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Cost Rules of Thumb (ROT)

• Cost rules of thumb are critical components of early project 

formulation, specifically for low CML (Concept Maturity Level)

• Rough costs of spacecraft subsystems must be generated before 

more detailed estimates can be made

• It is generally thought that there is a “typical” percent allocation of 

total mission cost to the Level 2 WBS (Work Breakdown Structure) 

elements
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Traditional ROT Approach
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Mission Category Fixed FY 

WBS 01 

Cost %

Fixed FY 

WBS 02 

Cost %

Fixed FY 

WBS 03 

Cost  %

Fixed FY 

WBS 04 

Cost %

Fixed FY 

WBS 05 

Cost %

Fixed FY 

WBS 06 

Cost %

Fixed FY 

WBS 07 

Cost %

Fixed FY 

WBS 09 

Cost %

Fixed FY 

WBS 10 

Cost %

x MIDEX 4.5% 3.6% 3.4% 18.1% 25.6% 39.5% 4.0% 1.3%

x MIDEX 8.5% 1.0% 1.5% 1.7% 45.3% 34.1% 3.9% 3.9%

x MIDEX 5.1% 3.2% 1.7% 8.3% 34.4% 30.9% 1.6% 12.0% 2.7%

x MIDEX 3.6% 2.1% 2.2% 4.7% 30.9% 39.8% 10.9% 2.1% 3.7%

x MIDEX 6.5% 1.8% 7.9% 40.7% 35.4% 4.1% 3.5%

x MIDEX 6.7% 4.1% 2.0% 4.4% 43.1% 34.5% 2.6% 2.6%

x MIDEX 1.7% 45.0% 33.5% 8.5% 11.3%

x MIDEX 6.0% 10.0% 2.2% 18.7% 53.1% 4.9% 5.1%

Average Percent 

(ignoring missing data):
5.3% 3.7% 3.1% 6.6% 35.5% 37.6% 5.6% 5.3% 3.1%

Rescaled Rule of 

Thumb:
5.0% 3.5% 3.0% 6.2% 33.5% 35.5% 5.3% 5.0% 2.9%
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Dirichlet ROT Approach

• The Dirichlet distribution describes 

the uncertainty of multivariate 

distributions

• Can be understood as the 

multivariate extension of the Beta 

distribution
• Binomial = model for # successes of n

trials with probability p

• Beta = model for uncertainty around p

• Multinomial = multivariate extension to 

binomial distribution, defined by vector of 

probabilities which sum to 1

• The Dirichlet distribution is the 

simplest distribution on the simplex

(vectors whose components sum to 

one)
This document has been reviewed and determined not to contain export controlled technical data.

Figure: Full uncertainty and correlation between WBS elements 

of posterior predictions
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Aleatoric and Epistemic Uncertainty

• Aleatoric Uncertainty: uncertainty which 

arises from inherent randomness

• e.g. normal distribution standard 

deviation 

• Epistemic Uncertainty: uncertainty in 

the model form or in the uncertainty in 

the parameters of the model form(s)

• e.g. uncertainty in the value of the std. 

deviation of the normal distribution

• e.g. the uncertainty could be described 

by a normal distribution or a t distribution

• For our model we only consider 

uncertainty in the parameters

• The Dirichlet distribution is parameterized 

by a mean vector Ԧ𝛼 and a one-

dimensional precision parameter 𝜙
This document has been reviewed and determined not to contain export controlled technical data.

Figure: Schematic of aleatoric and epistemic uncertainty for a Dirichlet model on Δ2

(the simplex on ℝ3; the points [𝑥, 𝑦, 𝑧] such that 𝑥 + 𝑦 + 𝑧 = 1 and 𝑥, 𝑦, 𝑧 ≥ 0)
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Mission Classes and Model Form

• Each mission class has a different set 

of cost categories, i.e. different WBS 

and mission phases included based on 

the AO

• We split the data based on mission AO 

and form separate models for each

This document has been reviewed and determined not to contain export controlled technical data.

Mission Class Mission 
Cost Range

Number of 
Records

Cost Categories

Flagship > $2B 3 Phase B-D WBS 
1-10 except 8

New Frontiers $1B 4 Phase A-D WBS 
1-10 except 8

Discovery $500M 13 Phase B-D WBS 
1-10 except 8, and 
Phase E-F WBS 
1-4, 7, and 9

MIDEX $300M 8 Phase A-F WBS 
1-10 except 8

Ԧ𝑐phase ∼ Dirichlet Ԧ𝛼phase, 𝜙phase

Ԧ𝑐𝐵𝐶𝐷 ∼ Dirichlet Ԧ𝛼𝐵𝐶𝐷 , 𝜙𝐵𝐶𝐷

Ԧ𝑐𝐸𝐹 ∼ Dirichlet Ԧ𝛼𝐸𝐹 , 𝜙𝐸𝐹

Ԧ𝑐 = 𝑐phase,1 Ԧ𝑐𝐵𝐶𝐷 𝑐phase,2 Ԧ𝑐𝐸𝐹

For Discovery:

Ԧ𝑐 ∼ Dirichlet Ԧ𝛼, 𝜙

For Flagship, New Frontiers, and MIDEX:

Ԧ𝑐 is a nine-dimensional vector on the simplex representing 

WBS 1, 2, 3, 4, 5, 6, 7, 9, and 10 for the Phases in the table

** We also have priors on the Dirichlet parameters (outside 

scope of paper & presentation)
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Missing Data Imputation

• Some missions have incomplete WBS 

breakdowns

• WBS 7 is sometimes bookkept in WBS 9

• WBS 10 is sometimes bookkept in WBS 6

• WBS 1, 2, 3 often not split rigorously

• Costs imputed using multiple imputations

with a Dirichlet distribution on elements that 

are often bookkept together 

• After imputation, the larger Dirichlet model 

across all WBS elements is fitted to imputed 

datasets and the posteriors are combined to 

account for imputation uncertainty

This document has been reviewed and determined not to contain export controlled technical data.

Figure: Example of imputation where black points are 

data from other missions, WBS 4 % is known and blue 

points show uncertainty on split between WBS 7 & 9, 

red are posterior predictive for future missions

WBS 9 %

WBS 4 %WBS 7 %
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Cost Allocation Rule of Thumb Tool (CARoTT)

CARoTT Capabilities:

1. Predict unknown individual WBS costs

2. Predict total mission cost 

3. Estimate probabilities of meeting cost targets

4. Visualize WBS correlations

5. Extract posterior samples

6. Choose what types of uncertainty to include

This document has been reviewed and determined not to contain export controlled technical data.
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CARoTT Demo
1. Predict unknown individual WBS costs from one or more known WBS costs or a known total cost target

This document has been reviewed and determined not to contain export controlled technical data.
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CARoTT Demo
2. Predict total cost from one or more known WBS element costs

This document has been reviewed and determined not to contain export controlled technical data.
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CARoTT Demo
3. Estimate probabilities of simultaneously meeting one or more cost targets

This document has been reviewed and determined not to contain export controlled technical data.



jpl.nasa.gov

CARoTT Demo
4. Visualize marginal or two-dimensional joint predictive densities

This document has been reviewed and determined not to contain export controlled technical data.
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CARoTT Demo
5. Extract a large sample of the full posterior predictive distribution

This document has been reviewed and determined not to contain export controlled technical data.
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CARoTT Demo
6. Choose what types of uncertainty they want to include (aleatoric only, epistemic only, aleatoric and 

epistemic, neither aleatoric nor epistemic)
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Using Aleatoric vs. Epistemic mode?

• Quantify as much uncertainty 

as possible to assess 

probability of achieving a 

certain cost

• Correlation between WBS 

elements

• Estimate of WBS means 

based on data

• Model what future cost 

models may predict

Aleatoric & Epistemic

Epistemic Only

This document has been reviewed and determined not to contain export controlled technical data.

• Traditional ROT validation

• Want to show example 

allocation for a given 

mission class and cost cap

Aleatoric Only

Neither

• Assuming we have the 

right mean, how much do 

projects vary around that 

mean?

• Probably not very useful in 

practice
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Conclusion & Future Work

Conclusion

• We can and should provide more robust cost estimates with an understanding of uncertainty

• This is important at all stages of project formulation, including very early project formulation

• Back-of-the-envelope calculations which use average ratios between WBS elements may 

provide engineers a rough sense of whether a concept is feasible or not, but comes with no 

insight into the risk of overrunning cost

• Here we have shown we can ingest high level cost allocation data with missing or 

incomplete information and generate probabilistic predictions of allocations

Future Work

• Future work should continue to improve upon the selection of an informative prior 

• Other applications of the Dirichlet model: mass budgets, workforce allocation models for 

center management

This document has been reviewed and determined not to contain export controlled technical data.
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Questions? Contact Melissa Hooke (Melissa.A.Hooke@jpl.nasa.gov)
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