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Executive Summary

This report evaluates the development of a first-of-a-kind, one-of-a-kind spaceflight mission using a
dynamic spreadsheet model that integrates uncertainty, schedule risk, and management flexibility.
The project is represented as a dual-track technology development effort with separate Technology
Readiness Level (TRL) trajectories for a cruise-stage subsystem and a lander-stage subsystem.
Launch occurs only after both tracks reach the required pre-launch maturity, after which the
mission enters a post-launch cruise phase and then an operations phase. The model evaluates
mission value using discounted cash flow net present value (NPV), allowing the effects of timing,
development cost, delay, and flexibility to be compared on a consistent basis.

The model includes uncertainty in annual budget authority, technical progress, execution cost
growth, allocation instability between the two technology tracks, and discrete TRL transition delays
- all modeled in a Monte Carlo simulation. These uncertainties create both cost dispersion and
schedule dispersion. The resulting mission outcomes are therefore highly path-dependent: in some
futures, the mission converges efficiently, while in others, a lagging subsystem, poor budget year,
or repeated delay event forces a long and expensive tail.

Several flexibilities were implemented directly in the model. These include bounded TRL-based
annual reallocation of resources between the cruise-stage and lander-stage workstreams, and a re-
serve mechanism that allows unspent budget authority to be carried forward and used in later
shortfall years. A surge-staffing flexibility has also been added, meaning when realized subsystem
lag exceeds a threshold, staffing can temporarily rise above the baseline plan, subject to an afford-
ability constraint, a staffing cap, and a cap on how much extra staffing can accelerate TRL progress
in a single year. These flexibilities are not merely spreadsheet devices; they map directly to real
management and technical decisions such as reallocating engineers and test resources, maintaining
management reserve, and preserving optionality in technical execution.

This model captures the fact that management can sometimes convert favorable funding conditions
into future schedule protection and can selectively apply additional staffing when technical lag
becomes meaningful.

The principal recommendation of this report is that a mission of this type should not be managed
as a rigid, single-path development program. Instead, the program should be planned with explicit
flexibility in both technical execution and time-based financial management. In particular, man-
agement should preserve a dynamic reserve, maintain formal reallocation and surge rules tied to
subsystem maturity gaps, and monitor the two TRL tracks independently rather than collapsing
them into a single maturity metric. A disciplined baseline plan remains necessary, but the expected
value of the mission improves when management has the ability to respond to uncertainty as it is
revealed.
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1 Introduction

The purpose of this analysis is to demonstrate how flexibility and real options can be used to
improve the management of a first-of-a-kind, one-of-a-kind spaceflight mission under uncertain
conditions. Whereas recurring projects may be forecast using prior analogs, a novel space mission
often combines bespoke subsystem development, uncertain budget conditions, and incomplete tech-
nical maturity at program start. These features make both cost and schedule difficult to forecast
and make rigid planning especially vulnerable to downside outcomes.

1.1 Motivation

The motivation for this project is twofold. First, large and technically ambitious spaceflight pro-
grams frequently experience cost growth and schedule delay because critical technologies do not
mature uniformly across the mission architecture. Second, management decisions made in response
to those delays are often informal, reactive, or insufficiently tied to actual information revealed dur-
ing development. This project seeks to create a model that can both capture those uncertainties
and evaluate which flexibilities are most useful in practice.

A further motivation is methodological. Many real options studies focus on infrastructure or long-
life systems where flexibility is represented primarily as a capacity expansion or timing choice. [1]
In contrast, this project focuses on a development program itself. The “system” being managed is
the mission development process: staffing, subsystem maturity, annual budget authority, reserve,
launch readiness, cruise, and operations. The objective is therefore not only to forecast mission
cost and timing, but to identify management actions that improve expected mission value.
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1.2 Scenario

Figure 1: MER Spacecraft Subsystem
[4]

The scenario considered here is a notional first-of-a-kind,
one-of-a-kind spaceflight mission with two major subsys-
tem development tracks:

• Cruise-Stage Subsystem: which enables travel be-
tween destinations

• Lander-Stage Subsystem: which is primarily re-
sponsible for the entry, descent, and landing opera-
tions once arrived at the mission destination.

This configuration is standard for many interplanetary
missions, such as the Spirit & Opportunity Mars Explo-
ration Rovers (MER) - illustrated in Figure 1, and InSight
- a NASA Jet Propulsion Laboratory spacecraft sent to
the Martian surface in 2018. [4]

The modeled mission targets a nominal 10-year comple-
tion but is presented on a 15-year time horizon so that
uncertainty-driven schedule slip can be observed. After
launch, the mission is expected to enter a post-launch
cruise period, followed by an operations period.

1.3 System Design

Figure 2: NASA Technology Readiness
Level (TRL) Definitions [2]

The primary driver of performance in this system is Tech-
nology Readiness Level (TRL), which is used as a proxy
for overall subsystem maturity throughout the mission
lifecycle. [2]

Each track begins the project at its own initial TRL and
progresses annually according to planned targets, realized
staffing, uncertainty in development progress, and the po-
tential occurrence of delay events. Because the mission
requires both elements to be sufficiently mature before
launch, the overall schedule is paced by the slower of the
two tracks.

Launch readiness is triggered once both technology tracks
cross the required threshold (in this case, TRL 8). The
mission then enters a fixed-duration 2-year cruise phase

EM.424 Zachary Barnes 6



followed by a one-year operations phase. Development
costs continue to accrue until technical completion and
associated shutdown conditions are met.

The deterministic model is organized in annual fiscal-year increments. For each year, the model:

1. determines TRL progression through a deterministic demand model

2. matches staffing levels to a deterministic demand curve-driven TRL progression

3. allocates staffing between cruise-stage and lander-stage development based on a fixed ratio

4. computes annual labor, non-labor, & overhead costs

5. calculates annual cash flow and discounted present value.

1.4 System Utility

The mission’s utility is represented as discounted net present value, where the NPV reflects the total
cost of the mission. The mission assumes a real discount rate of 1.9%, similar to the rate typically
allocated to federally-funded large-scale government projects [5]. The key economic intuition is
straightforward: value increases (cost decreases) when mission benefits are realized sooner and
when development costs are incurred later or avoided altogether. The model, therefore, values
both schedule acceleration and cost avoidance. Any flexibility that helps the mission reach launch
readiness sooner, preserve staffing continuity during bad budget years, reduce the cost of a long
program tail, or avoid unnecessary post-completion spending will tend to improve NPV.

1.5 System Constraints

Several constraints shape the development problem:

• launch cannot occur until both cruise-stage and lander-stage maturity are sufficient;

• annual staffing is capped, and follows a ramp-up/ramp-down based on a deterministic demand
profile

• budget authority is exogenous and uncertain

• resource reallocation between workstreams is bounded

• operations cannot begin until after launch and post-launch cruise phases are complete

These constraints are what make flexibility valuable: management cannot simply assume a deter-
ministic TRL progression, unlimited access to staffing, instantaneous reallocation, or an on-schedule
launch.
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2 Baseline Analysis

The baseline case represents the mission under planned staffing, planned allocation, and nominal
development assumptions. The mission is evaluated across a 10-year horizon.

Figure 3: Subsystem TRL Progression (Deterministic Case)

In this initial instance of the model, the TRL progression is deterministic and is forecast using a
dynamic progression model given in the equation below:

TRL(t) = TRLfinal − αe−βt (1)

where TRL(t) = the TRL in the fiscal year t

α = Initial TRL (αcruise = 3; αlander = 4)

β = growth/convergence rate parameter (βcruise = 0.626; βlander = 0.585)

Each subsystem TRL will remain at TRL 8 until the mission operations phase commences after
the two year journey, at which point TRL 9 will be achieved, and the mission concludes.

Table 1: Baseline Analysis Results

Metric Value

Baseline NPV -$1,053M
Nominal/Expected launch year FY 8
Mission completion year FY 10 (EOY)

This case remains useful because it provides a reference point against which both uncertainty and
flexibility can be judged. Without that reference, it is difficult to distinguish whether a flexibility
genuinely improves mission value or simply shifts cost and timing around the model.
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3 Sensitivity

A one-way sensitivity analysis is used to identify which uncertainties and flexibility settings have
the greatest effect on mission NPV. This step is important because not all uncertain variables
deserve equal management attention. Some variables primarily affect cost, others primarily affect
schedule, and some create asymmetrical downside risk.

The tornado analysis should be interpreted in two ways. First, it identifies the variables that most
strongly influence mission value. Second, it helps distinguish between variables that management
can only monitor and variables that management can actively influence.

Table 2: Sensitivity Analysis Inputs and Results

Parameter Expected High NPV at High Low NPV at Low

Loaded labor rate $0.25M $0.30M -$1,172M $0.20M -$935M
Annual Overhead $50M $60M -$1,145M $40M -$961M
Non-Labor Cost Multiplier 2x 2.4x -$1,132M 1.6x -$974M
Discount Rate 1.9% 1.52% -$1,070M 2.28% -$1,037M

Note that the baseline static NPV used for comparison in this sensitivity analysis is: -$1,053M

Figure 4: Sensitivity Analysis Results

In general, the model indicates that economic execution variables such as labor rate, overhead,
and non-labor burden remain important, but schedule-related technical uncertainties such as TRL
volatility, delay probability, and budget shortfall are especially influential because they can extend
the project tail and delay benefit realization.
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4 Uncertainties

When re-evaluating the model to reduce reliance on deterministic predictions, the model explicitly
incorporates uncertainty in both technical progress and financial conditions.

4.1 Annual Budget Volatility

Annual budget authority is modeled as uncertain from year to year. This represents the reality
that program funding may vary due to external appropriation decisions, internal portfolio tradeoffs,
or changing agency priorities. Budget volatility directly affects how much staffing can be afforded
and, therefore, how much productive development work can be completed in a given year.

4.2 TRL Progress Volatility

Even for a given staffing level, realized technical progress does not follow a deterministic path. The
model captures this with year-to-year TRL progress volatility. This reflects the reality of rework,
uneven subsystem integration, unexpected technical findings, and execution variability.

4.3 Cost Multiplier Volatility

Execution cost is not fixed. The model includes volatility in the cost multiplier to represent vari-
ation in procurement cost, vendor performance, rework burden, overhead efficiency, and execution
effectiveness. This uncertainty changes how much technical progress can be purchased with a given
level of budget authority.

4.4 Budget Allocation Volatility

Even if total funding is known, the effective allocation of resources between cruise-stage and lander-
stage effort is not perfectly stable. The model includes allocation volatility to capture management
thrash, shifting near-term priorities, and imperfect discipline in annual work balancing.

4.5 TRL Delay Probability and Delay Magnitude

In addition to continuous technical variability, the model includes discrete delay events that reduce
realized TRL progress in a given year. This is intended to mimic the kinds of development set-
backs common in first-of-a-kind programs: failed tests, supplier issues, integration anomalies, or
qualification shortfalls.
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5 Performance Under Uncertainty

The uncertainty case represents the mission under realized staffing, planned allocation, and stochastically-
determined development outcomes, subject to the uncertainties defined above. The 15-year horizon
allows for visibility of performance in runs that extend past the 10-year nominal schedule.

Figure 5: Mission Lifecycle Progress Example with Uncertainty

To understand how the uncertainties interact in combination, the mission is evaluated with Monte
Carlo simulation. Monte Carlo simulation was used to quantify how the mission behaves when all
of the modeled uncertainties act at the same time rather than one at a time. In the spreadsheet, the
Randomized NPV Simulation sheet generates 2,000 simulation runs, with each run corresponding
to one full realization of the mission development path under uncertainty.

In each run, the model resamples annual budget volatility, Technology Readiness Level (TRL)
progress, cost multiplier, & budget allocation volatility, as well as discrete delay events. It then
propagates those through staffing, subsystem maturation, launch & operations timing, cost, and
finally net present value (NPV). This produced a population of 2,000 possible NPV outcomes rather
than a single deterministic estimate. Rather than focusing on a single expected path, the simulation
reveals the distribution of plausible NPVs and schedule outcomes.

This is especially important in the present case because several uncertainties interact nonlinearly.
A poor budget year can reduce staffing, reduced staffing can lower realized TRL growth, slower
TRL growth can delay launch, and delayed launch pushes benefit farther into the future while
increasing the amount of discounted cost carried by the program. The result is a distribution with
meaningful downside tail risk.
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Figure 6: Histogram of Mission NPV Distribution with Uncertainty

Figure 7: Approximate Cumulative Distribution Function of Mission NPV with Uncertainty

The histogram and cumulative distribution function (CDF) were then used to interpret that sim-
ulated outcome set. The histogram on the simulation sheet groups the 2,000 NPV results into 49
intervals (bins), using the simulated minimum and maximum NPV values to define the lower bound
and step size of each interval. This makes it possible to see where outcomes cluster most heavily,
how wide the spread is, and whether the distribution is skewed toward downside or upside cases.
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The CDF uses the same simulated sample set and bin structure to show the cumulative probability
of achieving a value less than or equal to a given NPV threshold. That makes it possible to read
off probabilities directly, such as the chance of a negative NPV or the approximate P10, P50, and
P90 outcomes. A similar approach was used to extract the chance of the mission launching on, or
ahead of the FY 8 target.

Table 3: Performance Under Uncertainty

Metric Value

Mean NPV -$1,146M
Standard Deviation $41M
P10 / P50 / P90 NPV -$1,196M | -$1,147M | -$1,094M
Probability of launch by target year 0%

The higher NPV illustrated in this uncertainty analysis does not indicate that the system is per-
forming more poorly than in the deterministic case, but rather that the initial static analysis was
insufficient in capturing the true range of factors that affect the true system performance outcome.

Another noteworthy observation is that when accounting for the uncertainty present in the system
performance, the probability of a launch by the FY 8 target year drops to 0%.

The purpose of this section is not solely to state the higher average NPV and inability to launch on
target. It is to understand the shape of the uncertainty. The left tail of the distribution corresponds
to cases in which budget shocks, cost shocks, and repeated TRL delays interact in a way that drives
long development tails and weaker mission value. The right tail corresponds to cases in which both
technology tracks converge efficiently and the project enters operations sooner than expected.
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6 Real Options

This analysis considers several real options intended to reduce downside and improve expected
mission value. The implemented flexibilities fall into two broad categories: technical/programmatic
options tied to subsystem maturity, and time-based financial options tied to reserve and schedule
management.

6.1 Real Options for Technical Uncertainties

The first major flexibility is bounded annual reallocation between cruise-stage and lander-stage
development. If one subsystem lags the other materially, a portion of annual effort can be shifted
toward the lagging track. In the spreadsheet model this appears as a maximum allocation shift
per year and an allocation rule tied to maturity gaps. In management terms, this corresponds to
reallocating cross-trained engineering labor, system integration attention, and technical resources
toward the subsystem that is pacing launch readiness.

The second major technical option is surge staffing. If the prior fiscal year reveals that one or both
tracks are lagging their target TRL by more than a management-defined threshold, the program can
temporarily raise the effective staffing cap above the baseline plan. This does not imply unlimited
acceleration. The model includes a separate cap on how much extra staffing can increase the TRL
closing rate in a single year, reflecting real bottlenecks such as facility throughput, test cadence,
integration bandwidth, and diminishing returns from adding personnel.

The third key technical option is the explicit dual-track TRL structure itself. By managing and
evaluating cruise-stage and lander-stage maturity separately, management can identify the pac-
ing subsystem instead of hiding the problem inside an average maturity metric. This improves
observability and enables action.

Table 4: Technical Real Options

Option Description

Bounded reallocation Shift a limited fraction of annual effort toward the lagging
subsystem when maturity gaps exceed a threshold.

Surge staffing Temporarily raise the effective staffing cap when subsystem
lag exceeds a trigger threshold, subject to affordability and a
bounded TRL acceleration effect.

Dual-track maturity monitoring Maintain separate cruise-stage and lander-stage TRL trajec-
tories to preserve visibility into the pacing item.

These are genuine management and technical options because they can be exercised in response to
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information revealed during the program, rather than being fixed design decisions made once and
for all at project start.

6.2 Real Options for Time-Based Parameters

The principal time-based real option in the model is the dynamic reserve. In years where NASA
budget authority exceeds productive annual spend, unspent funds are carried into reserve. In
later years when authority is low, the reserve can be drawn down to support staffing and preserve
progress. This reduces the fragility of the program to single-year funding shocks.

Table 5: Time-Based Real Options

Option Description

Dynamic reserve Carry unspent authority forward and deploy it during later
shortfall years to preserve continuity.

7 Performance with Flexibilities

Table 6: Performance with Flexibilities

Metric Value

Mean NPV -$1,022M
Standard Deviation $108M
P10 / P50 / P90 NPV -$1,161M | -$1,023M | -$882M
Probability of launch by target year 58%
Cost of implementation $625,000
Value of option $124M

With the aforementioned flexibilities enabled, the NPV improved, on average, by $124M. The
probability of the mission launching by the FY 8 target year has also increased to 58%. This
accounts for all launch instances occurring at the FY 8 target and also those that occur ahead of
schedule, such as the example illustrated in Figure 8.
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Figure 8: Mission Lifecycle Progress Example with Flexibilities

It should be noted that schedule-oriented flexibilities only create meaningful value when the model
allows those flexibilities to affect the pacing mechanism itself. In practical terms, this means that
reserves are more valuable when they can preserve staffing continuity, and surge staffing is only
valuable when extra staffing can translate into faster TRL closing rather than simply preventing
collapse.

Figure 9: Approximate Cumulative Distribution Function of Mission NPV (with flexibilities)
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Figure 10: Approximate Cumulative Distribution Function of Mission NPV (with flexibilities)

This is the practical value of the model: it transforms uncertainty from a descriptive risk statement
into a set of conditional rules that management can use to act.

8 Lessons Learned & Recommendations

Based on the modeled uncertainties, the flexibilities implemented, and the simulation results, sev-
eral clear lessons emerged from this project. Most importantly, a first-of-a-kind, one-of-a-kind
spaceflight mission cannot be managed effectively with a single deterministic cost and schedule
plan. Mission outcomes are driven by the interaction of multiple uncertainties acting at the same
time, including annual budget volatility, Technology Readiness Level (TRL) progress volatility,
cost growth, allocation instability, and discrete delay events. The analysis therefore suggests that
the most effective management approach is neither purely rigid nor unconstrainedly flexible, but
rather a disciplined baseline plan supported by explicit option triggers and practical mechanisms
for exercising flexibility.

These lessons translate into the following recommendations:

1. Adopt a dual-track management structure. One of the clearest lessons from the model is
that technical maturity should be tracked at the subsystem level rather than through a single
aggregate readiness metric. Modeling separate cruise-stage and lander-stage TRL trajectories
showed that the mission is paced by the slower of the two development paths. Management
should therefore monitor the two tracks independently and conduct formal pacing-item reviews
at each fiscal year so that attention remains focused on the true schedule-driving subsystem
rather than on average progress across the mission.
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2. Cross-train technical staff. The model showed that flexibility has value only when it can
be exercised efficiently in practice. In particular, reallocation and surge staffing are only useful
if personnel can move across subsystem boundaries without excessive ramp-up losses. Cross-
training increases the practical value of both reallocation and surge because it reduces any
productivity penalty associated with shifting people between workstreams.

3. Implement universally shared technical assets. A related lesson is that organizational and
infrastructure choices can materially increase the effectiveness of flexibility. Subsystem inter-
faces should be standardized where practical so that technical assets such as mechanical ground
support equipment (MGSE), electrical ground support equipment (EGSE), tooling, and instru-
mentation can be reused across workstreams. These actions do not reduce uncertainty directly,
but they improve the program’s ability to respond efficiently once uncertainty is realized.

4. Institutionalize bounded annual reallocation. The analysis showed that reallocation can
improve outcomes, but only when it is governed by explicit decision rules. Management should
define in advance how many resources can be shifted between workstreams in a single year
and what maturity gap justifies the shift. This avoids both underreaction and overreaction,
and helps ensure that reallocation is treated as a deliberate real option rather than an sudden
response.

5. Maintain a protected reserve. One of the strongest financial lessons from the model is that
reserve has meaningful value when budget authority is uncertain. Unspent funds in strong years
should not be automatically consumed simply because they are available. Instead, they should
be carried forward and explicitly protected for years in which budget authority would otherwise
be insufficient to sustain critical work. In this way, reserve acts as a stabilizing mechanism that
reduces the likelihood of unnecessary schedule slip.

6. Use surge selectively rather than permanently. The model suggests that surge staffing
can be valuable, but only when it is tied to meaningful technical lag and real bottlenecks.
Surge should therefore be used as a temporary intervention rather than as a standing mode
of execution. In practice, this means triggering surge only when subsystem maturity falls
substantially behind plan.

7. Use sensitivity results to prioritize executive attention. The uncertainty analysis, in-
cluding the tornado diagram, histogram, Monte Carlo simulation, and cumulative distribution
function, reinforced that not all variables impact performance equally. Attention should there-
fore be concentrated on the parameters identified as dominant drivers of net present value, cost,
and schedule. This helps ensure that management effort is directed toward the uncertainties
that significantly shape mission performance rather than those that are merely visible or easy
to discuss.

Taken together, these lessons suggest that the preferred management strategy is to preserve a disci-
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plined baseline plan while embedding practical, pre-defined flexibility into both technical execution
and financial management. Ultimately, the goal should not be to eliminate uncertainty, but to
structure the program so that it can respond intelligently when uncertainty is revealed.

9 Conclusion

This report demonstrates how a first-of-a-kind, one-of-a-kind spaceflight mission can be modeled
as a development program under uncertainty, and how that uncertainty can be managed using
explicit real options. The value of the mission depends not only on the original plan, but also on
whether management retains the ability to respond intelligently when technical maturity diverges
across subsystems, budgets fluctuate, or execution costs vary.

The most important conclusion from the analysis of this model is that flexibility must be both funded
and capable of changing the pacing mechanism. Dynamic reserve is useful because it allows favorable
funding years to protect future continuity, but reserve alone is not enough if additional resources
cannot actually accelerate the lagging workstream. Surge staffing, dual-track maturity visibility,
and flexible personnel allocation together create a more realistic and more valuable representation,
and higher-performing example of how a complex development program should be managed.

In this sense, the model is both an analytical tool and also a template for how to structure real
program management decisions in uncertain development environments.
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A Model Equations and Notation

The model, its uncertainties, and its flexibilities were modeled within Microsoft Excel [3], using set
parameters, uncertainty distributions, and logic-based boolean triggers to implement flexibilities.
Below are screenshots that illustrate the three primary iterations of the model:

A.1 Static NPV (Baseline) TRL Progression Mission Lifecycle Model

Figure 11: Static NPV Case
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A.2 Uncertainty NPV (Unmitigated) TRL Progression Mission Lifecycle Model

Figure 12: Uncertainty NPV Case
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A.3 Flexibility NPV (Mitigated) TRL Progression Mission Lifecycle Model

Figure 13: Flexibility NPV Case
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