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• Decisions in Development 

• Real-World Decisions on IceCube

• Summary of Universal Insight

Today’s Thought Menu
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• Who are the stakeholders?

• What do they actually need?

• How do those needs interact?

• How should the effort be structured?

• Where should attention be focused?

• Which decision methods should you use?

Development Decisions
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This material is based upon work supported by the 

National Science Foundation under Grant Numbers 

OPP-9980474 (AMANDA) and OPP-0236449 

(IceCube).  

Any opinions, findings, and conclusions or 

recommendations expressed in this material are those 

of the author and do not necessarily reflect the views of 

the National Science Foundation.

Please Note
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So, What’s an IceCube?

“IceCube” is a cubic kilometer scale “Discovery 

Class” research instrument now operating at the 

South Pole.  

Funded by the National Science Foundation 

and collaboration partners in Germany and 

Sweden, the project is managed by the 

University of Wisconsin in Madison.
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>5,000 Sensors, 1 kM3 Volume of Ice

DOMs are less accessible 

than spacecraft once they are 

deployed in deep ice... 
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To Physicists:

• World’s most powerful neutrino telescope

• Nearly unlimited potential for discovery

• A possible Nobel Prize

To Engineers:

• A massively complex effort

• Little or no prior art

• Anonymity if it works

• Blame if it doesn’t

IceCube
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Stakeholders
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• 300 Physicists agree on virtually nothing

• All had different research goals in mind

• We “binned” these into 8 primary groups

What Did They Want?
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• Some planning already had been done

• Science requirements for the instrument

How do the Needs Interact?
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• Some derived requirements were obvious

• Most required complex decisions and trades

How do the Needs Interact?
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• At the highest level 

this choice was simple

• IceCube has five 

major subsystems

How to Organize the Effort?
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Needs, Requirements, Structure
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Traceable to Every Config Item
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Focus on Science Data Stream 
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Science Data Stream FMEA

Functional Role Key System Elements Accessible? Failure Effect Criticality

Permananent Loss of Science Data due to failed 
Channel(s) for the remainder of the instrument 
operational life.

Very High

Permananent Loss of Science Data due to induced 
failure of Channel(s) for the remainder of the 
instrument operational life.

Very High

Permananent Loss of Science Data from Channel(s) due 
to wear out, performance drift, or end of service life 
degradation effects in excess of user defined 
thresholds.

High

Degraded Science Data from Channel(s) compared with 
specifications, but still deemed useful for scientific 
purposes such as Supernova detection and reporting.

Moderate

Science Data Stream - DOM Hub DOM Hub, DOR Card, DOM Power 
Supply, Master Clock Distribution 
System

Yes Permanent Loss of Science Data from unavailable 
channel(s) / string(s) during the interval between 
failure and system restoration following maintenance.

Moderate

Buffer Limited Trigger and Event Processing Raw Data Storage, Raw Data Buffer, 
String Processor, Trigger, Event 
Buffer, Event Data Storage, 
Communications Buffer

Yes Permanent Loss of Science Data from effected 
channel(s) / string(s) during the interval between 
buffer overflow and system restoration following 
maintenance.

Moderate

Off-Line Data Processing All other system elements Yes User inconvenience prior to restoration, no loss of 
science data.

Low

Science Data Stream - Sensor Subsystem In-Ice and Ice-Top DOMs, cables, 
connections

No



Slide 17Copyright © 2018 by Eclectic Intellect, LLC

Permission granted to INCOSE to publish and use.

Decision Making 

v.1801

• Cables

• Connections

• Digital Optical Modules

Sensor Subsystem 
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Digital Optical Module
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• Pressure Sphere Specification and Margin

– Life-cycle analysis to identify max / min pressure

– Hydrostatic Pressure from 2,400 meters of water

– Peak “re-freeze” dynamic pressure during install

– Minimum pressure during transport

• Interior environment pressure and fill gas

– Finite set of options to select from

– Simple trade study analysis effort

Key DOM Decisions 
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• Baseline plus 4 

options

• Emphasis on 

info – not scores

DOM Fill Gas Trade Study

1 2 3 4

Seal DOM in partial vacuum of ambient 

atmosphere.

Clean Dry Air via in house compressor 

system
 Compressed gas cylinder Commercially available dry nitrogen. Sulfur Hexafluoride Comments

D
e
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e
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n
  General Description No special steps taken to control and monitor 

particulates, trace gases, and dew point of the 

atmosphere sealed in the DOM.

House compressed air will have been filtered to 

remove large particulates, and the dew point 

reduced by 22 C from ambient by use of a 

refrigerated dryer.

Commercially bottled air will have a better 

controlled dew point, and lower concentration of 

particulates.

Purity and dew point requirements can be 

specified to supplier.

Sulfur hexafluoride is an excellent dielectric 

material for high voltage electronic applications.

Atmospheric Contents Reactive Chemical Species       Average                                                        

Chlorine                              0.001 ppm*                                                     

Hydrogen Sulfide                  0.01 ppm*

Sulfur Dioxide                      0.05 ppm*

Nitrogen Oxide                     0.05 ppm*

Hydrocarbons                       0.24 mgm/m3

Particulate Contamination      50 mgm/m3-24h

*Measured by volume at 25 C and 760 mm 

pressure.

Reactive Chemical Species       Average                                                        

Chlorine                              0.001 ppm*                                                     

Hydrogen Sulfide                  0.01 ppm*

Sulfur Dioxide                      0.05 ppm*

Nitrogen Oxide                     0.05 ppm*

Hydrocarbons                       0.24 mgm/m3

Particulate Contamination   < 50 mgm/m3-24h

*Measured by volume at 25 C and 760 mm 

pressure.

Purity ranges from 99% to 99.998%, water 

content range from 5 ppm for "high purity" 

product to unspecified for welding grade 

product. Particulates were not called out on 

supplier's spec. sheets.

99.999+% Nitrogen      dew point < -100C. 99.99% Sulfur Hexafluoride

Risk of corrosion on DOM PWB 

assemblies

Extremely High Very High Very High Very Low Very Low

Corrosion Mechanisms Condensation due to high dew point, reactive 

atmospheric gases, corrosive particulates, 

Ozone due to combination of oxygen and high 

voltage (corona discharge). Ozone will also 

attack and degrade organic materials such as 

wire insulation.

Condensation due to high dew point, reactive 

atmospheric gases, corrosive particulates, 

Ozone due to combination of oxygen and high 

voltage (corona discharge). Ozone will also 

attack and degrade organic materials such as 

wire insulation.

Possible reactive atmospheric gases, reduced 

condensation concerns due to the lowering of 

the dew point in the "high purity" product, 

ozone due to combination of oxygen and high 

voltage (corona discharge).  Ozone will also 

attack and degrade organic materials such as 

wire insulation.

As long as the atmosphere in the DOM has been 

purged prior to nitrogen backfill, there will be 

no atmospheric contribution to corrosion 

reactions.

Ozone will not form because no oxygen is 

present inside of DOM.

As long as the atmosphere in the DOM has been 

purged prior to sulfur hexafluoride backfill, 

there will be no atmospheric contribution to 

corrosion reactions.

Ozone will not form because no oxygen is 

present inside of DOM.

Possible trace radioactive gases Radon Radon Radon None None

Reliability Impact Very Poor Reliability

Extremely high probability of corrosion effects 

on the PWBs, internal connectors, and ozone 

attack on base metals, electrical insulating 

materials, and possibly the optical gel.

Poor Reliability

High probability of corrosion effects on the 

PWBs, internal connectors, and ozone attack on 

base metals, electrical insulating materials, and 

possibly the optical gel.

Poor Reliability

High probability of corrosion effects on the 

PWBs, internal connectors, and ozone attack on 

base metals, electrical insulating materials, and 

possibly the optical gel.

Highly Reliable

Only physics of failure mechanism (other than 

manufacturing defects) is metallic whisker 

growth.

Consistent dielectric performance due to 

controlled purity and dew point.

Highly Reliable

Only physics of failure mechanism (other than 

manufacturing defects) is metallic whisker 

growth.

Consistent dielectric performance due to 

controlled purity and dew point.

DOM Performance Impact None None None None None

Possible trace radioactive gases Radon R

a

d

o

n

Radon Radon None

Nitrogen is processed through molecular sieve 

and cryogenic separators in order to purify the 

gas. This process will eliminate contamination 

from other gases.

None

S
a
fe

ty

Safety Impact Low Safety Risk

The atmosphere presents no safety issues, the 

evacuation equipment will require special 

operator training to ensure operator safety.

Low Safety Risk

The atmosphere presents no safety issues, the 

evacuation equipment will require special 

operator training to ensure operator safety. The 

use of pressurized gases will again require 

special operator training to ensure operator 

safety.

Low Safety Risk

The atmosphere presents no safety issues, the 

evacuation equipment will require special 

operator training to ensure operator safety. The 

use of pressurized gases will again require 

special operator training to ensure operator 

safety.

Moderate Safety Risk

Nitrogen gas is inert and will not support life, 

therefore special precautions and operator 

training will be required. Training will also be 

required for operators to handle pressurized 

gases.

Moderate Safety Risk

Sulfur hexafluoride is inert and will not support 

life, therefore special precautions and operator 

training will be required. Training will also be 

required for operators to handle pressurized 

gases. Under normal conditions sulfur 

hexafluoride is stable, but will decompose in an 

electric arc to form gaseous byproducts which 

includes fluorine gas. Fluorine gas, in the 

presence of moisture is very corrosive as it will 

form hydrogen fluoride. If an arcing event has 

occurred in a DOM, caution will need to be 

exercised when opening it. The use of standard 

safety equipment, including chemical resistant 

gloves and a face shield should be worn when 

any DOM is opened.

All safety issues are manageable. Sulfur 

hexafluoride is the most significant 

issue

DOM Manufacturing Impact Least complicated production operation

The use of a glove box and vacuum chamber to 

control the atmosphere surrounding the DOM 

hemispheres during final assembly is assumed 

in all concepts.

Moderately complicated production 

operation

The use of the glove box and vacuum chamber 

is still assumed. The need for a clean, dry air 

source drives the requirement for an air 

compressor with a refrigerated dryer and filter.

Moderately complicated production 

operation

The use of the glove box and vacuum chamber 

is still assumed. The need for a clean, dry air 

source drives the requirement for an air 

compressor with a refrigerated dryer and filter, 

or cylinders of compressed air along with 

pressure regulators to control the final pressure 

and flow.

Moderately complicated production 

operation

The use of the glove box and vacuum chamber 

is still assumed. The need for a dry nitrogen 

source drives the requirement for cylinders of 

pure, dry nitrogen along with pressure 

regulators to control the final pressure and flow.

Moderately complicated production 

operation 

The use of the glove box and vacuum chamber 

is still assumed. The need for a sulfur 

hexafluoride source drives the requirement for 

cylinders of sulfur hexafluoride along with 

pressure regulators to control the final pressure 

and flow.

Repair / Rework Impact None None None None None

Handling & Transport Impact None None None None None

Deployment Timeline Impact None None None None None

DOM PWB Assemblies Design Impact None None None None None

Software Design Impact None None None None None

C
o
s
t

Cost Lowest cost approach

Does not require any special materials.

Low cost impact

If compressed clean dry air is available at the 

facility all that is needed is a pressure regulator 

(estimated cost $175.00) and associated 

plumbing to deliver the CDA to the glove box.                                         

Modest cost impact     

                                   

Compressed air cylinders can be purchased at 

an estimated cost of about $120.00 for a 280 

cubic foot cylinder, and a pressure regulator to 

deliver the air to the glove box - estimated cost 

$175.00. Compressed gas cylinder safety 

mounting hardware is about $75.00 per 

cylinder.

Cost per DOM is $2.40 (ROM) for the bottled air, 

based on 50 DOMs per cylinder.

Modest cost impact

Compressed nitrogen of specified purity and 

dew point can be purchased at an estimated 

cost of $170.00 for a 280 cubic foot cylinder of 

mid grade nitrogen. A pressure regulator is 

required to deliver the nitrogen to the glove box 

- estimated cost $175.00. Compressed gas 

cylinder safety mounting hardware is about 

$75.00 per cylinder.                                       

Estimated cost per DOM is $3.40 (ROM) for 

compressed nitrogen, based on 50 DOMs per 

cylinder.

Modest to modestly high cost impact

Sulfur hexafluoride of specified purity and dew 

point can be purchased at an estimated cost of 

$400.00 per cylinder. A pressure regulator is 

required to deliver the sulfur hexafluoride to the 

glove box - estimated cost $175.00. 

Compressed gas cylinder safety mounting 

hardware is about $75.00 per cylinder.         

Estimated cost per DOM is $8.00 (ROM) for 

sulfur hexafluoride, based on 50 DOMs per 

cylinder.

                              

O
th

e
r Other Considerations TBD TBD TBD TBD
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All controlled environment alternatives 

have comparable product impact

Current Baseline

Baseline and alternate approach 1 are 

not capable of delivering reliable 

performance throughout the 15 year 

project life.  

Alternatives #2 and #3 are most likely 

to provide a noncorrosive atmosphere 

throughout the 15 year project life.

No Impact

R
e
li
a
b
il
it
y
 I

n
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rm
a
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n
  

Alternative Concepts
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DOM Fill Gas Trade Study

• Yielded decision plus database of options

• Sample of Trade Study content

Low Safety Risk

The atmosphere presents no safety issues, the 

evacuation equipment will require special 

operator training to ensure operator safety. The 

use of pressurized gases will again require 

special operator training to ensure operator 

safety.

Moderate Safety Risk

Nitrogen gas is inert and will not support life, 

therefore special precautions and operator 

training will be required. Training will also be 

required for operators to handle pressurized 

gases.

Moderate Safety Risk

Sulfur hexafluoride is inert and will not support 

life, therefore special precautions and operator 

training will be required. Training will also be 

required for operators to handle pressurized 

gases. Under normal conditions sulfur 

hexafluoride is stable, but will decompose in an 

electric arc to form gaseous byproducts which 

includes fluorine gas. Fluorine gas, in the 

presence of moisture is very corrosive as it will 

form hydrogen fluoride. If an arcing event has 

occurred in a DOM, caution will need to be 

exercised when opening it. The use of standard 

safety equipment, including chemical resistant 

gloves and a face shield should be worn when 

any DOM is opened.
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IceCube Laboratory
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• Not much (1 ft/yr ) but builds up over time

• Snow blows and drifts in very nasty ways

• Decisions:

– How to keep the IceCube Laboratory useable?

– How to manage over 80 huge cables?

It Snows at the South Pole 
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• Building Lift Operation

– Applied proven South Pole Station precedent

– CFD modeling to minimize vortices and deposition

• Cable Management

– No prior precedent (80+ huge, very stiff cables)

– Installed over multiple seasons

– Wanted single entry panel, settled for two

– Accepted complex logistical constraints

– Accepted complex personnel task / training effort

IceCube Laboratory 
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• Snow and Cable Solution

– Stilts for the building

– Towers for the cables

– Periodic lift operation

IceCube Laboratory 
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• Data collection throughout multi-year build

• Component selection for extreme cold / hi-rel

• Extreme task simplification for installers

• Minimizing peak and total power consumption

• Logistics impacts (LC-130 load limits)

• International collaboration coordination

• Documentation and training support

Many Thousands of Decisions 
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• The most critical decisions were those 

regarding stakeholders and needs

• Next was a system / sub-system / interface 

view that enabled simultaneous development

• Mission-level FMEA guided decision priority

• Decision method driven by available data, 

type of choice, need to communicate result

• Data is valuable, mere scores are dangerous

Summary of Universal Insight 
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Thanks!


