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ABSTRACT: The current familial searching strategies are generally based on either Identity-By-State (IBS) (i.e., number of shared alleles) or
likelihood ratio (i.e., kinship index [KI]) assessments. In this study, the expected IBS match probabilities given relationships and the logic of the like-
lihood ratio method were addressed. Further, the false-positive and false-negative rates of the strategies were compared analytically or by simulations
using Caucasian population data of the 13 CODIS Short Tandem Repeat (STR). IBS ‡ 15, IBS ‡ 16, KI ‡ 1000, or KI ‡ 10,000 were found to be
good thresholds for balancing false-positive and false-negative rates. IBS ‡ 17 and ⁄ or KI ‡ 1,000,000 can exclude the majority of candidate profiles
in the database, either related or not, and may be an initial screening option if a small candidate list is desired. Polices combining both IBS and KI
can provide higher accuracy. Typing additional STRs can provide better searching performance, and lineage markers can be extremely useful for
reducing false rates.
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Forensic DNA database searches have become an essential part
of DNA-based forensic investigations. Generally, a forensic DNA
sample is collected from a crime scene, typed, and then searched
in a database (of, e.g., convicted felon profiles) to seek a direct
match (i.e., all alleles at all interpretable evidentiary loci are the
same as those in the candidate sample in the database). In some
cases, a direct match is not obtained because the database does not
contain all people in the population. To extend the investigative
lead value of current databases, an alternative approach to deter-
mine the source of the forensic sample (e.g., a suspect) is to search
the database for possible relatives of the true source of the sample.
The concept of familial searching has been successfully used in a
number of forensic investigations (1–4). The utility of familial
searching of large DNA databases was highlighted recently because
of its potential ability to develop investigative leads (5–12).

There are two general methods for searching for a relative (typi-
cally a sib or parent-offspring relationship) in a felon database,
Identity-By-State (IBS) based or likelihood ratio based. Introduced
in 1993, the IBS-based method simply compares the number of
shared alleles between the forensic profile and the candidate pro-
file(s) from a database (13). Potential candidate relatives of the
forensic profile are suggested if the number of shared alleles
reaches a predefined threshold. For example, the California
Department of Justice used to require at least 15 Short Tandem
Repeat (STR) alleles to be considered a potential familial hit for
further investigation (14). Some other states (e.g., Nebraska,

Oregon, and Washington) require at least one allele shared at all
available loci (15). The SWGDAM Ad Hoc Committee on Partial
Matches recommendations (10) also considers moderate strin-
gency-matched profiles, along with a likelihood ratio-based
method. A moderate stringency match is defined as follows: (i) if
the forensic profile exhibits only a single allele at a locus, say A,
the candidate profile has to have at least one copy of the allele A
at the same locus; or (ii) if the forensic profile is heterozygous,
say A, B, the candidate profile may only contain a single repre-
sentation of either allele A or B. High stringency match (i.e., all
alleles matched at each locus) is included (at some loci) in the
moderate stringency match.

A likelihood ratio-based method compares the joint probabilities
of the forensic, and candidate profiles given that the donors are
related (e.g., parent–child or full-sib) versus unrelated. Essentially,
this is the likelihood ratio or kinship index (KI) for a given rela-
tionship (e.g., paternity index for father–child relationship) (16,17).
The KI can be directly used to evaluate candidates in familial
searching or can be further modified. The SWGDAM Ad Hoc
Committee on Partial Matches recommended a likelihood ratio-
based measure, that is, Expected Kinship Ratio (EKR), for familial
searching, which is the KI divided by the sample size of the
searched database SWGDAM (10). Another measure, Expected
Match Ratio (EMR), recommended by (10), depends only on the
forensic profile itself, and is not directly applicable for familial
detection for a specific candidate profile. The likelihood ratio-based
method includes the allele frequency data and gives a relatively
higher accuracy than that of the IBS-based method (5,7–9,12),
especially when profiles share rare allele(s). However, the likeli-
hood ratio-based method depends on specific population data and
use of nonrelevant population data increase or reduce the likelihood
ratio leading to false inclusions or false exclusions. Thus, the
SWGDAM Ad Hoc Committee on Partial Matches (10)
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recommended that the maximum and minimum EKRs among
Caucasians, African Americans, Southwestern Hispanics, and South-
eastern Hispanics should be greater than 1 and 0.1, respectively.

In most felon database searches, familial searching typically seeks
parent–child or full-sib relationships. Distant pairwise relationships
(e.g., half-sib, uncle–nephew, etc.) have a relatively low number of
shared alleles and a low probability of kinship determination based
on a likelihood ratio with commonly used forensic STRs (18).

In this study, the analytical details are provided of expected IBS
match probabilities between a pair of profiles given Identity-By-
Descent (IBD) of the relationships and the expected IBS distribu-
tions of unrelated, parent–child and full-sib pair relationships with
13 CODIS STRs using allele frequency data from the Caucasian
population as an example. Further, the logic of the likelihood ratio
method is also addressed. Millions of unrelated pairs, parent–child
and full-sib genotype data are simulated, and the KI of each pair is
calculated by MPKin (19). The joint distributions of IBS and KI
are summarized to compare the false-positive and false-negative
rates of common familial searching strategies. The KI variations
among populations are also evaluated to validate the SWGDAM
recommendations. Finally, some recommendations or guidelines are
made to facilitate familial searching.

Material and Methods

IBS-Based Method

Weir (20,21) gave the equations for the expected probabilities
that two unrelated individuals share 0, 1, or 2 alleles at a locus in
terms of allele frequencies and the population substructure parame-
ter (h). Herein, the probabilities are extended to any relationships
given IBD distributions according to Balding and Nichols (22).
Table 1 shows the ordered joint genotype probabilities with popu-
lation substructure correction of two individuals given a relation-
ship described by IBD distribution. Table 2 lists the IBD
probabilities for pairwise kinships commonly used in familial
searching. Using these two tables together, along with IBS values
for all possible distinct genotype pairs listed in Table 1, the
expected probability that two individuals share i alleles (i = 0, 1,
or 2), given IBD = d, Pi(Fd), can be computed as the sum of all
possible genotypic combinations for these two individuals sharing
i alleles given IBD = d, as shown in equations set (1), where

P(AiAi, AjAk|Fd) represents the joint probabilities of the ordered
genotypes AiAi, AjAk for a given IBD coefficient ud. The details
of expected probabilities of IBS given IBD distribution for a sin-
gle locus are listed in Table 3.
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The expected IBS distribution of multiple loci profiles can be
computed by a dynamic programming approach (23,24). Suppose,
there are L loci in profile comparisons. Let Pil be the expected

TABLE 1—Joint genotypic probabilities of two-ordered individuals (X,Y) given the IBD distribution, Pr(X,Y| Ui), where U0: IBD = 0, U1: IBD = 1, U2:
IBD = 2, and U0 + U1 + U2 =1. Ai, Aj, Ak, Al are alleles at the locus. J is the population substructure parameter. IBS is Identity-By-State, namely, the

number of shared alleles.

Ordered
Genotypes (X, Y) IBS

Joint Probabilities

F2 F1 F0

AiAi, AiAi 2 p2
i þ hpið1� piÞ pi ½hþpið1�hÞ�½2hþpið1�hÞ�

1þh
pi ½hþpið1�hÞ�½2hþpið1�hÞ�½3hþpið1�hÞ�

ð1þhÞð1þ2hÞ

AiAi, AjAj 0 0 0 ð1�hÞpipj ½hþpið1�hÞ�½hþpjð1�hÞ�
ð1þhÞð1þ2hÞ

AiAi, AiAj 1 0 pipjð1�hÞ½hþpið1�hÞ�
1þh

2ð1�hÞpipj ½hþpið1�hÞ�½2hþpið1�hÞ�
ð1þhÞð1þ2hÞ

AiAj, AiAi 1 0 pipjð1�hÞ½hþpið1�hÞ�
1þh

2ð1�hÞpipj ½hþpið1�hÞ�½2hþpið1�hÞ�
ð1þhÞð1þ2hÞ

AiAi, AjAk 0 0 0 2ð1�hÞ2pipjpk ½hþpið1�hÞ�
ð1þhÞð1þ2hÞ

AjAk, AiAi 0 0 0 2ð1�hÞ2pipjpk ½hþpið1�hÞ�
ð1þhÞð1þ2hÞ

AiAj, AiAj 2 2pipj(1 ) h) pipjð1�hÞ½ðpiþpjÞð1�hÞþ2h�
1þh

4ð1�hÞpipj ½hþpið1�hÞ�½hþpjð1�hÞ�
ð1þhÞð1þ2hÞ

AiAj, AiAk 1 0 pipjpkð1�hÞ2
1þh

4ð1�hÞ2pipjpk ½hþpið1�hÞ�
ð1þhÞð1þ2hÞ

AiAj, AkAl 0 0 0 4ð1�hÞ3pipjpk pl

ð1þhÞð1þ2hÞ

IBD, Identity-By-Descent.

TABLE 2—IBD distributions for relevant pairwise kinships for familial
searching.

Pairwise Kinship

IBD

F2 F1 F0

Unrelated 0 0 1
Parent–child 0 1 0
Full-sib 1 ⁄ 4 1 ⁄ 2 1 ⁄ 4

IBD, Identity-By-Descent.
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probability to have i shared alleles (i = 0, 1, 2) at the l-th locus
(l = 0, 1, …, L), which is actually the weighted sum of each row
for a given relationship in Table 3 as Eq. 2.

Pil ¼
X

j¼0;1;2

UjPiðUjÞ ð2Þ

Based on Table 3, the expected probability of having x shared
alleles on first l loci, IBSP(x,l), can be computed by the dynamic
programming approach as follows (Eq. [3]).

IBSPðx; lÞ ¼ IBSPðx; l� 1Þ � P0l þ IBSPðx� 1; l� 1Þ
� P1l þ IBSPðx� 2; l� 1Þ � P2l ð3Þ

For the strategy that requires at least one allele shared at each
locus, instead of counting number of shared alleles, the number of
loci with at least one shared allele are counted, and the expected
probability of having x loci with at least one shared allele on first
l loci, OSP(x,l), is similar to Eq. 3 but merging P0l and P1l

(Eq. [4]).

OSPðx; lÞ ¼ OSPðx; l� 1Þ � P0l þ OSPðx� 1; l� 1Þ
� ðP1l þ P2lÞ ð4Þ

For the strategy of only considering a moderate stringency match,
the expected probabilities of a moderate stringency match given IBD
distribution, MPt(ud), can be calculated in the same way as in Table 1
but only (AiAi, AiAi), (AiAi, AiAj), and (AiAj, AiAj) match pairs are
included (Table 4). The expected probabilities of having x moderate
stringency-matched loci on first l loci, MSP(x, l), are as Eq. 5

MSPðx; lÞ ¼ MSPðx; l� 1Þ �MP0l þMSPðx� 1; l� 1Þ
�MP1l ð5Þ

where MPil ¼
P

j¼0;1;2
UjMPiðUjÞ, calculated for the l-th locus.

Likelihood Ratio-Based Method

The likelihood ratio-based method basically calculates the
pairwise kinship ratio or KI for the forensic profile (X) and candi-
date profile (Y) (Eq. [6]). For a father–child relationship, the KI is
the Paternity Index.

KI ¼

P
i¼0;1;2

PrðX; Y jUiÞ PrðUijRelationshipÞ
P

i¼0;1;2
PrðX; Y jUiÞ PrðUijUnrelatedÞ ð6Þ

The SWGDAM Ad Hoc Committee on Partial Matches (10) rec-
ommended a measure, EKR, which is the KI divided by the sample
size (N) of the searched database (i.e., EKR = KI ⁄N). The recom-
mendation also requires that the maximum and minimum EKRs
among four U.S. major populations should be greater than 1 and
0.1, respectively.

In this study, the software MPKin (19) is used to calculate the
KI. Population substructure and mutation are incorporated as
options. Allowing mutations reduces the false exclusion of parent–
child relationship when mutational events may occur. A realistic
mutation model for STRs, the two-phase model, was implemented
in MPKin (19). The mutation rates from AABB are used in the
calculations (25). Incorporating population substructure could
change the kinship ratio by several orders of magnitudes in some
cases (19) and generally provides more conservative results.

Simulation

Millions of unrelated, parent–child, and full-sib DNA profiles were
simulated using Caucasian population data on the 13 CODIS STR
loci (26). To generate simulated data, the genotypes of founders (i.e.,
individuals without parents in the pedigree) were randomly assigned
according to the conditional genotype frequencies given observed
alleles of the founders of each locus and each locus was treated inde-
pendently. The conditional genotype frequencies can be calculated
by the theory described in Balding and Nichols (22). Founders trans-
mitted with equal probability a single allele at each locus to his ⁄ her
offspring. Mutations were allowed according to the two-phase Model
during the transmissions. The paternal and maternal mutation rates
were different (25). This study mainly used allele frequency data
from Caucasian population to illustrate different distributions. Allele
frequencies for other populations (i.e., Caucasian, African American,
Southwestern Hispanic, Southeastern Hispanic, Navajo, and Asian)
were also used when comparing the EKRs among populations.

Results

IBS-Based Measures

The expected distributions of the number of shared alleles, loci
with at least one allele shared, and loci with a moderate

TABLE 3—Expected probability of two individuals sharing i number of
alleles (i.e., IBS) given IBD = j, Pi(Uj), where i is IBS (i = 0, 1, 2) and j is
IBD (j = 0, 1, 2). ar is the sum of the r-th power of allele frequencies at the

locus, namely, ar ¼
Pk

i¼1 pr
i
, where pi is the allele frequency, k is the

number of alleles at this locus. J is the population substructure parameter.

IBS

IBD

F2 F1 F0

0 0 0 h2ð1�hÞð1�a2Þþ2hð1�hÞ2ð1�2a2þa3Þþð1�hÞ3ð1�4a2þ4a3þ2a2
2�3a4Þ

ð1þhÞð1þ2hÞ

1 0 (1 ) h)
(1 ) a2)

8h2ð1�hÞð1�a2Þþ4hð1�hÞ2ð1�a3Þþ4ð1�hÞ3ða2�a3�a2
2þa4Þ

ð1þhÞð1þ2hÞ

2 1 h + (1 ) h)a2
6h3þh2ð1�hÞð2þ9a2Þþ2hð1�hÞ2ð2a2þa3Þþð1�hÞ3ð2a2

2�a4Þ
ð1þhÞð1þ2hÞ

IBD, Identity-By-Descent; IBS, Identity-By-State.

TABLE 4—Expected probability of moderate stringency match given IBD distribution, MPt(ui). t = 1 means the compared genotypes are moderate
stringency matched, otherwise t = 0.

Moderate
Stringency
Match (t)

IBD

F2 F1 F0

1 1 hð3�hÞþ3ð1�hÞ2a2�2ð1�hÞ2a3

ð1þhÞ
2h2ð5�2hÞþhð1�hÞð16�15hÞa2þ2ð1�hÞ2ð2�7hÞa3þ2ð1�hÞ3a2

2
�5ð1�hÞ3a4

ð1þhÞð1þ2hÞ

0 0 1- MP1(F1) 1- MP1(F0)

IBD, Identity-By-Descent.
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stringency match for unrelated, parent–child and full-sib pairs were
calculated according to (Eqs [1–5]) based on 13 CODIS STR loci
Caucasian data (26), assuming no population substructure and
mutations.

For the strategy considering number of shared alleles (Fig. 1),
the threshold with the least false rate (i.e., both false negative and
false positive) was 13 shared alleles. The California strategy (i.e.,
at least 15 shared alleles) accepted only 0.45% unrelated pairs as
potential-related pairs for further investigations. However, this
strategy falsely excluded 17.8% true full-sib and 18.4% true
parent–child relationships. The shared allele approach favored false
exclusion over false inclusion. A lower threshold increased the
false-positive rate. For example, 1.5% unrelated profiles were fal-
sely identified as potential relatives of the candidate profile for the
threshold of ‡ 14 shared alleles, which may not be acceptable (or
practical) for large database searches. A higher threshold could be
an option. Only 0.11% unrelated profiles were falsely included for
a threshold of ‡ 16 shared alleles, but 31.1% true full-sib and
43.3% true parent–child relationships were excluded. The threshold
chosen likely will favor generation of a manageable number of can-
didates thus favoring fewer false positives and greater false nega-
tives. No false-positive hits are expected to be observed for a
database with 1 million samples, if at least 20 shared alleles are
required for a hit with 13 CODIS loci; although the consequence is
that the majority of true relatives would be excluded.

If at least one allele shared at each locus was required as the
searching strategy, only 0.077% unrelated profiles were falsely
included (Fig. 2), which was similar to the strategy with at least 15
shared alleles, but 76.0% true full-sib pairs were falsely excluded.
Almost all true parent–child relationships were included, except a
small proportion (i.e., about 1%) with mutations. This strategy
obviously is better suited to search for parent–child relationships,
compared with the strategy with at least 15 shared alleles.

If familial searching only considers the profiles with all loci
matched with moderate stringency, the chance to include unrelated

profiles as relatives was extremely low (i.e., 2.69 · 10)9).
Unfortunately, more than 99.9% true relatives were also excluded.
Even if multiple nonmoderate-stringency-matched loci were
allowed in the search, the false-positive rates were not comparable
with the strategy of simply counting the number of shared alleles.
Roughly 98.3% of parent–child and 96.0% of full-sib pairs were
excluded if up to two loci were allowed to not meet the moderate
(and ⁄ or high) stringency criterion (Fig. 3). The findings herein
support the SWGDAM recommendation (10) that the concept of a
moderate stringency match has ‘‘little useful probative value’’ in
familial searching.

FIG. 1—Distributions of number of shared alleles for unrelated, parent–child and full-sib pairs (13 CODIS Short Tandem Repeat; Caucasian population;
h = 0; no mutation).

FIG. 2—Distribution of loci with at least one allele shared for unrelated
and full-sib pairs (13 CODIS Short Tandem Repeat; Caucasian population;
h = 0; no mutation), and parent–child pairs (simulated using Caucasian
population data with mutation rates from AABB [24]).
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Likelihood Ratio-Based Measures

Unrelated (2 million), parent–child (1 million), and full-sib
(1 million) pairs were simulated using 13 CODIS STRs Caucasian
population data (26). The KIs were calculated for the true parent–
child and full-sib pairs with mutation rates from AABB (25), and
the unrelated pairs were also calculated as parent–child or full-sib
relationships (1 million each) (Fig. 4). Only one true parent–child
pair of a million had KI <1 (Table 5). Full-sib pairs generally are

expected to have lower KIs than those of parent–child, but there is
still a substantial proportion of high value KIs (e.g., 57.5% KIs
were >1000). For the unrelated pairs which were identified as par-
ent–child, only 0.013% pairs had KIs >1000 (i.e., Log10(1000) = 3)
(Table 5c). The maximum KI observed was 1.57 · 105. For the
unrelated pairs identified as full-sib, about 0.009% pairs had KIs
>1000 (Table 5d), and the maximum KI was 1.51 · 105.

The SWGDAM suggested EKR, which adjusts for database size
searched, was a very stringent measure for large databases. For a

FIG. 4—Distributions of Log10(KI) for simulated unrelated, parent–child and full-sib pairs (13 CODIS Short Tandem Repeat; Caucasian population;
h = 0; no mutation in simulation). Unrelated pairs were identified as full-sib or parent–child relationships.

FIG. 3—Distribution of loci with moderate stringency matches for unrelated, parent–child and full-sib pairs (13 CODIS Short Tandem Repeat; Caucasian
population; h = 0; no mutation).
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TABLE 5—Joint distributions of IBS and KI for (a) true parent–child identified as parent–child, (b) true full-sib identified as full-sib, (c) unrelated identified
as parent–child, and (d) unrelated identified as full-sib. One million pairs were simulated with Caucasian population data for each relationship. Mutation or
population substructure was not included in simulations, and only mutation was considered in KI calculations to avoid zeros when identifying unrelated as

parent–child.

Log10(KI)

IBS

Sum13 14 15 16 17 18 19 20 21 22 23 24

(a)
<=0 1 0 0 0 0 0 0 0 0 0 0 0 1
(0,1) 84 53 19 3 0 0 0 0 0 0 0 0 159
(1,2) 2427 4688 3379 1211 190 16 0 0 0 0 0 0 11,911
(2,3) 11,084 34,535 42,201 28,115 10,851 2489 325 26 2 0 0 0 129,628
(3,4) 14,299 56,957 98,298 95,792 57,893 22,620 5745 940 87 1 0 0 352,632
(4,5) 7454 35,034 71,884 87,138 68,138 36,750 13,916 3481 592 67 1 0 324,455
(5,6) 2321 11,706 25,774 35,095 31,504 19,711 8835 2948 677 103 8 1 138,683
(6,7) 473 2533 5973 8541 8238 5530 2683 996 286 51 3 1 35,308
(7,8) 91 433 940 1469 1482 1037 550 209 62 16 2 1 6292
(8,9) 15 40 136 187 182 147 75 36 6 3 1 1 829
(9,10) 1 8 12 26 12 24 3 3 2 1 0 0 92
(10,11) 0 0 2 2 3 2 1 0 0 0 0 0 10
Sum 38,250 145,987 248,618 257,579 178,493 88,326 32,133 8639 1714 242 15 4 1,000,000

Log10(KI)

IBS

Sum£11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

(b)
<=0 11,558 11,115 7490 1526 57 0 0 0 0 0 0 0 0 0 0 0 31,746
(0,1) 1885 9399 23,709 24,279 7995 656 3 0 0 0 0 0 0 0 0 0 67,926
(1,2) 361 2865 14,599 39,688 49,134 23,247 3350 100 0 0 0 0 0 0 0 0 133,344
(2,3) 47 545 4058 18,702 49,809 69,105 40,378 8427 487 4 0 0 0 0 0 0 191,562
(3,4) 8 66 776 4710 20,001 50,378 70,594 47,232 12,571 1070 20 0 0 0 0 0 207,426
(4,5) 0 7 102 866 4708 17,665 40,506 54,814 38,660 11,813 1305 42 1 0 0 0 170,489
(5,6) 0 2 4 112 878 4028 13,064 26,673 33,698 22,532 7465 964 28 0 0 0 109,448
(6,7) 0 0 1 10 112 714 2881 7931 14,583 15,876 10,018 3190 390 15 0 0 55,721
(7,8) 0 0 0 2 19 93 507 1696 3954 5910 5791 3235 948 117 1 0 22,273
(8,9) 0 0 0 0 2 6 60 243 828 1549 2126 1663 751 174 11 0 7413
(9,10) 0 0 0 0 0 2 3 41 144 301 541 545 372 107 15 1 2072
(10,11) 0 0 0 0 0 0 0 8 13 46 101 126 117 44 10 1 466
(11,12) 0 0 0 0 0 0 0 0 4 7 11 30 25 11 6 0 94
(12,13) 0 0 0 0 0 0 0 0 0 0 0 6 5 6 1 0 18
(13,14) 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 2
Sum 13,859 23,999 50,739 89,895 132,715 165,894 171,346 147,165 104,942 59,108 27,379 9801 2637 474 45 2 1,000,000

Log10(KI)

IBS

Sum£11 12 13 14 15 16 17 18 19

(c)
<=0 898,638 58,480 27,185 10,041 2833 633 100 16 0 997,926
(0,1) 0 93 242 387 289 116 39 9 0 1175
(1,2) 0 11 91 154 113 45 12 5 1 432
(2,3) 0 0 42 88 117 59 23 6 0 335
(3,4) 0 0 4 26 32 33 21 2 0 118
(4,5) 0 0 0 4 3 2 1 2 1 13
(5,6) 0 0 0 0 0 0 0 0 1 1
Sum 898,638 58,584 27,564 10,700 3387 888 196 40 3 1,000,000

Log10(KI)

IBS

Sum£11 12 13 14 15 16 17 18 19

(d)
<=0 897,655 54,299 18,383 2512 65 0 0 0 0 972,914
(0,1) 923 4027 8601 6652 1593 101 0 0 0 21,897
(1,2) 18 119 620 1502 1580 518 62 0 0 4419
(2,3) 1 1 26 83 206 228 120 11 1 677
(3,4) 0 0 0 4 14 29 19 19 1 86
(4,5) 0 0 0 0 0 1 1 1 1 4
(5,6) 0 0 0 0 0 0 1 1 1 3
Sum 898,597 58,446 27,630 10,753 3458 877 203 32 4 1,000,000

IBS, Identity-By-State.
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database containing a million samples, almost no unrelated relatives
were included, but about 91.2% true full-sib and 95.7% true par-
ent–child were excluded (Table 5). An absolute KI = 1000 or
10,000 might be a good measure for the 13 CODIS loci to balance
the false-positive and false-negative rates. With KI ‡ 1000, on
average, less than about 0.013% unrelated pairs were included, and
more than half of relatives were not excluded.

Joint Measures

Usually, either the IBS or the likelihood ratio measure is used as
the familial searching strategy. However, these measures can be
jointly considered to improve the accuracy of searching. Both the
number of shared alleles (i.e., IBS) and KI were recorded in the
aforementioned simulations (Table 5). If at least 15 shared alleles
was the searching threshold, around 4600 unrelated pairs were
found as possible hits in 1 million unrelated pairs. With a KI as a
further screening measure, say KI ‡ 1000, 97.8% or 98.1% of those
IBS searched possible hits were excluded as parent–child or full-sib
relationships, respectively. At the same time, only 30.8% true full-
sib and 10.9% true parent–child relationships in the possible candi-
date list were further excluded by the KI ‡ 1000 threshold. Thus, a
strategy with both IBS and KI combined can exclude a substantial
proportion of the unrelated profiles with only a relatively small pro-
portion of relatives, eventually improving the efficiency of familial
searching.

Table 6 summarizes false-positive and false-negative rates of
some reasonable familial searching thresholds based on Table 5. An
IBS ‡ 14 was the least stringent threshold, which included most true
relatives but also included a great number of unrelated profiles for a
large database search. Fortunately, adding a KI threshold excluded

most unrelated profiles from a possible candidate list. A KI threshold
alone also excluded the majority of unrelated profiles. For example,
a KI ‡ 10 or KI ‡ 100 excluded 99.79% or 99.91% unrelated pro-
files. An IBS ‡ 15 or IBS ‡ 16 with a KI ‡ 1000 or KI ‡ 10,000
combined are practical searching strategies with good balance
between false-positive and false-negative rates. An IBS ‡ 17 and ⁄ or
KI ‡ 1,000,000 can exclude the majority of profiles in the database,
either related or not, and initially may be good start options to pro-
duce a small, but manageable possible candidate list.

EKR Variation Among Populations

SWGDAM (10) recommended the maximum and minimum
EKRs among Caucasians, African Americans, Southwestern His-
panics, and Southeastern Hispanics should be >1 and 0.1, respec-
tively. To investigate the variations of the EKR among populations,
1 million unrelated, parent–child, and full-sib pairs each using
Caucasian population data were simulated, and Log10(Min. EKR ⁄
Max. EKR) for the four populations or six populations (i.e., the
above four populations, Navajo, and Asian) (Fig. 5) were calcu-
lated. Interestingly, the distributions of the Log10(Min. EKR ⁄Max.
EKR) for true parent–child and true full-sib with given populations
were very close to each other. More than 96.2% or 58.5% true
relationship pairs had Min.EKR ⁄ Max.EKR <0.1 for the four or six
populations, respectively. About 0.2% true relationships had the
ratios even <0.001 for the four populations. The distributions were
similar for unrelated pairs if they were identified as parent–child or
full-sib relationships, although full-sibs had relatively lower varia-
tions than those of parent–child. The long tails of the distributions
were because of the allele frequency differences between popula-
tions, especially of rare alleles which have not been observed in all
population(s) (e.g., Caucasian in these simulations). Rare allele
matches between profiles are usually flags for high likelihood of
close relationships. The SWGDAM cutoff threshold may exclude a
large proportion of possible relatives with rare alleles.

Discussion

According to the Bureau of Justice Statistics ‘‘Correctional popu-
lations in United States, 1996’’ report (27), at least 42.8% of jail
inmates had close relatives (i.e., father, mother, brother, sister,
child; spouse was not counted in the 42.8% because couples are
usually not related) who were incarcerated. As DNA profiles of
most inmates are entered in the CODIS system, familial searching
has a great potential to assist law enforcement by identifying indi-
viduals in CODIS who may be close relatives of the true source of
forensic samples. In this study, different familial searching strate-
gies that are currently adopted by the authorities were investigated.
The false-negative and false-positive rates of IBS and KI measures
were compared and it was concluded that combining both IBS and
KI may be a better approach than IBS or KI alone. The strategy
that requires at least one shared allele at each locus has a similar
false-positive rate as the IBS ‡ 15 strategy, and the majority of par-
ent–child will not be excluded. However, according to the Bureau
of Justice Statistics (27), about 36.5% inmates had full-sibs who
had been incarcerated and less inmates (i.e., 22.8%) had parents or
children incarcerated, so that a 76.0% exclusion rate of the strategy
for true full-sibs may not make effective use of a database search
functionality.

There was a case in the U.K. involving a rare allele to support a
familial search association to identify a suspect (28). A girl was
murdered in 1988 and 15 years later a search of the U.K. National
DNA database found a single rare allele match between the profiles

TABLE 6—False-positive and false-negative rates for some common
strategies. For unrelated identified as related, the rates may not be accurate

because only a small number of simulated pairs (based on 1 million
simulations) qualified with the high thresholds of the strategies. Higher

accuracy can be achieved with a greater number of simulations, but
1 million simulations were sufficient to compare the strategies.

Strategy

False Positive False Negative

Unrelated (%) Parent–Child (%) Full-sib (%)

(a) IBS-based strategies
IBS ‡ 14 1.5 3.8 8.9
IBS ‡ 15 0.45 18.4 17.8
IBS ‡ 16 0.11 43.3 31.1
IBS ‡ 17 0.024 69.0 47.7

Unrelated Identified As
True

Parent–Child
(%)

True
Full-sib

(%)
Parent–Child

(%)
Full-sib

(%)

(b) Likelihood-based strategies
KI ‡ 1000 0.0132 0.0093 14.1 42.5
KI ‡ 10,000 0.0014 0.0007 49.4 63.2
KI ‡ 100,000 0.0001 0.0003 81.9 80.2
KI ‡ 1,000,000 <0.0001 <0.0001 95.7 91.2
(c) Polices with both IBS and likelihood combined
IBS ‡ 14; KI ‡ 100 0.0421 0.0742 4.8 23.8
IBS ‡ 14; KI ‡ 1000 0.0128 0.0093 16.6 42.6
IBS ‡ 14; KI ‡ 10,000 0.0014 0.0007 50.5 63.2
IBS ‡ 15; KI ‡ 1000 0.0098 0.0089 27.3 43.1
IBS ‡ 15; KI ‡ 10,000 0.0010 0.0007 21.8 63.3
IBS ‡ 16; KI ‡ 1000 0.0063 0.0075 55.4 45.7
IBS ‡ 16; KI ‡ 10,000 0.0007 0.0007 65.9 63.9
IBS ‡ 16; KI ‡ 100,000 0.0001 0.0003 86.9 80.4

IBS, Identity-By-State.
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of the evidence and a young boy who was born after 1988. This
rare allele match led to the investigation of the relatives of the boy,
and the uncle of the boy was linked to the murder of this cold
case. While it may be difficult to define how rare a ‘‘rare’’ allele
should be, generally, the weight of rare alleles has been taken into
account in the KI calculation. Because of the limitation of the
genotyping technologies, some rare alleles may simply be assigned
as greater or less than the limits of the allelic ladder (e.g., >20 or
<5). Hence, some power of rare allele may not be fully exploited
for familial searching.

A likelihood calculation with population substructure and muta-
tions usually render more conservative KIs (18). However, incorpo-
rating mutation only slightly changes the KI of the full-sib and
parent–child without mutation (i.e., <5% using the mutation rates
from AABB [25]). It is desirable, though, to avoid excluding true
parent–child relationships with mutations. Population substructure
has relatively higher effects than mutation, but the differences are
within 10-fold in 99% of the parent–child and full-sib cases (Fig. 6).

The EMR (Eq. [7]) recommended by SWGDAM (10) was origi-
nally proposed to validate the target profile (e.g., too many [appar-
ently] homozygous loci in a profile could be attributed to multiple
allele drop out). It is not directly applicable to familial searching,
as the EMR is a measure for an expected familial match (given a

target or evidentiary profile), which depends only on the forensic
profile itself, as shown in Eq. 7, where X is the forensic profile and
Y is all moderate stringency-matched profiles. For example, if X is
{12,12}, then Y could be {12,12}, {12,13}, {12,15}, …, etc.

EMR ¼

P
Y

P
i¼0;1;2

PrðY jX;UiÞ PrðUijRÞ
P
Y

P
i¼0;1;2

PrðY jX;UiÞ PrðUijUnrelatedÞ � N
ð7Þ

Many new database profiles may contain more than 13 STRs.
Therefore, the same simulations as aforementioned were performed
with 15 STRs (i.e., 13 CODIS STRs, along with D2S1338, and
D19S433). As expected, distributions of the unrelated and the
related relationships became more resolved compared to those with
13 STRs (Table 7). With more loci, the false-negative and false-
positive rates were reduced, providing a higher accuracy for famil-
ial searching.

When profiles in the databases contain lineage-based markers,
such as Y chromosome STRs and mitochondrial DNA (mtDNA)
sequences, more adventitious profile hits can be eliminated. Auto-
somal STRs biologically assort independently of mitochondrial
sequences and Y chromosomal haplotypes. Budowle et al. (29) and
Walsh et al. (30) did not detect statistically significant departures
from independence between the Y-STR haplotypes, mtDNA haplo-
types, and autosomal STR loci used in DNA forensics. As most
convicted felons are males, Y-STRs may be a more practical tool
than mtDNA for resolving adventitious hits.

(a) (b) 

FIG. 5—Distributions of Minimum Expected Kinship Ratio (EKR) ⁄ Maximum EKR among four or six populations for (a) true relationships (i.e., full-sib or
parent–child) and (b) false relationships (i.e., unrelated). The four populations are Caucasian, African American, Southwestern Hispanic, and Southeastern
Hispanic. The six populations include the four populations in (a), Navajo, and Asians. The pedigree data were simulated based on Caucasian population
data.

FIG. 6—Distributions of ratios of KI with or without population substruc-
ture correction (i.e., h = 0 or 0.01). The ratios were calculated from
100,000 simulated parent–child and full-sib pairs with 13 Caucasian CODIS
Short Tandem Repeat population data.

TABLE 7—Comparison of the mean values of the IBS and Log10(KI)
distributions for simulated unrelated (UN), parent–child (PC) and full-sib
(FS) pairs (15 STRS; Caucasian population data; J = 0; no mutation in
simulation). Unrelated pairs were identified as full-sib or parent–child

relationships. The 15 STRs include 13 CODIS STRs, D2S1338, and
D19S433. The allele frequencies of D2S1338 and D19S433 were kindly

provided by New York State Police.

Identifications

Means with 13 STRs Means with 15 STRs

IBS Log10(KI) IBS Log10(KI)

FS fi FS 16.5996 3.4012 19.064 3.9999
PC fi PC 15.8409 4.0833 18.2018 4.8119
UN fi FS 8.7088 )2.8043 9.8483 )3.3029
UN fi PC 8.7122 )15.5829 9.8431 )19.0476

IBS, Identity-By-State; STR, Short Tandem Repeat.
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There are two approaches to consider when employing Y-STRs
for familial searching. The first is to identify candidates by autoso-
mal STR profile searches and then resolve adventitious hits using
Y-STRs. Currently, this approach is the only tenable one because
most profiles in the CODIS database do not contain Y-STR data,
and Y-STR typing would have to be performed on samples from
the candidate list. The second approach is initially to screen the
database by Y-STR profiles, so that true male lineage relatives will
not be excluded because of relatively low IBS or KI values. This
approach would require that the database samples be typed for Y-
STRs for entry into the CODIS database.

The position of a true relative in a familial searching candidate
list should be considered as the resources for further investigations
could be limited. The position of a true relative (if in the database)
mainly depends on the database size and the specific alleles in the
profiles. In a considerable proportion of cases, a true relative may
be at the bottom of the list, or even not on the list. However, the
expected position can be estimated by the expected measures of a
relationship (Figs 1 and 4, and Table 5). For example, a full-sib
pair is expected to have about 16.6 shared alleles and a KI of
roughly 2500 for 13 CODIS loci. For an evidence profile searched
against a database containing 1 million unrelated samples, around
70 unrelated samples are expected to have higher positions in the
candidate list than the true full-sib.

In summary, this study compared the familial searching strategies
used or proposed in the U.S. and summarized the false-positive and
false-negative rates of the thresholds of the strategies based on 13
CODIS STRs. IBS ‡ 15, IBS ‡ 16, KI ‡ 1000, or KI ‡ 10,000
may be good thresholds for balancing false-positive and false-nega-
tive rates. IBS ‡ 17 and ⁄ or KI ‡ 1,000,000 can exclude the major-
ity of candidate profiles in the database, either related or not, and
may be an initial screening option if one criterion is to generate a
small or manageable candidate hit list. Polices combining both IBS
and KI can provide higher accuracy. The SWGDAM suggested
EKR and the threshold of the EKR variations among the popula-
tions may be too stringent for large databases. Additional STRs,
beyond the required CODIS 13, can provide better searching per-
formance, and lineage markers can be extremely useful for reduc-
ing false rates.

A familial searching software was developed, which allows all
strategies described earlier. Visit http://sites.google.com/site/gejianye/
for more details of the software.
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