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Overview

1. Why?

2. Combined Survey Project 

3. Common Survey QC Tests 
a.Qualitative Ellipse Visual Tests 
b.RIP Test 
c.Chi-Squared Tests

1. One Sided for Individual Wells 
2. Two Sided for EM Validation & Refinement

4. Current Chi-Square Test 
Implementation per Ekseth et al., 
2007 (SPE-105558)

a) Limitations, Assumptions, & Concerns
b) Need to explicitly define all QC Tests so 

they can be run correctly and consistently 

5. Overview of  R and preview of  
current QC Report code(slides to be 
posted)



Why?

1. To explicitly define uncertainty expectations for survey data and 
the means to determine when a tool is not performing as assumed by 
the EMs
• ISCWSA OWSG Mission Statement: To promote practices that provide 

confidence that reported positions are within their stated uncertainty

2.  “To obtain the maximum amount of  useful information from the 
data on hand without being able to repeat the experiment with better 
equipment or reduce statistical uncertainty by making more 
measurements” 

 - Bevington, Data Reduction and Error Analysis for the Physical Sciences 





QC Test Overview – SPE-212492

• Ellipse Test

• RIP Test

• Chi-Square Tests (IDT, ADT, CODT)
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Ellipse Test

• Visual test based on overlap 
of  surveys center point and 
uncertainty levels

• Scaled to what CI???

• 2 & 3 sigma feedback

• NEV or HLA ref  frames?

• Results found here seem 
comparable to CODT Chi-
Square Test if  n<5

• A 1 sigma CI would be the 
most conservative definition 
for this test



SPE-212492

Ellipse Test Improvement? 



Relative Instrument 
Performance (RIP) 
Test

• Compares mean and standard deviation 
differences (only inclination and azimuth; 
independently) by normalized differences 
(ISCWSA 56 Pres by Jerry Codling)

• RP-78 to clearly define this too? 

• Std.Dev assumption of  n or n-1 should be stated

• Mean = systematic errors

• Standard deviation = random errors

• Results are levels of  agreement based on the 
mean/standard deviation numeric differences



American Society for Quality(ASQ) – Control Chart

https://asq.org/quality-resources/control-chart

Out-of-control signals
• A single point outside the control limits. In Figure 1, point sixteen is above the UCL (upper control limit).

• 2 out of  3 successive points are on the same side of  the centerline and farther than 2 σ from it. In Figure 1, point 4 sends that signal.

• 4 out of  the 5 successive points are on the same side of  the centerline and farther than 1 σ from it. In Figure 1, point 11 sends that signal.

• A run of  8 in a row are on the same side of  the centerline. Or 10 out of  11, 12 out of  14, or 16 out of  20. In Figure 1, point 21 is 8th in a 

row above the centerline.

• Obvious consistent or persistent patterns that suggest something unusual about your data and your process.

*When you start a new control chart, the process may be out of  control. If  so, the control limits calculated from the first 20 points are 

conditional limits. When you have at least 20 sequential points from a period when the process is operating in control, recalculate control limits.

Current RIP/Control Chart Option from R



Distance RIP Plots – Improvement Idea



What is an Explicit Definition? – STDEV.P

https://support.microsoft.com/en-us/office/stdev-p-function-6e917c05-31a0-496f-ade7-4f4e7462f285#:~:text=P%20function,-Excel%20for%20Microsoft&text=Calculates%20standard%20deviation%20based%20on,average%20value%20(the%20mean)

Excel Definition and Function:

• Calculates standard deviation based on the 

entire population given as arguments (ignores 

logical values and text)

• The standard deviation is a measure of  how 

widely values are dispersed from the average 

value (the mean).

• Assumptions: Arguments are the entire 

population (n). 

• If  data is for a sample use (STDEV.S)

• For larger sample sizes, STDEV.P and 

STDEV.S can return ~ equal values

• Calculated using “n” method

σ(𝑥 − ҧ𝑥)2

𝑛

Excel STDEV.P function

Using the above data results in a standard 
deviation (p) of  26.05  

1345 1301 1368 1322 1310

1370 1318 1350 1303 1299



Chi-Square Test

• A normally distributed measurement and 
variance/uncertainty is transformed into a 
Chi-Square distributed measurement

• 5 Test Total
• Inclination – IDT

• Azimuth - ADT

• 3 CODTs in HLA reference frame
• NEV can be tested too, but HLA is preferred

• Results are compared with a test limit (Z)
• Z value = number of  stations (n) [15 stations is 

recommended] and significance level (γ) 

SPE-105558 Eqn referenced above
Excel Test Limit Equation: CHISQ.INV.RT(0.003,15) = 34.4

1.0 Sigma Uncertainty/Scaled Variance Expectation Interpretation

3.0 Sigma Uncertainty/Scaled Variance Expectation Interpretation



Chi-Square Test (cont.)

• A Statistical Measure of  Goodness-of-Fit
• Numerical Quantification of  Agreement like a RIP Test

• Hypothesis Testing – Does the survey disagreement exceed our EM expectation 

• It tells us if  differences in our sampling of  observed surveys (INC, AZI, NEV/HLA Coordinates) are a 
reasonable expectation with the associated uncertainty at a given Confidence Interval.

• It answers the following Questions: 
1. Do the discrepancies observed in overlapping surveys disprove one of  the EM selections (i.e., is the EM selection optimistic) – 

One Sided Test

2. Do our selections of  observed surveys Fit within an expected range from the EM? - Two-Sided Test(SPE-199554) 
1. If  < lower bound, the EM is pessimistic to a given Probability

2. If  > upper bound the EM is optimistic to a given Probability

• Do not make the mistake of  concluding the IPM is “verified” or “proven”. 
“The curse of  Statistics is that it can never prove things, only disprove them!” 

    - Press, Numerical Recipes: The Art of  Scientific Computing 



Uncertainty Expectation – 
Test Decision 

• How should our expected Variance or 
Uncertainty(std dev=sqrt(Variance)) sigma be 
calculated? 

• Not Explicitly Defined!
• 1 sigma seems too pessimistic(Prone to Type One 

Error – False Negative) for reasonable discrepancies 

• 3 sigma may be too optimistic(Prone to Type Two Errors – 
False Positive)

• Column 3 in Table 2 appears to show the 
average discrepancy/uncertainty ratio required to 
equal the Selected Test Limit

• Does an Ellipse Test scaled at 1.5 sigma make sense with 
Poor/Bad actions?? 



# of  Observations (n) – Test Decision 

The magnitude a systematic inclination error must exceed, before a 𝜒𝐼  based 

Chi-Square test fails a survey, decreases as n increases (Ekseth, pg 6).

Too few stations = excessively high sensitivity to random errors

Too many stations = excessively high sensitivity to systematic errors

Sqrt(2.29)=1.5

Sqrt(1.67)=1.3



Unanswered Questions

1. What is our expected uncertainty(standard deviation) to calculate the Chi 
Square Test values? Uncertainty Expectation is set at 1 sigma

a. SPE-105558 leaves this definition ambiguous 

b. Can expectations set for RIP Test or Ellipse Overlap guide us?

a. Should these tests reject survey data at similar thresholds?

c. Is there an ISCWSA SC interested in explicitly defining these QC Tests?

2. If  the Chi Square Test Values are a constant in both one-sided and two-
sided tests, why are we making it easier to exceed a Lower Test Limit 
calculated at a 2 sigma CI (Z≈25 vs 34 with n=15)?

a. Does SPE-105558 appropriately define IDT/ADT/CODT Chi-Square tests?

b. Is anyone in our industry running these QC Tests? A few said they are, but did not provide 
specifics 

3. How might these QC Tests be applied to a combined survey set?



Concerns

1. Lack of  published papers/research in our industry?
• Two SPE papers by Gyrodata on Chi-Square without the detail required to 

reproduce results

• If  we can’t agree on fundamental aspects on this test, how can we improve it or 
adjust parameters(ie, point selection for n)?

2. It seems like there is a large gap between when a systematic error 

would cause each different type of  test to fail
• Chi-Square Tests will fail the earliest so does that mean a large portion of  our 

industry is referencing tests that produce False Positives(ie, optimistic)? 



Summary: Chi-Square Test Items to Address

Hughes and Hase, Measurements and their Uncertainties – A Practical Guide to Modern Error Analysis

• Explicitly define sigma/scaled variance
• What is our expected uncertainty?

• Is n selection appropriate at 15 stations for CODT?
• Prone to Type 1 error relative to RIP Mean and Ellipse Test Limits

• Would n=5 make more sense for CODT?

• 0.003 significance or  3 sigma?

• Should we switch to the term “Discrepancy” to refer to “measurement 
differences”?

• How to run the CODT on a lower Survey Leg? 
• Zero Error Tie in and start ~500’ out f/ TIP to avoid small error sensitivity

• 0.1 or 0.05 or 2 sigma for 2 sided test?
• Mistake made in paper or appendix?



Chi Squared References 

Published: February 20, 2007 (Peer Reviewed) Published: February 25, 2020 (Peer Reviewed)



Proposal

1. I would like to see my implementation of  Chi-Square per SPE-105558 

validated(IDT/ADT/CODT) with a test set of  data posted on the ISCWSA 

website

2. If  I summarized my understanding of  the Chi-Square test, would there be 

interest at this SC to publish a communication summarizing all of  the test 

decisions and update the eBook verbiage
• eBook verbiage on this appears to be roughly the same content as seen in SPE-105558

• Should this content be added to RP-78 at some point? Currently, the RIP test is only 

defined in that document and its noted that it is no replacement for Chi-Square



Questions?

tswd@threesigmawelldesign.com



Comparison of  Chi-Square Equations

SPE-105558 Chi Square
• Mean expectation is assumed to be zero – 

Conflicts w/ RIP Test?

• Suggests Variance is required

• Does Gamma selection tell us what magnitude 
of  Power/Probability we can confidently reject 
surveys?

General Form of  Chi-Square

• “Expectation” is very subjective!

Taylor, Intro to Error Analysis – The Study of  Uncertainties in Physical Measurements



Two Routes available for Chi-Square Conclusion?

Binary Pass/Fail Hypothesis Test Every sum of  Xi calculated has an associated 
power/probability(p value[x-axis below]) that 
we can reject the distribution

• For the IDT example to the right with a Pass 
result, there is a ~40% chance of  seeing this 
discrepancy or larger with our expected 
uncertainty distribution? 

https://passel2.unl.edu/view/lesson/9beaa382bf7e/8



Survey Selection after n is determined – Test Decision

1. Should we stick with a consistent decision of  equally spacing out the 
surveys selected or should we adjust selections based off  of  our 
knowledge of  the surveying acquisition process and environment 
• Should we ensure areas of  high and low DLS are sampled to some 

predetermined ratio

• Should 3 sigma outliers be rejected from this test if  in a high dogleg area?

2. How should the interpolation process work? 
• If  CLs are significantly different, it doesn’t seem fair to penalize the lower 

frequency survey even though it may not be the an accurate representation of  the 
wellbore between stations 



RIP Test with 
Dogleg Severity, 
Build, and Turn



IDT/ADT/CODT 
Equations

IDT Example:

• ADT/CODT equations are similar

• Variance Scaled: 

• Standard Deviation = 1 Sigma Std Dev f/EM, 
2 sigma, or 3 sigma 

• Inclination Difference = Inclination 
Discrepancy

• Bevington definition is a differences in 
repeated measurements that arise because we 
can only determine a result to a given 
uncertainty



Pass/Fail IDT 
Examples

• Failure Statement from First 
IDT to the Left is a much 
stronger statement

• Statistics can only disprove 
things 

• SPE-77221 statement that 
Ellipse overlap confirms 
surveys – conflicts w/ Chi-
Square Test



Survey Uncertainty Quantification 
with R: The Combined Survey Method

Mike Calkins – Three Sigma Well Design, LLC



Overview

1. Why?

2. Combined Survey Methodology
a) SLB Patent
b) ISCWSA eBook

3. Common Survey QC Tests 
a. Qualitative Ellipse Visual Tests 
b.RIP Test 
c. Chi-Squared Tests

1. One Sided for Individual Wells 

2. Two Sided for EM Validation & Refinement

4. Current Chi-Square Test 
Implementation per Ekseth et al., 2007 
(SPE-105558)

a) Limitations, Assumptions, & Concerns
b) Need to explicitly define all QC Tests so they 

can be run correctly and consistently 

5. Overview of  R and preview of  current 
QC Report code



Why?

1. To explicitly define uncertainty expectations for survey data and 
the means to determine when a tool is not performing as assumed by 
the EMs
• ISCWSA OWSG Mission Statement: To promote practices that provide 

confidence that reported positions are within their stated uncertainty

2.  “To obtain the maximum amount of  useful information from the 
data on hand without being able to repeat the experiment with better 
equipment or reduce statistical uncertainty by making more 
measurements” 

 - Bevington, Data Reduction and Error Analysis for the Physical Sciences 



Expired SLB Patent

• Described as the “Most Accurate 
Position”

• Caveat that one survey type must be a 
wireline survey. 

• In-Line with SPE-105558 guidance to 
ensure errors are not correlated

• Neither Patent or SPE papers elaborate 
on limitations of  Reducing Uncertainty
• Fig 5 visual suggests Uncertainty 

can be reduced ~50% 

• First Commercial Application only 
occurred recently per SLB Paper and 
ISCWSA Presentation

• Implementation Challenges and Demand 
from Operators caused this to stagnate?

 



ISCWSA eBook
• Uncertainty of  combined measurements reduces by a 

factor of  1/sqrt(n) if  survey uncertainty in each tool 
is equivalent 

• 2 surveys - 1/sqrt(2)= 0.71

• 3 surveys -  1/sqrt(3)=0.58

• 5 Surveys - 1/sqrt(5)=0.45

• 50 Surveys - 1/sqrt(50)=0.14

• What exactly is this simple rule in statistics and what 
assumptions are being made? 

• Simple Rules that Errors add in quadrature (i.e., RSS/Euclidean 
Norm) and Standard Error (SE - SDOM)

𝑆𝐸 =
𝜎

𝑛
• More context is needed in the eBook!

• If  we are taking the standard deviation of  
these overlapping measurements, the mean is 
assumed to be zero and we divide by n 
instead of  n-1

• Large discrepancies are likely telling us this is 
a bad assumption 

• At what point should Uncertainty not be reduced 
further?

• Goodness-of-Fit Testing of  a null hypothesis via Chi Square to 
make this decision? 

• If  Chi-Square Disproves our uncertainty expectation, we 
should not use this 

“there comes a point at which further knowledge is unobtainable” 
                 – Bevington, Data Reduction and Error Analysis for the Physical Sciences 



Systematic Errors(eBook cont.) – Enemy #1?

1. Important assumption is that all systematic errors have been removed for this “simple rule” to be true?

• eBook only suggests that surveys must have uncorrelated errors for this to work

• Should we assume large discrepancies must be caused by a notable systematic error? 

2. Is the statistics Definition of  Systematic Error the same as ours(see below) or is the focus on Bias? Are these 
terms used interchangeably like Uncertainty and Error?

• Statistics terminology is confusing!

– Ekseth, Uncertainties in Connection with the Determination of  Wellbore Positions (March 

1998, PHD Dissertation – Foundational Document referenced by ISCWSA)



SPE-85111/77221: Papers on SLB “MAP” Process

• Reword the statement above to be in-line with 

SPE-105558?

• With data available we can’t disprove either 

EM

• Only evidence that the observations made 

did not disprove the EMs referenced 

• CI of  surveys is not mentioned

• Good Survey/Poor Survey Classification?



Thoughts on Limitations

1. The two surveys in question can not be more than 40% more accurate 

than the other
• SLB SPE Papers suggest this is not a limitation(Fig 4 on Prev Slide) 

2. For an individual survey tool, this logic can only reduce random errors.
• We are stuck with whatever systematic errors are present 

3. We should assume large HLA/NEV coordinate discrepancies are caused 

by Systematic Errors

4. Chi-Square QC Test may not be defined appropriately (ie, it seems like it 

fails too easily)
• QA/QC SC input?







Questions?



Weighted Average

Follows the Principle of  Maximum Likelihood



R Statistical Programing



What is R?
• An open-source statistical 

computing and graphic coding 
program

• Handles and stores data

• Computes large data and 
operations

• Functions not available in base 
package can be easily added by 
importing other created 
packages, or you can create your 
own functions.

• Most users use R studio as it is 
a more user-friendly interface 
than R.



R Studio Support

• While R Studio is a free program, they 
do offer consulting support for a fee

• Used by some fortune 100 companies

• Access to tools/packages with license

• Able to connect to remote sessions

Fortune 100 companies that use R studio



R Shiny

• Extension of  R

• App like; more interactive than 
document

• Need a dashboard to share to others

• Dashboard can be free or paid services

• Examples: Open-Source Shiny Server, 
Posit Connect, shinyapps.io, shinyproxy

• Can be password protected

• Dashboards are customizable to the coder and 
depends on the server

Example of  Posit Connect Dashboard

Example of  Open-Source Shiny Server



Current QC Report Creation Process

• Export survey data by survey leg from directional software

• Point to survey data file name in Code

• HAL and SLB reps at OWSG meeting said they are working to add this functionality 

• This is manageable since COMPASS will export NEV/HLA uncertainty values required for the CODT(most import test in my view)

• IDT & ADT Chi-Square Tests are a bit duplicative since we can RIP test in R and COMPASS

• Run report in pdf, word, or html

• Report contains the following plots and data tables to audit results as needed. 
• Transparency of  Calculations has been a key focus area 

• Reports have not been tested at scale yet due to Chi-Square Interpretation concerns and INC/AZI Error data export limitation 



RIP Test

Delta calculation

MWD & Gyro Error

Expected error 

calculation

Normalized 

differences

Mean calculation

St.dev calculation

Mean calculation



RIP Test



RIP Test with 
Dogleg Severity, 
Build, and Turn



Chi-Square Test
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R code

Function

(Z value) Argument of  function

Degrees of  

freedom #

Does the Chi-Square 

test have a lower tail?

Significance 

level

Nesting Function = Having a function in a function

The argument is the number that is going to be rounded

Function

(Rounding)

Argument

(# of  

decimals)

naming/ 

identifying the 

value



Ellipse Test with Combined Survey



Ellipse Test Code



Ellipse Test



Distance



Distance RIP Plots



Questions?



Two Sided Chi-Square Test

https://www.itl.nist.gov/div898/handbook/eda/section3/eda3674.htm
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