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The states with the lowest to highest percentages of incorporating in-state can be seen in Table 2. The states
which have the highest departure rates are Arizona, lllinois, Arkansas and California. The states with the
lowest departure rates are Delaware, West Virginia, Nevada, lowa and Wisconsin.
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The data shows that many states are incorporating out of state. Which states are a magnet for companies

choosing to incorporate out of state? To determine this, we segmented the data into those companies

incorporating in -state and out of state. Using the subset of firms that chose to incorporate out of state, we

sorted the data by the destination state to see the top states where firms incorporate (Table 3). Itis no surprise

that 66.53% of the firms that incorporate out of state chose Delaware. The seond top destination state is

Nevada with 21.99% for the firms choosing to incorporate out of state. The third -place destination state is
Northeast Decision Scienceslinstitute 2026 Annual Conference




PN

Maryland with 2.38% of firms choosing to incorporate out of state. Florida, Colorado and Wyoming are next
with 1.74%, 1.41% and 1.17%, respectively. The remaining states have less than 1% of firms choosing their
state as the state of incorporation. Whencombing through the data, one can see instances where firms that
incorporate out of state may have chosen a border state or other situations where firms have moved their state
of domicile and kept the state of incorporation the same.

Table 3: Top states where firms have decided to incorporate out of state.
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Note that in Table 3 there are 38 states listed but there are 12 states where no state has chosen to incorporate
outside of their state of domicile. The states which are not attracting out of state incorporation are Arkansas,
Hawaii, Kansas, Kentucky, Mai ne, Mississippi, Nebraska, New Hampshire, North Dakota, Rhode Island,
Vermont, and West Virginia. By now we can see that there are many corporations that have chosen to
incorporate in their state of domicile, as well as many corporations that have chosen to incorporate out of state
which is clearly a very deliberate decision.

Next, we seek to determine if there are differences in value and financial performance between companies
that incorporate in the same state as their state of domicile vs those companies that have been incorporated in
a different state. Table 4 comparesthe valuation of companies that have incorporated in the same state as
where they are domiciled (Same) versus companies that have incorporated out of state (Different). The
measures for valuation include the 5-year average price to earnings ratio (P/E 5 y. avg.), the current price to
earnings ratio (P/E), the price to book ratio (P/B) and the 5year average price to book ratio (P/B 5 yr. avg). The
number of observations, means, medians and standard deviations are shown.
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Table 4: Valuation comparison of same state and different state firms.
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The data shows that the different state firms have a higher valuation as measured by the price to earnings
ratio, a higher price to book valuation, and a higher 5 -year average price to book ratio, as seen in table 4.

The median 5-year average P/E is 17.604 for the different group versus 12.435 for the same group. The P/E
ratio is 16.941 for the different group versus 13.757 for the same group. The price to book (P/B) is 1.349 for the
different group versus 0.982 for the same group. The 5year average price to book is 1.934 for the different
group versus 1.223 for the same group. These results are all statistically significant given the zero Welch p
value.

One measure of the riskiness of a firm is to look at the size of the standard deviation. Firms with higher
standard deviations would be categorized as riskier. It should be noted that the standard deviation of the

firms with a different state of incorpor ation from their state of domicile is much larger. The standard deviation
for the 5-year average of the price to earnings ratio for the different group is 10.072 versus 4.194 for the same
group. The standard deviation for the price to earnings ratio for th e different group is 13.390 versus 8.157 for
the same group. The standard deviation for the price to book ratio for the different group is 1.274 versus 0..448
for the same group. The standard deviation for the 5-year average of the price to book ratio for the different
group is 1.529 versus 0.604 for the same group. The Levene-palue shows these differences in standard
deviation to all be statistically significant. This implies that these firms that chose to incorporate out of state
may be riskier given the higher standard deviation for the firms that incorporate in a state other than their

state of domicile.
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Another way to measure the success of a company is to look at the Enterprise Value (EV), Enterprise Value
relative to earnings before interest, taxes, depreciation and amortization (EV to EBITDA), as well as the 5 year
(5 yr. ann. Return) and 10 year (10 y. ann. Return) annualized stock price performance as shown in table 5.
These measures show different results in terms of which group has higher value and stock returns.

Table 5: Financial performance comparison of same state and different state firms.
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The median enterprise value (EV) is 13.833 for the different group versus 25.25 for the same group. The
enterprise value to earnings before interest taxes depreciation and amortization (EV/EBITDA) ratio is 11.025
for the different group versus 10.167 for the same group. The 10year annualized stock price return is a
negative -8.769% for the different group versus a positive 7.149% for the same group. The 5/ear annualized
stock price return is -8.6% for the different group versus 4.761% for the same groyp. These results are
statistically significant for the enterprise value, the 10-year annualized return and the 5-year annualized return
given the zero Welch p-value. The EV/EBITDA is not statistically significant.

In terms of standard deviation, the firms that have incorporated out of state have a higher standard deviation
for the 10-year annualized return and the 5-year annualized return. The Levene p-value indicates significance
for both of these variables. Thestandard deviation for the 10-year annualized return for the different group is
30.025 versus 7.262 for the same group. The standard deviation for the &ear annualized return for the
different group is 31.939 versus 9.275 for the same group. The standat deviation for the EV/EBITDA for the
different group is 6.318 versus 5.500 for the same group, although the difference is not statistically significant.
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However, when we look at the enterprise value, we see a change with a larger standard deviation for the same
group. The standard deviation for the enterprise value for the different group is 59.195 versus 213.315 for the
same group. Table 4 and Table 5 eveal that out of the eight variables, the data indicates that seven of the eight
variables show a higher standard deviation for the firms that have incorporated out of state which implies that
these are riskier firms.
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1 We obtain the data on firm complexity from the University of Notre Dame websifes://sraf.nd.edu/complexity/
2 https://github.com/KPSS2017
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3 We use Fami&rrench 48 industry and year fixed effects for our regressions. There are specific reasons for using industry fixed effe
instead of firm fixed effect. The average change in firm complexity, our independent variable, over the sampleqrayiddlig%.
According toHausman and Taylor (1981When an explanatory variable has minimal withinit variation, using fixed effect at a
disaggregated level may result in imprecise estimation as it would absorb to much vai@ionCh ai semar ti n and D
confirm this by arguing that in the presence of a minimal variation in the explanatory variable, fixed effects at a regateadgvel
preserves the variation while controlling for unobserved hererogeneity. Therefore, we believe that in our cdunséyt fixed effect
is more likely to capture industigpecific trends that may influence firm innovation.
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DEA-Based Model CM-Based Model

ARD CD-DEA SEDEA CE-DEA CB-EDC with Stratification
ASAP SES CES 0%

Total ARD 7 12 38 4

Mean ARD 0.3 0.5 1.6 0.2

Maximum ARD 3 3 5 2
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Bank Z-Score 16.01 8.39 0.02 39.46
Domestic credit to private sector (% of 91.39 47.69 9.68 223.78

GFDD | GDP)

Private credit by deposit money banks to | 81.93 41.52 9.5 190.94
GDP (%)
GDP growth (annual %) 2.96 3.71 -10.94 | 24.62
Inflation (annual %) 452 8.63 -4.45 | 54.92
GFCF growth (annual %) 4.85 11.24 -39.9 | 99.68
WDI GDP per capita (current US$) 31292.53 | 22425.68 | 442.75 | 103783
45
Trade (% of GDP) 84.75 66.72 19.56 | 437.33
Govt consumption (% of GDP) 17.33 478 6.53 28.91
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Indicators GDP growth Inflation Investment
growth
Bank Z-score 0.047% n(0.0352) | 0.0325 n(0.0685) | 0.2367% n(0.1428)

Domestic credit to private
sector (% GDP)

Private credit by deposit
money banks (% GDP)

-0.0156 n(0.0181) | 0.0783 n(0.0552) | -0.0744 n(0.0417)

-0.0127% n(0.0183) | -0.0633 n(0.0524) | 0.026Q n(0.0392)

In(GDP per capita) -0.1651 n(0.5064) | -3.1922 n(1.9054) | 0.2588 n(1.8990)

Trade (% GDP) 0.0128 n(0.0062) | 0.0011 n(0.0112) | 0.0554 n(0.0310)
final ion (%

gg‘l’j)'”a consumption (% | ) 5994 n(0.1169) | -0.3502 n(0.2156) | -1.405% n(0.3273)

Within R2 0.22 0.11 0.149
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Investment
growth

0.0456 n(0.0613) | 0.2311 n(0.1417)

Indicators GDP growth Inflation

Bank Z-score 0.0504 n(0.0361)

Domestic credit to private
sector (% GDP)

In(GDP per capita)
Trade (% GDP)

Gov. final consumption (%
GDP)
Within R2 0.22 0.092 0.149

-0.0274 n(0.0083) | 0.0193 n(0.0122) | -0.0493 n(0.0214)

-0.2074 n(0.5114)
0.0119 n(0.0073)

-3.4062 n(2.0096) | 0.3497% n(1.9024)
-0.0035 n(0.0123) | 0.0573 n(0.0300)

-0.6121 n(0.1170) | -0.4134 n(0.2519) | -1.3788 n(0.3128)
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Investment

Variabl DP h Inflati
ariable GDP growt nflation growth

Bank Z-score

0.0466 n(0.0345)

0.0383 n(0.0672)

0.2312 n(0.1429)

Private credit by deposit
money banks (% GDP)

-0.0256 n(0.0087)

0.0015 n(0.0106)

-0.0347 n(0.0217)

In(GDP per capita)

-0.147% n(0.5108)

-3.2793 n(1.9891)

0.3416 n(1.8432)

Trade (% GDP)

0.0151 n(0.0058)

-0.0103 n(0.0145)

0.0662 n(0.0297)

GDP)

Gov. final consumption (%

-0.5993 n(0.1162)

-0.3506 n(0.2226)

-1.4053 n(0.3219)

Within R?

0.219

0.08

0.148
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Investment
growth

Bank Z-UE OU1 wU N huj 0.0282 n(0.0285) | 0.0160 n(0.0548) | 0.167% n(0.1278)

Domestic private credit (%
&#/ OwUN K

Indicators GDP growth Inflation

-0.0063 n(0.0253) | 0.0691 n(0.0439) | -0.1113 n(0.0450)
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OO &#/ wx 1 UwE E x| -2.2841 n(0.8506) | -2.5956 n(1.4513) | -6.7355 n(4.4495)

SUEE] wopt wé&#/ Ou 0.0155n(0.0115) | 0.0065 n(0.0110) | -0.033% n(0.0595)
Gov. consumption (% GDP,
UNhA

Within R2 0.036 0.116 -0.02

-0.3993 n(0.1137) | -0.3983 n(0.1811) | -1.1176 n(0.3776)
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Variable

GDP growth volatility

Inflation
volatility

Investment growth
volatility

Bank Z-score

0.0194 n(0.0256)

0.0389 n(0.0479)

-0.0849 n(0.0945)

Credit (% GDP)

-0.0104 n(0.0065)

-0.0054 n(0.0069)

-0.055Q n(0.0360)

In(GDP per capita)

0.1777 n(0.4753)

-1.7991 n(0.4928)

2.1444 n(3.0144)

Trade (% GDP)
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-0.0134 n(0.0073)

0.0736 n(0.0504)

Gov. consumption (%
GDP)

-0.0723 n(0.1130)

-0.0072 n(0.1002)

-0.9746 n(0.5458)
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Investment growth
volatility

-0.0849 n(0.0945)

Inflation
volatility

0.0384 n(0.0479)

Variable GDP growth volatility

Bank Z-score 0.0194 n(0.0256)

Credit (% GDP)

-0.0104 n(0.0065)

-0.0054 n(0.0069)

-0.0550 n(0.0360)

Z-score X Credit

0.0001(0.0005)

-0.0006(0.0007)

0.0031(0.0015)

In(GDP per capita)

0.1777 n(0.4753)

-1.7991 n(0.4928)

2.1444 n(3.0144)

Trade (% GDP) 0.0169 n(0.0068) -0.0134 n(0.0073) | 0.0736 n(0.0504)

Gov. consumption (%
GDP)

Within R?

-0.0723 n(0.1130) -0.0072 n(0.1002) | -0.9746 n(0.5458)
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2D Feature Space: Entropy vs Log(Size)
AGP-CC overlaps Benign baseline
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3D Feature Space: Entropy vs Log(Size) vs Gas/Byte
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t-SNE Manifold: Mathematical Evidence of Mimicry
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Traffic Ground - Model Exposure Detection Key Result

Subtype Truth Class During Training Outcome

Benign DeFi- | O Yes Specificity: Baseline behavior is correctly

like 100.00% recognized.

Storage- 1 Yes Recall: 2+0OUE> wEOYI UUwbUu

based covert 100.00%

AGP-CC 1 No (Zero-Day) Recall: 0.00% | Evasion: 100.00%| engineered

mimicry statistical overlap defeats the
Warden.

SEE@iwa URKAxEDbr Ew#1 U1 EUPOOwWYUB WS YEUDOO

Class Precision Recall F1-Score Support
0 (Benign) 0.750 1.000 | 0.857 3,000
1 (Covert aggregate) | 1.000 0.500 | 0.667 2,000
Accuracy 0.800 5,000
Macro Avg 0.875 0.750 | 0.762 5,000
Weighted Avg 0.850 0.800 | 0.781 5,000
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Global Confusion Matrix (RF Zero-Day Warden)
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SHAP SummaryeFeature Impact on Covert Classification
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byte entropy
entropy_sq

high_entropy

entropy_density ﬂ

ent_x_size —-0.02 '
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Component Metric Result Interpretation for Evasion Narrative

Dataset Total records 5,000 Balanced enough for clear subtype contrasts.

Feature Engineering Total engineered | 18 Sufficiently rich, interpretable Ethereum -
features relevant feature space.

Data Integrity Unit tests passed | 6/6 Confirms dataset + feature pipeline consistency.

Statistical Similarity KS: Benign vs 1.000 Storage traffic is maximally distinguishable
Storage frombenign | ? OOUE~>» wEOYI U0 wU

Statistical Similarity KS: Benign vs 0.166 AGP-CC is much closer to benign distribution
AGP-CC | supports mimicry premise.

Supervised Warden Benign specificity | 100.00% Warden is perfectly calibrated on normal class

(RF) under this run.

Supervised Warden Storage detection | 100.00% Confirms ML warden is highly effective against

(RF) (recall) high -entropy/large -payload storage channels.

Supervised Warden AGP-CC 0.00% Full zero-day failure against mimicry channel.

(RF) detection (recall)

Supervised Warden AGP-CC evasion | 100.00% Strongest quantitative evidence of feature-space

(RF) rate blind spot.

Unsupervised AGP-CC evasion | 82.40% Mimicry undermines outlier logic too | not

Baseline (IsoForest) rate just a single classifier issue.

Global RF Accuracy 80.0% Strong overall results mask subtype-specific

Performance blind spot.

Global RF Class 0 precision /| 0.750 / 1.000| Benign is strong on recall but precision reflects

Performance recall / F1 / 0.857 i EOUI wxOUPUDBYI UwYUwW?EQ

Global RF Class 1 precision / | 1.000 / 0.500| Aggregate covert recall is diluted by AGP -CC

Performance recall / F1 / 0.667 failure despite perfect storage detection.
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SPAMC_BIN = "spamc"
THRESHOLDS = [4.8, 5.0, 5.5, 6.0, 6.5, 7.0]

# Realistic provider thresholds

GMAIL_THRESH = 0.22
OUTLOOK_THRESH = ©.30
YAHOO_THRESH = ©0.38
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® O O B run_metadata_vé.txt
Timestamp: 2025-11-06_03-28-34\nThreshold: 4.8\nspamc available: True\nFallback applied:

1\nTotal emails processed: 126@\nGmail threshold proximity (+0.02) count: 50\nOutlook threshold

proximity (+0.02) count: 104\nYahoo threshold proximity (+@.02) count: 16@\nPython: 3.13.2\n0S:

mac0$-26.0. 1-arm64-arm-64bit-Mach-0\n %Dl Uwi wt o
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model_name count sa_inbox_pct gmail_inbox_pct outlook_inbox_pct yahoo_inbox_pct

Claude 252 0.0 32.54 42.46 64.29
GPT 252 0.4 24.21 28.57 28.97
Gemini 252 0.0 34.52 36.11 40.48
Grok 252 0.0 44.05 46.43 48.41
Human 252 0.0 24 .21 30.56 40.08
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Summary of Phishing Email Filter Evasion Performance (Al vs Human)
A. Heatmap — Bypass Rates by Model & Filter B. Bar Graph — Al vs Human Bypass Comparison
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Al Techniques Description/Application
Machine Learning Machine learning powers agentic Al in smart homes by
Algorithms (ML) learning user behavior patterns to autonomously control

devices, predict needs, and adapt to preferences without
explicit programming

Deep Learning (DL) Neural networks capable of modeling complex patterns.
Enables complex pattern recognition for activity detection,
anomaly identification, and predictive maintenance from
sensor data.

Large Language Models Powers conversational Al assistants for natural voice-based

(LLMs) device control and complex query understanding. LLMs are
usually off -device.

Natural Language Interprets voice commands and enables natural language

Processing (NLP) interaction with smart home devices and systems. Often run
locally.
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Database Maintainer Rationale
ABI/INFORM ProQuest ABI/INFORM provides broad full -text access
Collection to peer-reviewed business and management
research.
IEEE Xplore Institute of Electrical Contains most of the Al-related peer-
and Electronics reviewed research papers in information
Engineers technology
SAGE Journals SAGE publications Focus on social science, humanities and
Online business. Their articles are also indexed in
Scopus.
Scopus Elsevier Scopus was used as a comprehensive
indexing database to identify peer-reviewed
ScienceDirect Al, smart home and privacy across major
publishers. Full -text access was obtained
through ScienceDirect.
AIS eLibrary AIS Includes multiple journals.
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Database Search String Filters
ABI/INFOR | "Agentic Al" AND Limit to :
M "Smart Home" AND Source type: Scholarly Journals; Document type: Article;
privacy Language: English. Filters: Document type: Article
IEEE Xplore | Agentic Al" AND Filters : Include: Journals
"Smart Home" AND
privacy
AIS Agentic Al" AND Filter : AIS journals & AIS affiliated journals, Peer -
elLibrary "Smart Home" AND reviewed Only
privacy
Scopus Agentic Al" AND Limited to: Journal, Journal, Articles, English, All open
"Smart Home" AND access
privacy

SEEOI wt 6w xxOPl Ew2l EVUET w3l UOUWEBOEwWwDOUI UU

%OUwUl PUwUaUvu0l OEUPEwWODPUI UEOUUT wUI YPI POwNt wEUUDPEOI Uwbi
NOUUOEOUSwW i Uil UwUi 6O6YDPOT WEUxOPEEUTI UWEBEWExxO0abDoOl wlOi it
i OUWET UEPOI EWEOEOQaY uld O SHBOBDEBOUONOEOI Uwi UOOwxUT YPOUU W

Northeast Decision Scienceslnstitute 2026 Annual Conference




K k
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Records excluded:
Records assessed for eligibility SLR(n=3)
(n=31) Survey {n=5)
Mot Smart home (n = 14)
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=
=
g Total studies included in review
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Stakeholder Role Implied Privacy & Compliance
responsibility

Device Manufacturers | Devices & sensors Privacy-by-design, secure defaults

Al developers Models & inferences Lawful processing, transparency,
mitigation of inference risks

Platform/cloud Storage & integration | Data governance, access control regulatory

providers compliance

Service providers System configuration | Secure setup, enforcement of consent and
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End users Device Operation Consent and configuration
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Comparison | Accura hesiog fhsal F1 Sl Interpretation
P cy (macro) |(macro) | (macro) | Kappa P

Model vs 0.848 0.747 0.613 0.608 0.806 St.rong agree.ment Y\uth gold Iab‘els; model
Gold aligns well with refined human judgments.
Model vs Moderate but inconsistent alignment;

L 0.585 0.587 0.584 0.582 0.169 |original labels diverge substantially from
Original \ .

the model’s reasoning.

Gold vs Near-perfect agreement; original labels

L 0.994 0.994 0.994 0.994 0.987 |match the corrected “Gold” labels very
Original closely
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x UOEUEIEIWOIl EBDOWYINEPADBDOE®MUI EEOOWpY S NNNAOWHWUEOUT woi

0.996 0.999

0% 0.848

08 0.747

0.7
0.613 0.625 0.608 0.625
0.6
0.5
04

0.3
Precision Recall F1-Score Cohen’s Kappa
PolitiFact = Scientific
"O00i UUPOOwW, EVCUPRwW OEOaUDU

#1 UEDOI EWEOEUUDr EEUPOOwWxEYI UOUWEUT wxUl Ul OUI EwbPOwW3EEOI
ET EPOUCwWI OOEwYI UEPEUUwWI OUwI EET WEEUEUI U8
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Recall | Precision F1 Cohen’s

ST IEE) NEEIEEY (macro) | (macro) | (macro) | Kappa

Interpretation

Near-perfect alignment; the model closely reproduces gold
labels with minimal disagreement.

Extremely high agreement; original labels are highly
consistent with model predictions.

Very strong consistency; human-refined labels and original
labels closely match overall.

Model vs Gold 0.996 0.999 0.625 0.625 0.993

Model vs Original 0.991 0.991 0.991 0.991 0.982

Gold vs Original 0.994 0.994 0.994 0.994 0.987

SEEOI wl 6 w$ YEWEO®IOIOWH & wAPBUB W Uwp2EDI OUDr Ew" OEDOUK

Dataset |Precision |Recall F1-Score ﬁ::::s Interpretation

The model performs well on political claims, with strong
precision and moderate recall. The F1 and Kappa scores
PolitiFact 0.848 0.747 0.613 0.608 |indicate that while the model aligns reasonably with expert
labels, political statements remain harder to classify
consistently due to nuance, framing, and variability in evidence.

Performance is extremely high on scientific statements, with
near-perfect precision and recall. The strong F1 and Kappa
Scientific 0.996 0.999 0.625 0.625 |scores show that scientific claims—being more objective,
testable, and evidence-driven—are much easier for the model
to evaluate reliably.
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Dimension

Brief description

Work & Economic Activity

Changes in jobs, tasks, skills, wages, productivity, business models, and how economic
value is created and distributed.

Social Interaction &
Relationships

Changes in how people meet, communicate, form and maintain relationships, trust each
other, and participate in communities and social networks.

Education & Knowledge
Systems

Changes in how people learn, teach, certify skills, access information, and organize formal
and informal knowledge institutions.

Safety, Trust & Security

Changes in physical and digital safety, accident patterns, crime and abuse, perceived
safety, institutional trust, and everyday security practices.

Governance & Power
Structures

Changes in laws, regulations, standards, public policies, roles and responsibilities of
governments and firms, and broader power and accountability arrangements.

Mobility & Spatial
Organization

Changes in how people and goods move, transport systems, land use, urban form, and the
spatial distribution of services and opportunities.

Health & Well-being

Changes in physical and mental health, access to care, stress, risk exposure, and everyday
routines that affect individual and population well-being.

Cultural Expression &
Meaning

Changes in cultural narratives, media, art, values, symbols, and shared meanings about
technology, work, mobility, risk, and the future.

Environmental Systems &
Sustainability

Changes in energy use, emissions, pollution, resource consumption, land use, and broader
ecological impacts and sustainability strategies.

Identity & Agency

Changes in how people see themselves and others, their sense of control and autonomy,
inclusion and exclusion, and the ability to act and make meaningful choices.
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Stories X . Expert label
A ) Expert Stories dominant i .,
Dimension L/M/S . share in Agreement verdict
label magnitude (share) .
(count) stories
Near (expert Medium slightl
Work & Economic Activity [Medium | 18/ 16/ 15 |Large (36.7%) 33% (exp Nty

below Large)

Social Interaction &

Relationship Medium 10/31/08 [Medium (63.3%) 63% Exact (strong majority)
E i K |

ducation & Knowledge Medium 1/25/23 |Medium (51.0%) 51% Exact (narrow majority)
Systems
Safety, Trust & Security Medium 13/25/ 11 |Medium (51.0%) 51% Exact (clear)
G &P Tie L/M (40.89

overnance ower Medium 20/20/9 fe L/M ( %/ 41% Exact (expert within L/M tie)
Structures 40.8%)
Mobility & Spatial Di t tab 10

o7y & Spatia Large 16/25/8 |Medium (51.0%) a3y |Diversent (expertabove story
Organization Medium)

Near (Small leads Medium by 8.2
Health & Well-being Medium | 15/15/19 [small (38.8%) % | ( Y
Cultural Expression & Near (moderate gap toward
alExp small 6/25/18 |Medium (51.0%) 37% A gap tow

Meaning Medium)
Environmental Systems & Di t (st hift t d

vironmental Sy Medium 6/14/29 |small (59.2%) 29% ivergent (strong shift towar
Sustainability Small)
Identity & Agency Large 23 /17 /9 |Large (46.9%) 47% Exact (clear)
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Dimension Findings

Story Saturation 30 stories appear to be suffient

Expert Agreement 80% (binary scale)

High-impact dimensions |Work, Governance, Mobility, Safety, Identity
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ABSTRACT
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dramatically reduced the cost and effort required to construct intelligent software systems. This shift alters the
fundamental economics of solution design. Where traditional machine learning and software engineering
favored the optimization of a single best solution due to high development costs, the near -zero marginal cost
of alternative LLM -based solutions makes ensemble approaches economically and epistengally rational.

Building on the foundational Mixture of Experts (MoE) paradigm, this paper argues that intelligent systems

should increasingly be designed as multi-module inference ensembles rather than monolithic solutions.

Drawing on ensemble learning th eory, userrO1 EwbDOOOYEUDOOwPOwl EEOEUT OOUWEDE w
$Rx]1 UOUO? wUI E I-&ludge,@nil @apbiéaldesign observations from the UNICC Al Sandbox, the

paper reframes diversity not as a byproduct of innovation but as a first -class design objective. The paper
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concludes by outlining implications for decision science, software engineering, and Al governance, positioning
ensemble inference as a mechanism for robustness, accountability, and humanrin-control decision making.

Keywords: Mixture of Experts, Decision support systems, Large language models, Ensemble inference, Al
governance, Human-Al collaboration

INTRODUCTION: WHEN BUILDING INTELLIGENCE BECOMES CHEAP

For decades, intelligent system design has been shaped by scarcity. Traditional machine learning solutions
required extensive feature engineering, hand-crafted code, careful model selection, and laborious training and
tuning. Under these conditions, it was rational to seek asingle best model | the most accurate or efficient
solution that justified its development cost.

The emergence of large language models fundamentally alters this assumption. Prompt-based development,
reasoning models, and rapid prototyping practices now allow developers to construct working intelligent
systems in hours rather than months. Once a soluion exists, producing a second or third alternative is often
only marginally more expensive. This collapse in marginal cost changes the rational design strategy itself.

This paper advances a central claim:when solution construction becomes inexpensive, robustness dominates
optimality as the primary design objectiiédnder such conditions, intelligent systems should be designed as
ensembles of diverse inference mechanisms rather than as single, authoritative solutions.

We term these multi-module inference ensembles to emphasize that each module represents an independent
solution with distinct cognitive roles | different framings, priorities, or architectural approaches to the same
problem. These modules are orchestrated ttrough explicit critique and synthesis rather than through learned
gating mechanisms, making coordination transparent and inspectable.

FROM SINGLE -SOLUTION OPTIMIZATION TO ENSEMBLE LOGIC

Ensemble methods are well established in machine learning. Techniques such as bagging, boosting, and
random forests demonstrate that combining multiple imperfect models often yields more robust performance
than relying on a single optimized estimator. The core logic is that diversity reduces variance, mitigates
overfitting, and improves generalization.
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Historically, this logic was largely confined to algorithmic design because generating multiple models was
expensive. LLM-based development inverts this constraint. Diversity is ho longer costly; it is readily available.
As a result, ensemble logic can mowe from the algorithmic layer to the system and inference layer.

Mixture of Experts as a Foundational Paradigm

The conceptual foundation for this shift lies in the Mixture of Experts (MoE) paradigm. Classical MoE
architectures decompose complex tasks across multiple specialized expert subnetworks whose outputs are
selectively combined through a learned gating function. Classical Mixture of Experts architectures decompose
complex tasks across specialized subnetworks whose outputs are combined through learned gating
mechanisms (Jacobs et al., 1991). These systems are optimized primarily for predictive accuracy or
computational efficiency, and expert selection occurs through latent statistical mechanisms embedded with in
the model.

While effective, classical MOE operateswithin a single model architecture. The coordination logic remains
largely opaque, and the design objective is narrowly focused on performance metrics. Governance,
interpretability, and accountability are secondary concerns, if they are addressed at all. Modern large-scale
implementations further extend this paradigm by using sparsely gated expert layers to improve scalability and
efficiency, while retaining largely opaque coordination logic (Shazeer et al., 2017).

The approach advanced in this paper extends the MoE principle beyond model-internal optimization to the
system level. Experts are instantiated as independent models, prompts, or full solution designs rather than as
internal subnetworks. Coordination is achieved through explicit orchestration mechanisms | such as critique,
arbitration, and synthesis| rather than learned gating. This shift transforms MoE from an internal
optimization technique into a design philosophy for robust, inspectable, and governance -aware intelligent
systems.
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TRADITIONAL MoE MULTIMODAL INFERENCE ENSEMBLE
(Model-Internal) (System-Level)
Single Model Solution A Solution B
(complete) (complete)
Expert 1
Expert 2 l l
Expert 3 Critique & Synthesis
(Explicit)
Gating y
(Opaque) Solution C
(complete)
* Hidden coordination « Transparent orchestration
« Learned gating « Explicit critique
» Optimization focus « Governance-aware

Figure 1: From Model-Internal to System-Level Mixture of Experts

HACKATHONS AND CONTESTS AS PROTO {MIXTURE -OF-EXPERTS SYSTEMS

Innovation contests and hackathons have long been recognized as mechanisms for eliciting diverse solutions

to a common problem, particularly in settings characterized by uncertainty and ill -defined requirements. In

the context of intelligent system design, such contests function as naturally occurring generators of

heterogeneous solution strategies. From a Mixture of Experts perspective, they can be understood as
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tradeoffs.

However, the evaluative logic of most contests remains rooted in a legacy scarcity model: a single winning
solution is selected, and all others are discarded. This section draws on three Al innovation contests conducted
within the UNICC Al Sandbox to illus trate how this logic becomes misaligned with the economics and
epistemic demands of LLM -enabled system development. This view aligns with user -led innovation theory,
which emphasizes the role of distributed actors in generating diverse and novel solutions to shared problems
(von Hippel, 2005).

Common Problem Framing and Evaluation Structure Across Three UNICC Contests
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Across Fall 2024, Spring 2025, and Fall 2025, three UNIC&ponsored Al innovation contests were conducted
under closely controlled conditions. In each case, student teams were given a common problem definition, a
shared sponsor, and a uniform set of constraints. All projects were embedded within the UNICC Al Sandbox
and focused on responsible Al deployment in sensitive humanitarian, media, or governance contexts.

In addition to shared problem framing, all three contests employed a multi -judge evaluation structure .
Solutions were assessed by panels typically consisting of eight to ten judges drawn from UNICC IT personnel,
faculty members, and alumni from previous contests. This composition combined operational, academic, and
experiential perspectives, and judgments were formed through collective review rather than by a single
evaluator.

These design choices are analytically significant. They reduce the likelihood that observed solution diversity
reflects evaluator idiosyncrasy or narrow disciplinary bias. Both the problem definition and the evaluation
process were deliberately structured to encourage convergence on a single best solutiop yet convergence did
not occur.

Contest Period | Students | Teams To-tal. High-(.),u.ality JUdge_ Panel
Submissions | Submissions Size

Fall 2024 16 4 4 2 8

Spring 2025 64 16 14 4 10

Fall 2025 36 12 12 3 9

Totals 116 32 30

Note: All contests shared common problem framing, sponsor (UNICC), and evaluation structure. Judge panels consiste
of UNICC IT personnel, faculty, and alumni from previous ests.

Table 1: UNICC Al Sandbox Contest Evolution and Outcomes

Table 1 reveals a consistent pattern across contest iterations. As participation scalefd from 16 students in Fall
2024 to 64 in Spring 202p the absolute number of high-quality solutions increased proportionally (from 2 to
4), but critically, these solutions remained orthogonal rather than convergent. Despite identical problem
definitions, shared constraints, and structured multi -judge evaluation designed to identify optimal
approaches, each contest generation produced multiple distinct high-quality solutions that emphasized
different dimensions of the design space.
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The Spring 2025 contest illustrates this pattern most clearly. With 14 complete submissions evaluated by a
panel of 8-10 judges, four solutions were identified as very high quality | a 28.6% hit rate. Importantly, these
four did not represent incremental var iations of a single superior design. Instead, they reflected fundamentally
different strategic priorities: one emphasized multilingual and multimodal coverage, another prioritized
governance alignment and policy compliance, a third optimized for system int egration and operational
deployment, and a fourth focused on novel model architecture innovation.

Each solution was defensible and effective within its chosen frame, yet they could not be rank-ordered without
imposing external value judgments that the evaluation context did not support. This outcome pattern directly
challenges the assumption that rigorous evaluation naturally yields convergence on a single best solution.
When intelligent systems can be rapidly prototyped using LLM -based development, structural diversity
emerges even under controlled competitive conditions | and that diversity reflects leg itimate epistemic
pluralism rather than optimization failure.

Recurrent Pattern: Scale, Distributed Judgment, and Orthogonal Excellence

Across the three contests, a consistent and increasingly pronounced pattern emerged as participation scaled.

In the Fall 2024 contest, four teams of four students (16 students total) produced four complete solutions. Of
these, two were assessed as very high quality by the judging panel, each exhibiting distinct strengths despite
addressing the same problem.

In the Spring 2025 Phase 2 contest, participation expanded substantially. Sixtyfour students competed in
teams of four, resulting in fourteen complete project submissions. Evaluation by a multi -judge panel identified
four solutions as very high quality. | mportantly, these solutions did not represent incremental refinements of a
single dominant design. Instead, they emphasized different dimensions of the problem space, including model
architecture, multilingual and multimodal coverage, governance alignment, and system integration strategy.

In the Fall 2025 contest, thirty-six students participated in teams of three, producing multiple integrated
solutions. Three solutions were assessed as very high quality through a similar multi -judge evaluation process,
each reflecting a distinct framing of Al safety testing and agent evaluation within the UNICC Al Sandbox.

Across all three contests, the same pattern repeated: as the number of participants increased, the number of
high -quality solutions increased as well| but without convergence toward a single dominant approach. The
strongest solutions were orthogonal rather than hierarchical. Non -selected solutions were not inferior versions
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of the winner; they represented alternative but defensible interpretations of risk, responsibility, and
effectiveness within the same design space.

From a traditional software engineering perspective, such diversity presents a selection problem. From a

multi -module inference perspective, it represents unrealized value. Each contest effectively generated a small
population of experts whose differences were validated through distributed human judgment, yet
subsequently collapsed into a single outcome through competitive selection.

The outcomes of the Fall 2024 and Spring 2025 UNICC Al Sandbox contests are documented in an official
UNICC white paper, which reports the emergence of multiple high -quality, modular solutions developed
under competitive conditions and validated through mu Iti -stakeholder review (United Nations International
Computing Centre & New York University School of Professional Studies, 2025).

From Competitive Selection to Ensemble Implementation

These observations motivate a rethinking of how Al innovation contests are interpreted and operationalized.
When intelligent systems are costly to build, selecting a single winning solution is a practical necessity. When

systems can be rapidly prototyped and maintained using LLM -based development, that necessity disappears.

Building on the results of the most recent UNICC Al Sandbox competition, the next phase of this initiative
proposes an explicit inversion of the contest logic. Rather than selecting a single winning solution, the top
three complementary solutions will be r etained and implemented as an ensemble system. Each solution will
function as an independent inference module, and their outputs will be coordinated through explicit critique,
comparison, and synthesis mechanisms rather than forced convergence.

From a design-science perspective, this transition represents a progression from problem diagnosis to artifact
instantiation. The prior contests reveal a structural mismatch between evaluation practices inherited from
traditional development models and the realities of contemporary Al system construction. The proposed
ensemble implementation operationalizes the core argument of this paper: that in LLM -era system design,
robustness and epistemic coverage are better achieved through multtmodule inference ensembles than
through monolithic optimization. Empirical evaluation of this ensemble approach lies beyond the scope of the
present paper but follows directly from repeated, observable design patterns across multiple real -world
innovation settings.

BEYOND GENERATION: ENSEMBLE JUDGMENT AND GOVERNANCE
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The preceding sections focused on how diversity in solution generation emerges naturally in LLM -enabled
development contexts and why single -winner selection is increasingly misaligned with contemporary design
economics. However, ensemble logic does not st at generation. If diversity improves inference quality, then
judgment itself must also be reconsiderBuis section extends the ensemble argument from solution construction
to evaluation and governance, showing how explicit multi -agent judgment architectures better support
robustness, accountability, and human decision-making.
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produces an independent response; the responses are then crosscritiqued, and a final output is synthesized

through an explicit arbitration step.

The significance of this architecture lies not in improved average accuracy alone, but in its explicit
orchestration of disagreement . Unlike classical Mixture of Experts implementations | where expert selection
occurs through latent, learned gating mechanisms| the Council of Experts operates at the semantic and
deliberative level. Coordination is transparent, inspectable, and intelligible to human observers.

This design illustrates a key shift introduced by LLM -era development: ensemble reasoning can now be
implemented directly at the inference layer, without requiring retraining, architectural modification, or
statistical aggregation. Diversity across models, prompts, and reasoning styles becomes a design input rather
than a source of noise to be suppressed. The Council of Experts thus exemplifies how ensemble logic can be
elevated from an internal optimization technique to an explicit system design choice.

LLM -as-Judge and the Limits of Monolithic Evaluation

Recent work on LLM -as-Judge extends the use of language models from generation to evaluation. By using

LLMs to assess the outputs of other models, researchers and practitioners seek scalable alternatives to costly

human evaluation. However, most LLM -as-Judge frameworks implicitly retain a monolithic evaluation

structure, relying on a single model to render authoritative judgments. A prominent contemporary example of

explicit system-O1 Y1 OQwi OUI OEOI wUI EUOODPOT wbUw OEUI N ueratiobatizedd | a z U
parallel generation, critique, and synthesis across multiple large language models (Karpathy, n.d.).
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This assumption introduces structural limitations. Empirical studies have shown that LLM -based evaluators
exhibit systematic biases, including positional bias, verbosity bias, and self-preference bias (Zheng et al., 2023;
Panickssery et al., 2024). Thesefects persist even under careful prompt engineering and calibration (Liu et al.,
2023). Crucially, such biases are not implementation flaws; they are consequences of concentrating evaluative
authority in a single inference mechanism.

From an ensemble perspective, this design choice is difficult to justify. If diversity improves generation

guality, there is no principled reason to assume that evaluation should remain singular. Multi -judge ensemble
architectures| where multiple evaluators BOET x1 OET OUO0awEUUI UUwOUUxUUUOWEUBDU
surface disagreemen{ better reflect the epistemic demands of complex decision contexts. Rather than

collapsing uncertainty into a single score or ranking, ensemble judgment preserves informational richness and
enables reflective oversight.

The structural differences between single-judge and ensemblejudge architectures extend beyond mere
numbers. Table 2 summarizes the key distinctions across six dimensions relevant to decision support and
governance. These differences are not merely technial but reflect fundamentally different assumptions about
how evaluation should function in high -stakes decision contexts.

Characteristic Single Judge Ensemble Judge

Bias visibility Hidden/Implicit Exposed through dissent
Confidence signal |Definitive score Calibrated uncertainty
Disagreement Suppressed Retained and visible
Governance Binary approval Multiple perspectives
Human oversight |Post-hoc validation Integrated deliberation
Accountability Concentrated Distributed

Table 2: Comparison of Single Judge vs. EnsembleJudge Evaluation Architectures

Institutionalizing Ensemble Judgment: A Governance Perspective

The implications of ensemble judgment extend beyond technical system design into institutional governance.
The UNICC Al Sandbox provides an illustrative example of how ensemble logic can be operationalized at an
organizational level. Conceptualized as a publishing -house model for responsible Al, the Sandbox evaluates
Al systems through multiple independent Al safety agents and human reviewers, synthesizing assessments
through an editorial process rather than a binary approval mechanism. Critically, the Sand box model
instantiates a human-in-control architecture: Al safety agents and automated evaluators provide structured

assessments, but human reviewers retain final authority over system approval, modification, or rejection.
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This structure closely mirrors scientific peer review, where legitimacy emerges through the aggregation of
multiple perspectives rather than reliance on a single authority. Importantly, all evaluative voices are retained
in the record; dissenting views are not eliminated but contextualized. In this sense, ensemble judgment
functions not only as a technical safeguard but as a governance mechanism that supports transparency,
accountability, and trust.

Viewed through a decision -science lens, such institutionalized ensembles address wellknown risks associated
with automation bias and overconfidence in algorithmic outputs. By design, they resist premature

convergence and encourage human engagement with uncertainty. Ensemble judgment thus reframes Al
governance from a compliance exercise into an ongoing deliberative process. The Sandbox governance model
reflects practices documented in the UNICCt NYU SPS white paper, which emphasizes modular evaluation,
retained dissent, and multi -stakeholder review (United Nations International Computing Centre & New York
University School of Professional Studies, 2025).

IMPLICATIONS FOR DECISION SCIENCE

The shift from single -solution systems to multi -module inference ensembles has direct and consequential
implications for decision science. At its core, decision science is concerned not only with identifying optimal
choices, but with supporting judgment un der conditions of uncertainty, ambiguity, and incomplete

information. From this perspective, the primary limitation of monolithic intelligent systems is not error per se,
but premature closure| the tendency to present a single answer where the underlying decision context admits
multiple reasonable interpretations.

From Answer Provision to Uncertainty Navigation

Traditional decision support systems often aim to reduce uncertainty by producing a single recommended
action or forecast. While this approach is appropriate in stable, well -defined environments, it becomes
problematic in complex or non -stationary settings. Single-solution systems obscure disagreement, hide model
assumptions, and encourage overconfidencd particularly when outputs are presented with algorithmic
authority.

Multi -module inference ensembles invert this dynamic. By design, they surface disagreement among
independent inference mechanisms. Rather than collapsing uncertainty into a point estimate, ensemble
systems expose the structure of uncertainty: where modelsagree, where they diverge, and why. This shifts the
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role of the system from answer provider to sensemaking aid, supporting human decision -makers in navigating
tradeoffs rather than deferring judgment.

From a decision-science standpoint, this aligns more closely with descriptive models of human decision -
making, which emphasize interpretation, framing, and contextual reasoning over mechanical optimization.

Bounded Rationality and Cognitive Load
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decision environments. Decision support systems are often introduced to mitigate these limitations by

simplifying choice sets or automating evaluation. However, excessive simplification carries its own risks.

When systems suppress uncertainty or disagreement, they shift cognitive burden from deliberation to trust

rationality highlights the limits of human cognition in complex decision environments and motivates decision

support systems that structure, rather than eliminate, complexity (Simon, 1955).

Ensemble-based systems offer a different tradeoff. While they introduce additional information, they also
structure that information in a way that aligns with human reasoning processes. By presenting multiple
coherent perspectives rather than a single opaaie output, ensembles allow decision-makers to compare,
contrast, and reflect. The system does not demand exhaustive analysis; it scaffolds judgment by organizing
complexity rather than eliminating it.

In this sense, multi-module inference ensembles do not eliminate bounded rationality but work with it,
supporting satisficing behavior that is informed rather than blind.

Reducing Automation Bias and Overconfidence

A well -documented risk in decision support systems is automation bias: the tendency for humans to over -rely
on algorithmic recommendations, even when those recommendations are flawed. Single-solution systems
exacerbate this risk by presenting outputs as ddinitive and internally consistent. A well -documented risk in
decision support systems is automation bias, whereby users overrely on automated recommendations even
when those recommendations are flawed (Parasuraman & Riley, 1997).

Ensemble systems, by contrast, naturally resist automation bias. Visible disagreement among inference
modules acts as a cognitive forcing function, prompting users to question assumptions and engage more
actively with the decision context. Rather than unde rmining trust, this form of calibrated skepticism can
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improve decision quality by aligning user confidence with actual system reliability. Empirical studies have
shown that such biases persist even when users are aware of system limitations, particularly when outputs are
presented as internally consistent and authoritative (Skitka et al., 1999).

From a governance perspective, this property is particularly important in high -stakes domains, where false
certainty can be more damaging than acknowledged ambiguity.

From Human -in -the-Loop to Human -in -Control: Restoring Decision Authority

The distinction between human -in-the-loop (HITL) and human -in-control (HIC) is crucial for governance and
accountability. HITL frameworks position humans as participants in automated processes | providing
feedback, validating outputs, or handling exceptions. HIC frameworks go further, ensuring humans retain
decision-making authority and the ability to override system outputs (Shneiderman, 2020). Multi -module
inference ensembles naturally support HIC by design. Rather than presenting a single authoritative
recommendation that humans must accept or reject, ensemble systems surface multiple perspectives and
disagreements, positioning human decision-makers as integrators who synthesize evidence rather than
validators who approve or deny automated outputs.

Human -in-the-loop mechanisms are often framed as safeguards to be invoked when automated systems fail
a reactive rather than constitutive role. Multi -module inference ensembles operationalize a stronger standard:
human-in-control. Here, human judgment is n ot an exception handler but the final decision authority, with
ensemble outputs providing structured evidence rather than authoritative recommendations.

By preserving diversity of inference and explicitly exposing disagreement, ensemble systems create natural
entry points for human intervention. The human decision -maker is positioned not as a validator of outputs,
but as an integrator of perspectives. Thisrole aligns with how expert judgment is exercised in practice,
particularly in organizational and policy settings where tradeoffs cannot be resolved algorithmically.

From a decision-science perspective, this reframing restores the human decisionmaker as an active subject
rather than a passive recipient of algorithmic advice.

This framing aligns with emerging accounts of hybrid cognition, which emphasize that effective decision -
making increasingly arises from structured interaction between human judgment and machine inference
rather than from either acting alone (Ng, 2025).

Design Implications for Decision Support Systems
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Taken together, these considerations suggest a shift in how decision support systems should be evaluated and
designed. Success should not be measured solely in terms of accuracy or efficiency, but in terms of how well
systems support judgment, surface uncertainty, and encourage reflective engagement.

Multi -module inference ensembles offer a design pathway toward decision support systems that are robust
rather than brittle, transparent rather than authoritative, and collaborative rather than prescriptive. In an
environment where intelligent systems are increasingly easy to construct, the distinguishing feature of
effective decision support may no longer be the sophistication of individual models, but the quality of the
judgment architectures that orchestrate them. From an accountability perspective, decision support systems
that surface uncertainty and disagreement are better aligned with responsible design than those that obscure
reasoning behind a single recommendation (Cummings, 2006).

PROPOSITIONS AND RESEARCH AGENDA

The arguments advanced in this paper suggest a shift in how intelligent systems should be designed and
evaluated in decision contexts. Rather than optimizing for a single best solution, LLM -era system design
enabled and often favors| architectures that preserve diversity and orchestrate multiple inference
perspectives. To guide future empirical and design -oriented research, this section articulates a set of
propositions and outlines a focused research agenda.

Propositions

P1: Multi -module inference ensembles produce more robust decision support than single -solution systems

under conditions of uncertainty.
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accommodate alternative framings, and remain informative when assumptions are violated.

P2: As the marginal cost of solution construction decreases, the optimal design tradeoff shifts from accuracy
maximization to robustness and epistemic coverage.

In LLM -enabled environments, retaining multiple complementary solutions becomes economically rational,
reducing the justification for premature convergence on a single model or architecture.

P3: Systemlevel ensemble architectures outperform model -internal optimization alone in supporting
human judgment.
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While model -internal ensemble methods (e.g., Mixture of Experts) improve technical performance, system-
level ensembles provide additional value by making coordination, critique, and synthesis explicit and
inspectable.

P4: Ensemble-based evaluation frameworks reduce automation bias relative to monolithic judgment
systems.

By exposing disagreement among evaluatord human or machine| ensemble judgment architectures
encourage calibrated trust and active engagement rather than passive reliance on algorithmic authority.

P5: Institutionalized ensemble judgment improves governance outcomes in high  -stakes decision
environments.

When evaluation processes retain multiple perspectives rather than collapsing them into binary outcomes,
organizations are better positioned to balance accountability, transparency, and adaptability over time.
Ensemble architectures naturally support human -in-control by providing structured evidence rather than
authoritative recommendations, preserving human decision authority while improving informati  on quality.

Research Agenda

These propositions suggest several directions for future research appropriate to decision science and design
science communities.

First, comparative design studies can evaluate ensemblebased decision support systems against single
solution alternatives in controlled decision tasks, focusing not only on outcome quality but on user confidence,
trust calibration, and decision process transparency.

Second,organizational case studies can examine how ensemble architectures affect realworld decision -
making in governance, policy, and risk -sensitive domains. Such studies would be particularly valuable in
settings where disagreement is endemic and stakes are high.

Third, design science research (DSR)efforts can instantiate and iteratively refine ensemble systems,
examining how different orchestration mechanisms | such as critique, voting, or deliberative synthesis| shape
decision outcomes and user behavior.
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CONCLUSION

The economics of intelligent system design have changed. When solutions are cheap to construct, diversity

becomes a rational design objective rather than an inefficiency. Grounded in the Mixture of Experts paradigm

and extended to the system level, multi-module inference ensembles offer a path toward more robust,

accountable, and human-centered intelligent systems. For decision scientists, this shift invites a
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scarce.
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Bayesian Specified Certainty Classification, with Applications

Abstract

Specified Certainty Classification (SCC) is a new paradigm for employing Bayesian classifiers, whoseoutputs
carry uncertainties in the form of posterior probabilities. By allowing the classifier output to be less precise than
one of a set of atomic decisions, SCC allows all decisions to achieve a specified levedf certainty. As well, SCC
provides insights into classifier behavior by examining all decisionsthat are possible. Our primary illustration

is read classification for reference-guided genome assembly, but we demonstrate the breadth of SCC by also
analyzing COVID -19 vaccination data.

Key words: metagenomics,read classification, classifier, uncertainty quantification, Bayesianclasstfier,
posterior probabilities

Introduction

A classifier, developed from labeled training data, placesnew objectsinto one of a (small) finite number of
classes. Nearlyall extant classifiers,including thosebasedon deeplearning models in artificial intelligence (Al),
provide little or no principled information regarding associateduncertainties (Hastie etal., 2001). Even more
rarely is there control over those uncertainties. SpecifiedCertainty Classificatio(SCC)gives analysts control over
the certainty levels of the output of Bayesian classifiers.

Thedistinguishing characteristicsof SCCarethat: (1) Every data point -specific decision attains a speci-fied level
of certainty, denoted by ¢ below; (2) SCCallows the analyst to investigate all decisionshat canbemaderather only
than whatdecisionaremadefor specific settings of the threshold; and (3) SCCsupports investigation of the
thresholds at which predictions for data points lose precision, which is a new way of differentiating the data
points.

To achieve all this, SCC permits some decisions to be less precise than othersSpecifically, if A is the setof

atomic decisions, then rather than restrict classifier output to be element®f A, SCCallows adecision to be any
nonempty subsetof A. To illustrate, in Section 4, the problem is to classify DNA sequences as arising from

one of three reference genomesg in this case, an adenovirus genome and two coronavirus genomes,sothat A =
{Adeno, COVID, SARS. However, SCCmay classify somereadsas,e.g.,? " . 5 ( 2w @ Qobeven? EI1dO
COVID or2 1 2L6ssof precision occurs when the decision is compound rather than atomic. (We warn that

Ul PUwUUT wOil w?xUl EBUDOO? wbUwOOUwWUT ECwDbOWOEET POI woOl EUOH
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value in biostatistics.) By encompassingall decisions, SCCembodies the paradigm in Karr etal. (2019), where
inpatient and outpatient databases from a major healthcare system in the U.S. were used to compare the
performance of a number of software packages for record linkage. That paper demonstrated that some
packages have dramatically richer decision-making capability than others. In turn, this capability facilitated
construction of receiver operating characteristic (ROC) curves (Fawcett, 2006)that quantify the tradeoffs
between false negatives(records that should have beenlinked, but were not, which is conventionally
interpreted asbias) andfalse positives (records that were linked but should not have been,which is interpreted
asnoise), aswell as enablesconstruction of ensemblemethods that outperform all the individual methods. Here,
we construct ROC-like curves for SCCthat quantify the increasein correctnessresulting from lossin precision,
yielding analogous insights.

Transition points to lessprecise decisions are particularly illuminating for small datasets: inSection5, we apply
SCC to investigate COVID-19 vaccination rates in U.S. states as of 2021.

Our major contributions are to formulate SCCand demonstrate its power in two different contexts. The paper is
organized as follows. We present SCC concretely, via the read classification problem. Section 2 describeghe
experiment we conducted, and Section3introduces the Bayesianclassifier, which is basedon triplet

distributions for the reference genomes. Section 4 describes SCC and articulates its propertiesAs noted,
Section 5 applies SCC to COVIDB19 vaccination data. Conclusions appear in Section 6.

Experimental Context

As in Karr etal. (2026)and Karr and Ruane (2026),our three referencegenomesare an adenovirus (Adeno)
genome of length 34,125, downloaded with the read simulator Art, a SARSCoV-2 genome of length 29,962
contained in acoronavirus datasetdownloaded from National Center for Biotechnology Information (NCBI) in
November of 2020(The link is https://www.ncbi.nIm.nih.gov/datasets/coronavirus/genomes/ .), which we call
COVID, and asevereacuterespiratory syndrome (SARS)genome of length 29,751from the same NCBI
database.

The Mason_simulator read simulator (Holtgrewe, 2010) was used to simulate Illumina reads of length 101 from

each of the three genomes, with approximately 6X coverage. lllumina manufactures in -struments for genome
sequencingthat usean optical technology; seehttps://www.illumina.com/ . Thenumbers of readsin our dataset

are 1966,1996and 1907 respectively, which total to 5869. Parameters oMason_simulator were setat their

default values. The Mason_simulator introduces errors in the form of transpositions (SNPs), indels and

UGEIT Ul UOPOI EWEEUI UOwbhT PET wi 66060pDOT WEOOYI OUPOOWE x x1 E
accommodated in computation of likelihood functions. The read classification problem is to determine the

source genome for each of the 5869 reads.

All analysesreported below were performed using R (R Core Team, 2020).

The Bayesian Classifier
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The Bayesianclassifier is studied at length in Karr etal. (2023)and Karr et al. (2026).As in any Bayesian
analysis, there are three components. The first is the read data themselves. The second is the prior
probabilities | for eachread R, a probability distribution uk over

A ={Adeno,COVID,SARS,

the set of atomic decisions. The third component comprises likelihood functions for each of the three genomes,
calculated from the triplet distributions of nucleotides (Karr etal., 2023,2026). Werefer to these asmodels, so
that conceptually, the three genomesthemselvesconstitute the training data (Porter and Karr, 2024). The
likelihood functions are denoted by La(-), Lc(-) and Ls(-) for Adeno, COVID and SARS.

To illustrate for Adeno, the triplet distribution is the probability distribution Ps(:| A) on the 64-element
setof all ordered triplets selectedfrom the nucleotide alphabet {A, C,T,G} given by
Ps(bubebs| A) = Prob{A(K : [K + 2]) = buebs}, (1)

where A(k : [k+ 2]) is the length 3 substring of the Adeno genome A commencing at k and K is cho-senat
random from 1, ..., 34,123 (where the last triplet begins). Computation of La(-) from Ps(:| A) is accomplished
by means of the analogous pair distribution P2(-| A) and the second-order Markov transition matrix

Ta(by, bz, bs| A) = Prob(A(k+2) = bs| A(K) =bi, A(k+1)=bp). (2)

The carenecessaryto handle Ns| detected but undetermined baseg is exercisedmost easily within the pair
distribution ttransition matrix formulation.

The Bayesian calculations are straightforward: PT wUUT w! Eal Uz wOT 1 OUI OWEOGE wWUT 1T wOT
posterior probabilities over A. Specifically, for xN A, the posterior probability of x for read Ris

UR(X)Lx(R)

p(x| R) = (3)
UWR(A)LA(R) + UR(C)Lc(R) + UR(S)LS(R)

Figure 1 shows the prior and posterior probabilities for our base case of informative priors simulated using
Dirichlet distributions that are biased modestly, albeit not uniformly, toward the truth; the actual reads;
and the correct models basedon the triplet distribution likelihood functions from the three genomes. Because
similar figures follow below, we discuss it in some detail. First, there is one point for each read. Three
dimensional probabilities (barycentric coordinates) are representedin Cartesian coordinates aspoints in atwo -
dimensional simplex| an equilateral triangle. Pure Adeno, in the sensethat Prob(Adeno| R) = 1, isthe top
vertex, pure COVID is the lower left vertex, and pure SARSIs the lower right vertex. Becausethis is an
experiment and we know the sourcesof the reads, there is aseparatedisplay for eachsourcel Adeno at the left,
COVID in the centerand SARSat the right. The upper three panels show prior probabilities, while the lower
three panels show posterior probabilities. The green/red/blue coloring encoding of read source is redundant
but useful, and matchesother figures below. The white dot in eachgraphic is the centroid of the
probabilities it contains. The interior black lines, which are sometimes not visible, are the decision boundaries
for the classifier that maximizes the posterior probability over A| the MAP classifier

MAP(R) =argmax p(x| R). (4)
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Table 1 shows the confusion matrix for the MAP classifier. The performance is decent, with a correct
classification rate of 86.35%.

Prior Probabilities for Adenovirus Prior Probabilities for COVID Prior Probabilities for SARS
Informative Prior Informative Prior Informative Prior

Correct Model Correct Model Correct Model

Actual Reads Actual Reads Actual Reads

1966 Reads 1996 Reads 1907 Reads
E— — — ——

il i

2021/08i25 2021/06/25 202106725

Posterior Probabilities for Adenovirus Posterior Probabiliies for COVID Posterior Probabilities for SARS
Informative Prior Informative Prior Informative Prior

Correct Model Correct Model Correct Model

Actual Reads Actual Reads Actual Reads

1966 Reads 1996 Reads 1907 Reads

202106i25 2021106125 2021/06/25

Figure 1: Prior and posterior probabilities for the base case of actual reads, informative prior distributions and
correct triplet distribution -basedlikelihood functions. Topleft: prior probabilities for readsfrom Adeno. Top
middle:prior probabilities for readsfrom COVID. Topright: Prior probabilities for readsfrom SARS.Bottomleft:
posterior probabilities for reads from Adeno. Bottommiddle:posterior probabilities for reads from COVID.
Bottom right: Posterior probabilities for reads from SARS. White symbols in each plot are centroids.

The bottom panel in Figure 1 demonstratesthat all decisionsrenot equa) even when they are correct. Forall
three genomes,there are correctly classified readslying nearthe center of the triangle, meaning that they are
close calls. To illustrate with an extreme case, if p(:| R) = (0.34, 0.33,0.33), Rwill be classified as Adeno, even
though many analysts might feel uncomfortable with this. Going one step further, the MAP classifier does not
distinguish this R from Re for which p(-| R) = (099, 0.005 0.005).

Specified Certainty Classification

This section addressesSCCfor the read classification problem.

The Need
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Minimally, one can report the uncertainties of the MAP classifications, for instance, summarizing them with

the empirical cumulative distribution functions (ECDFs) in Figure 2. This figure confirms that many MAP
decisions are not very certain. More than 15% of all reads, and more than 25% of the SARS reads, are classified
with certainty less than 80%. (Since thep(Adeno| R) +p(COVID | R) + p(SARY R) = 1 for each R, the maximum
posterior probability cannot be less than 1/3.) In some circumstances, certainty of 80% may not be acceptable.
And there is differential uncertainty: decisions for SARS are statistically significantly less certain than those for
Adeno or COVID.

Table 1: Confusion matrix for the MAP classifier for the base case. Rows are read sources; columns are MAP
decisions. The correct classification rate is 86.35%.

MAP Decision
Source |Adeno COVID Sum
SARS
Adeno 1757 74 135 1966
COVID 64 1762 170 1996

SARS 214 144 1549 |1907

Sum 2035 1980 1854 5869

Complementarily, Figure 3 shows ECDFs of the entropies of the posterior distributions, again broken down by
read source. Thelower the entropy, the more definitive the MAP classification. (At the extremes, entropy is zero
only for distributions concentrated at one point, and is maximized at the uniform distribution.) Three features of
this figure are striking. First are the secondary modes, for all three sources, at approximately 0.7. The second
is that the SARS ECDF differs dramatically from those for Adeno and COVID, which do not, however, differ
significantly from one another. The two-sided p-values for Kolmogorov ¢ Smirnov testsare O for Adenot SARS
and COVIDt SARS,and 0.120for COVID ¢ Adeno, Third, and most important for this paper, for all three
genomes there is considerable mass on values of entropy that do not represent cleaicut decisions by the MAP
classifier.

Formulation

In responseto theseconcerns,SCCinverts and broadens the perspective. Instead of using MAP and living with
the resultant uncertainties, the analyst specifies the desired (or required) level of certainty, and SCC produces
less precise results that achieve it.t3 1 EUwWDUOQWUEUT 1 UwU0T EQwi OUEDPOT wUT 1 wEOBEU
7" . 502 1(theaomic decisions) SCCallows the classifier output to be anynonempty subset of A, as
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long as the certainty level exceeds the specified threshold. Mathematically, the allowable classifier outputs
under SCC are the power set ofA, excluding the empty setn:

P(A) = {Adeno},{COVID},{SARS, (5)
{Adeno, COVID},{Adeno, SARS,{COVID, SARS,

{Adeno, COVID, SARS .

Here lies one computational challenge: the number of elements in P(A) is 24 Niuwwhere | § is the cardinality
ofthesetS." OP1 YI UOWPOWExxOPEEUDPOOUOWOOOawlT | w?OEEUxDI E2 wli
stored, which can be done using trees. How much this helps is contextdependent.

Computationally, SCCis straightforward. Given the certainty level ¢, for eachread R, sort the posterior
probabilities p(Adeno| R), p(COVID | R) and p(SARY R) in decreasing order, leading to a data structure

A1 p(A1] R) -
D= A: p(A4R) , (6) N
As p(As| R) D

ECDF of Maximum Posterior Probability, by Read Source
5869 Combined Reads

1.00 —

075+

Source

Adeno

=3
@
S

= COVID
= SARS

Cumulative Probability

0.25+

0.00

0.4 0.6 08 10
Maximum Posterior Probability
2021/08/12
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Figure 2: ECDFsof certainty of MAP classifications, by read source. Green:Adeno. Red:COVID. Blue:

SARS.

where (A1, Az As) is apermutation of A and

P(A1| R) ap(Az| R) a p(As| R).

Let . .
K=min j:p(Ai] R)+...p(Ai|R)a¢;

then the decision for Ris {A4,...,Ax}. Note that ¢ = 1/|A| produces the MAP classifier, because

p(A1 R) a ¢* for all R.

With ¢ specified, therefore,

2001l wUl EEVUwOEawWETl wEOEUUDPI Pl EwWEUws EI OOz OQwEUws" . 5( #7 w
probability at least ¢ the read arises from exactly one of the three genomes.

with certainty ¢ they are only said to have arisen from one of two genomes. This is the loss of precision
referred to previously.

Still other reads may be classified ass E I-oBCOVID-or-2 1 2h@®equivalentof ? UOEOEUUDI PEEOI 8 -
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ECDF of Posterior Distribution Entropy, by Read Source
5869 Combined Reads
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Figure 3: ECDFsfunctions of posterior entropies, by read source.

Below, we refer to theseasdecisions of Precision 1,2 and 3, respectively. Interestingly, the Ns produced by
lllumina sequences can be regarded as a form of SCC, at least in the sense of imprecise decisions.

Figure 4, which is in some senseour takeaway message,shows the result of applying SCCto the reads dataset,

using the posterior probabilities appearing in Figure 1. The horizontal axis contains thresholds of 0.33(as

noted above, the MAP estimator) and 0.51,...,0.99. The bar for each threshold shows the distribution of

classifier output for that threshold, split in two ways. The color of the bar encodes the decision, and color of

the surrounding box indicates whether the decision is correct. 2 " OUUIT E U2 wO O an@aimdich. iwdd i E O U
instance, if the source of read Ris Adeno, the decision is correct if the classifier output for Ris any one of

s El 00z aw's. E( HO@7 uos-2 E1 DOz wOaH@OVIDEdr-H O 1 2Mbite ground truth is required to
determine correctness (box color), it is not required to determine the distribution of decisions (bar color).

Toillustrate concretely, Figure 5 contains the confusion matrices for ¢ 0.8 and ¢ =095, which can be
compared to Table 1. In each, incorrect decisions are in boldface. Compared with Table 1, the most striking
feature is the sharp decreasein the numbers of incorrect decisions, even more sofor ¢ =0.95than for ¢ ®08. In
some decision contexts, this may invaluable. The decrease is compensated by the reduced numbers of atomic
decisions.
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Distribution of Posterior Decisions by Threshold
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Figure 4: SCCoutput for the posterior probabilities in Figure 1.

Sourc|Aden Adeno_C SCCDecision COVI COVID_SSARSSuUm
VID D AR
© © © Adeno_COVID_SARS S
Adeno_SARS

Aden (1556 59 17 236 38 27 33 [1966
0

COVI30 24 16 36 1586 249 55 1996
D

SARS|108 7 6 276 65 199 1246 1907

Sum 1694 90 30 548 1689 475 1334 5869

Sourc|Aden Adeno_C SCCDecision COVI COVID_SSARSSum
© © oviD Adeno_COVID_SARS D ARS
Adeno_SARS

Aden (1273 60 128 469 12 15 9 1966
0

covii3 41 109 49 1331 441 12 |1996
D

SARS[39 2 111 554 23 384 794 1907

Sum 1325 103 348 1072 1366 840 815 5869
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Figure 5: Top:Confusion matrix for SCCwith ¢ 0.8. Bottom:Confusion matrix for SCCfor ¢ =0.95. Incorrect
decisions are in boldface .

Tradeoffs

Qualitatively, Figure 4 shows exactly the behavior we expected. As the threshold increases, precision de
creases.For low thresholds (at the left), Precision 1 (a single genome) decisions predominate, and while some
of these remain for high thresholds (at the right) most decisions become Precision 2 or 3. The same canbe seen
more quantitatively by comparing the? / O U U/l WOBRBE Bdubksini Tabtes3 (¢ = 0.80) and 2 (¢ 0.99)
below. There is no universally correct choice of threshold. Indeed, one strength of SCC, as we have argued, is
to empower users by illuminating the consequences of using it.

There are also more subtle behaviors.Figure 6 shows how SCC trades off precision and correctness. Therare

two curves, eachparameterized by the threshold ¢. The y-axis is always the number of correctly classified

reads. Thex-ER DU wWP UwUT T wOUOET UwOi w?2 Ol UUwxUI EPUIT wU kxpldingd > wb | E
momentarily. As also happens for ROC curves, optimality is the black dot at the upper left, representing 5869
correctreadsand no lessprecisereads. For the upper curve, s O k U U E medrisPrecision 2 or 3. For the lower

curve, it means Precision 3 alone.
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Correct Decisions vs. Reduced Precision
Informative Prior, Actual Reads, Correct Models
Upper Curve: Precision 2 or 3 Decisions

Lower Curve: Precision 3 Decisions
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Figure 6: Tradeoff of correctnessand precision for the example in Figure 4. Lowercurve:incorrect decisionsvs.
Precision 2 decisions.Upper curveincorrect decisions vs. Precision 2 or 3 decisions.

Classifier Behavior

SCCalsoilluminates the Bayesclassifier itself. First, SCCcan be applied to prior probabilities, leading to
Figure 7. The Bayesian computation in (3) transforms the decision structure in Figure 7 into that in Figure

4. Uniformly for all thresholds, using posterior probabilities leads to larger numbers of high precision
decisionsthan using the priors alone. At an extreme, for ¢ =U0.99 (the far right in both figures) using prior
probabilities, nearly all readsareclassifiableonly ass E I-oBGOVID-or-2 1 2viegeaswhen posterior
probabilities areemployed, only approximately 15%are.Table 2 provides adetailed comparison. This table
guantifies how dramatically decisions are improved by adding data and models to the prior probabilities.

Even for the much less conservative threshold of ¢ ®.0.80, similar behavior obtains, as shown in Table 3. None
of this is surprising, of course. The point is that the SCC framework yields it and a lot else.

In Karr etal. (2023),we explore in depth the effectsof varying the prior, the quality of the read data, and the
guality of the models, which reflects the quality of the training data. Without replicating the granularity of that
exploration, we demonstrate here how SCCdelivers complementary insights. The ? b O WflUpos-sible

b O U Odednarioin Karr etal. (2023)is onein which all priors are uniform over A, reads are degraded by 1000
iterations of the Mason_variator, and the training data underlying the likelihood functions are degraded by 2000
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iterations of the Mason_variator on the actual genomes, before calculating the triplet distributions and likelihood
functions.. The posterior probabilities appear in Figure 8. This figure more closely resemblesFigure 7 than
Figure 1. In other words, the starting point for the basecasedoesnot differ dramatically from the ending point
for the ? b O WRAIWpossible b O U Odtdhario. Figure 9 shows that the SCC consequences are similarly
deleterious. Again choosing ¢ ®0.80 as exemplar, Table 4 contains the associated decisions; it should be

Distribution of Prior Decisions by Threshold
Informative Prior

orrect
Actual

al
5860 Reads

Figure 7: SCCoutput for the prior probabilities in Figure 1.

Table 2: SCCresults for threshold ¢ ®0.99using prior and posterior probabilities that appear in Figure 1.

Probabilities
Decision Prior Posterior
Adeno 0 975
COVID 1 1042
SARS 1 316
Adeno-or-COVID 131 73
Adeno-or-SARS 139 1006
COVID -or-SARS 111 1025

Adeno-or-COVID -or-SARS 5486 1075

An alternative perspective, based on classifier boundaries, appears in Karr et al. (2026).Research is currently
underway to extend it to SCC,where there are multiple kinds of boundary points. This perspective requires an

input space that is a connected graph, which is true for read classification: neighboring reads differ by a SNP.
Northeast Decision Scienceslnstitute 2026 Annual Conference




Transition Points

A third setof insights, which first arosein the example in Section5 (seeTable 7), is to examine the thresholds at
which loss of precision occurs. Eachread undergoes two loss-of-precision transitions, for instance, from

s EItODZEI-dDO. 5 ( ahdthentos

E l-opGOVID-or-2 1 EGDFsof the thresholds associated

with thesetransitions areinformative. Since the Precision-1-to-Precision-2 transition is identical to the certainty
of the MAP estimator, Figure 2 contains the ECDFsof the Precision-1-to-Precision-2 transitions.

Table 3: SCCresults for threshold ¢ ®0.80using prior and posterior probabilities that appear in Figure 1.

Probabilities
Decision Prior Posterior
Adeno 363 1694
COVID 227 1689
SARS 208 1334
Adeno-or-COVID 1479 80
Adeno-or-SARS 1409 548
COVID -or-SARS 1280 475
Adeno-or-COVID-or-SARS 903 39

Figure 8: Posterior probabilities for the ? b O Wfal0possible b O U Odtdharioin Karr etal. (2023).
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Figure 10, is analogous, but for Precision-2-to-Precision-3 transitions. Notably, the SARS versus Adeno and
COVID gap for Precision-1-to-2 transitions is diminished significantly, although it doesnot vanish, and it
remains statistically significant.

Collective Certainty

This material is narrow but important. The certainty levels promised by SCCapply to eachdata point (read, in
this case)individually, not to the collective of decisions. Thereis an extensive literature on multiple testing in
statistics (Westfall and Young, 1993; Bretz et al., 2016)Whether SCC decisions can be treated in the samavay
asthe results of hypothesis testsis not clear at this point, and requires further research.Bonferroni corrections,
meaning essentially that the decisions are treated asindependent, may lead to extremely small estimates of
collective certainty, especially for large datasets. Alternatives such as false discovery rates (Benjamini and
Hochberg, 1995) may be more promising. An initial example appears in Section 5, where the effect of
increasing the threshold is unmistakeable.
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Distribution of Posterior Decisions by Threshold
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Table 4: SCCresults for threshold ¢ =0.80and the ? b O WfalJpossible b O U Odednario.

Decision Number of Reads
Adeno 9

COVID 205

SARS 0
Adeno-or-COVID 330
Adeno-or-SARS 1166
COVID-or-SARS 1803

Adeno-or-COVID -or-SARS 2356

Application to COVID -19 Vaccination Data

In this sectionwe analyze state-level COVID -19vaccination rates asthey relate to the outcome of the 2020
election (Demaocratic or Republican, again by state). Theanalysis data consist of 51 state proportions V (S) of the
entire population who were fully vaccinated as of July 31, 2021, which were downloaded from the Centers for
DiseaseControl and Prevention (CDC) website. To give asenseof the data, the fully -vaccinated proportions
varied from 34.3% (AL) to 67.5% (VT). We use data from this time precisely because of the variation in
vaccination rates early in the pandemic.
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Mixture Model

Figure 11 shows in black the density function of the 51fully vaccinated percentages.(The blue curve will be
explained momentarily.) There is clear evidence of bimodality, soit is hatural to model this density asa two-
component mixture of normal distributions. We did so using the mixtools packagein R (Benagliaetal., 2009),
whose algorithm derives from McLachlan and Peel(2000). Tableb shows the weights, means and standard
deviations of the two components of the resulting mixture model. The blue line in Figure 11 is the fitted
density. The fit is better than Figure 11 may seemto suggest: of 1000bootstrapped samplesof size 51 from the
mixed normal density, only three led to rejection of the hypothesis that the two densities are identical.

ECDFs of Precision-Two-to-Precision-Three Transition, by Read Source
5869 Combined Reads

075+

Source
Adeno

=3
@
S

== COVID
= SARS

Cumulative Probability

0.25+

0.00

0.7 08 0.9 10
Transition Point
2021/08/13

Figure 10: ECDFsof Precision-2-to-Precision-3 transitions, by read source.

Table 5: Parametersof the mixed normal model.

Parameter Component 1 Component 2

Northeast Decision Scienceslnstitute 2026 Annual Conference

Wk



Weight 1 0.4678343 0.5321657
Mean 41.7228 54.8779

Standard deviation h4.447488 6.008174

Often mixing arises from an unobserved, or at least unmodeled, latent variablgBollen, 1989) taking as many
possible values as there are mixture componentg in this case, two. SPOILER ALERT: as the colors in Figure
12 suggest, we hypothesize that the latent variable measures the outcome of the 2020 Presidential election,
which we denote by O(S) ™ {D, R}. Note that this interpretation of the mixture model is consistent with
modern thinking regarding causality (Pearl and Mackenzie, 2018), in the sense thatthe potential causality is in
the right direction. An alternative approach that estimated two densities for
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Figure 11: Actual (black) and estimated (blue) densities of fully COVID -19 vaccinated percentages as of
7/31/2021.

vaccination, one for stateswith O(S) = D and one for stateswith O(S) = R, would be highly suspect at the
person level because it posits that vaccination causes voting behavior. Not only is that relationship retroactive
in time, but also there is no scientifically plausible causal path. The relationship might still, of course, not be
causal: voting and vaccination could, and probably do, both result from common underlying causal factors
such as age, education, income or race.

Application of SCC

Returning to the normal mixture model, reflecting the unobserved nature of latent variables, many fitting
methods, including mixtools, employ the iterative EM (expectation-maximization) algorithm (Dempster et al.,
1977). The primary outputs, in consequence, are posterior distributions over the two components for eachdata
point. Mixture models are, therefore, natural candidates for SCC,and Figure 12 contains the results of
applying it to the case at hand.

The qualitative interpretations echo those in Section 4. With two outcomes, the MAP estimator corre -sponds to
¢ =Ul/2. Figure 12 more precisely, the numerical values underlying it | is more informative scientifically that
any single setof predictions. For instance,there are statesthat are predicted to be a single component evenwhen
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