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Planetary Protection Dataset Overview – Interior Exploration 
using Seismic Investigations, Geodesy and Heat Transport 

(InSight) Mission 
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Swabs Wipes

• ~10% of spacecraft surface areas were verified for 
biological cleanliness.

• 2,031 swabs, 1,266 wipes, and 39,379 petri dishes 
were processed between June 2013 and May 2018. 

• 118,137 data points were recorded as part of the 
biological cleanliness verification campaign.

• A majority of the samples yielded clean results.
• 93% of the swabs and 63% of the wipes had 0 

colony forming units (CFUs), resulting in ~85% of 
the 39,379 petri dishes yielding 0 CFUs 
(Hendrickson et al., Astrobiology 2019).  

Tree structure of hardware component 13. The sampled 
subcomponents are shown as white rectangles, implied 
components are denoted in grey, and the specified 
component is shown in black. The names of rollup 
components 13, 19, and 28 are italicized on the diagram. 



Planetary Protection Biological Cleanliness 
Verification Sampling

Count plates – 24 h, 48 h, and 72 h

Sample with swab or wipe
(water is used as the solvent)

Clean hardware (and table or 
bag) with a solvent wipe prior 

to sampling or installation

Process swabs and wipes, 
up to 24 hours required 

post-assay

• Swabs sampled a 0.0025 m2 surface 
area maximum.

• Wipes sampled up to a 1.0 m2 surface 
area. 

• Due to the experimental procedure, the 
swabs assume a pour fraction of 0.8 and 
the wipes 0.25, representing the portion 
of the total sample solution plated and 
analyzed for CFU counts.

• Exposure is the sampled area multiplied 
by the pour fraction (i.e., for swabs it 
would be E= 0.0025 m2 ∙0.8=0.002 m2).

Spore/CFU, a heat-tolerant reproductive cell 
capable of developing into a new individual 

without fusion with another reproductive cell.



Data Generating Model and Parameter Estimators

𝑋௜ = 𝑥|𝜆௧௥௨௘
௜ ~𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜆௧௥௨௘

௜ ȉ 𝐸௜)

𝜆௧௥௨௘
௜ |𝛼, 𝛽~𝐺𝑎𝑚𝑚𝑎 𝛼, 𝛽 , 𝑖 = 1, … 𝑁

Xi – random variable describing the number of CFUs on i-th sampled component
xi – observed number of CFUs in a sample from i-th sampled component 
Ei – exposure for a sample, determined by multiplying the sampled area by pour fraction
𝜆௧௥௨௘

௜ – true bioburden density for a sample
𝐺𝑎𝑚𝑚𝑎(𝜆/ 𝛼,𝛽) – Gamma prior distribution of bioburden density 𝜆௧௥௨௘

௜

α,β – parameters of the Gamma prior distribution 
𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜆௧௥௨௘

௜ ȉ 𝐸௜)– Poisson likelihood of having x CFU counts at exposure Ei given 𝜆௧௥௨௘
௜

N-number of components 

𝜆௜
෡ 𝑥௜ =

௫೔

ா೔
- Maximum Likelihood Estimator (MLE)

𝜆௜
෡ 𝑥௜ =

௫೔ାఈ

ா೔ାఉ
- Conjugate prior Bayes Estimator

𝜆௜
෡ = 𝑑 - Deterministic Estimator

• Bayesian and Deterministic estimators are shrinkage estimators with 
respect to MLE

• Shrinkage estimators pulls MLE towards a prespecified target value
• Shrinkage reduces the variance of the estimate at the expense of 

introducing bias
• Variance reduction can outweigh increase in bias thus improving 

mean squared error of the estimator   

𝒙𝒊

𝑬𝒊

𝑻 =
𝜶𝒑𝒓𝒊𝒐𝒓

𝜷𝒑𝒓𝒊𝒐𝒓
𝑻 =

𝜶𝒑𝒓𝒊𝒐𝒓

𝜷𝒑𝒓𝒊𝒐𝒓

B=0 B=1B=1

𝜆௜
෡ =

𝑥௜

𝐸௜
− 𝐵 ȉ

𝑥௜

𝐸௜
− 𝑇 𝐵 =

𝛽௣௥௜௢௥

𝐸௜ + 𝛽௣௥௜௢௥
≤ 1



Estimators’ Loss Functions and Risks 

𝐿 𝜆௜
෡ 𝑥 , 𝜆௧௥௨௘

௜  = 𝜆௜
෡ 𝑥 − 𝜆௧௥௨௘

௜  
ଶ

− 𝐿𝑜𝑠𝑠 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑎 𝑑𝑎𝑡𝑎 − 𝑑𝑟𝑖𝑣𝑒𝑛 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑜𝑟𝑠, (MLE and Bayes)

𝐿 𝜆௜
෡ , 𝜆௧௥௨௘

௜  = 𝜆௜
෡ − 𝜆௧௥௨௘

௜  
ଶ

− 𝐿𝑜𝑠𝑠 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑎 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑜𝑟

𝑅ி௥௘௤௨௘௡௧௜௦௧ 𝜆௧௥௨௘
௜ , 𝜆௜

෡ 𝑥 = ෍ 𝜆௧௥௨௘
௜ − 𝜆௜

෡ 𝑥
ଶ

ȉ 𝑝 𝑥 𝜆௧௥௨௘
௜ = ෍ 𝜆௧௥௨௘

௜ − 𝜆௜
෡ 𝑥

ଶ
ȉ

  𝜆௧௥௨௘
௜  ȉ 𝐸௜

௫

𝑥!
ȉ 𝑒ି ఒ೟ೝೠ೐

೔   ȉா೔

ஶ

௫ୀ଴௫

 

𝜌௉௢௦௧௘௥௜௢௥ ௘௫௣௘௖௧௘ௗ ௟௢௦௦ 𝛼, 𝛽, 𝑥௜, 𝜆௜
෡ 𝑥 = න 𝜆௧௥௨௘

௜ − 𝜆௜
෡ 𝑥௜

ଶ
ȉ 𝐺𝑎𝑚𝑚𝑎(𝜆௧௥௨௘

௜ |𝑥௜, 𝛼, 𝛽)𝑑𝜆௧௥௨௘
௜

ஶ

଴

𝑟ூ௡௧௘௚௥௔௧௘ௗ 𝛼, 𝛽, 𝜆௜
෡  = න 𝑅 𝜆௧௥௨௘

௜ , 𝜆௜
෡ 𝑥 ȉ 𝐺𝑎𝑚𝑚𝑎(𝜆௧௥௨௘

௜ |𝑥௜, 𝛼, 𝛽)𝑑𝜆௧௥௨௘
௜

ஶ

଴

= ෍ 𝜌 𝛼, 𝛽, 𝑥௜, 𝜆௜
෡ 𝑥 ȉ 𝑁𝐵 𝑥|𝛼

𝛽
𝛽 + 𝐸௜

ஶ

௫ୀ଴



Risks for Three Different Estimators 

r- Integrated Risk (IR)ρ-Posterior Expected Loss 
(PEL)

R-Frequentist Risk (FR)Estimator

𝛼

𝛽ଶ
+ 𝑑 −

𝛼

𝛽

ଶ
𝛼

𝛽ଶ
+ 𝑑 −

𝛼

𝛽

ଶ(𝑑 − 𝜆௧௥௨௘)ଶd 

(deterministic)

𝛼

𝐸 ȉ 𝛽
𝑥 + 𝛼

(𝐸 + 𝛽)ଶ
+

𝑥

𝐸
−

𝛼

𝛽

ଶ𝜆௧௥௨௘

𝐸

௫

ா

(MLE)

𝛼

𝛽 ȉ (𝐸 + 𝛽)

𝑥 + 𝛼

(𝐸 + 𝛽)ଶ𝜆௧௥௨௘

𝐸
ȉ 1 − 𝐵 ଶ + 𝐵 ȉ 𝜆௧௥௨௘ −

𝛼

𝛽

ଶ

𝐵 =
𝛽

E + 𝛽
≤ 1

௫ାఈ

ாାఉ

(Bayes)

• IR is a number

• IR depends neither on data 

nor 𝜆௧௥௨௘

• IR can be used for 

sampling optimization

• PEL depends only on 
known values (data x)

• PEL is a number

• PEL may not exist for 

some types of prior

• The FR is a function of unknown parameter 
𝜆௧௥௨௘

• Functions are harder to compare than numbers

• Still useful, for example, 𝜆௧௥௨௘<2∙𝜆௧௥௨௘

Properties of the 
Risks

* From a dimensional analysis perspective, risk and loss functions above have units [CFU/Exposure]2. This 
can be seen to be consistent with the above formulas via approrprate transformation; e.g., for the R-

Frequentist Risk of the MLE estimator, 
ఒ೟ೝೠ೐

ா
=

ఒ೟ೝೠ೐ா

ாమ .



Integrated Risk and Sampling Size Determination for Implied 
Components

Optimal 
Cost, $

𝑂𝑝𝑡𝑖𝑚𝑎𝑙 
𝑅𝑖𝑠𝑘

, CFUs/m2

Optimal 
Sampling 

Area, m2

Total Surface 
Area of the 

Implied 

Component, m2

Implied 
Risk

, 

CFUs/m2

Implied 
Bioburden 

Density, 𝜆መ, 

CFUs/m2

Implied from 
Component # 

(implicant)

Implied 
Component 

#

126.807.680.160.2617.0312.05102

138.787.910.170.5319.1113.51108106

04.1600.0134.165.10131133

04.3802.04.3815.503836

02.0207.02.022.477071

129.4623.410.160.1665.88104.163229

𝐸௢௣௧ = 𝑚𝑎𝑥 0,
𝑘 ȉ 𝛼

𝐶 ȉ 𝛽
− 𝛽

For swabs used for the InSight 
mission, the cost C was $9.11 for 
the first swab and $1.45 for each 
additional swab
C0-sampling setup cost
k-scaling factor that dollarizes the r-
integrated risk

𝑇𝑅஻௔௬௘௦ 𝛼, 𝛽, 𝐸 = 𝑅 𝛼, 𝛽, 𝐸 ஻௔௬௘௦

௎௡௖௘௥௧௔௜௡௧௬

+ 𝐶଴ + 𝐸 ȉ 𝐶
஼௢௦௧

=
k ȉ 𝛼

𝛽 ȉ E + 𝛽
+ 𝐶଴ + 𝐶 ȉ 𝐸



Analysis of InSight’s Sampled Components  

Optimal 
Cost, Units

𝑂𝑝𝑡𝑖𝑚𝑎𝑙 𝑅𝑖𝑠𝑘, 
CFUs/m2

Optimal 
additional  
sampling 
area , m2

Area sampled, 
m2

Total surface 
area m2

𝑅𝑖𝑠𝑘, 
CFUs/m2

Bioburden 
density, 𝜆መ, 
CFUs/m2

Component

2.4426.490.02850.020.028544.1931.25Component 233

13.8629.480.170.03250.581.58173.07Component 236

11.6524.230.140.020.576.5493.75Component 237

1.5475.540.01790.0050.0179176.77125.00Component 238

4.3213.710.0510.040.29822.0915.62Component 242

0.2720.290.0030.280.29820.5748.24Component 243

8.1617.800.0980.01750.28250.5035.71Component 245

10.6321.250.1300.010.23788.3862.50Component 246

0.005714.726.61E-050.2550.45414.7327.55Component 26

2.0552.700.0240.0070.024117.8583.33Component 46

7.5419.540.09070.040.2638.2746.87Component 49



Summary 

• The quality of an estimator is measured by its risks

• The risk can be defined as a mathematical expectation of the difference between the 
estimate and the true value of the parameter

• Three different risks are commonly used in statistics: frequentist, Bayesian , and 
integrated

• The integrated risk depends on exposure and parameters of prior distribution

• The integrated risk is a valuable tool to optimize sampling for implied, specified, and 
sampled components

• The future work will include multi-dimensional risk-cost optimization for multiple 
components to obtain optimal bioburden estimation strategies
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