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TECHNICAL NOTE
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Biostatistical evaluation of mixed stains
with contributors of different ethnic origin
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Abstract The analysis of a mixed biological stain by. All unknown persons should belong to the same ethnic
means of highly polymorphic VNTR systems usually re- group.

veals a profile composed of multiple alleles. If the V'Ct%ituations with mixed stains involving contributors of

fterent populations are becoming increasingly more

alysed. The appropriate methods for the statistical an mmon. The forensic expert should be able to provide
ysed. pprop ¥ientific mathematical procedures to evaluate such cases.

sis of DNA profiles advanced recently_ by Weir with C0a4he determination of the ethnicity of an individual is usu-
thors and by the present authors are limited to cases w % 2 difficult matter [3], but this is not primarily the
all non-tested persons involved in the analysis belong y
the same ethnical group. The present paper extends
theory beyond this limitation.

and one or several suspects match the profile the evi
tial strength of the matches has to be very carefully

concern of the legal expert who should only emphasize
thaY differences in population frequency data can effect
probability estimations of DNA evidence. Inserting inade-
quate frequencies in probability calculations however,
may or may not effect the interpretation. Therefore each
case has to be treated separately under well formulated
hypotheses.

In the present paper we extend the theory to the case
where some unknown persons may belong to different

DNA profiling of biological stains is now a central ana€thnic groups, i.e. the second restriction is removed.
lytical method in forensic science, the aim of which is to

identify the assailants out of the group of tested persens

i.e. victims and suspects. The general formula for the $gtension of the theory

tistical evaluation of DNA profiles with more than one

contributor has been proposed by Weir and coauthors [Idt ys first recall the general formulation of the statistical
The present authors have then shown that this formulgjgysis of forensic DNA evidence in terms of the theory

within the scope of the hypotheses testing approach @fthypotheses testing [2]. Thereby we introduce all the
derived an equivalent recursive formula which is espgyriables and specifications.

cially useful in cases where computations with the Weir- o pNA mixture from a crime scence — the stain — can
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Identification - Ethnicity

Introduction

formula become cumbersome [2]. o contain contributions from a number of persons e.g vic-
These results comprising the entire statistical analygifs, assailants. A comparison of the stain profile with the
of DNA profiles underly two following restrictions: single persons’s DNA profiles taken from a group of tested

1. There should be no relationship between the ndtgrsons (victims, suspects) is performed with the aim to
tested persons (unknowns) subjected to the statisti€gntify the assailants. However, such a comparison usu-
analysis or between the unknowns and tested pers@#y, leaves room for more than one alternative, i.e. more
irrespective of whether these tested persons have dbanh one hypothesis concerning the circumstances of the
tributed to the stain or not. crime can be advanced.

Each of the mutually excluding hypotheses H,, ...,
Hy is a statement specifying members of a group of per-

N. Fukshansky - W. BAER) sons, among them all tested persons and, |f.necessary non-
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The aim of the statistical analysis - testing of the hypguenciess, and the corresponding sums S Mmia,q=

theses — is achieved on the basis of the following cons’z" m . ..a- We designate this basic population as the
erations: i

. opulation 0. One of the unknown persons is assumed
Let us assume that according to a current hypoth b

i X . to be a member of some other population with the al-

the contributors of a stain which shomsallelesA;, A,, lele frequencies, and the corresponging SUMS
..., Ay are n unknowns and a number of tested persons.
The group oh unknown contributors can have only alle _ mo_ _ UL
les from the stain and must hakérequired alleles’a,, 5= 2 & 4= > &.
Ay, ..., A (k< m, k< 2n) which are not contained in the =t
genotypes of the contributors tested. The probability \bfe specify this population as the population 1 and will
this event is designatga(n, k). The number of unknown call the unknown person belonging to the population 1
personsp, the numbek and the composition of the “re-simply unknown 1.
quired alleles” and therefore the probabilitigs, k)vary The unknown 1 can show in principle 0, 1 or 2 “re-
for different hypotheses. It has been shown [2] that the geired alleles”. Consider the probabilities of these three
of probabilitiesp (n, K) (p(0,0) = 1) comprises the entireevents.
information necessary to perform the statistical analysis.If the unknown 1 shows only one “required allekg”
Therefore, the whole analysis is based on the expresgion 1, 2,...,K) from the stain, then he is either homozy-
for the probabilityp (n, k). gous with respect to this alleleAA; — or heterozygous

When alln unknown persons belong to the same popf:A;, ( =k + 1,...,m) whereA is outside the set of the
ulation with the allele frequencies, a,, ..., a,, two ex- “required alleles”. The probability for the unknown 1 to
pressions can be used to calculafe, k). The first one is have one “required alleles; is
the Weir formula [1, 2]:

m
‘ az+2a Y a =3a%+2aQq.
p(n,k): SZH_Z(S_ai)zn o
1 ' :lk The rest oh — 1 unknowns (all of them belong to the pop-
D (s —a - a,)Zn _ 1) ulation 0) should contribute the- 1 out ofk “required al-
iS1 ST ' leles” (A is lacking here). We designate the corresponding
K 2 probability agp,(n— 1,k — 1).
FED (s A - —a)” Thus the probability that the unknown 1 shows some

wheres is the sum of the frequencies of all alleles cofingle “required allele” is
tained in the stain

k
S=a +at.. +a i;(a“zad)n(n—l,k—l)

The second expression is [2]: If the unknown 1 shows two “required allele§"A(i, j =

-k g2n-k=i Q(kK, j) 1, 2,...k;i#]j) (i.e. he is heterozygous with the probabil-

pln k)= (en)ias, .. a jzo (2n -k —j)’ (2) ity 2aa) then the corresponding probability of this event
A ' is

Whereq is the sum of the frequencies of all alleles con, .,

tained in the stain except the “required alleles” 2 58 p(n-1k-2

=9+ T &t ... ta, i=1j=i+1

The quantityQ (k, j)is calculated in a recursive way: ~ Wherep;(n — 1,k — 2) is the probability that — 1 un-
knowns showk — 2 “required alleles” from the initial set

j i “ 1 »”

- a g of k “required alleles”, where now the allel@sandA are
Q(k, J) i:ZO i+ 1)!Q(k Lj-1i lacking.
Q(k0) =1 3) Finally, the unknown 1 can shown no “required alle-

les”. In this case he is either homozygéus; (i = k + 1,
Q(0,j) =0forj > 0. ..., m) or heterozygou& A (i, j =k+ 1,...,m; i #j) with

the probabilit
The recursive formulae (2, 3) yield the same results as the P Y

Weir formula (1) and are especially appropriate for larc m > m-t m 2
values ofk where calculations with (1) become rathe » & +2 5 5 && = (&1 *+ .. +8n)° =7
cumbersome. In particular =kl I=krlj=ivl

p(n, 2n) = (2n)!a,a, ... &, @ The rest ofn — 1 unknowns should show in this case all

_ thek “required alleles” with the probabilitg(n — 1,K).
p(n.2n — 1) = M)!a, ... &y - 1(S+0)/2. Summarizing the above arguments we can write the
Let us assume now that omly- 1 out ofn unknown per- expression forp (n, k) for the situation where one un-
sons belong to the basic population with the allele figaown person belongs to a different ethnic group:
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p(n,k)= g2 p(n — 1, k) The proof of this formula is given in the Appendix.
k
* z (& +23q)p(n-L k-1 ©) The general case:
i :
k-1 groups of unknown persons from different populations

k
+2 aapmnh-1,k-2
i; j:iz+ 1a1 1Py ) The formula (6) can be easily extended to the case where
The last expression in principle allows us to calcydte WO unknown persons (thereafter called ur_1known 1 and
k) using the formulae (1) or (2, 3) for the calculation ¢fnknown 2) belong to two different populations (popula-
p(n—1,k), p(n—1,k— 1) andp; (N — 1,k — 2). Note that tion 1 and populatlon 2 respectively) Whlch are not identi-
one should takq + g instead ofg when using the formu- cal to population 0. Let the allele frequencies in the popu-
lae (2, 3) for the calculation pf(n— 1,k— 1) since the al- !ation of the unknown 1 be as specified abayea,, ...,
lele A is lacking in the set of “required alleles” in this sitdm With (5= 5 ™1&,q= } [L4.1&), while in the popu-
uation. Similarlyq should be substituted hy + a + g lation 2 they aréy, &, ..., &, with
when calculatingy; (n— 1,k - 2). L L
However, calculations with the formula (5) appe:® = 2. & 4= 3 &
rather cumbersome. Therefore, in the next section we wii '~ ok .
derive a more convenient expression which turns out toftiest we consider the ca&e= 0. Accordingly to the for-
a generalization of (1). mula (5) we have

p(n! O) = (sz(n - 110)

Since in the set af — 1 unknown persons (where the un-
known 1 is lacking) contains the unknown 2 who belongs
to the population 2

p(n — 1,0) =G°p(n — 2,0) =G> -2

Let us consider the caseskof 0,1 on the basis of the for

mula (5). In this way we will approach a general expres- . .
sion. p(n, 0) = L0 -2q2¢2 = L0 - IR

Computational formula for the calculation
of p(n, k] in the case of one unknown
belonging to a different ethnic group

_ N . ecause in this casp= s andg =§.
1. Fork =0 one hag| = sand the formula (5) is reducec}J For the cas& = 1 we have
to one term _
p(n, 1) =g?p(n — 1,1) + @ + a;q)pa(n — 1,0) (7)

p(n, 0) = g?p(n — 1,0) .
) —n1) A set ofn — 1 unknown contains the unknown 2, there-
According to the formula ()(n - 1,0)=0~%. Thus  fore according to the formula (6):

p(n, 0) =s*- 152 p(n — 1,1) = LO-2F — (s — a,)20 - (% — &)2
p;(n — 1,0) =20 - 2%
Substitution of the last expressions into (7) yields:

2. Fork =1 the formula (5) contains two terms:
p(n, 1) =g*p(n — 1,1) + @f + 2a,9) p:(n—1,0)

. — . n 1) = L0-28(q2 + a2 + 2a.
Ir; this casej = 5 and on the basis of the formutd ™ ~ s —(211)2(” _12)(§ - 153)2 - 90 - 23w
() — (5 - a0 -2 - &)(s - &)’
p(n — 1,0) =52~ D since in this casg + a; = s.
p(in — 1,1) =20 -1 — (s — q,)2 -1 The general form of the formula fpi(n, k)in the case
Therefore of two foreigners appears to be
_ — <2(n-2) g2 &2
p(n, 1) =0 -1(g? + af +29a) Pl = k o
— (S_al)z(n—l)q = h-1)g2 _ (S_a‘_)Z(n—Z)(g_a)Z §—5‘ 2
— (s — a)?C-I(s - q)? i; ( )
On the basis of the above expression a general formula + kil % (S PR )2(n—2) (§ _3 - _j)z
p (n, k)for anyk can be suggested: i=1j=7+1
~ ~ ~ \2 k
p(n, k):SZ(n_l)§2 _ % (§ _ éi)Z(n—l)(g _ a)Z (S -a — aj) - ... t (_1)
L =1 (s-—a —... —a)" 5 -7 -..-7)>°
*3y 3 l(s ~a-a)"'s-3-3) (6) (3-48-. -4a) 8
i=1j=i+

. 20-D (e = .y The proof of this final expression is also given in the Ap-
— (=D (s—ay—-...— &) -3 -...-q) pendix.
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Repeating the above arguments for the additional

3
knowns from different populations we arrive at the foP(33) = s* = 3 (a - a)°
lowing obvious generalization. Let us assume thah- =1
known persons subdivided intgroups withn,, n,, ..., N, 2 S (e A A
: _ : i tyY Y (s-a-g)
persons in a groum{+ n, +...+n, =n) are involved in a %15
statistical analysis of a stain. All the unknowns from tt 3
groupi belong to the same population with the allele fr (s—a —a, —ag)® = b — 3 (s- a)°
quenciesy; (j = 1, 2,...,m) so that i=1
m 3 6 6 —
s=5 g +iZl(q+a,-) — g° = 0.00692
i=1 =
Then the generalized formula (8) reads When it is taken into account that the third unknown be-

longs to population 2, formula (6) yields

k
n,k — Q2N g2m 2n, - a 2n - a, 2ny 3
p(nk) =™ ™ ...8" = 5 (8- &)™ (% - ) PEY = S = 3 (s—a) (s - )

(Sr - ari)an + ... , i=1

+(-D"(s - @y — .. — ay)™ 9 +5 (q+ a)' (@ +a)°
i=1

(2 — @ — ... — &)™ —g4g2 = 0.00337

(s — A = —a)™

The ratio of the results obtained in the above two cases is

p(3, 3)p(3,3) = 2.05

Thus neglecting the suitable population frequencies re-
As shown earlier [2] it is of no importance for the statistults in an error of 100%.
cal analysis which populations the tested persons belong
to. In contrast, the specification of the population of the
unknowns is crucial. A Appendix
Let us consider a stain showing six allefgsA,, ...,
A and an hypothesis that three unknowns contributelto The starting point for the proof of the formula (6) is the
this stain together with a number of tested persons whichexpression (5):
combined show three allelds, A;, As. We assume that _
two unknowns belong to the population 1 with allele fre- P(N.K) = a?p(n - 1, k)

Numerical example

guenciesy; while the third unknown belongs to the popu- Ko L

lation 2 with the allele frequenci@s The quantities, 3; +> (@ +2aq)p(n-1 k-1 (Al
(i=1,..., 6) ands, q, s, gare given in the Table 1. Here 'T( L

s, sare the sums of the allele frequencies of the stain and < = (n _

d, q are the sums of the frequencies of the alleles shown * Zi; i:i2+ 131 apj(n-1Lk-2)

by the tested persons. _ _ _
If the computations would be performed under the as- On the basis of formula (1) and the relationship
sumption that all three unknowns belong to population 1 ¢ _ 5 _ 5 _ a4 =
formula (1) yields 1= %~ ~&=1q
we can write

. . . k
Table 1 The allele frequencies for the two populations used in the e2(n=1 2(n-1)
numerical example p(n — L k) =s2(=D — izl (s-a,)
=
Allele Frequency k-1 k
2(n-1)
Pop. 1 & Pop. 2 & *3 Y (s-a -a,)
op. 1 &) op. 2 &) i1=1lip=i;+1
1 A, 0.10 0.05 k—2 k-1 k 2(n-1)
2 A, 0.05 0.02 T P EDT S _i2+1(q ta, +3,)
3 Az 0.20 0.13 ) 1oz
4 Ay 0.10 0.12 _\k-1 ! 2(n-1) _ Nk q2(n-1)
5 As 0.06 0.02 *(-1 iZl(q +a) + (=D%q
6 Ag 0.04 0.10 !
o= 0.55 s=o0.44 In the analogous development of the expressiom;for
N S (n—1,k—1) all terms containing; disappear and the
q=0.20 q=0.24

last term will be (- ¥ 1(q + a).
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In the development of the expression fip(n — 1, Using analogous reasoning we can see that wkdn
k—2) all the terms containirgjor  disappear and the -1 the termg—a, —a, — ... —a;, )"~ Ddisappears in
last term will be (— ¥)-2(q + & + &). the last two items of (A1) as soonia® j acquires one

We will now substitute the above developments of the values,, i, ..., i,. The coefficient of this term is
into expression (A1) and collect all coefficients of the G-3 -3, —..—a)y

1 2 r

terms.

QO-1, (s — a )20~ D The last but one terns ¢ &;,)?" - is contained only

(s - Y _a‘i L ')'z'(n’ — 1 in the first two items of (Al). The coefficient of this
B~ & o term is

@+ a)*" - q* -V

02 + a2, + 20a = (J + a&,)2
The formula (6) will be proven if these coefficients are : 1 a8 = @+ a)

Finally, the last terng?2® -1 is contained only in the

%6 - %1)_25 s @A A At first item and its coefficient ig2.
@+ ap)sq
Indeed, the tern?®- 1 is contained in all three items2. The proof of the formula (8) is completely analogous
of (A]_) and its coefficient is to the prOOf of formula (6) The expression ﬂrﬁn -1,
« « K, pi(n—1,k—1) andp; (n— 1,k—2) in (Al) are de-
g2+ Yy a+2qy & veloped into series according to the formula (6) and
i=1 i=1 the coefficients of the terms
k-1 Kk k (n-2)&2 —_ a3)20-2)(& _ §)2
+2 z aaj :%4. Zag =§2 32 S-(S a|) (S a),---
i1 j=T+1 i=1 are elucidated.

The term §—a,,)2"- VD disappears in the two last items
of the expression (Al) as soon as the indarq in the
expressiong;(n — 1, k — 1) andp; (n — 1, k — 2)
acquires the valug. The coefficient of the terms¢ 1 weir BS, Triggs CM, Starling L, Stowell LL, Watsh KAJ, Buck-
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