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Abstract The effect of  a structured population on the 
evaluation of forensic mixed stains has been considered by 
the authors and others. However, in countries with multi- 
ple racial or ethnic groups, it is not uncommon that con- 
tributors to a DNA mixture are of  different ethnic groups. 
A famous example is the OJ Simpson case in which the 
suspect was an African-American, the victims were Cau- 
casian Americans and the true perpetrator(s) could be 
from any ethnic group(s). In this paper six common mix- 
ture cases are considered and the formulae for likelihood 
ratios are derived. These formulae can help forensic DNA 
scientists acquire a better understanding of the problem. 
The effect of  different ethnic groups is illustrated using a 
case in Hong Kong. 

Keywords DNA mixtures �9 Ethnic groups �9 Forensic 
science �9 Likelihood ratio �9 Population structure 

Introduction 

DNA profiling has proved to be a powerful tool for foren- 
sic human identification. Consider the following simple 
situation: a crime has been committed, the perpetrator has 
left a blood stain at the scene of the crime and a suspect 
has been identified. Suppose that the stain in the crime 
scene is typed with alleles AiAj at a particular locus and 
the suspect has the same alleles. It is common to calculate 
the probability of  a random match of DNA alleles at the 
crime scene and those of the suspect under the hypothesis 
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of innocence. Under the assumption of Hardy-Weinberg 
(HW) equilibrium, it can be evaluated as: 

2pipj for heterozygous alleles AiAj, i ~ j 
p2 for homozygous alleles AiAi, 

(1.1) 

where Pi and pj are the proportions or frequencies for alle- 
les A i and A j, respectively. 

In forensic DNA analyses it is not uncommon to find 
DNA samples containing materials from more than one 
person. For example, the sample in a rape case may con- 
tain materials from the victim, her consensual sexual part- 
ner(s) and/or the perpetrator(s). The mixed stain problem 
is complex as commented by the second National Re- 
search Council (NRC-II 1996) report on the evaluation of 
forensic evidence and some forensic scientists find it dif- 
ficult to assess mixed stains. The mixed stain problem 
was discussed by Evett et al. (1991), Weir et al. (1997) 
and Fukshansky and B ~  (1998) and the HW equilibrium 
was assumed. Researchers have investigated the validity 
of  the assumption in various ethnic or racial groups (see 
for example Devlin and Risch 1993 and Fung 1996). The 
HW law, however, is seldom exactly correct (NRC-II 
1996) because dependence can have developed among al- 
leles in the same ethnic group during the human evolu- 
tionary process. It is sensible to take this dependence 
structure into account in the evaluation of random match 
probability. A relatively simple formula for assessing the 
dependence was provided by Balding and Nichols (1994), 
which was used in recommendation 4.2 of the NRC-II  
(1996) report for handling the single sample problem. Re- 
cently, Curran et al. (1999) and Fung and Hu (2000a) 
tackled the mixed stain problem with such a dependence 
on the population structure. 

Based on genetic and statistical justifications, Balding 
and Nichols (1994) showed that in general, if y copies of  
allele Ai have been observed among n alleles, then the 
probability that the next allele to be observed will be Ai is: 

P(AiIyAi among n alleles) = y0 + (1 - O)pi (1.2) 
1 + ( n  - 1)0 
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where 0 is the coancestry coefficient, which is essentially 
the same as Wright's (1951) F~t. The latter, which is well 
known to population geneticists, has a genetic interpreta- 
tion that measures the interpopulation variation in allele 
frequencies. Equation (1.2) can also be established if a 
state of  evolutionary equilibrium has been established 
(Curran et al. 1999; Wright 1951). The mOdel of  Balding 
and Nichols (1994) is quite general and their method is 
endorsed by the NRC-II.  It forms the basis of  our deriva- 
tion in this paper for taking dependence into account for 
mixed stain problems. 

Previous reports on mixtures all regarded or assumed 
that contributors to the mixed stain came from one single 
ethnic group. In practice, however, it is not uncommon 
that contributors to a mixed stain belong to different eth- 
nic or racial groups in countries with multiple ethnic groups 
such as the USA, UK or Singapore. A famous example is 
the OJ Simpson case in which the defendant was an 
African-American and the two victims were Caucasians 
and mixed stains were found in this case. The perpetra- 
tor(s) could be African-American(s), Caucasian(s), or from 
any other group. Extensive studies from various databases 
indicate that there are substantial differences in frequen- 
cies among the major ethnic groups (NRC-II 1996) 
and ignorance of the ethnic group information of contrib- 
utors to the mixed stain may not be allowed in courtrooms 
and could also be misleading in assessing the weight 
of  evidence of the mixed stains. Recently, Fukshansky 
and B ~  (1999) and Fung and Hu (2001) studied such 
problems, but the HW law was assumed. Triggs et al. 
(2000) offered a coherent method to estimate likelihood 
ratios for DNA match probabilities from mixed racial 
populations. Buckleton et al. (1998) dealt with the situa- 
tion when multiple hypotheses are postulated for mix- 
tures. 

The purpose of this paper is to evaluate the mixed stain 
problem with contributors of  different structured ethnic 
groups. The likelihood ratios (LRs) for six common cases 
as given in Curran et al. (1999) are presented. These for- 
mulae can help forensic DNA scientists acquire a better 
understanding of the problem. A general formula for LR is 
being sought and it will be reported elsewhere. 

Likelihood ratio 

Suppose a crime was committed and a mixed stain was 
collected from the crime scene. Some crime-related per- 
sons, for example the victim and the suspect(s), were 
typed for their DNA characteristics. Usually, a pair of  
propositions, the prosecution proposition (Hp) and the de- 
fence proposition (Hal) are given to explain who the con- 
tributors to the mixed stain were. We can have proposi- 
tions like, for example: 

-Hp The contributors were the victim and the suspect 
-H a The contributors were the victim and one unknown 

person. 

The likelihood ratio is often used to assign the weight of  
the genetic evidence in this circumstance (Weir et al. 
1997; Fung and Hu 2000a, b): 

LR = P(Evidencelnp ) (2.1) 

P( EvidencelH d ) ' 

where the evidence is all the information carried by the 
typed persons and that found in the mixed stain. If  the 
likelihood ratio is L, it means that the evidence is L times 
more likely to have arisen under explanation Hp than un- 
der explanation Hd. Under either proposition, tip or H d, 
every typed person would be declared to have contributed 
to the mixed stain or not. 

For the simplicity of  exposition, let M denote the ge- 
netic profile of  the mixed stain, which is simply a listing 
of  the distinct alleles found in the mixed stain. We also let 
K denote the collection of genotypes of the known typed 
persons. Thus the evidence can be represented as (M,K), 
and the likelihood ratio can be expressed as 

P(M, KtHp) 
LR = 

P(M, KIHa) 
P( KIH. ) P( MIK, H. ) 
P(KIHa) P(MIK, Ha) 

using the third law of probability. The terms P(K1Hp) and 
P(K1Hd) denote the probabilities of  having the alleles for 
the typed persons. They are equal because whether Hp or 
Ha is true or not does not provide any information about 
the uncertainty of  K. Hence the likelihood ratio can be 
simplified to: 

LR = P(MIK' Hp) (2.2) 
P(MIK, Hd)" 

So the evaluation of LR is reduced to the evaluation of the 
probability P(MIK, H) for some proposition H. 

Likelihood ratios for common cases 

Let A1,A 2 ..... Aj .... denote the alleles and let Pij be the al- 
lele proportion or frequency for allele Aj in ethnic group i, 
i E G = { a,b .... }, j = 1,2 ..... with a coancestry coefficient 
0i. We assume independence of alleles among ethnic 
groups. Also let K~,K b .... be the genotypes of  the known 
contributors from groups a,b ..... respectively and let 
X,,X b .... be the genotypes of  the unknown contributors 
from groups a,b ..... respectively. In the following, V is the 
abbreviation for the victim's genotype and S for the sus- 
pect 's  genotype. We are going to derive the likelihood ra- 
tios for six common mixture cases as listed in Curran et 
al. (1999). 

Four-allele mixture, heterozygous suspect 
and heterozygous victim 

Suppose a mixed stain M was recovered and the victim 
and one suspect were typed. Consider the case that M = 
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{AI,A2,A3,A4} and the genotypes of  the suspect and the 
victim are S = AIA2 and V = A3A4, respectively. Therefore 
K = (A IAz,A3A4). The two alternative propositions are: 

-Hp The contributors of  M were the victim and the sus- 
pect 

-Ha The  contributors of  M were the victim and one un- 
known person. 

It can be seen that there could be three persons involved in 
this case, the victim, the suspect and an unknown person. 
The maximum number  of  ethnic groups to which they 
may  belong is 3. In theory, the total number  o f  all possible 
combinations about which person belongs to which ethnic 
group is 33 = 27. Without loss o f  generality, we assume 
that the unknown contributor belongs to ethnic group a, 
which is termed the unknown-based viewpoint. From this 
viewpoint,  we discuss the fol lowing situations: 

-C1 V, S and X come f rom group a 
-C2 V, X come f rom group a and S comes f rom group b 
-C3 S, X come f rom group a and V comes from group b 
-C4 X comes from group a but V and S are not from group a, 

where X is the genotype o f  the unknown contributor. 
Under  proposit ion Hp, it is obvious  that P(MIK,Ht,) = 1. 

Under  Hd, f rom the known contributor V = ABA 4, we know 
that the genotype o f  the unknown contributor for explain- 
ing the mixture M = {A1,A2,A3,A4} must be A~A z, i.e., X~ = 
AIA  2. So P(MIK,Hd) = P(Xa = AIA21Ka,Ha), or simply 
P(X~ = A1A21K~). Thus, the LR is just the reciprocal of  
P(X,, = AIA21Ka) for  various K~ in Cl - Ca. 

I f  C1 holds, Ka = (AIA2,A3A4), so: 

P(X~ = AIA2 IKa) = P ( X  a = AIA 2 tK~ = (AIA 2, A3A 4 )). 

When situation C4 holds, we have K, = r then: 

P(X~ = AIA2[Ka) = P ( X .  = AIAz) 

- 2 [  (1-O~)p~,  1[ ( l_-0~)p.2 ] 
I~ (-~ I-~. JLI+ (i - I)0 . 

= 2(1 - O~)p~IP~2. 

The LRs of  these cases are presented in Table 1. It should 
be noted that there are just four distinct formulae by 
which the ethnicity of  the unknown person is fixed, but 
each formula represents an equivalence class of  possible 
formulae.  

Three-allele mixture, homozygous  victim 
and heterozygous suspect 

Suppose that M = {AI,A2,A 3 }, S = A1A 2 and V = A3A 3. The 
two alternative propositions are: 

-Hp The  contributors were the victim and the suspect 
-H d The  contributors were the victim and one unknown 

person. 

It is clear that, under proposit ion Hp, P(MIK, Hp) = 1. Un- 
der H d, since the mixture M = {Ax,Az,A3} and the known 
contributor V = A3A3, X a = A~A2. Similar to the derivations 
for  a 4-allele mixture with a heterozygous suspect and 
victim, we have P(MIK, Hd) = P(Xa = AIA21K~) and can ob- 
tain the likelihood ratios listed in Table 2. It is noted that 
the LRs  in Tables 1 and 2 are the same. 

To evaluate the probability using equation (1.2), we must  
pass from the situation of  genotypes  to that o f  alleles. In 
this case, we have: 

P(X~ = AtA21K ~ = (AtA2,A3A4)) 

= 2P(AI ,  A2 IAl, A2, A3, A4 ) 

= =[oo + i,-Oo>.a, IFoo +(l-Oa)Pa2 l 
1+3-~ JL I+~,~ J 

=2[oo + (I- O )po,][oo +(I- O )po ] 
(1 + 30~)(1 + 40~ ) 

where the factor 2 appears because o f  the two possible 
ways of  inheritance. 

When C2 holds, K~ = A3A4, so: 

P(X~ = A1A 2 [Ka) = P(X~ = A1A 2 ]K a = A3A 4 ) 

= 2 (1 - 0,,)p.,l (1 - 0a)p,,2 
(1 + 0a)(1 + 20,,) 

I f  C3 holds. K,~ = AtA2, so: 

P ( X .  = AtAzIK.)  = P(X~ = A~A21K~ = AiA2) 

= 2 [0,, + ( 1 -  0,:,)pal][0,, + ( 1 -  0.)p, ,z]  
(1 + 0~)(1 + 20~) 

Table 1 Likelihood ratio for M = {AI,A2,A3,A4}, S = AIA2 and V = 
A3A 4 w i t h  np the contributors were the victim and the suspect, and 
Hd, the contributors were the victim and one unknown person 

Ethnicity Likelihood ratio 

X V S 

a a a (1+30a)(l+40.)/{2[O~+(1-Oa)p,~l][O~+(l-O~)pa2]} 
a a b (1 + 0~)(1 + 20a)/[2(I - 0~)2p~tP~2] 
a b a (l+Oa)(l+2Oa)/{2[Oa+(l--O~)pal][O~+(1--O~)pa2]} 
a d d l][2(1--Oa)patp~z ] 

d means not group a 

Table 2 Likelihood ratio for M = {AI,Az,A3}, S = AtA2 and V = 
A3A 3 with Hp the contributors were the victim and the suspect, and 
Ha, the contributors were the victim and one unknown person 

Ethnicity Likelihood ratio 

X V S 

a a a (l+30~)(l+40~)/{2[O.+(1-O.)pul][Ou+(1-O,,)p.2]} 
a a b (1 + 0.)(1 + 20.)/[2(1 - 0~)2p~tp~z] 
a b a (l+O~)(l+20.)/{2[O.+(1-O.)p~][O,,+(l-O,,)p.e]} 
a d d 1/[2(I - O,,)p.ipJ 
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Three-a l l e le  mixture,  he te rozygous  vict im,  
and h o m o z y g o u s  suspect  

Cons ide r  that the D N A  prof i les  o f  the m i x e d  stain, sus- 
pec t  and v ic t im are M = {AI,A2,A3}, S = AiAl ,  and V = 
A2A 3, respect ively.  The propos i t ions  are 

-Hp The  contr ibutors  were  the v ic t im and the suspect  
-H a The  contr ibutors  were the v ic t im and one unknown 

person.  

F r o m  the unknown-based  v iewpoint ,  we  have  the same 
situations C1 . . . . .  Ca as in the case o f  a 4-al le le  mixture with 
a he te rozygous  v ic t im and suspect .  

Unde r  p ropos i t ion  Hp, we have P(MIK, Hp) = 1. Under  
lid, since the mixture  M = {A1,A2,A3} and the known  con-  
t r ibutor  V = A2A3, X a must  be one o f  the fo l lowing  forms:  
AIA1, A1A2, or AIA3. Thus, P(MIK,Hd) = P(X,~ = A1AIlK~) + 
P(X,~ = A1A21Ka) + P(X  a = A1A31Ka). 

I f  Cl holds ,  K a = (A1A1,A2A3), so: 

P ( M I K , H d )  

= P(X, ,  = A~A~IKa = (AIAI ,A2A3))  

+ P ( X  a = A1AzIK ~ = (A~A~,AzA3)) 

+ e ( X a  = A~A3IK~ = (AxA1,A2A3)) 

[20 a + ( 1 -  Oa)Pal][30 a + ( 1 -  Oa)Pal] 

(1 + 30 a)(1 + 40 a ) 

+ 2 [20~ + (1 - 0~ )Pal ][0a -1- (1 - 0~)p~2 ] 

(1+30~)(1 + 40a)  

+ 2 [20a + (1 - O~)p~l ][Oa + (1 - O~ )Pa3] 

(1 + 30~)(1+ 40a)  

[20~ + ( 1 -  0~)p~l][70~ + ( 1 -  0a)(p~l + 2p~2 + 2p~3)1 

(1 + 30~)(1 + 40a)  

The  LR is the rec iprocal  o f  P(MIK,Hd). The  LRs  when C2, 
C3, Ca hold  can also be obta ined  in a s imilar  way  (Table 3). 

Four-a l le le  mixture ,  he te rozygous  suspect  
and one unknown 

Cons ide r  the s i tuat ion that the m i x e d  stain d id  not  origi-  
nate f rom the vict im. Instead,  the contr ibutors  o f  the 
m i x e d  stain were  two perpetrators .  Suppose  one suspect  
was arres ted and we have M = {AI,A2,A3,A4}, S = A1A2. 
The propos i t ions  are: 

-Hp The  contr ibutors  were  the suspect  and one unknown 
person  

-Ha The  contr ibutors  were two unknown persons .  

This  is a more  compl ica ted  case  and the two unknown 
persons  with geno types  X~ and X 2, respect ively,  m a y  come 
from different  ethnic groups.  F rom the unknown-based  
v iewpoin t ,  we  discuss  the fo l lowing  si tuations:  

-C1 X1, X2 and S come  from group a 
-C2 X1 and X2 come  from group a,  S comes  f rom group b 
-Cs X1 comes  f rom group a, X 2 and S come f rom group b 
-C4 X1 comes  f rom group a, X2 comes  f rom group b, and 
S comes  f rom group c 
-C5 X1 and S come  f rom group a, X2 comes  f rom group b. 

Unde r  p ropos i t ion  Hp, since the known  cont r ibu tor  S = 
A I A  2, X a = A3A 4. Thus P(MIK,Hp) = P(X~ = A3A4IKa). Un- 
der  Hd, since the mixture  M = {A1,A2,A3,A4} and there is 
no k n o w n  contr ibutor ,  the genotypes  of  the two unknown 
persons  can have  six poss ib le  combina t ions :  (A1A2,A3A4), 
(AIA3,A2A4) , (AIA4,A2A3) , (A2A3,AIA4) , (A2Aa,AIA3) and 
(A3A4,AxA2). Thus we have: 

P(MIK,  Ha) = P(Xa = 

+ P(X,~ 

+ P(Xa 

+ P(X~ 

+ P(Xo 

+ P(X~ 

( A~A2,A3Aa )IK~ ) 

= (A1A3,AzA4)IKa) 

= (&A4,AzA3)IK~) 

= (A2A3,A~A4)IK~) 

= (A2Aa,A1A3)IK~) 

= (A3A4, A1A2 )IK~ ), 

i f  the two unknown  persons come  from the same ethnic 
group a,  or: 

P(MIK,  Hd ) = P(Xa = 

+ e(Xo 

+ P(X~ 

+ P(X,~ 

+ P(Xa 

+ P(Xo 

A1A2 IKa )P(Xb = A3A4 IKb ) 

= AIA3 [K~ )P(X b = A2A 4 IKb) 

= A, A41Ka)P(Xb = A2A31Kb) 

= A2A31Ka)P(Xb = A~A41Kb) 

= A2A 4 IKa )P(Xb = AIA 3 ]go ) 

= AsA4IK~)P(Xo = AIAztKb), 

i f  the two unknown  persons come  from different  ethnic 
groups a and b, since the genotypes  be tween ethnic groups 
are s tat is t ical ly independent .  

I f  C1 holds ,  K~ = A1A 2, so: 

P(MIK,  n p ) =  P ( X  a = A3A 4IK~ = AIA2) 

= 2 (1 - Oa)Pa3(1 - Oa)Pa 4 
(1 +o~)(1 + 2o~) ' 

Table 3 Likelihood ratio for 
M = {AI,A2,A3 }, S = A1Al and 
V = A2A3 with lip the contribu- 
tors were the victim and the 
suspect, and Hi, the contribu- 
tors were the victim and one 
unknown person 

Ethnicity Likelihood ratio 

X V S 

a a a 

a a b 
a b a 
a d ,~ 

(1 + 30a)(1 + 40.)1{ [20~ + (1 - O,,)p,,l][70,, + (1 - 0.)(P~l + 2pa2 + 2p~3)1 } 
(1 + Oa)(1 + 20~)/{(1 - O,,)pal)[50,, + (1 - O.)(p~l + 2p~z + 2p~3)] } 
(1 + 0~)(1 + 20~)/[ [20a + (I - Oa)p,~l][30,, + (1 - O.)(p~l + 2p~2 + 2p.3)] } 
1/{p,,l[O~ + (1 - Oa)(Pal + 2paz + 2p~3)] } 
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P(MIK,  Hp)=  24 

[0. + (1- 0o)p.,][0o + (1- 0.)po2] 
(1 - O ~ ) p ~ 3  (1 - O.)pa  4 

(1 + 0~)(1 + 20~)(1 + 30~)(1 + 40~) 

Thus ,  the l ike l ihood  rat io ob ta ined  is: 

LR - (1 + 30~ )(1 + 40~ ) 

12[0 a + (1 - Oa)Pai][O a + (1 - Oa)Pa2]"  

The  LR, w h e n  C2 holds ,  can  be de r ived  in a s imi la r  way ;  
see Tab le  4. 

I f  C3 holds ,  K a = ~, Kb = AtA2, thus:  

P(MIK , n p  ) =  P ( X  a = A3A 4 ) = 2(1 - 0 a )Pa3Pa4" 

The  d e n o m i n a t o r  of  the LR is m o r e  compl ica ted .  It is eval -  
ua ted  as: 

P(MIK,  n d )  = P ( X  a = A1A 2)P(Xb = A3A 4 ]Kb = AlA 2 ) 

+ P(Xa = AIA3)P(Xb = A~A4IKb = A1A2) 

+ P(Xa = A~A4)P(Xb = AzA3 IKb = & & )  

+ P(Xa = AzA3)P(X b = AxA4IKb = AtAz) 

+ P(X~ = AzAa)P(Xb = &A31Kb = AtAz) 

+ P(X~ = A3Aa)P(Xb = &A2IKb = & A z )  

w h i c h  can  be expressed  as 4(1 - 0~)/[(1 + 0b)(1 + 20b)] 
mu l t i p l i ed  by the s u m  o f  the six te rms:  

[ p ~ p ~ :  (1 - 0b)pb3 (1 -- 0b)pb4 ] 

+ [P,,~P,,3[Ob + (1 -- 0o)Pb2 ](1 -- 0b)P04] 

+ [ P a l P a 4 [ O b  + (1 - O b ) P b 2 ] ( l  -- O b ) P b 3 ]  

+ [PazPaa[Ob + (1 - Oh)Phi ](I -- Ob)Pb4 ] 

+ [p~zp~g[Ob + (1 -- Ob)Pbl](l -- Ob)Pb3] 

+ [P~3p~4[Ob + (1 -- Ob)pb~][O b + (1 -- Ob)Pb2]]. 

The LRs w h e n  Ca and  C5 hold  can  be  ob ta ined  s imi la r ly  
(Table  4). 

Three -a l l e l e  mix ture ,  he t e rozygous  suspect ,  
and  one  u n k n o w n  
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Suppose  the m i x e d  s ta in  prof i le  is M = { A I , A 2 , A 3 } ,  the 
suspect  prof i le  is S = A~A 2 and  the p ropos i t ions  are: 

-lip The  cont r ibu tors  were  the suspect  and  one  u n k n o w n  
pe r son  

-lid The  con t r ibu tors  were  two u n k n o w n  persons .  

This  case  is the same  as that for  a 4 -a l le le  mix tu re  wi th  a 
he te rozygo te  suspec t  a n d  one  u n k n o w n ,  except  n o w  the 
m i x e d  s ta in  on ly  shows  three al leles.  I f  Hp is true, we 
have:  

P( MIK, Hp ) = P(X~ = &AaIK~) + P(X~ = A2A31K~) 

+ P(X,~ = A3A3IKa). 

I f  H d is true, the geno types  o f  the two u n k n o w n  pe r sons  
w o u l d  have  12 poss ib l e  c o m b i n a t i o n s :  (A1A1,A2A3), 
(A2A3,A1A1), (A1A2,AIA3), (A1A3,AIA2), (A2A2,AIA3), 
(A1A3,A2A2), (A2A1,A2A3), (A2A>A2A1), (A3A3,A1A2), 
(AtA2,AaA3), (AaAI,A3A2), and (A3A2,A3A1) and P(MIK, Hp) 
is the s u m  o f  the cond i t i ona l  p robab i l i t i e s  for these c o m -  
b ina t ions .  F o r  brevi ty,  the detai ls  o f  the de r iva t ion  are 
omi t ted ;  see Table  5 for  express ions  o f  LRs. 

Four -a l l e le  mix ture ,  two he t e rozygous  suspects  

I f  two suspects  were arrested and the D N A  profi les are M = 
{A1,A2,A3,A4}, Sl = AIA2 for  suspec t  1, and  S 2 = A3A 4 for  
suspec t  2, the two p ropos i t i ons  are: 

-lip The  cont r ibu tors  were  the two suspects  
-lid The  con t r ibu to rs  were  two u n k n o w n  persons .  

F r o m  the u n k n o w n - b a s e d  v i ewpo in t ,  we  d iscuss  the fol-  
l owing  s i tuat ions:  

-C1 X1, X2, Sl and  $2 c o m e  f rom group  a 
-C2 Xl ,  X2 and  $1 c o m e  f rom group  a,  $2 com es  f rom 
group  b 
-C3 X~ and Xz c o m e  f r o m  group  a,  S~ and  $2 no t  f rom 
group  a 

Table 4 Likelihood ratio for 
M = { A I , A 2 , A 3 , A 4 }  , S = A I A  2 
with Hp the contributors were 
the suspect and one unknown 
person, and H a , the contribu- 
tors were two unknown per- 
sons 

Ethnicity 

x~ x2 S 

Likelihood ratio 

a a a 

a a b 

a b a 

a b c 

a b a 

(1 + 30a)(l + 40a)/{ 12[0a + (1 -- O~)p,a][O ~ + (1 -- 0a)p~2] } 

(1 + 0~)(1 + 20a)/[12p,~tPa2(1 -- 0~) z] 

(1 + 0b)(1 + 20Dp,,3pa4/[2lp,~ua,,2(1 - Oh)2pa3pa4 
+ p,,tpa3[Ob + (i  - 0h)pb2](t -- Ob)p~ + P,,tP,,4[Ot, + (1 -- 0b)ph2](1 -- Oh)Pb3 
+ p,,ZO,,3[Oh + (1 -- 0h)ph~](1 -- O~,)p~ + P,,2PMOb + (1 -- 0~)phd(1 -- OOPh3 
+ Pa3Pa4[Ob + (1 - Ob)Pht][Ob + (1 -- Ob)Pb2]}] 

p~3pJ[2( 1 -- Oh)(P,,tPa~b3Pb4 + P,,tP,,3Pb'.P~ + PalP,,4Pb~m 
+ Pa2])a3PbtPb4 + PazPa4PbtPb3 + Pa3Pa4PblPb2)] 

( 1  - -  O,,)2pa3Pa4][2(l -- Ob)([Oa + ( 1  - -  O,,)p,~l][O,, + ( 1  - -  O,,)P,,z]P,,3P,,a 
+ [0a + (1 - 0~)pod(l - O,,)p,,3pb2p~ + [0. + (1 - Oa)pa~]O -- O.)p~4P~,ZPb3 
+ [0 a + ( 1  - -  Oa)Pa2](l -- Oa)Pa3PblPb 4 + [0 a + (1 - Oa)Pa2](l - Oa)Pa4PblPb 3 
+ (1 - 0~)2p~.4PbtPb2)] 
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T a b l e  5 L i k e l i h o o d  r a t i o  for 
M = {AI.A2,A 3 }, S = A I A  2 w i t h  
lip the  c o n t r i b u t o r s  w e r e  the 
s u s p e c t  a n d  o n e  u n k n o w n  per-  
son ,  a n d  H a , the  c o n t r i b u t o r s  
w e r e  t w o  u n k n o w n  p e r s o n s  

E t h n i c i t y  

x, x2 S 

a a a 

a a b 

a b b 

a b c 

a b a 

L i k e l i h o o d  ra t io  

(1 + 30 . ) (1  + 4 0 . ) [ 5 0 6  + (1 - 0 . ) ( 2 p . i  + 2pa2 + Pa3)] 
/{ 12 [0 .  + (1 - Oa)Pal][Oa + (1 - 0.)P.21 
x [50~  + ( I  - O,,)(P,,i + P . 2  + Pa3)] } 

(1 + 0.)(1 + 20a)[O a + (1 - Oa)(2pa I + 2pa 2 + Pa3)] 
/ 112(1  - O.)2p.uo.2130,, + (1 - Oa)(P.l + P . 2  + P.3) ] ]  

Pa3(1 + Oh)(1 + 200 ) [0 .  + (1 -- O.)(2p,~l + 2pa2 + P . 3 ) ]  
/ [ 2 ( [ O h  + (1  - OOph~l[20h + (1 -- OOphdPoz(1 - O.)p~3 
+ [Oh + (1  --  ODPbz](1 - Oo)Pb3Pa~[O. + (1  -- Oa)p.1] 
+ 2 [ O b  + (1  -- O O P b d ( 1  - O b ) p b ~ o ~ ( 1  -- Oa)p.z 
+ 2 [Oh  + (1  -- OOpbd[Ob + ( 1  --  Ob)pb2lp.~(1 -- O.)p.3 
+ [Oh + (1 -- Ob)Pb2][20b + (1 -- Ob)Pbz]Pal(1 -- Oa)p.3 
+ [o~, + (1  - O h ) p b d ( 1  - OOpb3P.2[Oo + (1  - Oo)p.21 
+ 2[0  b + (1 -- Ob)pb2](1 -- Ob)Pb3Pa2(1 -- Oa)Pa 1 
+ 2[Ob + (1 -- Ob)Pb2][Ob + (1 -- Ob)pbl]pa2(1 -- Oa)Pa 3 
+ [oh  + (1  - Ob)Pb3l (1  - OOpb3po,(1 - Oo)p~2 
+ [Ob + (l-Ob)pol][Oh + (1 - Ob)Pb2]Pa3[O a + (1 -- Oa)Pa3] 
+ 2[Ob + (1 - OOpb2](1 - Ob)pb3Po3(1 -- O~)pa~ 
+ 2[0  b + (1 - Ob)p,~l](1 -- Ob)pb3pa3(1 -- Oa)Pa2) ] 

Pa3[Oa -t- (1 -- Oa)(2pa I -I.. 2pa 2 + Pa3)] 
/ [ 2 ( p , . [ O .  + (1  - Oa)PodPb2(1 - Ob)Pb3 
+ p .2(1  - Oa)p,aPbt[Oo + (1 - Ot,)Pb]] 
+ 2p,~l(1 -- Oa)Pa2Pbl(1 -- Ot,)Pb3 
+ 2pal(1  -- Oa)Pa3Pbl(1 -- Ob)pb 2 
+ P.2[Oa + (1  --  Oa)p.dpb~(1 - Ob)Pb3 
+ P,~1(1-O,~)PaaPb2[O0 + (1 -- Ob)pb2] 
+ 2 p , a ( 1  - O.)p, ,ut ,  h2(1 - OOPb3 
+ 2pa2(1 - O~)Pa3Pb2(1 - Ob)Pbt 
+ pa3[O,, + (1 - O,~)pa3]Pbl(1 - O b ) P b 2  

+ p , . ( l  - O,~)Pa2Pb3[Ot, + (1 -- Ob)Pl,3] 
+ 2pa3(1 -- Oa)P.tPb3(1 -- OOpb2 
+ 2p.3(1 - Oa)P.zPt,3(1 -- Ob)pm)l 

pa3(1 - Oa)[50 a + (1 - Oa)(2pa I + 2pa 2 + P.3)]  
/ [ 2 ( [ 0 .  + (1 - Oa)Pal][20 a + (1 - O~)p,,l]Pb2(1 -- Ob)Pb3 
+ [0a + (1 - Oa)Pa2](1 - Oa)Pa3Pal[O b + (1 - Oh)Phil 
+ 2 [ 8 .  + (1 - O,~)pal](1 - O~)pa3Pb](1 -- Oh)Pl,2 
+ 2 [ 0 .  + (1  - O~)m,l[Oa + (1  - O.)Pa2lP~,O -- OOph3 
+ [0,~ + (1 - 0.)p,,2][20,, + (1 - O.)P.z]Pbl(1 -- Ob)Pb3 
+ [o, ,  + (1  - O o ) p , d ( 1  - O.)p~p~2(Ob + (1  - Oh)ph i )  

+ 2 [ O a  + (1  - O ~ ) p . ~ l ( 1  --  O . )po~po2(1  -- Oo)po~ 
+ 2[0. + (1 -- Oa)Pa2][O. + (1 -- O~)po,]pb2(~ -- OOpb~ 
+ [0~ + (1 - O,,)p,,3](1-O,~)p,~3po~(1 - Ob)Pb 2 
+ [0 a + (1 -- Oa)Pal][O a + (1 -- Oa)Pa2]Pb3[O b + (1 -- Ob)Pb3] 
+ 2 [ 0 .  + (~ - 0 . ) p  j ( 1  - O~)p.3po~(~ - OOp~t 
+ 2[0 a + (1 - Oa)pal](1 -- Oa)Pa3Pb3(l -- Oh)Pb2)] 

-C4 Xl and Sl c o m e  from group a, X: and $2 c o m e  from 
group b 
-C5 Xl from group a, X 2 from group b and Sl and $2 not 
from groups a or b 
-C6 X1, $1 and $2 c o m e  from group a, X2 c o m e s  from 
group b 
-C7 X1 and Sl from group a, X2 from group b and $2 from 
group c. 

Under Hp, it is clear that P(MIK,  Hp) = 1. Under l id,  s ince 
the mixture M = {AI,A2,A3,A4} and there is no k n o w n  
contributor, the genotypes  o f  the two  unknown persons 
would have six possible combinations (see the 4-allele mix-  
ture with a heterozygote  suspect and one unknown for a 
similar situation). The LR is the reciprocal of  P(MIK,  Hd). 
Instead o f  having one  person typed as in the 4-al le le  m i x -  
ture with a heterozygote  suspect  and one unknown w e  

now have two persons typed. However ,  the LRs can be de- 
rived using a similar approach; see  Table 6 for the LRs.  

Case example 

W e  c o n s i d e r  a c a s e  in  H o n g  K o n g  w h i c h  w a s  r e p o r t e d  in F u n g  a n d  
H u  ( 2 0 0 0 b ) .  T h e  m i x e d  s t a i n  a t  D 3 S 1 3 5 8  w a s  f o u n d  to be  M = 
{ 14, 15, 17, 18}. A s u s p e c t  w a s  i d e n t i f i e d  a n d  h i s  g e n o t y p e  w a s  
S~ = (14 ,  17). I f  the  m i x e d  s t a in  d id  n o t  o r i g i n a t e  f r o m  the  v i c t i m .  
w e  m a y  c o n s i d e r  the  f o l l o w i n g  se t  o f  p r o p o s i t i o n s  ( P I ) :  

-Hp T h e  c o n t r i b u t o r s  o f  the  m i x t u r e  w e r e  the  s u s p e c t  and  an  un-  
k n o w n  

-Ha T h e  c o n t r i b u t o r s  w e r e  t w o  u n k n o w n s .  

S u p p o s e  the  a r r e s t e d  s u s p e c t  w a s  a C a u c a s i a n .  T h e  p o s s i b l e  e t h n i c  
g r o u p s  o f  the u n k n o w n s  are  t a k e n  as  C a u c a s i a n  ( C A ) ,  C h i n e s e  
( C H ) ,  o r  F i l i p i n o  (PH)  ( the  l a r g e s t  e t h n i c  g r o u p  in  H o n g  K o n g  be -  
s i d e s  C h i n e s e ) .  T h e  f r e q u e n c i e s  fo r  a l l e l e s  14. 15, 17 a n d  18 are  
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Table  6 Likelihood ratio for 
M = { A t . A 2 . A 3 . A 4  }. S 1 = ALA 2, 
and $2 = A3A4 with H e the con- 
tributors were the two sus- 
pects, and Ha the contributors 
were two unknown persons 

means not groups a or b 

Ethnicity 

X I  X 2  S I  S 2 

a a a a 

a a a b 

a a d 

a b a b 

b ~ 

a b a a 

a b a c 

Likelihood ratio 

(1 + 30a)(1 + 40,)(1 + 50~)(1 + 60,)/{24[0a + (1 -- O ~ ) p j  
X[0~ + (1 -- O~)p~2][O~ + (1 -- O~)p~3][O, + (1 -- Oa)Pa4] } 

(1 + 0a)(1 + 20a)(1 + 30~)(1 + 40a)/{24(1 -- O,)2p,3pa, 
X[0~ + (1 - O~)pj[O~ + (1 - Oa)Pa2] } 

(1 + 0~)(1 + 20~)/[24(1 - O,)3palPa2Pa3Pa4] 

(1 + 0,)(1 + 20a)(1 + 0b)(1 + 20b)/(4{ [0~ + (1 - O ~ ) p j  
x [Oa + (1 - Oa)Pa2][Ob + (1 -- Oh)Pb3][O b + (1 -- Ob)p~] 
+ [0 a + (1 -- Oa)Pal](1 -- Oa)pa3(1 -- Ob)pb2[O b + (1 -- Oh)p04] 
+ [0 a + (1 - -  Oa)Pat](1 -- Oa)Pa4(1 -- Ob)Pb2[O b + (1 -- Oh)Pb3] 
+ [ 0 a  + ( 1  - Oa)po2]O -- 0 ~ ) p o 3 ( 1  - -  Ob)pb,[Ob + ( 1  - -  OOPM 
+ [0  a + ( 1  --  Oa)Pa2](1 -- Oa)Pa4(1 -- Ob)Pbl[O b + (1 - 0b)Pb3]  

+ (1  --  Oa)2pa3Pa4(1 -- Ob)2pblPb2}) 

1/[4(1 - 0~)(1 - 0b)fP~Uo~2Pb3Pt,4 + P,Uo,3PbzPb4 
+ PalPa4Pb2Pb3 + Pa2Pa3PbtPb4 + Pa2Pa4PblPb3 + Pa3Pa4PblPb2)] 

(1 + 30~)(1 + 40a)/[4(1 - Oh) 
•  a + (1  --  Oa)Pal][O a + (1  --  O~)P,,z]Pb3P~ 
+ [ 0 ~ + ( 1  
+ [0~ + (1 
+ [0~+(1  
+ [0~+ (1 
+ [ 0 a + ( 1  

(1 + 0~)(1 
+ [0a + (1 
+ [0, + (1 
+ [ 0 , + ( 1  
+ [0a+ (1 
+ [oa+(l 

- Oa)P~t][Oa + (1 - Oa)Pa3]Pb2Pb4 
- -  Oa)Pat][ O a "4- (1 - Oa)p,~4]Pb2Pb3 
-- Oa)Pa2][ O a + (1  -- Oa)Pa3]PblPb4 
-- Oa)Pa2][ Oa + (1  -- Oa)Pa4]PblPb3 
-- Oa)Pa3][ O a + (1  -- Oa)Pa4]PblPb2)] 

+ 2 0 . ) / [ 4 ( 1  - o h ) ( ( 1  - Oa)Zpo3p~apbtpb2 
- -  0 a ) p . d ( 1  - Oo)p.~PbtPb3 
-- Oa)m2](1 -- Oa)P.3PbtPb4 
- Oa)pad(1 -- O,)PoaPb2Pb3 
-- 0o)md(1 -- Oa)PaaPbzV~ 
-- Oo)p j [ O~ + (1 -- Oa)Po2]Pb3Pb4) ] 

Table  7 Likelihood ratios 
with different ethnic groups of 
two unknowns for proposition 
sets (Pt contributors were the 
suspect and an unknown, ver- 
sus, contributors were two un- 
knowns; and P2 contributors 
were two suspects, versus, con- 
tributors were two unknowns) 

Ethnicity 

Xl X2 Pl P2 

CA CA 1.95 36.6 
CH CH 12.3 341 
PH PH 13.0 285 
CA CH 3.10 62.9 
CH CA 2.39 62.9 
CA PH 2.72 56.0 
PH CA 2.66 56.0 
CH PH 9.43 262 
PH CH 12.0 262 

given as CA: 0.187, 0.213, 0.223 and 0.127, CH: 0.033, 0.331, 
0.239 and 0.056, PH: 0.026, 0.267, 0.286 and 0.088, respectively 
(Pu et al. 1999; Wong et al. 2001). The coancestry coefficients 
taken are the same value, 0.03, for all three ethnic groups. Based 
on the formulae given above, we obtained the LRs  for various eth- 
nic combinations of the unknowns with genotypes XI and X2. 
These results are listed in the column 3 of Table 7. There are great 
differences among the LRs. For example, the LR if the two un- 
knowns were Filipinos is more than 6 times greater than if they 
were Caucasians. The ethnicity of the unknowns has a great effect 
on the LR. 

If  a second suspect (Caucasian) was identified and his profile 
was $2 = (15,18), we may be interested in the following set of 
propositions (P2): 

-Hp The contributors were the two suspects 
-Hd The contributors were two unknowns. 

As in the previous situation, we consider different ethnic groups 
for XI and X2. The formulae in the section on 4-allele mixture and 

two heterozygote suspects are helpful in deriving the LR results 
which are shown in column 4 of  Table 7. In this case, the LR has 
the highest value when both unknowns were Chinese, while the LR 
is the smallest if both were Caucasians. They are in a ratio of about 
9:1. Again, the ethnicity of contributors has a substantial effect on 
the LR values. 

Concluding remarks 

W h e n  the  c o n t r i b u t o r s  to  a m i x e d  s a m p l e  c o m e  f r o m  m o r e  
t h a n  o n e  s t r u c t u r e d  p o p u l a t i o n ,  the  l i k e l i h o o d  r a t i o  is u s e d  

to  a s s e s s  t he  w e i g h t  o f  the  D N A  e v i d e n c e .  T h i s  p a p e r  de -  
r i v e s  the  LRs  fo r  s ix  c o m m o n  m i x t u r e  cases .  T h e  u s e f u l -  
n e s s  o f  the  d e r i v e d  f o r m u l a e  is i l l u s t r a t e d  u s i n g  a c a s e -  
w o r k  e x a m p l e  in  H o n g  K o n g .  T h e  r e su l t s  s h o w  tha t  t he  
e t h n i c i t y  o f  c o n t r i b u t o r s  c a n  h a v e  s u b s t a n t i a l  e f f e c t  o n  

L R s .  

T h i s  p a p e r  c o n s i d e r s  m i x t u r e  p r o b l e m s  w i t h  i n d i s t i n -  
g u i s h a b l e  c o n t r i b u t o r s .  S o m e t i m e s ,  the  m a j o r  a n d  m i n o r  

c o n t r i b u t o r s  to  t he  m i x e d  s a m p l e  c a n  b e  i n f e r r e d  b y  c o n -  
s i d e r i n g  t he  p e a k  h e i g h t  o f  t he  a l le les .  I f  so,  t he  n u m b e r  o f  
p o s s i b l e  c o n t r i b u t o r s  w o u l d  b e  r e d u c e d  a n d  t h e  p r o b l e m  
w o u l d  b e  s imp le r .  T h e  m e t h o d  w e  e m p l o y e d  h e r e  c a n  b e  

u s e d  to d e r i v e  the  c o r r e s p o n d i n g  ( s i m p l e r )  L R s .  
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