uncer-
tain future requirements. The methodology presented provides
intuition and insight about where potential excess can be added,
and therefore potentially extended the expected lifespan of the
product.
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