






Figure 6.3: Model Performance for Gloves (Y01)

Figure 6.4: Model Performance for Facemask (Y02)

111



Figure 6.5: Model Performance for Apron (Y03)

Figure 6.6: Model Performance for Respirator (Y04)
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Figure 6.7: Model Performance for Full Body Suit (Y05)

Figure 6.8: Model Performance for Skin Cream (Y06)
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Figure 6.9: Model Performance for Fume Hood (Y07)

Figure 6.10: Model Performance for Fume Hood with HEPA Filter (Y08)
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Figure 6.11: Model Performance for Continuous Monitoring (Y09)

Figure 6.12: Model Performance for Weekly Monitoring (Y10)
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Figure 6.13: Model Performance for Monthly Monitoring (Y11)

Figure 6.14: Model Performance for Mandatory training for Handling Materials
(Y12)
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Figure 6.15: Model Performance for Cleaning of Workplace (Y13)

Figure 6.16: Model Performance for HEPA Vaccum Cleaner (Y14)
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Figure 6.17: Model Performance for Maintenance Personnel require PPE (Y15)

Figure 6.18: Model Performance for Secure Disposal of PPE (Y16)
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6.5 Conclusion and Future Work

Our objective was to show a proof of the concept that neural network models could

be used for the problem of collecting expert opinion, making it readily available

to firms needing guidance with nano-specific EHS implementation. This prototype

expert system can be easily developed, modified and deployed as a web-based

tool for use by nanomanufacturing facilities. A user can select the appropriate

manufacturing characteristics of his facility and the neural-network model will

suggest the appropriate workplace measures and controls. As new information about

nanomaterials is generated, the neural-network models can be updated / trained to

be applicable to specific nanomaterials.
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Chapter 7

Conclusion and Future Work
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Conclusion

Can sustainability ever be achieved? That is a question to which we currently don’t

know the answer and that should not stop us to strive towards achieving or getting

as close to achieving it as possible, given the fact that the sustainability goal isn’t

clearly and quantitatively defined. As in many mathematical programming based

optimization problems, a solution close to the global optimum should be considered

acceptable.

This thesis has delved into some of the challenges faced by nanotechnology

development and nanomanufacturing in particular, so that tools and methodologies

could be developed for use by researchers and manufacturers. The biggest challenge

for nanomanufacturing is to ensure that there is no accidental harm done to the

environment or the general population that might result in a public backlash. Public

perception of nanotechnology and confidence in regulatory framework is key to

sustainable development of nanotechnology. The regulatory framework has to be

derived from chemical regulatory options. Nanomanufacturing firms need to be a

part of the framework as they are source of information and unique issues arising due

to nanomaterial properties.

A life cycle approach with the promotion of green methods to the manufacture of

nanomaterials can go a long way in fixing the problem at its source. Evaluation of

processes on environmental impact metrics can provide guidance in reducing chemical

wastes given the low yields of nanomanufacturing processes. Providing help to

companies in implementing appropriate safety procedures and workplace practices can

prevent occurrence of untoward incidents and potential liabities to nanomanufacturing

companies.
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Future Work

It would be great to see the tools developed in this thesis made available as a web-

based tool to ensure broader reach and impact. The lack of EHS information on

nanomaterials is a significant challenge. EPA, OSHA and various other organizations

are striving to develop EHS information. Soon EHS information on a number of

nanomaterials should become available and the methods developed in this thesis can

be updated with EHS information on nanomaterials to provide wider applicability

and better specificity to the problems addressed.

122



Bibliography

123



Bibliography

Review of the Research Program of the Partnership for a New Generation of Vehicles:

Sixth Report. The National Academies Press, Washington, D.C., 2000. 50

Matthew A. Albrecht, Cameron W. Evans, and Colin L. Raston. Green chemistry

and the health implications of nanoparticles. Green Chemistry, 8:417–432, 2006.

63

Braden R. Allenby and Dave Rejeski. The industrial ecology of emerging technologies.

Journal of Industrial Ecology, 12(3):267–269, 2008. 46

David Andrews and Richard Wiles. Off the books: Industry’s secret chemicals,

December 2009. URL http://www.ewg.org/files/secret-chemicals.pdf. 28

John S. Applegate. Synthesizing tsca and reach: Practical principles for chemical

regulation reform. SSRN eLibrary, 2008. 26

Adedeji B. Badiru and John Y. Cheung. Fuzzy Engineering Expert Systems with

Neural Network Applications. John Wiley & Sons. Inc, 2002. 102

Sangeeta Bansal and Subhashis Gangopadhyay. Tax/subsidy policies in the presence

of environmentally aware consumers. Journal of Environmental Economics and

Management, 45(2):333–355, 2003. 32

C. Bauer, J. Buchgeister, R. Hischier, W. R. Poganietz, L. Schebek, and J. Warsen.

Towards a framework for life cycle thinking in the assesment of nanotechnology.

Journal of Cleaner Production, 16(8):910–926, 2008. 18, 47

124

http://www.ewg.org/files/secret-chemicals.pdf


Lori Snyder Bennear and Robert N. Stavins. Second-best theory and the use of

multiple policy instruments. Environmental and Resource Economics, 37(1):111–

129, 2007. 26

Enrico Bergamaschi. Occupational exposure to nanomaterials: Present knowledge

and future development. Nanotoxicology, 3(3):194–201, 2009. 12

Michael Berger. Nanotechnology-not that green?, 2008. URL http://www.nanowerk.

com/spotlight/spotid=7853.php. 38, 56

John C. Besley, Victoria L. Kramer, and Susanna H. Priest. Expert opinion on

nanotechnology: risks, benefits and regulation. Journal of Nanoparticle Research,

10(4):549–558, 2008. 12

Fabio Boccuni, Bruna Rondinone, Carlo Petyx, and Sergio Iavicoli. Potential

occupational exposure to manufactured nanoparticles in italy. Journal of Cleaner

Production, 16(8-9):949 – 956, 2008. 45

Jonathan C. Borck and Cary Coglianese. Voluntary environmental programs:

Assessing their effectiveness. Annual Review of Environment and Resources, 34

(1):305–324, 2009. 30

Brundtland Commission. Our common future : The report of the World Commission

on Environment and Development. Oxford University Press,, New York :, 1987. 45

Heriberto Cabezas, Jane C. Bare, and Subir K. Mallick. Pollution prevention with

chemical process simulators: the generalized waste reduction (war) algorithm-full

version. Computers & Chemical Engineering, 23(4-5):623 – 634, 1999. 69

Rhitu Chatterjee. Coal-ash spills highlight ongoing risk to ecosystems. Environmental

Science & Technology, 43(9):3003–3004, 2009. 14

Vicki L. Colvin. The potential environmental impact of engineered nanomaterials.

Nat Biotech, 21(10):1166–1170, 2003. 16

125

http://www.nanowerk.com/spotlight/spotid=7853.php
http://www.nanowerk.com/spotlight/spotid=7853.php


European Commission. Towards a european strategy for nanotechnology. Technical

report, European Commission, 2004. 43, 44

National Research Council Committee to Review the National Nanotechnology Initia-

tive. A Matter of Size: Triennial Review of the National Nanotechnology Initiative.

National Academic Press, 2006. 21

Neil Cunningham. Environment, self-regulation, and the chemical industry: Assessing

responsible care. Law & Policy, 17(1):57–109, 2008. 26

Mary Ann Curran. Broad-based environmental life cycle assesment. Environmental

Science and Technology, 27(3):430–436, 1993. 16, 45, 46, 47

Jennifer A. Dahl, Bettye L. S. Maddux, and James E. Hutchison. Toward greener

nanosynthesis. Chemical Reviews, 107(6):2228–2269, 2007. 38, 57

J. Michael Davis. How to assess the risks of nanotechnology: Learning from past

experience. Journal of Nanoscience and Nanotechnology, 7(2):402–409, 2007. 59

Eric K. Drexler. Nanotechnology: From Feynman to Funding. Nanotechnology: Risks,

Ethics and Law. Earthscan, London, 2006. 11

Katherine A. Dunphy Guzmán, Margaret R. Taylor, and Jillian F. Banfield.

Environmental risks of nanotechnology: National nanotechnology initiative

funding, 2000-2004. Environmental Science & Technology, 40(5):1401–1407, 2006.

21

Robert F. Durant. Epa, tva and pollution control: Implications for a theory of

regulatory policy implementation. Public Administration Review, 44(4):305–315,

1984. 39

EPA. Nanotechnology white paper. Electronic, 07/30/2010 2005a. URL

http://www.epa.gov/osa/pdfs/EPA_nanotechnology_white_paper_external_

review_draft_12-02-2005.pdf. 37

126

http://www.epa.gov/osa/pdfs/EPA_nanotechnology_white_paper_external_review_draft_12-02-2005.pdf
http://www.epa.gov/osa/pdfs/EPA_nanotechnology_white_paper_external_review_draft_12-02-2005.pdf


EPA. Performance track program guide. Technical report, US-EPA, 2005b. URL

https://grc-pirk.recomply.com/pirk/CGI-EPA_PerformanceTrack_Guide.

pdf. 63

EPA. The lean and environment toolkit, 2007. URL http://www.epa.gov/lean/

environment/toolkits/environment/resources/LeanEnviroToolkit.pdf. 86

EPA. Nanoscale materials stewardship program. Technical report, US-EPA, 2009.

URL http://www.epa.gov/oppt/nano/stewardship.htm. 86

Anne Fairbrother and Jennifer R. Fairbrother. Are environmental regulations keeping

up with innovation? a case study of the nanotechnology industry. Ecotoxicology

and Environmental Safety, 72(5):1327–1330, 2009. 39

Torsten Fleischer and Armin Grunwald. Making nanotechnology developments

sustainable. a role for technology assessment? Journal of Cleaner Production,

16(8-9):889 – 898, 2008. 42

Glen E Fryxell and Guozhong Cao. Environmental Applications of Nanomaterials:

Synthesis, Sorbents and Sensors. Imperial College Press, London, 2007. 18
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Anna Marie Heikkilä. Inherent Safety in Process Plant Design: An Index Based

Approach. PhD thesis, Helsinki University of Technology, 1999. 68

Michael P. Holsapple, William H. Farland, Timothy D. Landry, Nancy A. Monteiro-

Riviere, Janet M. Carter, Nigel J. Walker, and Karluss V. Thomas. Research

strategies for safety evaluation of nanomaterials, part ii: Toxicological and safety

evaluation of nanomaterials, current challenges and data needs. Toxicol. Sci., 88

(1):12–17, 2005. 16

Fu-Yu Hshieh, David B. Hirsch, and Harold D. Beeson. Predicted heats of combustion

of some important organosilicon intermediates. Fire and Materials, 27(1):41–49,

2003. 76

128

www.GoodNanoGuide.org


James E. Hutchison. Greener nanoscience: A proactive approach to advancing

applications and reducing implications of nanotechnology. ACS Nano, 2(3):395–

402, 2008. 38, 57

IRGC. Risk governance of nanotechnology applications in food and cosmetics, 2006.

URL http://www.irgc.org/-Nanotechnology-.html. 12

Hee Dong Jang. Experimental study of synthesis of silica nanoparticles by a bench-

scale diffusion flame reactor. Powder Technology, 119(2-3):102 – 108, 2001. 76

Niels Jensen, Nuria Coll, and Rafiqul Gani. An integrated computer-aided system for

generation and evaluation of sustainable process alternatives. Clean Technologies

and Environmental Policy, 5:209–225, 2003. 68

Suellen Keiner. Room at the Bottom? Potential State and Local Strategies for

Managing the Risks and Benefits of Nanotechnology. Woodrow Wilson International

Center for Scholars, 2008. 23, 86

Vikas Khanna and Bhavik R. Bakshi. Carbon nanofiber polymer composites:

Evaluation of life cycle energy use. Environmental Science & Technology, 43(6):

2078–2084, 2009. 17

Vikas Khanna, Bhavik R. Bakshi, and L. James Lee. Carbon nanofiber production.

Journal of Industrial Ecology, 12(3):394–410, 2008. 17, 47, 49, 50

G. E. King and L Gibbs. The little unknown. Industrial Engineer, 42(7):32–37, 2010.

86

Walter Klopffer. Life cycle assesment as part of sustainability assesment of chemicals.

Environmental Science and Pollution Research, 12(3):173–177, 2005. 17
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Appendix A

Supporting Information for

Chapter 4

A.1 Assigning Chemical and Process Safety Index

scores

Table A.1: Heat of the reaction subindices Irm and Irs

Heat of reaction / total reaction mass/J/g Score
Thermally neutral ≤ 200 0
Mildly exothermic < 600 1

Moderately exothermic < 1200 2
Strongly exothermic < 3000 3

Extremely exothermic ≥ 3000 4
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Table A.2: Chemical interaction subindex Iint

Chemical Interaction Score
Heat formation 1-3
Fire 4
Formation of harmless nonflammable gas 1
Formation of toxic gas 2-3
Formation of flammable gas 2-3
Explosion 4
Rapid polymerization 2-3
Soluble toxic chemicals 1

Table A.3: Flammability subindex Ifl

Flammability Score
Nonflammable 0
Combustible (flash point > 55◦C ) 1
Flammable (flash point ≤ 55◦C) 2
Easily flammable (flash point < 21◦C) 3
Very flammable (flash point < 0◦C & boilingpoint ≤ 35◦C) 4

Table A.4: Explosiveness subindexIex

Explosiveness (UEL-LEL) /vol% Score
nonexplosive 0

0 − 20 1
20 − 45 2
45 − 70 3
70 − 100 4

Table A.5: Toxicity subindex Itox

Toxic limit /ppm Score
TLV > 10000 0
TLV ≤ 10000 1
TLV ≤ 1000 2
TLV ≤ 100 3
TLV ≤ 10 4
TLV ≤ 1 5
TLV ≤0.1 6
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Table A.6: Corrosivness subindex Icor

Construction material required Score
Carbon steel 0
Stainless steel 1
Better material needed 2

Table A.7: Process Inventory subindexIi

Inventory
ISBL /tones or kg OSBL /tones or kg Score

0 − 1 0 − 10 0
1 − 10 10 − 100 1
10 − 50 100 − 500 2
50 − 200 500 − 2000 3
200 − 500 2000 − 5000 4
500 − 1000 5000 − 10000 5

Table A.8: Process Temperature subindexIt

Process Temperature /◦C Score
< 0 1

0 −70 0
70 − 150 1
150 − 300 2
300 − 600 3
> 600 4

Table A.9: Process Pressure subindex Ip

Pressure /bar Score
0.5 − 5 0
5 − 25 1
25 − 50 2
50 − 200 3

200 − 1000 4
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Table A.10: Equipment safety index IIsbi

Equipment Score IIsbi
Equipment handling nonflammable, nontoxic materials 0
Heat exchangers, pumps, towers and drums 1
Air coolers, reactors, high hazard pumps 2
Compressors, high hazard reactors 3
Furnaces, fired heaters 4

Table A.11: Equipment safety index IOsbi

Equipment Score IOsbi

Equipment handling nonflammable, nontoxic materials 0
Atmospheric storage tanks, pumps 1
Cooling towers, compressors, blowdown systems 2
Flares, boilers, furnaces 3

Table A.12: Process structure index Ist

Safety level of process structure Score
Recommended (safety etc. standard) 0
Sound engineering practice 1
No data or neutral 2
Probably unsafe 3
Minor accidents 4
Major accidents 5
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A.2 WAR Algorithm and determination of its

parameters

The WAR algorithm calculates the overall potential environmental impact, Ψk of

chemical k using the following equation.

Ψk =
∑

l αlψ
s
kl

where,

l is the impact category.

αl is the relative weighing factor for impact category l .

ψs
kl is the specific potential environment impact for chemical k for category l .

A. Impact Categories and their scores:

1. Human toxicity potential by ingestion (HTPI): This is determined by using

values for lethal-dose that causes death in 50% of rats by oral ingestion (LD50).

(score)k,HTPI =
1

(LD50)k
(A.1)

2. Human toxicity potential by exposure both dermal and inhalation (HTPE):

This is estimated using time weighted average values of the threshold limit

values (TLV )time for exposure to chemicals as published by OSHA, ACGIH

and NIOSH.

(score)k,HTPE =
1

(TLV )time

(A.2)

3. Terrestrial toxicity potential (TTP): This is determined similar to HTPI using

LD50 data.

(score)k,TTP =
1

(LD50)k
(A.3)
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4. Aquatic toxicity potential (ATP): ATP values are derived from LC50(lethal

concentration) which causes death in the fish species Pimephales promelas.

(score)k,ATP =
1

(LC50)k
(A.4)

5. Global warming potential (GWP): GWP is determined by calculating the

amount of infrared radiation a given chemical absorbs over its atmospheric life

time as compared to that of a reference compound usually CO2 as shown in the

equation below

(score)k,GWP =

∫ TH

0
ak. [k(t)] dt∫ TH

0
aref . [ref(t)] dt

(A.5)

where TH is the time horizon taken as 100 years.

ak and aref are radiative efficiencies, the increase in radiation absorption per

unit increase in abundance of the chemical species and,

[k(t)] and [ref(t)] are the time dependent decay in abundance.

6. Ozone depletion potential (ODP): ODP is defined as the ratio of the rate at

which a unit mass of chemical reacts with ozone to produce molecular oxygen

to the rate at which a unit mass of CFC − 11(trichlorofluoromethane) reacts

with ozone.

(score)k,ODP =
ratek

rateCFC−11
(A.6)

7. Photochemical oxidation potential (PCOP): PCOP, also known as smog

formation potential is the ratio of the rate at which a chemical reacts with

a hydroxyl radical (OH) to that of the rate of reaction of ethylene with OH .

(score)k,PCOP =
ratek

rateethylene
(A.7)
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8. Acidification potential (AP): AP or acid rain potential is the ratio of rate at

which a chemical reacts with moisture to release H+ in the atmosphere to the

rate of at which sulphur dioxide (SO2) reacts to produce H+.

(score)k,AP =
ratek
rateSO2

(A.8)

B. Weighing factor:

The weighing factor αl gives user defined weights to each of the eight impact potentials

and is usually assigned on a scale of 0 to10.

C. Specific potential environment impact ψs
kl :

The individual scores are normalized within their categories to give the specific PEI

for that chemical

ψs
kl =

(score)kl
〈(score)k〉l

(A.9)

where (score)kl represents the scores for impacts on their respective scales

and,〈(score)k〉l is the average value of all chemicals in impact category l .

A.2.1 Input Data for WAR Algorithm

1) Silica Lab

Table A.13: Input Data for Sol Gel synthesis

Stream Name Reaction Washing Waste Product
Type Inlet Inlet Outlet Waste Product
Flow Rate∗ 3.50E − 01 3.58E − 01 7.06E − 01 7.00E − 04
X(Ethanol) 0.9027 0.4400 0.6657 0.0000
X(Ammonia) 0.0873 0.0000 0.0482 0.0000
X(TEOS) 0.0100 0.0000 0.0000 0.0000
X(Water) 0.0000 0.5600 0.2833 0.0000
X(Silicon Dioxide) 0.0000 0.0000 0.0028 1.0000
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2) Flame-TEOS

Table A.14: Input Data for Flame Synthesis using TEOS

Stream Name TEOS-Ar Argon Hydrogen Oxygen Air Product Waste

Type Inlet Inlet Inlet Inlet Inlet Product Waste

Flow Rate 3.14E-01 1.06E-01 3.21E-02 1.29E+00 4.93E+00 6.00E+00 6.32E+00

X(TEOS) 0.6600 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
X(Argon) 0.3400 1.0000 0.0000 0.0000 0.0000 0.0000 0.0340
X(Hydrogen) 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000
X(Oxygen) 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.1020
X(Air) 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000 0.7810
X(CarbonDioxide) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0550
X(Water) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0550
X(SiliconDioxide) 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000

3) Flame-HMDSO

Table A.15: Input Data for Flame Synthesis using HMDSO

Name Argon Methane Oxygen Waste Gas Product
Type Inlet Inlet Inlet Outlet Waste Product
Flow Rate 6.30E-02 2.00E-02 4.80E-01 3.22E-01 2.50E-02
X(Silicon Dioxide) 0.0000 0.0000 0.0000 0.0000 1.0000
X(Argon) 0.4700 0.0000 0.0000 0.0928 0.0000
X(Methane) 0.0000 1.0000 0.0000 0.0000 0.0000
X(Oxygen) 0.0000 0.0000 1.0000 0.5582 0.0000
X(Carbon Dioxide) 0.0000 0.0000 0.0000 0.3490 0.0000
X(HMDSO) 0.5300 0.0000 0.0000 0.0000 0.0000

4) Weighting profile: The following weights were used for the three method

Table A.16: Weighting profile:

Category HTPI HTPE TTP ATP GWP ODP PCOP AP
Weight 1 1 1 1 1 1 1 1

5) Product streams and Energy usage were not included in the calculations.
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A.3 NAIADE Calculations

Tables S17-S22 depict the steps involved in the NAIADE calculations namely,

determining the semantic distance, pairwise comparison of alternatives, preference

intensity index and the corresponding entropy.

The three processes are labeled as following,

A. Sol-Gel Synthesis.

B. Flame TEOS

C. Flame HMDSO
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Table A.17: Semantic distance from pairwise comparison

Parameters (A,B) (A,C) (B,C)
Expected Semantic Expected Semantic Expected Semantic
Value Distance Value Distance Value Distance
Difference Difference Difference

Yield -59.3 -59.3 -24.3 -24.3 -35.0 -35.0
Particle Size -0.3000 0.2940 -0.2000 0.2026 0.1000 0.1303
Cost per unit 34.94 34.94 35.04 35.04 0.10 0.10
Chemical Safety Index -11.0 -11.0 -4.0 -4.0 7.0 7.0
Process Safety Index -4 -4 -3 -3 1 1
Material Procurement 627.3 627.3 715.88 715.88 88.58 88.58
Generation of Waste 899.0 899.0 991.12 991.12 92.12 92.12
Hazardous Material 0.2537 0.2406 0.1537 0.1550 -0.1000 0.1222
% Atom Economy -1.1010 -1.1010 -2.4400 -2.4400 -3.5410 -3.5410
Solvent Index 0.0791 0.0791 0.0791 0.0791 0.0000 0.0000
PEI 869.9979 869.9979 869.9984 869.9984 0.0005 0.0005



Table A.18: Preference Relation Functions between Alternatives A and B

(A,B) µ� µ> µ∼= µ== µ< µ�
Yield 0.0000 0.0000 0.0000 0.0000 0.9974 0.9962
Particle Size 0.0000 0.0000 0.3211 0.0000 0.5902 0.3763
Cost per unit 0.0000 0.0000 0.0000 0.0000 0.9927 0.9892
Chemical Safety Index 0.8988 0.9308 0.0221 0.0000 0.0000 0.0000
Process Safety Index 0.5000 0.6400 0.2500 0.0000 0.0000 0.0000
Material Procurement 0.0000 0.0000 0.0000 0.0000 1.0000 1.0000
Generation of Waste 0.0000 0.0000 0.0000 0.0000 1.0000 1.0000
Hazardous Material 0.0000 0.0000 0.3946 0.0009 0.5074 0.2827
%Atom Economy 0.0239 0.1187 0.6828 0.4316 0.0000 0.0000
Solvent Index 0.0000 0.0000 0.9730 0.9957 0.0007 0.0000
PEI 0.0000 0.0000 0.0000 0.0000 1.0000 1.0000

Table A.19: Preference Relation Functions between Alternatives A and C

(A,C) µ� µ> µ∼= µ== µ< µ�
Yield 0.0000 0.0000 0.0002 0.0000 0.9850 0.9779
Particle Size 0.0000 0.0000 0.4734 0.0106 0.3902 0.1711
Cost per unit 0.0000 0.0000 0.0000 0.0000 0.9927 0.9893
Chemical Safety Index 0.5000 0.6400 0.2500 0.0000 0.0000 0.0000
Process Safety Index 0.3317 0.5000 0.3536 0.0020 0.0000 0.0000
Material Procurement 0.0000 0.0000 0.0000 0.0000 1.0000 1.0000
Generation of Waste 0.0000 0.0000 0.0000 0.0000 1.0000 1.0000
Hazardous Material 0.0000 0.0000 0.5862 0.0981 0.2744 0.0866
% AtomEconomy 0.0000 0.0000 0.4293 0.0161 0.3981 0.2239
Solvent Index 0.0000 0.0000 0.9730 0.9957 0.0007 0.0000
PEI 0.0000 0.0000 0.0000 0.0000 1.0000 1.0000
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Table A.20: Preference Relation Functions between Alternatives B and C

(B,C) µ� µ> µ∼= µ== µ< µ�
Yield 0.9893 0.9927 0.0000 0.0000 0.0000 0.0000
Particle Size 0.0225 0.1379 0.6256 0.1668 0.0000 0.0000
Cost per unit 0.0000 0.0000 0.9659 0.9931 0.0011 0.0000
Chemical Safety Index 0.0000 0.0000 0.0884 0.0000 0.8448 0.7759
Process Safety Index 0.0000 0.0000 0.7071 0.5000 0.1000 0.0172
Material Procurement 0.0000 0.0000 0.0000 0.0000 0.9989 0.9983
Generation of Waste 0.0000 0.0000 0.0000 0.0000 0.9989 0.9984
Hazardous Material 0.0225 0.1379 0.6119 0.1403 0.0000 0.0000
% Atom Economy 0.0000 0.0000 0.2931 0.0002 0.5821 0.4280
Solvent Index 0.0000 0.0000 1.0000 1.0000 0.0000 0.0000
PEI 0.0000 0.0000 0.9998 1.0000 0.0000 0.0000

Table A.21: Preference Intensity Indices between Alternatives after Aggregation.

Aggregation µ� µ> µ∼= µ== µ< µ�
of

Criteria
(A,B) 0.1434 0.1813 0.2468 0.1484 0.6727 0.6317
(A,C) 0.0265 0.0863 0.2818 0.1333 0.6902 0.6073
(B,C) 0.1297 0.1373 0.6080 0.4316 0.4034 0.3652

Table A.22: Entropy Level Associated with the Preference Intensity Indices.

Entropy H� H> H∼= H== H< H�
(A,B) 0.1339 0.1187 0.0982 0.0933 0.1877 0.0112
(A,C) 0.0909 0.1766 0.2856 0.0037 0.0159 0.0218
(B,C) 0.0078 0.0057 0.2733 0.0963 0.1480 0.1625
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Table B.1: Experimental Design

Size Toxicity Airborne Detection Exposure Quantity Engineering No of Duration Multiple
Capacity Limit Limit Controls Employees of Exposure Exposure

100-500 nm Low None Good 0.2-0.5 1000-10000 Closed 101-500 1-5 hr 1-3

2-10 nm Moderate Low Poor 0.2-0.5 1-100 Open-PP 11-50 < 15 min 1-3

2-10 nm Low Moderate Moderate 0.1-0.2 < 1 Closed-NP 1-3 < 1 hr > 3

500-1000 Moderate None None 0.1-0.2 1000-10000 Open-PP 3-10 < 1 hr 1-3

500-1000 Moderate High Moderate 0.5-1.0 < 1 Open-NP 101-500 5-8 hr None

100-500 nm Low High Moderate 0.2-0.5 1000-10000 Open-NP 51-100 < 1 hr > 3

100-500 nm Moderate Moderate Good > 1.0 100-1000 Closed-NP 101-500 5-8 hr None

< 2nm High High None 0.2-0.5 < 1 Open-NP 3-10 1-5 hr Unknown Number

< 2nm High Low None > 1.0 1-100 Closed 101-500 < 15 min > 3

>1000 Low High None > 1.0 1-100 Closed 3-10 5-8 hr Unknown Number

2-10 nm High None Good < 0.1 < 1 Open-PP 3-10 incidental Unknown Number

10-100 nm Low Low None 0.5-1.0 >10,000 Open-PP 51-100 incidental Unknown Number

500-1000 Moderate High None > 1.0 < 1 Closed 51-100 incidental Unknown Number

10-100 nm Low Low Poor 0.1-0.2 100-1000 Open-NP 11-50 < 1 hr Unknown Number

100-500 nm High High Poor < 0.1 < 1 Closed-NP 11-50 < 1 hr None

<2nm Moderate Low Good 0.2-0.5 >10,000 Closed 1-3 < 1 hr > 3

100-500 nm Moderate None Poor > 1.0 >10,000 Open-PP 1-3 5-8 hr 1-3

< 2nm High None Moderate 0.5-1.0 100-1000 Closed-NP 101-500 < 1 hr Unknown Number

10-100 nm Moderate High None 0.1-0.2 1-100 Closed 51-100 < 1 hr Unknown Number

2-10 nm Low High Moderate < 0.1 >10,000 Open-PP 11-50 1-5 hr Unknown Number

100-500 nm High High Moderate 0.2-0.5 1-100 Open-PP 11-50 < 15 min Unknown Number

2-10 nm Moderate High None < 0.1 100-1000 Open-NP 11-50 5-8 hr > 3

500-1000 Low Moderate Good < 0.1 1000-10000 Open-NP 1-3 < 15 min Unknown Number

100-500 nm Low High Good > 1.0 1000-10000 Closed-NP 1-3 < 1 hr Unknown Number

10-100 nm Low None Good < 0.1 100-1000 Closed 3-10 5-8 hr > 3
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Size Toxicity Airborne Detection Exposure Quantity Engineering No of Duration Multiple
Capacity Limit Limit Controls Employees of Exposure Exposure

10-100 nm Low Low Poor 0.5-1.0 1000-10000 Closed 3-10 5-8 hr None

10-100 nm Low Moderate Poor 0.2-0.5 < 1 Open-PP 101-500 incidental 1-3

100-500 nm High Low None 0.5-1.0 < 1 Open-NP 1-3 5-8 hr Unknown Number

10-100 nm Moderate Low Good 0.5-1.0 1000-10000 Open-NP 101-500 1-5 hr 1-3

2-10 nm Low None Good 0.2-0.5 1-100 Closed-NP 51-100 5-8 hr 1-3

<2nm Moderate High Poor 0.2-0.5 1-100 Closed-NP 101-500 incidental > 3

100-500 nm Moderate Low Poor < 0.1 100-1000 Closed-NP 1-3 1-5 hr Unknown Number

< 2nm Moderate Low None < 0.1 1000-10000 Closed 11-50 5-8 hr 1-3

>1000 High High Moderate 0.5-1.0 1000-10000 Closed-NP 51-100 < 15 min > 3

< 2nm Low High Good 0.5-1.0 >10,000 Open-PP 3-10 < 15 min None

>1000 Low None Moderate 0.5-1.0 < 1 Closed 11-50 1-5 hr Unknown Number

2-10 nm High None Poor 0.2-0.5 1000-10000 Closed 1-3 1-5 hr None

>1000 High Low Good 0.2-0.5 < 1 Open-PP 51-100 5-8 hr None

>1000 Low None Moderate 0.1-0.2 1-100 Closed 101-500 1-5 hr None

< 2nm Low High Moderate < 0.1 >10,000 Open-PP 101-500 5-8 hr 1-3

>1000 High Low Poor < 0.1 1000-10000 Open-PP 11-50 incidental Unknown Number

< 2nm Low Low Moderate 0.1-0.2 100-1000 Open-NP 3-10 incidental None

500-1000 Low High None 0.2-0.5 100-1000 Closed 11-50 < 15 min None

2-10 nm Moderate High Good > 1.0 < 1 Open-PP 11-50 < 1 hr None

100-500 nm Low Low Moderate > 1.0 1-100 Open-NP 101-500 < 15 min Unknown Number

>1000 Low Low None < 0.1 < 1 Closed-NP 101-500 < 15 min None

>1000 Low Moderate Moderate 0.1-0.2 100-1000 Open-PP 51-100 1-5 hr 1-3

100-500 nm Low Moderate Poor 0.2-0.5 >10,000 Closed-NP 3-10 1-5 hr 1-3

2-10 nm Moderate Moderate Good 0.1-0.2 >10,000 Open-PP 101-500 < 15 min Unknown Number

10-100 nm Low High Poor 0.2-0.5 100-1000 Open-PP 1-3 5-8 hr Unknown Number
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Size Toxicity Airborne Detection Exposure Quantity Engineering No of Duration Multiple
Capacity Limit Limit Controls Employees of Exposure Exposure

>1000 Low High None > 1.0 100-1000 Closed 1-3 < 15 min 1-3

100-500 nm High None Poor 0.1-0.2 100-1000 Closed 101-500 incidental > 3

500-1000 High Low Moderate < 0.1 >10,000 Open-PP 101-500 < 1 hr None

100-500 nm Low None Good 0.5-1.0 1-100 Open-PP 1-3 < 1 hr > 3

>1000 High Moderate Poor > 1.0 >10,000 Open-NP 11-50 5-8 hr None

10-100 nm High None Good 0.5-1.0 >10,000 Open-NP 11-50 < 15 min None

100-500 nm Moderate Low Good < 0.1 1-100 Closed 51-100 1-5 hr None

500-1000 Moderate Moderate None 0.2-0.5 < 1 Open-NP 1-3 5-8 hr 1-3

10-100 nm Moderate None Moderate 0.2-0.5 100-1000 Closed 11-50 < 1 hr Unknown Number

>1000 Moderate None Poor < 0.1 >10,000 Open-NP 3-10 < 1 hr Unknown Number

< 2nm High Moderate Good > 1.0 >10,000 Closed 51-100 1-5 hr Unknown Number

2-10 nm Low Moderate None < 0.1 1000-10000 Closed-NP 51-100 < 15 min None

500-1000 Low Low Poor > 1.0 < 1 Closed 51-100 < 1 hr 1-3

< 2nm Low Moderate Good 0.1-0.2 < 1 Closed 11-50 incidental None

< 2nm Low Moderate Poor < 0.1 1-100 Open-NP 3-10 < 1 hr 1-3

>1000 High High Good 0.1-0.2 100-1000 Open-NP 101-500 5-8 hr 1-3

500-1000 Moderate Moderate Moderate 0.5-1.0 1-100 Closed-NP 3-10 1-5 hr Unknown Number

>1000 Moderate Moderate Moderate > 1.0 1000-10000 Open-PP 1-3 incidental > 3

500-1000 Low Low Good 0.5-1.0 100-1000 Open-PP 1-3 incidental 1-3

2-10 nm High Low Moderate > 1.0 1-100 Open-NP 1-3 incidental 1-3

2-10 nm Moderate Moderate Poor 0.5-1.0 100-1000 Closed 51-100 < 15 min > 3

500-1000 High Low Good > 1.0 >10,000 Closed 101-500 1-5 hr > 3

>1000 Moderate Moderate Moderate 0.2-0.5 100-1000 Closed-NP 3-10 < 15 min Unknown Number

>1000 Moderate High Poor 0.5-1.0 1000-10000 Closed 1-3 incidental None

100-500 nm High None Moderate < 0.1 1000-10000 Closed 3-10 < 15 min 1-3
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Size Toxicity Airborne Detection Exposure Quantity Engineering No of Duration Multiple
Capacity Limit Limit Controls Employees of Exposure Exposure

500-1000 Low Low None 0.1-0.2 >10,000 Closed-NP 3-10 incidental > 3

500-1000 Moderate None Moderate 0.2-0.5 1-100 Open-PP 3-10 5-8 hr None

>1000 Moderate None None < 0.1 1-100 Open-NP 1-3 < 1 hr None

100-500 nm High Moderate None 0.1-0.2 1-100 Open-PP 11-50 5-8 hr > 3

2-10 nm Low None None 0.5-1.0 < 1 Open-PP 101-500 1-5 hr > 3

500-1000 Low High Poor 0.1-0.2 1-100 Closed-NP 1-3 1-5 hr None

10-100 nm Moderate High Good < 0.1 1-100 Closed-NP 101-500 incidental > 3

500-1000 Low None Poor 0.2-0.5 >10,000 Open-NP 51-100 < 15 min > 3

< 2nm High Low Moderate 0.2-0.5 100-1000 Open-NP 1-3 1-5 hr None

< 2nm Low None Poor > 1.0 1000-10000 Closed-NP 11-50 incidental None

>1000 Low Moderate Good 0.5-1.0 1-100 Open-NP 11-50 < 1 hr > 3

500-1000 High Moderate Poor 0.1-0.2 1000-10000 Closed-NP 101-500 5-8 hr Unknown Number

< 2nm High Moderate None 0.5-1.0 1000-10000 Open-PP 51-100 < 1 hr 1-3

10-100 nm Moderate Low Moderate > 1.0 < 1 Closed-NP 11-50 < 15 min 1-3

10-100 nm Moderate Moderate Poor > 1.0 < 1 Open-NP 3-10 1-5 hr > 3

2-10 nm High Low Poor 0.5-1.0 1-100 Closed 3-10 5-8 hr Unknown Number

10-100 nm High None None 0.1-0.2 >10,000 Closed-NP 1-3 < 15 min None

500-1000 High Moderate Good < 0.1 1-100 Closed 1-3 < 15 min Unknown Number

500-1000 High High Poor < 0.1 100-1000 Open-NP 51-100 1-5 hr > 3

100-500 nm Moderate High Good 0.1-0.2 < 1 Open-NP 3-10 < 15 min 1-3

10-100 nm High High Good > 1.0 1000-10000 Open-PP 3-10 1-5 hr > 3

10-100 nm High Moderate Poor > 1.0 1-100 Open-PP 51-100 < 1 hr None

< 2nm Low Low Good 0.1-0.2 1000-10000 Closed-NP 51-100 5-8 hr Unknown Number

500-1000 High None Good 0.5-1.0 100-1000 Closed-NP 11-50 incidental 1-3

< 2nm Moderate None None > 1.0 100-1000 Open-PP 51-100 1-5 hr None
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Size Toxicity Airborne Detection Exposure Quantity Engineering No of Duration Multiple
Capacity Limit Limit Controls Employees of Exposure Exposure

2-10 nm High High Good 0.1-0.2 1-100 Open-NP 51-100 incidental 1-3

10-100 nm Low None Moderate < 0.1 < 1 Closed-NP 51-100 5-8 hr > 3

2-10 nm Moderate High Moderate 0.1-0.2 1000-10000 Closed 3-10 < 1 hr None

100-500 nm High Moderate None 0.5-1.0 100-1000 Open-PP 3-10 incidental None

2-10 nm Low None None > 1.0 1000-10000 Open-NP 101-500 incidental Unknown Number

10-100 nm High High None 0.1-0.2 >10,000 Closed-NP 1-3 1-5 hr 1-3

>1000 High Low Good 0.2-0.5 < 1 Closed-NP 3-10 < 1 hr > 3

< 2nm High None Poor 0.1-0.2 < 1 Open-PP 1-3 < 15 min > 3

100-500 nm Low Moderate None 0.2-0.5 >10,000 Closed 11-50 incidental > 3

< 2nm Moderate None None 0.5-1.0 1-100 Closed-NP 11-50 1-5 hr 1-3

100-500 nm Moderate Low Moderate 0.1-0.2 >10,000 Open-NP 51-100 incidental None

< 2nm Moderate None Poor 0.1-0.2 < 1 Open-NP 51-100 < 15 min Unknown Number

2-10 nm High Low None > 1.0 100-1000 Closed-NP 3-10 < 1 hr 1-3

>1000 Moderate None Good 0.2-0.5 >10,000 Closed-NP 51-100 incidental Unknown Number

>1000 Moderate Low None 0.1-0.2 1000-10000 Open-PP 11-50 1-5 hr > 3

>1000 High High Poor 0.5-1.0 >10,000 Closed 101-500 < 1 hr 1-3

500-1000 High None Moderate > 1.0 1000-10000 Open-NP 11-50 5-8 hr > 3

2-10 nm Moderate Moderate Moderate 0.5-1.0 >10,000 Closed 1-3 5-8 hr > 3

10-100 nm High Moderate None 0.2-0.5 1000-10000 Open-NP 101-500 < 1 hr None

10-100 nm High Moderate Moderate < 0.1 < 1 Closed 1-3 incidental 1-3
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Table B.2: Survey Response Data

Y01 Y02 Y03 Y04 Y05 Y06 Y07 Y08 Y09 Y10 Y11 Y12 Y13 Y14 Y15 Y16

5 4 4 3 3 3 4 4 4 4 4 5 4 3 4 4

5 5 5 5 4 4 5 5 5 5 5 5 5 5 5 5

5 4 5 4 4 4 5 5 4 5 5 5 5 4 5 5

5 4 5 4 4 4 5 4 3 5 5 5 4 4 5 4

5 4 5 5 4 4 5 4 4 4 5 5 4 4 5 4

5 5 5 5 1 3 5 5 3 3 5 5 3 3 5 3

5 3 5 3 3 1 3 3 3 3 5 5 3 3 5 3

5 5 5 5 3 5 5 5 3 5 5 5 5 5 5 5

5 5 5 3 3 3 3 5 3 5 5 5 3 3 5 5

5 1 5 3 1 1 3 3 3 3 5 5 3 3 5 5

5 3 5 3 1 1 5 3 3 3 5 5 3 3 5 5

5 1 5 3 1 1 5 3 3 3 5 5 3 3 5 3

5 5 5 3 3 3 3 3 3 5 5 5 3 3 5 3

5 3 5 3 3 3 5 3 3 5 5 5 3 3 5 3

5 3 5 3 3 3 5 3 3 5 5 5 3 3 5 5

5 3 5 3 3 3 3 3 3 5 5 5 3 3 5 5

5 3 5 3 3 3 5 1 3 3 5 5 3 3 5 3

5 5 5 3 3 3 3 3 3 5 5 5 5 3 5 5

5 3 5 3 3 3 3 5 3 5 5 5 3 3 5 5

5 5 5 5 5 3 5 5 5 5 5 5 5 3 5 5

5 3 5 5 3 3 5 5 5 5 5 5 5 3 5 5

5 5 5 5 5 3 5 5 3 5 5 5 5 5 5 5

5 3 5 5 3 1 3 3 3 3 5 5 3 3 5 3

5 5 5 3 3 3 3 5 3 5 5 5 3 3 5 3

5 3 5 3 3 3 3 3 3 3 5 5 3 3 5 3
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Y01 Y02 Y03 Y04 Y05 Y06 Y07 Y08 Y09 Y10 Y11 Y12 Y13 Y14 Y15 Y16

5 1 1 1 5 1 5 5 5 1 1 5 5 5 5 3

5 1 1 1 5 1 5 5 5 1 1 5 5 5 5 3

5 3 1 3 5 1 5 5 5 1 1 5 5 5 5 4

5 1 1 1 5 1 5 5 5 1 1 5 5 5 5 3

5 1 1 1 5 1 5 5 5 1 1 5 5 5 5 3

5 5 5 3 3 3 5 5 3 5 3 5 5 5 3 3

3 3 3 1 1 1 1 1 1 3 5 3 3 1 1 3

5 5 5 3 3 5 5 3 3 5 5 5 5 5 3 3

1 1 3 3 1 3 3 3 1 3 5 3 3 3 3 3

5 3 3 1 1 3 5 3 3 5 5 3 5 3 3 1

1 1 1 1 1 1 3 1 1 1 5 3 3 1 1 3

5 3 5 3 3 5 5 3 1 5 5 5 3 3 3 1

3 1 3 1 1 3 3 1 1 3 5 3 3 1 3 1

3 1 3 1 1 1 3 1 1 3 5 3 3 1 1 3

5 5 5 3 3 5 5 3 3 5 5 5 5 3 5 3

3 3 3 1 1 1 3 1 1 3 5 3 3 1 1 1

3 1 1 1 1 3 3 1 1 3 5 3 3 1 1 1

3 1 1 1 1 1 3 1 1 5 5 3 3 1 1 1

5 1 1 1 1 3 3 1 1 3 5 1 3 1 1 1

3 1 1 1 1 1 1 1 1 1 3 1 1 1 1 1

4 3 3 3 1 2 4 4 3 1 2 5 5 4 4 3

4 4 3 3 1 2 4 3 3 1 2 5 5 3 4 3

5 4 4 3 1 2 3 5 4 2 3 5 5 4 5 5

5 4 5 4 4 4 3 5 5 4 5 5 5 5 5 5

5 4 5 4 4 4 3 5 5 4 4 5 5 5 5 5
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Y01 Y02 Y03 Y04 Y05 Y06 Y07 Y08 Y09 Y10 Y11 Y12 Y13 Y14 Y15 Y16

5 5 5 5 1 3 5 5 5 5 3 5 5 5 5 5

5 5 5 3 1 3 5 5 1 1 3 5 5 5 5 5

5 5 5 5 1 1 5 5 5 3 3 5 5 5 5 5

5 3 5 3 1 3 5 3 1 1 3 5 5 3 5 5

5 5 5 3 3 3 5 5 1 1 5 5 5 5 5 5

5 5 5 3 1 3 5 5 5 3 3 5 5 5 5 5

5 3 5 3 1 1 5 5 5 3 3 5 5 3 5 5

5 1 5 1 1 3 1 3 1 1 3 5 5 3 5 5

5 5 5 3 3 3 5 3 1 1 5 5 5 3 5 5

5 5 5 1 1 3 5 3 1 1 5 5 5 3 5 5

5 4 1 1 1 1 5 1 1 1 1 5 5 1 5 3

5 1 1 1 1 1 5 1 1 1 1 5 5 1 5 3

5 1 1 1 1 1 5 5 1 1 1 5 5 3 5 5

5 1 1 1 1 1 5 1 1 1 1 5 5 1 5 5

5 1 1 1 1 1 5 1 1 1 1 5 5 1 5 5

2 3 3 2 2 3 3 2 2 4 4 3 3 3 3 3

3 3 3 2 2 2 3 2 2 3 4 3 3 3 3 3

1 1 3 2 1 2 2 2 2 2 4 2 3 2 2 2

1 2 3 2 1 2 2 2 2 2 4 3 3 2 2 3

4 4 3 3 3 3 3 3 3 4 4 3 3 4 4 3

5 1 5 1 1 1 5 5 1 1 1 5 5 5 5 5

5 1 5 1 1 3 5 5 1 1 3 5 5 5 5 5

5 1 5 1 1 1 5 3 1 1 3 5 5 3 5 5

5 1 5 5 3 3 5 5 5 3 3 5 5 5 5 5

5 5 5 5 1 3 5 5 1 1 5 5 5 3 5 5
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Y01 Y02 Y03 Y04 Y05 Y06 Y07 Y08 Y09 Y10 Y11 Y12 Y13 Y14 Y15 Y16

3 3 4 1 1 1 1 1 1 1 1 4 4 1 5 5

3 3 3 1 1 1 1 1 1 1 1 4 4 1 5 5

3 3 3 1 1 1 1 1 1 1 4 4 4 1 5 5

3 3 3 1 1 1 1 1 1 1 1 4 4 1 5 5

4 4 3 1 1 1 1 1 1 1 1 5 5 1 5 5

5 5 5 5 3 2 5 3 5 5 5 5 5 5 5 5

5 5 5 4 4 2 5 4 5 5 5 5 5 5 5 5

5 5 5 2 2 2 5 3 5 5 5 5 5 3 5 5

5 5 5 3 3 3 5 3 5 5 5 5 5 3 5 5

5 5 5 3 2 2 5 3 5 5 5 5 5 2 5 5

5 4 3 4 4 1 5 5 4 4 5 5 5 4 5 4

5 4 4 4 4 1 5 5 4 4 5 5 5 4 5 5

5 4 3 5 5 3 5 5 4 4 5 5 5 5 5 5

5 5 3 5 5 3 5 5 4 4 5 5 5 5 5 5

5 4 3 5 5 3 5 5 4 4 5 5 5 5 5 5

5 5 1 5 3 3 5 3 1 1 3 5 3 5 3 5

5 3 1 3 3 1 5 3 3 5 3 5 3 1 5 5

5 1 1 1 3 3 5 3 3 5 3 5 3 3 5 5

5 5 1 3 3 3 5 3 3 5 3 5 3 3 5 5

5 5 1 3 3 3 5 3 3 3 5 5 3 3 5 5

5 5 3 3 3 3 5 5 4 4 4 5 5 5 5 5

5 5 4 4 4 4 5 5 4 4 4 5 5 5 5 5

5 5 4 4 4 4 5 3 4 4 4 5 5 5 5 5

5 3 3 3 3 3 5 5 3 3 3 5 5 5 5 5

5 4 4 3 4 4 5 5 4 4 4 5 5 5 5 5
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Y01 Y02 Y03 Y04 Y05 Y06 Y07 Y08 Y09 Y10 Y11 Y12 Y13 Y14 Y15 Y16

5 5 3 5 3 3 5 3 1 1 1 5 5 5 5 5

5 5 3 5 1 3 5 3 3 3 3 5 5 3 5 5

5 5 5 5 3 3 1 1 3 3 3 5 5 5 5 5

5 5 5 5 3 3 3 3 3 3 3 5 5 5 5 5

5 5 5 5 3 3 5 5 3 3 3 5 5 5 5 5

5 5 5 5 3 3 5 5 3 3 3 5 5 5 5 5

5 3 5 3 1 1 5 5 3 3 3 3 5 5 3 3

5 3 3 3 1 1 5 5 3 3 3 5 5 5 5 5

5 5 5 5 3 3 3 1 3 3 3 5 5 5 5 5

5 5 5 3 1 3 5 5 1 1 1 5 5 5 5 5

5 5 4 5 1 5 5 5 2 2 5 5 5 5 5 5

5 5 5 5 5 5 5 5 5 1 5 5 5 5 5 5

5 5 5 5 5 5 5 5 5 1 5 5 5 5 5 5

5 5 1 5 1 1 3 3 1 1 5 5 5 5 5 5

5 5 5 5 5 5 1 5 5 1 5 5 5 5 5 5

5 5 5 5 3 3 3 5 3 5 5 5 5 5 5 5

5 5 5 5 3 3 5 5 3 5 5 5 5 5 5 5

5 5 5 3 3 3 5 3 3 3 5 5 5 3 5 3

5 5 5 3 3 3 3 1 1 1 5 5 5 3 5 5

5 5 5 3 3 3 3 3 3 3 5 5 5 3 5 5
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