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Bayes theorem

Evidence updates belief

Pr{belieflevidence} « Pr{evidence|belief} x Pr{belief}

Posterior belief Likelihood Prior belief
after seeing how well belief before seeing
evidence explains the evidence evidence

q(belief) «e=——— p(belief)

Probabilistic genotyping

STR data updates genotype probability

Pr{genotype|data} « Pr{data|genotype} X Pr{genotype}

Posterior genotype Likelihood Prior genotype
after seeing how well genotype before seeing
data explains the data data

data

q(geno) «——— p(geno)

Likelihood ratio

Measures identification information in DNA evidence

Posterior probability

q(geno)
p(geno)

Prior probability

LR(geno) =
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Perlin, M.W. Inclusion probability is a likelihood ratio: Implications for DNA mixtures. 7
Promega’s Twenty First International Symposium on Human Identification. 2010

Probability of inclusion

CPI was the first “probabilistic genotyping” method

Pr{genotype|data} e« Pr{data|genotype} X Pr{genotype}

Posterior genotype Likelihood Prior genotype
raises selected all-or-none based population
allele frequencies on peak threshold frequency

Makes little use of the data
Equally weights genotypes
Largely uninformative

LRcpi(geno) = 1/CPI(geno)

Genotyping issues
CPI “ProbGen” had Problems

« peak thresholds
« drop out & drop in
« data variance
(aka stochastic effects)
« stutter artifacts
« allele sharing
« data & parameter choices
« subjectivity & bias
« “inconclusive” results
« inaccurate match statistics
« lack of validation

CPI failure

Can’t work, won'’t work, will never work

. J Pathol Inform

OPEN ACCESS
HIML format

Research Article
Inclusion probability for DNA mixtures is a subjective one-sided
match statistic unrelated to identification information

Mark William Perlin'
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Lessons learned

* use all the data

all peaks, all loci
no data choices

« deliver accurate results
prove reliability
have a valid basis

« fully automate the process
no people, no bias
no parameter choices

1
TrueAllele® solution
I I
ViewStation Database Interpretation
User Client Server Servers
Visual User Interface Parallel Processing Computers
VUler™ Software 10 to 100 simultaneous questions
2 hours for each question
12

TrueAllele infers genotypes

« separates DNA mixtures (10 unknowns)
» handles very low-level DNA amounts

* no thresholds or data choices

* no setting or parameter choices

« solves maternity, paternity & kinship

« finds missing person genotypes

» combines multiple STR tests

« uses all the data

« delivers accurate results

« fully automates the process
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How the computer thinks

Consider every possible genotype solution

600

Explain the Better
500 peak pattern explanation
400! Use all data has a higher
- likelihood
o} 5
w 300
1
200 I—V
‘ 171 |8
100 / \ i i
. AU \ﬁ )\
138 143 148 153 158
Size (bp)
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TrueAllele matches genotypes

« calculates likelihood ratios

« adjusts for co-ancestry

« reports LR error

« visually displays results

» compares evidence-to-evidence
« has a built-in genotype database
 automates familial search

« uses all the data

« delivers accurate results

« fully automates the process

15
Standard likelihood ratio

Posterior g over prior p
Information is the change in probability

PosteriorQ ¢ (7”) aEt\ftﬁsvi
) ( ) reference r
Prior P pP\r genotype
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Perlin, M.W. Explaining the likelihood ratio in DNA mixture interpretation. 16
Promega's Twenty First International Symposium on Human Identification. 2010

Evidence-to-evidence LR

Posterior Q Posterior R

r=F AL

Sum over unknown
genotypes x

17

TrueAllele history

1995. Published stutter deconvolution
1997. Published Bayes MCMC mapping
1999. Implemented mixture deconvolution
2000. Filed first U.S. mixture patent
2001. Published linear mixture analysis
2004. First U.S. mixture patent issued
2009. Published first validation paper
2009. First trial & admissibility challenge
2012. First appellate precedent set

2014. U.S. & European patents issued
2015. Published seventh validation paper
2016. First TrueAllele exoneration

2017. Third U.S. mixture patent issued
2019. Case reports issued in 43 states

18
2005. World Trade Center

18,000 2,700
victim remains missing people
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2009. Pennsylvania vs. Foley

World's first “probabilistic genotyping” trial

==

November 2007: Kevin Foley charged with murder

20
Fingernail DNA Evidence
Y ‘
. 5 -
93.3% victim + 6.7% DNA component
21

2014. Maryland v. Clifford

' Serial rapist
™\

1% 82% 7%

contributor  contributor  contributor
1 2 3

$ g

Victim Elimination _ Nelson Clifford
LR 23.1 thousand 32 trillion 182 thousand
log(LR) 4.36 13.51 5.26
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2014. United States v. Tsarnaev

Boston Marathon Bombing

Dzhokhar
Tamerlan
Separate

sibling
genotypes

Five person mixture

23

2016. Indiana v. Pinkins

1989 — 5 men raped an Indiana woman
Darryl Pinkins and 2 others misidentified
1991 — wrongfully convicted, 65 year sentence

2001 — DNA mixture evidence
2 contributors found, not the accused
but 5 were needed, post-conviction relief denied

24
TrueAllele match table

References B{ ] k’k’ ‘{ ]
v P G J s H JoUs

k J -1539 -18.00 -15.39 11.07 1.21 4.15 -6.19 -7.66

] S -1539 -15.17 -1539 121 1022 -2.39 -5.81 -8.09

H -15.39 -18.00 -1539 4.15 -239 1031 -3.52 -5.80
/4

kw JJ -278 -850 -843 -6.19 -5.81 -3.52 7.05 -1.49

k‘ ] JS -1047 -5.79 -12.60 -7.66 -8.09 -5.80 -1.49 8.06
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TrueAllele Pinkins findings

1. compared evidence with evidence

2. calculated exclusionary match statistics
3. revealed 5% minor mixture contributor

4. jointly analyzed DNA mixture data

5. showed three perpetrators were brothers

found 5 unidentified genotypes,
defendants not linked to the crime

Pinkins & Glenn exonerated

26
Pinkins released after 24 years
Ajil 25,2016 \ '
27

TrueAllele validation papers

Perlin MW, Sinelnikov A. An information gap in DNA evidence interpretation. PLoS ONE.
2009;4(12):e8327.

Ballantyne J, Hanson EK, Perlin MW. DNA mixture genotyping by probabilistic computer
interpretation of binomially-sampled laser captured cell populations: Combining quantitative data
for greater identification information. Science & Justice. 2013;53(2):103-114.

Perlin MW, Hornyak J, Sugimoto G, Miller K. TrueAllele® genotype identification on DNA mixtures
containing up to five unknown contributors. Journal of Forensic Sciences. 2015;60(4):857-868.

Greenspoon SA, Schiermeier-Wood L, Jenkins BC. Establishing the limits of TrueAllele®
Casework: a validation study. Journal of Forensic Sciences. 2015;60(5):1263-1276.

Perlin MW, Legler MM, Spencer CE, Smith JL, Allan WP, Belrose JL, Duceman BW. Validating
TrueAllele® DNA mixture interpretation. Journal of Forensic Sciences. 2011;56(6):1430-1447.

Perlin MW, Belrose JL, Duceman BW. New York State TrueAllele® Casework validation study.
Journal of Forensic Sciences. 2013;58(6):1458-1466.

Perlin MW, Dormer K, Hornyak J, Schiermeier-Wood L, Greenspoon S. TrueAllele® Casework on
Virginia DNA mixture evidence: computer and manual interpretation in 72 reported criminal
cases. PLOS ONE. 2014;(9)3:€92837.
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Accurate & predictable
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More information

13.26

30

Less “inconclusive”
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Perlin, M.W. Scientific validation of mixture interpretation methods. 32
Promega's Seventeenth International Symposium on Human Identification. 2006

LR specificity
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Validation averages genotypes

A group of
evidence genotype
H non-contributor
: distributions

10 0
Match Strength (ban)
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Perlin, M.W. Efficient construction of match strength distributions for 34
uncertain multi-locus genotypes. Heliyon, 4(10):e00824, 2018.

One genotype: LR error rate

File View Table

4 ORRQERE

06

05+

Probability
° ° °
o ° b

°
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Verbal equivalents? (hide LR)

q

LR for (Hi) and 1/LR for (H2) Qualitative Equival
1

Uninformative

2 to <100 Limited Support

100 to <10,000 Moderate Support

10,000 to <1,000,000 Strong Support

>1,000,000 Very Strong Support

* hides the real match strength information
* not what a DNA expert actually believes
* misleads the jury about “million” (Koehler)

Just report LR error, along with the LR,
when the match strength is under a million

36

Thresholds? (discard data)

Over threshold, peaks are labeled as allele events

600 I*

All-or-none
500 allele peaks,

each given
400

equal status

o
L 300
o

Unﬁhreshold, alleles vanish

w

AN
138 143 148 153 158
Size (bp)

200
Threshold
100
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Perlin, M.W. and Sinelnikov, A. An information gap in DNA evidence interpretat\or37
PLoS ONE, 4(12):e8327, 2009.

Background noise

300
250
200

-

m 77 ~Gam(10, 500)

No analytical threshold nséeeded; model the data

Perlin, M\W., Legler, M.M., Spencer, C.E., Smith, J.L., Allan, W.P., Belrose, J.L. 38
and Duceman, B.W. Validating TrueAllele® DNA mixture interpretation
Journal of Forensic Sciences, 56(6):1430-47, 2011.

PCR variation

d, ~y, (lul’zl) .
2, :@-2 v T’ . //:.
o7 < Gam(10, 20)

= |
o ™ -
{

No stochastic threshold F{Zeeeded; model the data

39

Dropout? (concoct data)

No allele data, lower genotype probability, lower match statistic

600
Explain the Worse

500 peak pattern explanation

400 has a lower

5 1 likelihood
& 300 \W

200
100 17
//\ ﬁ )\ ‘l’

D
138 143 148 153 158
Size (bp)
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Perlin, M.W. Expert systems for automated STR analysis, Scientific Working 40
Group on DNA Analysis Methods (SWGDAM), Quantico, VA, 14 January 2003.

Calibration? (old data)

Fully Bayesian model learns parameters from data
Eliminates calibration bias and limitations

PowerPlex16@D 18551 - Stutter Propottion

Stutter

Sk

.
b+

18 20 2 2
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Guided Tour
~d r

TrueAllele® Casework Process

Standard Operating Procedures

Cybergenetics
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Enter DNA data files

Name
I Ladder_H02_090412IDP-MixtureStudy_5s.fsa
I Ladder_H04_090412IDP-MixtureStudy_Ss.fsa
I Ladder_ H06_090412IDP-MixtureStudy_5s.fsa
I Ladder_H08_090412IDP-MixtureStudy_Ss.fsa
I Ladder_H10.090412IDP-MixtureStudy_5s.fsa
I Ladder_H12_090412IDP-MixtureStudy_Ss.fsa
W Mix3.11ng_F03_090412IDP-MixtureStudy_5s.fsa
I Mix3.1.200pg_F09_090412IDP-MixtureStudy.5s.fsa
I Mix3.2.1ng_G03_090412IDP-MixtureStudy_5sfsa
B Mix3.2_200pg_G09_090412IDP-MixtureStudy_5s.fsa
I Mix3.3 1ng_H03_090412IDP-MixtureStudy.5s.fsa
I Mix3.3_200pg_H09.090412IDP-MixtureStudy_5sfsa
I Mix3.4_1ng_AO4_090412IDP-MixtureStudy_5s.fsa
M Mix3.4_200pg_A10_090412IDP-MixtureStudy_5s.fsa
I Mix3.5.1ng_B04_090412IDP-MixtureStudy_5s.fsa
I Mix3.5._200pg_B10_090412IDP-MixtureStudy._s.fsa
B NegativeControl_G12.090412IDP-MixtureStudy_5s.fsa
I PositiveControl_E12.090412IDP-MixtureStudy_Ss.fsa
M PositiveControl_F12.090412IDP-MixtureStudy.5s.fsa
I RBK0B2912JJP_D12.090412IDP-MixtureStudy_5.fsa
I RBND002281.C12_090412I0P-MixtureStudy.5s.fsa

Cybergenetics © 2003-2019
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Automated size tracking

ene Cap View: AutoEdit Sizing
File Edit Process View Zoom Docs Output

de R8¢ OCOFEBND
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Upload DNA data

45

Automatic request upload

o0 e Select Process
Reference
One unknown
Two unknown
Three unknown
Four unknown
Five unknown

No need to choose the “right” number of contributors

Cybergenetics © 2003-2019
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Custom request upload

'&e,‘.ww 'g.mu'wm Ig'cwm
Guson |
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Perlin, M\W. and Szabady, B. Linear mixture analysis: a mathematical approach 47
resolving mixed DNA samples. Journal of Forensic Sciences, 46(6), 1372-77, 2001.

Unmixing genotypes
dl ~N+(:u1’21)

A
3
@]

(P B R .
%1 1 216 221 226 231 236
Size (bp)
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Genotype selector

ece Genotype Selector
App Database File View Window Table
| Questioned evidence., S.bcc: Locu:
\\\\\\\\\\\\ Conrs Requet
a -1 Mix3.1_1ng_5s
@ - B2 Mix3.1_1ng_5s
@ - @3  Mix3.1_1ng_5s
Qs <4 Mix3.1_1ng_5s
r— o]
. oo O]
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Genotype window

ece Genotype View
App Database Flle Edit View Window locus Table

doD @ @ O=SRI0AEAR
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A
%Cybergenetics s e oo L UBGREE H
D5S818 E]
1
0.75
2
8
g 05
o 1
0.25
8,11 11,11 812 11,12 12,12 8,13 11,13 12,13 13,13
Allele Pair
50
%Cybergenetics nannnatns nanfiniant Y
LR
Qi1,54,R2 9.2854-
Qs, 54, R2 8.9476
-30 20 0 10 20 30
log(LR)
ece Match
File View
4 IKA
tudence Conwibutor | NConr | weight StdDev [ X0t
“Mix3.1_1ng_5s 1 4 0.1701 0.0987 6.4194 9.2864
“Mix3.1_1ng_5s 2 4 0.2428 0.1902 6.8817 8.9476
51

LR error rate
Probability of misleading evidence

0.14

0.12

Probability

o
o
>

0.04

20 45 0 5 0 5 10
log(LR)

LK) Noncontributor Tail Statistics
File View

nnnnnn

K04 1.93 billion 02864 1.0000e+00 1 1.7652e-12 567 billion

Cybergenetics © 2003-2019
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TrueAllele genotype database

. i Mate

Find Match
Genotype 1 RGN Genotype 2

B
B
B
B B
B B
B
100
oK | [ cancel

53

800 item Match
File View
d 0
Select Casel hem 1 Case2 rem2 | loglR)

1 00CY00022 F2222X  00CY00022 GI11IX  21.184
2 00CY00001 BILLIX  00CY00001 ALILIX  20.582
3 00CY04444 M2222X  00CYD4444 NILLIX 20364
) 00CY00333 JI111X  00CY00333 HIILIX  15.173
s 00CY00001 C3333X  00CY00001 ALLLIX  14.031
5 00CY00001 BIL1IX  00CY00022 GIIlIX  13.667
7 00CY00333 JIL1IX  00CYD4444 NILLIX  09.433
8 00CY04444 M2222X  00CY00333 HILLIX  07.274
s 00CY00001 C3333X  00CY00022 G11IX  04.508

Select Al [ OK_|[ Cancel |

All genotypes compared

American Academy of Forensic Sciences 64th Annual Meeting, 2012.

CODIS allele database

Type of DNA

database Sensitivity | Specificity
. | LR average False
Pr%?]aot:”lsélc is about a | positive rate
9 P quadrillion <0.01%

Allele list
(moderate
stringency)

Upload fails
about 1/3 of
the time

Hits 5%-25%
of the DNA
database

Perlin, M\W. Investigative DNA databases that preserve identification information. 54
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Perlin, M.W. Explaining the likelihood ratio in DNA mixture interpretation. 55
Promega's Twenty First International Symposium on Human Identification. 2010

LR proof sketch

q(geno)
p(geno)
Pri{geno|data}
W Uses Bayes

LR(geno)

_ Pr{data|geno} theorem
= TPr{data}
Pr{data|H}
Pridaial~H}
56

LR hypotheses? (bad math)
_ Pr{daia|H}
LR(geno) = prgara-ny
With Hp, = H, and Hq = ~H, we have:
_ Pr{data|H,}
LR(geno) = Pridata|Hz}

But if not, the LR expression may be meaningless.

57
TrueAllele transparency

Cybergenetics standard disclosure

validation reports and articles
validation testing data

error rate methods and results
standards compliance documents
standard operating procedures
peer-reviewed scientific papers
mathematical method descriptions
general acceptance information
Daubert/Frye admissibility decisions
tutorials for lawyers and scientists
software user manuals

software installer for case review
case data for reviewing results

cloud access for independent testing
source code access for defense experts

Cybergenetics © 2003-2019
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Throughput

At 2 hours for simple mixtures,
a basic 12-core TrueAllele system
solves 100 mixtures per day.

And an advanced 100-core system
solves 1,000 mixtures per day.

More complex mixtures take more time,
but without limits on the number of contributors
or the amount of DNA.

58

Open the past

We can overcome the past failures
of DNA mixture interpretation.

There have been 100,000’s of mixtures
wrongly reported as “inconclusive”
or given inaccurate match statistics.

TrueAllele automation can open the past.
It can use all the data, without people,
to accurately reprocess old cases.

To free the innocent, and find the guilty.
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More TrueAllele information

http://www.cybgen.com/information

« Courses

* Newsletters

* Newsroom

* Presentations

« Publications

« Webinars

http://www.youtube.com/user/TrueAllele
TrueAllele YouTube channel

) (]l Tube ,
Cybergenetics perlin@cybgen.com

60
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