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Abstract. This paper describes a new technique for investigating the value of changeability in 
complex engineering systems early in the design process.  The work is an extension of 
Epoch-Era Analysis, a framework that models contextual uncertainties over a system’s 
lifecycle as a sequence of finite-duration periods of time.  Strategies, defined as statements of 
intended change mechanism usage, are used to identify executed change mechanisms across 
the various contexts.  Changeability is then evaluated in both time-independent (multi-epoch) 
and time-dependent (era) domains, using a proposed set of metrics designed to explore 
different dimensions of value.  A case study demonstrates the application of the technique to a 
conceptual space system. 

 
Introduction and Background 

Changeability is a potentially valuable addition to many engineering systems.  Opportunity 
can be seized and risk avoided by designing a system such that it has the capability to change its 
form or behavior at some point during its lifetime.  The inclusion of changeability typically 
comes at an increase in cost, both a fixed development and physical inclusion cost and the cost 
of exercising the option to change.  These costs are frequently well known, but the benefits of 
changeability are significantly harder to capture.  This has hindered the inclusion of 
changeability in the design process of systems: when the costs are known and the benefits 
hidden, it becomes difficult to justify the inclusion of changeability-enabling features.  This 
research has resulted in a technique, the Valuation Approach for Strategic Changeability 
(VASC), which attempts to address this problem by clarifying the value of changeability using 
the Epoch-Era Analysis (EEA) uncertainty framework.  The following subsections will provide 
an introduction to the main concepts of changeability and EEA, in order to give the foundation 
necessary to understand and implement VASC.  

Change Paths. The construct of “change events as paths” is fundamental for a more precise 
understanding of a system change. A system change event can be characterized with three 
elements: (1) the agent of change, (2) the mechanism of change, and (3) the effect of change. 
The agent of change is the instigator, or force, for the change. The role of change agent can be 
intentional or implied, but always requires the ability to set a change in motion. The mechanism 
of change describes the path taken in order to reach a future state from the present state, 
including any costs, both time and money, incurred. Examples of mechanisms include the 
execution of real options, such as the swapping of modular components, or the procurement of 
additional system elements. The effect of change is the actual difference between the origin and 
destination states.  
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model do not translate well to real options. The binomial pricing model and Monte Carlo 
simulation have been popular in valuing real options. Besides financial valuation models, 
decision analysis has been used to value real options. Decision analysis involves constructing a 
tree where the layers of nodes represent decision and chance outcomes alternatively. 
Uncertainties are modeled with probabilities of chance nodes. Decision analysis calculates the 
best decisions by maximizing the expected value of the outcomes. Real options valuation 
methods provide a means for quantitatively assessing decisions under uncertainty, but 
additional research is necessary to validate and evolve these methods, as real options differ 
significantly from financial options.  For example, real options often have a high carrying cost, 
not typically incurred by financial options.  Additionally, the execution of a real option may 
impact one’s ability to exercise other real options.  This coupling between real options 
introduces an additional cost for consideration during the analysis, which is not addressed in 
classical financial real options analytic methods. 

Previous research at MIT’s Systems Engineering Advancement Research Initiative 
(SEAri) has resulted in a metric for quantifying the degree of changeability in a system without 
using options theory: Filtered Outdegree (FOD).  As previously mentioned, designs can have 
multiple associated change paths: the number of outgoing arcs from a particular design is 
called the outdegree for that design.  The number of outgoing arcs from a particular design 
whose cost is less than a defined acceptability threshold, Ĉ, is the filtered outdegree for that 
design (Ross, 2006).  The nature of filtered outdegree captures the apparent relativity in 
perceived changeability of various designs: what may be changeable to one decision maker 
may not be perceived changeable to another. The subjective acceptability threshold 
differentiates the results per decision maker. 

An attempt to modify filtered outdegree into a value (rather than quantity) metric was also 
pursued.  The result was value-weighted filtered outdegree, which weights the outgoing arcs by 
the sign of their effect on utility, thus differentiating between positive- and negative-value 
changes (Viscito and Ross, 2009).  However, this metric is unable to differentiate between 
changes resulting in large increases in value and small increases in value, nor is it clear that the 
behavior characterized by positive and negative changes cancelling each other out is desirable. 

	

The Valuation Approach for Strategic Changeability (VASC) 
The following sections will describe the challenges behind valuing changeability and how 

VASC is designed to meet these challenges with a general technique that can be applied to a 
broad spectrum of cases. 

Magnitude and Counting Value.  The value of changeability is characterized by two 
dimensions, which will be referred to in this paper as magnitude and counting value.  The 
magnitude value relates to the level of performance improvement derived from a change; 
obviously, larger improvements in value are desirable over smaller ones.  The counting value 
relates to the quantity of changeability, with the understanding that there is value in having 
multiple outgoing change paths, as this increases the likelihood that a desirable change is 
available regardless of the current context or potential breakages in the change mechanisms 
during operation.  The previous methods for investigating changeability mentioned earlier 
approach the problem from only one of these two directions: real options generating a number 
associated with the value increase of a change option, and filtered outdegree simply counting 
up the number of potential changes originating at a given design.  One of the key goals of 
VASC was to support the analysis of both of these dimensions of value at once, giving a more 
complete accounting of system changeability. 

Strategies. In order to clarify the tension between magnitude and counting value explicitly in 
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a score of X in another.  This allows for much more powerful conclusions to be drawn for 
scores across the various epochs considered in an EEA study. 

Useful Metrics.  A set of metrics recommended for use with VASC is presented here.  One of 
the goals of this research is the ability to properly compare and trade off between changeability 
and robustness; as such, the metrics here are designed to target both.  While these metrics are 
recommended, one of the advantages of using VASC is that metrics can be inserted or removed 
as appropriate on a case-by-case basis, allowing for targeting of particular applications’ metrics 
or stakeholders’ desires. 

 Filtered Outdegree (FOD) – As defined above, this metric scores designs on their 
number of outgoing change paths, which heuristically targets designs with the potential for 
high valuable changeability. 

FOD d, C ∑ ∑ H T , , , ∀T , , C_   

where  is the acceptable change cost threshold, N is the number of designs, j is a given 
destination designs from d, k is a given transition rule, , ,  is a matrix elements of cost for 
transition from d to j using rule k, and H(.) is the Heaviside function. 

 Fuzzy Pareto Number (FPN) – Fuzzy Pareto Number is defined as the minimum 
required fuzziness for a design (d) to be included in the K% fuzzy Pareto set (PK). 

} P  d |K  min{ = FPN(d) K  

FPN is defined for each design in each epoch.  The “fuzzy” Pareto set allows for a margin of 
deviation from the true Pareto front, defined as a percent of the range of the data (Smaling, 
2005).  FPN is a measure of cost efficiency that is both independent and universal and thus is a 
key component of the valuation that takes place in VASC.  It is independent because the Pareto 
front can be well-defined by a multi-variable optimization, and thus even if the Pareto front is 
only approximated by a tradespace, it is insensitive to the inclusion or exclusion of designs.  
FPN is universal because an FPN of 5 implies that the design is within 5% of total 
cost-efficiency in that epoch, regardless of the epoch.  FPN varies from 0 (on the Pareto front) 
to 100.  An index of 101 is used for invalid designs whose utility is therefore undefined. 

 (Fuzzy) Normalized Pareto Trace (NPT/fNPT) – This metric targets passive 
robustness, scoring design on the fraction of epochs in the epoch space for which they are 
Pareto efficient: non-dominated in utility and cost. 

NPT(d) = 1{FPN(d) = 0}
epochs

    Nepochs

fNPT(d,K) = 1{FPN(d)  K}
epochs

    Nepochs

 

 Effective NPT / Effective fNPT (eNPT/efNPT) – One of the new metrics, this 
measures changeability-enabled robustness by calculating NPT and fNPT for a design 
considering its end state (d*) determined by a strategy, rather than its own position.  This 
captures the “effective” robustness by accounting for the true value in any epoch in which the 
design would change. 

eNPT(d) = 1{FPN(d*) = 0}
epochs

    Nepochs

efNPT(d,K) = 1{FPN(d*)  K}
epochs

    Nepochs
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 Fuzzy Pareto Shift (FPS) – This metric is the basic choice for valuing the magnitude 
of the strategy-selected change path in each epoch, calculated as the difference in FPN of the 
start and end states.  Thus it is measuring the efficiency improvement or decline caused by 
executed changes. 

FPS(d) = FPN(d) - FPN(d*)  

 Available Rank Improvement (ARI) – Useful for comparing the relative value of 
different change mechanisms, ARI takes a defined epoch and scores each change mechanism 
(r) for each design in terms of how many other designs can be surpassed in rank-order utility 
via that change mechanism (where dr is the set of designs reachable by d through r).  This can 
be used effectively to identify mechanisms that in general deliver larger value increases across 
the design space. 

ARI(r,d) = Rank(d) - min{Rank(dr )} 

 Lifecycle FPN statistics – When simulating an era, the current FPN can be tracked at 
all times.  This data can be processed at the end of each sample era to calculate best, worst, and 
average FPN across the lifecycle of the system.  Average FPN in particular is useful for 
comparing the aggregate lifetime efficiency of different designs. 

 Rule Usage Likelihoods – Another good statistic to track during era simulation is the 
number of usages of each change mechanism.  In addition to then being able to compare the 
relative frequency of usage for each in a random lifetime, the likelihood of executing a given 
rule at any point during a lifetime can be calculated.  This is a valuable piece of information 
that can justify the inclusion or exclusion of a change mechanism from a design. 

 “Going Rate” tradeoffs – The tradeoff between cost and value for including a change 
mechanism is a frequently desired piece of information.  By comparing designs that differ only 
by their inclusion of a given mechanism, the “going rate” for additional changeability can be 
calculated, comparing initial costs to any lifetime value metric.  Alternatively, a removal 
weakness study can be performed, which recalculates the strategic end states while ignoring a 
specified mechanism or set of mechanisms, and the difference in value with the limited options 
describes the value created by the lost mechanisms and can identify designs which are 
dependent on a subset of their change mechanisms. 

Procedure 

There are five steps in the VASC process:	

1. Set Up Data for Epoch-Era Analysis - Step 1 puts the case in question into the 
epoch-era framework, allowing for piecewise consideration of time in sequences of 
constant-context sections. Activities include identifying input data (design variables, 
change mechanisms, stakeholder preferences and desired attributes, and context 
variables). Outputs include design/epoch lists, transition matrices, and Fuzzy Pareto 
Number for each design/epoch pair.	

2. Identify Designs of Interest - Step 2 is necessary to reduce both the computation time 
and the difficulty of synthesizing and grasping the results of the approach by reducing 
the scope of full attention. Activities include calculating robustness and changeability 
screening metrics (e.g. Normalized Pareto Trace and Fuzzy Normalized Pareto Trace 
for value robust designs, and Filtered Outdegree for highly changeable designs), and 
any other desired design identification techniques (such as picking favorite designs 
through reuse or high performance in other metrics). Outputs include a subset of 
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designs for further exploration. If concurrent visualization for comparison is desired, 
then the number of designs in this set should be on the order of 5-7 for clarity purposes. 

3. Define Rule Usage Strategies - Defined in Step 3, the strategy is the unifying factor of 
the method, specifying the logic that interprets the system condition over time and 
identifies change mechanism options that should be executed. Activities include 
determining the set of possible rule usage strategies, defining strategies in terms of 
logic for change mechanism execution in each epoch, and for each design/epoch pair, 
determining the most desirable end state (defined by the strategy), which is reachable 
via transition rules. Outputs include the realized end states and transition costs for each 
combination of design/epoch/strategy. 

4. Conduct Multi-Epoch Changeability Analysis - In Step 4, multi-epoch changeability 
analysis (Fitzgerald and Ross, 2012-A) considers possible contexts the system could be 
used in, but without the complication of time ordering or time dependence. Activities 
include calculating multi-epoch metrics, such as Effective NPT and Effective Fuzzy 
NPT, Fuzzy Pareto Shift, Removal Weakness, and Available Rank Increase. Outputs 
include information on when, why, and how designs of interest are changing within 
epochs and the value of those changes, as well as identification of particularly valuable 
change mechanisms and/or designs which rely on a single mechanism for a large 
portion of their value. 

5. Conduct Era Simulation and Analysis - In step 5, era analysis (Fitzgerald and Ross, 
2012-B) gives important lifecycle information on the designs as they perform, change, 
and age over time, as well as help identify valuable change mechanisms. Activities 
include simulation of many randomly generated potential eras for each design of 
interest. Outputs include change mechanism usage frequency and likelihood, era-level 
statistics on average/aggregate utility provided and design efficiency, and comparison 
of strategies and change mechanism usage for each design. 

 
VASC is also well suited to an iterative design process.  Since it is recommended that only 

a select set of designs are considered in detail at once, the process can be completed on 
different subsets of the design space in sequence, before eventually combining the designs 
deemed most desirable and comparing them to each other.  For example, VASC could be 
applied to a surveillance mission that can be completed with either unmanned aircraft or new 
radar dishes by first iterating through aircraft designs of interest, then radar designs of interest, 
and finally through the best designs of each subtype. 

The following section discusses a case study, demonstrating the steps of VASC and the 
types of insights that can be gained from its application.  Example visualizations for the 
recommended metrics are included.  

Case Study: Space Tug 
The primary purpose of the application of the Space Tug case in this research investigation 

was to demonstrate the end-to-end process in a relatively simple case.  In particular, the 
application to the Space Tug system demonstrates both evaluation of valuable changeability 
via strategies within epochs (short run value of changeability) as well as across eras (long run 
value of changeability). 

Background.  A space tug is a vehicle designed to rendezvous and dock with a space 
object; make an assessment of its current position, orientation, and operational status; and, 
then, either stabilize the object in its current orbit or move the object to a new location with 
subsequent release.  A previous Multi-Attribute Tradespace Exploration (MATE) study 
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explored the tradespace for a general-purpose servicing vehicle (McManus and Schuman, 
2003).  Three attributes formed the multi-attribute utility function: total ∆V capability, 
capability of the grappling system, and response time (slow or fast).  To provide these 
attributes, three design variables were considered in subsequent modeling activities: 
manipulator mass, propulsion type, and fuel load.  A 128-member design space was sampled 
and analyzed, by inputting each possible combination of the three design variables using a set 
of enumerated values into (1) a parametric cost estimation model and (2) a physics-based 
performance model.  

Step 1: Set Up Data for Epoch-Era Analysis. 

In order to apply the Space Tug dataset for this analysis, the original three design variables 
were expanded to four design variables, which, when enumerated, resulted in 384 designs. The 
design variables were propulsion type (biprop, cryo, electric, or nuclear), fuel mass, capability 
level, and design for changeability (DFC) level.  The DFC level is a switch intended to model a 
conscious effort to design for ease of redesign/change. In the model, it varies from 0 to 1 to 2, 
with the reward of additional and/or cheaper change mechanisms, and the penalty of additional 
dry mass, resulting in higher costs and lower available ∆V.  

In addition to the design-space, there were 16 epochs considered, generated from 2 contexts 
and 8 user preference sets. The 2 contexts corresponded to present or future technology level, 
which affects the transition costs, fuel efficiencies, and mass fractions.  

In order to generate the tradespace network for Space Tug, six change mechanisms were 
defined and are listed in Table 1. Rules 1-5 are “redesign” rules, which require 
decommissioning and relaunching a space tug (with the associated costs) and rule 6 is an 
“operations” rule, and does not require a new space tug.  The “effect” of each change 
mechanism is a modification of a single design variable to a different value. 

Table 1. Space Tug Study Transition Rules (Change Mechanisms) 

#	 Rule Effect DFC level 
1 Engine Swap Bipropcryo 0 

2 Fuel Tank Swap Change propellant mass 0 

3 Engine Swap (reduced cost) Bipropcryo 1 or 2 

4 Fuel Tank Swap (reduced cost) Change propellant mass 1 or 2 

5 Change capability Change capability 1 or 2 

6 Refuel in orbit (no redesign) Change propellant mass 2 
	

Once these rules were defined, an 
algorithm determined the accessible 
“end-states” available to each design via 
each of the 6 transition rules, as well as 
calculating the transition cost (dollars 
and time) for each allowed path between 
two designs.  After these transition 
matrices were determined, a multi-arc 
calculation was performed to find the 
“non-dominated” paths linking any two 
designs in the tradespace via any 
combination of change mechanisms. The 
multi-arc transition matrix lists the most 

 
Figure 3. Space Tug Multi-arc Transition Matrix 
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We may seek information about the “going rates” for the inclusion of changeability in the 
system.  In this case, we can compare designs to their counterparts that are identical except for 
DFC level, and look at initial cost difference and average profit accrued over the lifetime of the 
system using the maximize profit strategy.  This is illustrated in Table 3, by comparing designs 
with and without change mechanisms enabled, one can determine the costs and benefits of 
adding such changeability across the system lifecycle. 

Table 3. Space Tug Changeability Lifecycle Cost/Benefit Tradeoff 
-DFC tradeoff Design +DFC tradeoff 

N/A D 
+$544M initial cost 

+$34B profit over 10 years 
-$80M initial cost 

-$4B profit over 10 years 
E 

+$80M initial cost 
+$21B profit over 10 years 

-$384M initial cost 
-$20B profit over 10 years 

F N/A 

	

Conclusions and Future Research 
The primary goal for the research was to uncover difficult to extract information on 

valuable changeability for a design space and present it in an accessible way to assist in 
decision making. Other important goals included identifying designs that deliver high amounts 
of value in different ways (e.g. robustness and changeability), and the operational strategies 
that maximize value. The research also enabled the assessment of what change mechanisms 
deliver the most value or are the most critical for some designs to continue to deliver value over 
time.  Ultimately, in order to help to justify the investment in changeability, which has been 
difficult to do in the past due to asymmetry in ease of identifying costs over benefits, the 
research has demonstrated a first effort in being able to establish a cost versus benefit tradeoff 
for adding or removing changeability from a design (a.k.a. the “going rate” for changeability). 

In order to organize and assist analysts and decision makers in capturing changeability 
tradeoffs within a study, the Valuation Approach for Strategic Changeability (VASC) was 
developed. VASC is a five-step approach that guides analysts through generation and 
organization of design data, as well as application of analysis to generate valuable 
changeability metrics and their interpretation.  The main contributions of VASC include: 

 
 Expanded set of screening and valuation metrics (eNPT, efNPT, FPN, FPS) in 

Table 4 
 Explicit method for accounting for value of changeability over short and long time 

scales (strategy-interpreted) 
 Linked explicit design decisions with changeability (change mechanism 

comparison) 
 Incremental analysis approach that can scale with available information and effort 
 An approach that is mostly automated, but also encourages focused 

value-elicitation and interpretation discussions between decision makers and 
analysts 
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Table 4. Working Set of Metrics for Use in VASC 

Value Aspect Acronym Stands For Definition 
Robustness via 

“no change” 
NPT 

Normalized Pareto 
Trace 

% epochs for which design is 
Pareto efficient in utility/cost 

Robustness via 
“no change” 

fNPT 
Fuzzy Normalized 

Pareto Trace 
Above, with margin from Pareto 

front allowed 

Robustness via 
“change” 

eNPT, 
efNPT 

Effective (Fuzzy) 
Normalized Pareto 

Trace 

Above, considering the design’s 
end state after transitioning 

“Value” gap FPN Fuzzy Pareto Number 
% margin needed to include design 

in the fuzzy Pareto front 
“Value” of a 

change 
FPS Fuzzy Pareto Shift 

Difference in FPN before and after 
transition 

“Value” of a 
change 

ARI Available Rank Increase
# of designs able to be passed in 
utility via best possible change 

Degree of 
changeability 

OD Outdegree 
# outgoing transition arcs from a 

design 
Degree of 

changeability 
FOD Filtered Outdegree 

Above, considering only arcs 
below a chosen cost threshold 

 
Future research will apply VASC to larger case studies, featuring design spaces and epoch 

spaces orders of magnitude larger, in an effort to test the scalability of the process, which takes 
about one day to perform, including human interpretation, on a case the size of the Space Tug.  
Because most of the calculations that take place in VASC are independent between designs or 
epochs, it is expected that computation parallelization will be able to vastly speed up large case 
studies.  Future case studies will also explicitly account for development phases, tracking the 
lifecycle of the system through design, build, test, and operations phases.  The active phase will 
affect the available change mechanisms, and execution of changes will result in schedule delay 
or a reset to an earlier phase, which should greatly increase the number of insights that can be 
obtained from the time-ordering of epochs in era analysis. 
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