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A B S T R A C T

Considering activity level propositions in the evaluation of forensic biology findings is becoming more common
place. There are increasing numbers of publications demonstrating different transfer mechanisms that can occur
under a variety of circumstances. Some of these publications have shown the possibility of DNA transfer from site
to site on an exhibit, for instance as a result of packaging and transport. If such a possibility exists, and the case
circumstances are such that the area on an exhibit where DNA is present or absent is an observation that is an
important diagnostic characteristic given the propositions, then site to site transfer should be taken into account
during the evaluation of observations. In this work we demonstrate the ways in which site to site transfer can be
built into Bayesian networks when carrying out activity level evaluations of forensic biology findings. We explore
the effects of considering qualitative vs quantitative categorisation of DNA results. We also show the importance
of taking into account multiple individual’s DNA being transferred (such as unknown or wearer DNA), even if the
main focus of the evaluation is the activity of one individual.

1. Introduction

Numerous bodies have published guidelines on evaluation of
forensic findings given activity level propositions [1–3]. New works on
matters of DNA transfer, persistence, prevalence and recovery (TPPR)
are being published at a rapid rate (see reviews [4,5]). The Netherlands
Register of Court Experts (NRGD; https://english.nrgd.nl/) has intro-
duced a category of expert competency testing and registration that
deals specifically with evaluations at activity level. Feedback from
court-attending forensic biology scientists is that the topics they are
questioned on most (over 60% of the time) relate to TPPR issues (see
Fig. 1). These findings mirror those of Yoon et al. [6] in the US and Prinz
et al. [7] internationally. At the same time, anecdotally, the authors
have noticed the number of challenges to the evaluation of DNA profiles
given sub-source level evaluations is decreasing. This is likely due in part
to the rising use of probabilistic genotyping (see [8]) increasing the
standardisation of DNA profile interpretation and the many published
validation articles now available (see the number of validation publi-
cations tabled in [9]). These facts make the point that the evaluation of
forensic biology observations is shifting focus from DNA source to

activity.
Generating the data on TPPR issues underpins the ability to carry out

activity level evaluations. However, just as important as having the data,
is being able to evaluate it appropriately. To this end, there have been
several articles that seek to provide guidance on different aspects of
evaluation [2,10–16]. A common tool used to assist in carrying out
evaluations are Bayesian networks (BN) [17]. BNs are graphical de-
pictions of probabilistic reasoning and can be preferable to
hand-deriving likelihood ratio (LR) formulae, particularly for complex
evaluations that involve multiple conditional probabilities [18].

Studies have shown that there are multiple factors that can have an
effect on probability of DNA TPPR [4]. Consequently, the structure of a
BN being used to evaluate forensic observations will depend on the
framework of case circumstances that applied to the relevant exhibits.
One factor that can play an important role in an evaluation is the
location of DNA on an item. For example, Zuidberg et al. [19] conducted
experiments that found that different factors about the framework of
circumstances will affect the positions that are contacted on a body that
is being moved. Ramos et al. [20] found that depending on the type of
activity performed, underwear will be contacted in different areas. De
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Ronde et al. have shown that:

− Different areas of a pillowcase are contacted when the pillow is used
to smother someone as opposed to having a pillowcase changed [21].

− Different patterns of contact may be found on a sheet of paper given
either writing or reading a letter [22].

− Different activities will lead to fingerprint deposition on knifes in
different locations [23].

These studies all have experimental designs whereby the exhibit is
sampled directly after the action has occurred. This differs from the way
in which many exhibits are handled in criminal casework. Frequently,
rather than being sampled at the scene of the incident, an exhibit would
be collected and placed in an exhibit bag, which would then be trans-
ported to a forensic facility. Under such conditions DNA can transfer
from one site on an item to another site on that same item, due to contact
with itself, and the bag during transport [24]. Even before the forensic
process, an item may be handled or transported in a way that introduces
a potential for site-to-site re-location of trace materials. This is referred
to as bi-directional DNA transfer in [4] or cross-transfer [25]. The idea of
cross-transfer in this way has been shown in BN constructions [26,27]
and shows the dependency of the transfer between the two items.
Site-to-site transfer can be considered as a type of cross transfer. Most
literature considers cross transfer as the transfer of two different DNA
sources from two different objects, however there is no need for the
definition of cross-transfer to be restricted in either of these ways. Cross
transfer could be considered a transfer of DNA from one individual be-
tween two sites on the same object i.e. site-to-site transfer.

The work presented in this paper deals with site-to-site transfer in
two ways. First, we develop a theoretical framework for incorporating
site-to-site transfer within an activity level evaluation using BNs. This
includes a consideration of DNA transfer in a binary fashion (i.e. the
presence or absence of DNA) as well as using DNA amounts. We also
show how to incorporate results from the sub-source level evaluation of
DNA profiles, and how to extend the model to consider the presence of
DNA of multiple individuals. Furthermore, we set the conditional
probability tables in the BN using previously published data on the
amount of DNA transferred from different body fluids and latent DNA
within packaging under different transport and handling conditions.

2. Modelling site-to-site transfer through packaging using
bayesian networks

Throughout the paper we show examples of BNs. These have been
constructed using the software HUGIN V9.5 [28]. We provide the final
constructed BN as supplementary material to this paper, and a document
detailing the conditional probability tables.

2.1. A case example of site-to-site transfer

Consider the following simplified case example:
The complainant (C) and defendant (D) met for the first time at a ball and

danced together. During the dance D placed his hand on C’s hip, contacting
her underwear waistband (which was exposed above her skirt). C claims that
D put his hand down the front of her skirt and underwear and attempted to
digitally penetrate her vagina shortly after the dance. D denies this occurred.
The underwear was seized by police, placed in an evidence bag, and sent to
the local forensic facility. At the forensic facility, DNA samples were taken
from the inner groin and outer waistband of C’s underwear. D’s DNA was
present on both samples.

The propositions and case information (laid out as per [29]) for this
scenario are:

Prosecution proposition, Hp)

• D placed his hands down the front of C’s underwear

Defence proposition, Hd)

• No one placed their hands down the front of C’s underwear

Undisputed case information, I)

• D and C were dancing during which D touched the waistband of C’s
underwear

• D and C have not interacted prior to the dance

Assumptions, A)

• D’s DNA is present on the waistband and inner groin of C’s under-
wear (noting that the sub-source level evaluation would not have
provided a conclusion of identity, but rather provided an LR sup-
porting the presence of D’s DNA being present compared to an un-
known person’s DNA being present)

Fig. 1. Summary of topics that court testifying forensic biologists in South Australia were questioned on when testifying during 2022 (Forensic Science SA internal
data capture on 47 self-reported court testimonies).
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These propositions, case information, and assumption will remain
constant for all evaluations used throughout the paper. The assumption
made by the reporting scientist indicates that the dispute in court is not
presence or absence of D’s DNA. One possible BN construction is shown
in Fig. 2, but without yet adding in consideration for site-to-site transfer
during the underwear’s time in the exhibit bag. Note that the case
example is simplified to more clearly communicate the issue of cross-
transfer between sites on the underwear. In an actual casework situa-
tion, the sampling strategy may have been different (for instance it may
be that different areas of the waistband, like front and sides, as well as
inside and outside, would have been sampled separately). Also, some
DNA transfer to the waistband would also potentially occur from digital
penetration. While it is crucial to model all relevant mechanisms for
DNA transfer in a formal evaluation of case findings, we do not take this
mechanism into account in the BN seen in Fig. 2, purely due to the fact
that it visually complicated the BN and detracts from the main point we
are making about dealing with site-to-site DNA transfer. In casework we
would expect that it would be sensible to take this possibility into ac-
count by adding another child node of ‘D places hand down the front of
C’s underwear’ which was ‘D DNA transfer to waistband of C underwear
from digital penetration’ and that this would yield another pathway for
D’s DNA to be present on the waistband.

In the BN shown in Fig. 2 the architecture utilises:
‘Hp/Hd’: A proposition node that has states that represent the two

propositions
‘D placed hands down front of C’s underwear’ and ‘D touched C’s

underwear during dancing’: Two activity nodes that represent the two
activities being considered in the evaluation. Both activity nodes are
children of the proposition node and so probability assignments (typi-
cally taking values of 0 or 1) will dictate which activity occurs according
to each proposition.

‘D DNA transfer from D hands to C underwear inner groin from
touching’ and ‘D DNA transfer from D hands to C underwear waistband
from dancing’: are nodes in which the probability of DNA being trans-
ferred, persisting, and being recovered given the state of the parent
activity nodes are assigned. Typically, the probabilities assigned will
take values between 0 and 1 and will be determined by available liter-
ature and expert knowledge.

‘D DNA observed on C underwear inner groin’ and ‘D DNA observed
on C underwear inner groin’: are results nodes, which will be instanti-
ated by the analyst depending on the DNA profiling observations from
the samples taken from the underwear. The probabilities assigned to
states in these nodes will again typically take values of 0 or 1 depending
on the presence or absence of DNA in the parent nodes.

We do not, at this stage, provide the probability assignment used in
the construction of the conditional probability tables in the BN in Fig. 2.
Assuming these are assigned in a reasonable manner, there is nothing
illogical about the construction of the BN, however there are practical
issues that would mean it is inappropriately constructed for use in a case
evaluation. The first point to note is that the DNA results from the
waistband (as shown in the construction of the BN in Fig. 2) are not
related to the alleged criminal activity (D placing his hand down C’s
underwear). In fact, the activity node related to D dancing with C would
have the same probability assignment under both propositions, meaning
that it is independent of the propositions and hence has no effect on the
evaluation. The three right hand nodes could therefore be removed from
the BN, except that the BN shown in Fig. 2 is a steppingstone to
considering DNA transfer between sites in exhibit packaging (where the
presence of those nodes will become important to the evaluation). The
second point is that as the criminal activity is the only explanation given
in the BN structure for the presence of D’s DNA on the groin of C’s un-
derwear, then the instantiation of D’s DNA being present will lead to

Fig. 2. BN constructed to assist in the evaluation of DNA result in the case example. Blue nodes are activities, yellow nodes are TPPR nodes and red nodes are results
nodes. Black nodes are proposition nodes.
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certainty in Hp, which is not an acceptable evaluation result to provide.
Both of these issues are dealt with by considering the possibility of site-
to-site transfer between the waistband and outer groin of C’s underwear
whilst in the bag during transport from the crime scene to the forensic
facility. We also do not consider the possibility here for dancing to lead
to DNA on the inner groin of the underwear without the exhibit site-to-
site transfer. This is a simplifying assumption made for our example only
and may not be justified given the case context in regular casework
evaluation (for example if C went to the bathroom shortly after dancing,
then this potential transfer route for D’s DNA to the inner underwear
groin, for instance via her hands, may be included in the evaluation).

When two areas, each of which may possess a trace material, come
into contact with each other, there exists the possibility of transfer of
that material in both directions. This is referred to as bi-directional DNA
transfer in [4]. The idea of cross-transfer in this way has been shown in
BN constructions [26,27] and shows the dependency of the transfer
between the two items. The form of cross transfer we deal with our paper
is slightly different to the cross-transfer example given by Taroni et al.
[27]. While cross-transfer is certainly being considered, the important
distinction is that it is not a transfer of two different sources of the trace
i.e. in DNA terms, we are interested in the cross transfer of two traces,
both of which have come from the same person. The BN shown in Fig. 3
shows the extension of the BN in Fig. 2 with the consideration of
cross-transfer.

The BN in Fig. 3 has a number of new nodes that have been added
(compared to the BN in Fig. 2) that specifically deal with DNA transfer
between sites on the underwear.

‘properties of contact between C underwear groin and waistband’: in

which states can be set by the analyst to reflect different types of contact
that occur between sites of the underwear (we discuss this in more detail
later)

‘D DNA transfer from C underwear groin / waist band to C underwear
waistband / groin from cross transfer’: These are transfer nodes where
the analyst assigns probabilities of DNA transferring, and being recov-
ered, from site to site, depending on the properties of the contact.
Probabilities will typically be assigned with values between 0 and 1.

‘D DNA on C underwear groin’ and ‘D DNA on C underwear waist-
band’: These are the white accumulation nodes in Fig. 3 which accu-
mulate the two possible sources of D’s DNA on each area of the
underwear. These nodes will have probability values assigned as 0 or 1.

The BN seen in Fig. 3 does not include a node that details whether a
contact between the groin and the waistband of C’s underwear occurred.
This node, if added, could be placed as a parent of the ‘properties of
contact…’ nodes. The presence or absence of this additional ‘contact
occurred’ node depends on the manner in which the data used to inform
the probability assignment is collected. We discuss these two options of
data collection below.

Option 1: contact and transfer combined
In this experimental setup the two factors of DNA transfer, and

whether a contact occurred are combined within the final results.
Consider an experimental design where one area of an exhibit is spiked
with DNA and then the item is placed into a bag and transported. The
item is then removed from the bag and sampled in an area that was not
spiked with DNA. This experiment is repeated some large number of
times. The number of times that DNA is observed on a non-spiked area is
a combination of the number of times those areas came into contact with

Fig. 3. Extension of the BN in Fig. 2 to consider cross-transfer between the waistband and outer groin of C’s underwear. White nodes are accumulation nodes (i.e.,
those that do not have probabilities assigned based on data and are filled with probabilities of 1 or 0).
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the DNA-spiked area and the number of times transfer occurred (andwas
later recovered) when the contact occurred. Simultaneously, the loss of
DNA from the spiking location to the packaging or other contact areas
may be measured by sampling this area and comparing the outcome to
the amount of spiked material. This is the most common style of
experimental setup in current forensic publications [24,30].

Option 2: contact and transfer separate
In this experimental setup the two factors of DNA transfer and

whether contact occurred are separated. The probability of DNA transfer
can be readily obtained through controlled experiments whereby cloth
spiked with DNA is knowingly contacted with clean cloth. More difficult
is it to carry out an experiment that would determine how often different
areas of cloth come into contact with each other within a bag. Possibly,
the probability of contact could be inferred using the probability of DNA
transfer obtained from the controlled experiment compared to the
probability of DNA contact and transfer together from an experiment
carried out as per option 1 (as long as the properties of the contact in the
controlled experiments could be carried out in a way mimicking the
properties of the contact within a bag). However the experiment is
approached, if the probability of contact can be obtained then it is
appropriate to have separate nodes for contact, and properties of
contact.

2.2. using information about other individual’s DNA to assist the
evaluation

When using the results of DNA profiling analyses in activity level
evaluations, it is often the case that results which are typically consid-
ered not useful at the sub-source level, do provide additional discrimi-
nation power at activity level. Consider the case example set out in
Section 2.1, and that typically the result of finding C’s DNA on her own
underwear (which she was wearing) would not be considered useful
information to assist the court. However, now consider that the presence
of C’s DNA could be used as a type of calibration as to whether contact
between the outside waistband and inner groin occurred. For example,
consider that in the DNA profiling that C’s DNA was found on the
waistband, but not on the inner groin. This may suggest that a transfer
from the waistband to the inner groin is less probable than what was
considered without that information, i.e., had a contact between these
two areas occurred whilst the underwear was in the exhibit bag then we
might expect to have seen C’s DNA on the inner groin as well as D’s DNA.
In other words, in a situation where there is a mixture of DNA from C and
D on the waistband, we would expect that if a DNA transfer occurred
that it would be most probably for both individual’s DNA to transfer, or
neither, but not one without the other. This, of course, does depend on
the relative amounts of DNA of each individual, which we will address
later, but for the moment consider them to be in roughly equal pro-
portions. While we have given one example to show when the consid-
eration of additional individual’s DNA is important, the concept expands
to many configurations of other sources of DNA.

In the current evaluation, the example given above (whilst demon-
strating a point) is somewhat artificial, given that high levels of DNA
from a wearer of underwear would be expected on both waistband and
groin of underwear. However, the same concept can be applied to un-
known DNA on an item. There may be a greater expectation of unknown
DNA on the waistband of underwear than the inside groin, as the
waistband is more frequently touched by the wearer and is generally
more exposed than the inside groin. In the same thinking as for C’s DNA,
the relative levels of unknown DNA on the two areas will affect the
posterior probability of DNA having transferred and hence the outcome
of the evaluation. This is in contrast to evaluations where the activity is
in question (as opposed to the actor) where the presence of unknown
DNA is typically irrelevant to the evaluation. We do not go to the
complexity of modelling whether the unknown DNA on the two sites are
supported as being the same unknown (although this could be carried
out as shown in [13]) and make the simplifying assumption for this

example that they are. The idea of co-transfer could be extended further,
for example to a co-habiting partner, as the needs of the case dictate.

In the extension of the BN to handle additional individual’s DNA
there are sub-sections of the BN that repeat the same architecture of
nodes and arcs. Specifically, there are nodes relating to the transfer of
D’s DNA from site-to-site, and the same structure of nodes for consid-
ering C’s DNA (and the same structure would be repeated again for any
additional individual being explicitly modelled in the evaluation). These
repeated structures (or ‘idioms’) can be compiled into their ownmini-BN
called a ‘class network’. Then the class network can be utilised multiple
times within a main BN to create an object-oriented-BN (OOBN). While
not necessary, the advantages of this practice are that it creates a visu-
ally simpler BN, but also the creation of the BN is less prone to errors as
there is no need to repeatedly populate the same values in conditional
probability tables (see section 7.6 of [31] for more information on the
theory and construction of OOBNs).

The BN can be extended to consider this new information by
including the presence of C’s DNA and adding dependencies for co-
transfer of C and D as shown in Fig. 4. Note that the formulation of
the BN in Fig. 4 makes the assumption that the site-to-site transfer is
occurring between two areas of the one object, which consist of the same
material (e.g. such as two areas of the one piece of underwear) and
therefore the same class network can be used. If the contact is being
modelled between two areas that have different surface properties, and
different transfer rates (or amounts) are to be applied for the two di-
rections of transfer then the BN would have to be extended to accom-
modate this (which we do not do in this paper). Another instance in
which different surface types may be accounted for is if DNA loss from
the item to the inner surface of the packaging is accounted for in the
modelling specifically (which would require data to be collected as per
option 2. As discussed, we do not extend the BNs in this paper to do so).

The complexity of the BN in Fig. 4 has, necessarily, increased with
the additional consideration of C’s DNA on the underwear. Comparing
to earlier BN architectures (Figs. 2 and 3) the following nodes have been
added:

‘C wore C’s underwear’ (node 4): Is an activity node which, like other
activity nodes, is a child of the proposition node (node 1) and will have
probability values of 0 or 1 assigned depending on which proposition the
activity has occurred under. Here the activity is not disputed, hence the
probability of the activity occurring is 1 under both propositions.

‘C DNA transfer from C to C underwear waistband / groin from
wearing’ (nodes 10 and 11): These are the new transfer nodes that
consider the probability of DNA transfer from C to her underwear from
wearing. They will have probability values assigned between 0 and 1,
again based on literature and expert knowledge when the parent activity
has occurred.

‘BG DNA on C waistband’ (node 14) and ‘BG DNA on C groin’ (node
15): These are two nodes that consider the presence of background (i.e.
unknown) DNA on the different areas of the underwear. We have chosen
not to link these nodes, meaning that the presence of background DNA
on one site of the underwear does not affect the probability of back-
ground DNA on the other site. This is an assumption that could be
informed with a study on background DNA on underwear, tested at
multiple sites and if a dependency does exist then this could be built into
the BN architecture. Given current literature that could inform of such a
dependency [20,32,33], such a dependency has not yet manifested.

‘D / U / C DNA transfer site to site on C underwear’ (unnumbered):
These white, rounded rectangles in Fig. 4A represent instances of an
Object Oriented Bayesian Network (OOBN) class (shown in Fig. 4B).
They consider the transfer of a specific source of DNA from site to site,
given the probability of DNA being transferred from site to site (nodes 8
and 9).

There are a number of points that can be taken from the additional
BN architecture:
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Fig. 4. A) extension of BN from Fig. 3 to consider the presence or absence of C’s DNA on the areas of the underwear, with class network (represented by an un-
numbered, white box with rounded corners) and B) the class network. POI, U and C correspond to person of interest, unknown and complainant.
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• An additional activity node, ‘C wore C’s underwear’ (node 4) has
been added to consider the wearing of C’s underwear by C. This is not
in contention and the activity node itself could be omitted, with the
probabilities assigned in lower nodes done under the assumption that
C wore her own underwear. While this would simplify the BN, we
choose to include node 4 for the reasons set out in [10] i.e., it makes
explicit, purely from a view of the BN architecture, the sources of
DNA and transfer mechanisms being considered in the evaluation
(although the arc between the propositions node and the activity
node may be omitted, as it could for node 3).

• With the addition of C’s DNA to the evaluation, the results nodes now
detail DNA observations rather than the presence of a specific per-
son’s DNA (D in previous examples). Therefore, these results nodes
will possess states of ‘C+D+U’, ‘C+D’ ‘C+U’, ‘D+U’, ‘C’, ‘D’, ‘U’,
‘none’ (if the states are being assigned in a presence or absence of
DNA paradigm), or they will contain combinations of DNA amounts
of C, D and U (if the states are being assigned in a DNA amount
paradigm). If DNA amounts were being used in the evaluation it may
be preferable to split the results into six nodes; ‘D DNA on waist-
band’, ‘C DNA on waistband’, ‘U DNA on waistband’, ‘D DNA on
inner groin’, ‘C DNA on inner groin’ and ‘U DNA on inner groin’. This
would avoid an overly large conditional probability table in the re-
sults nodes in the case of fine-grained DNA amount modelling.

• The ‘properties of the contact’ node (node 5) is still a parent to the
DNA transfer nodes (nodes 8 and 9), however these DNA transfer
nodes now relate to the transfer of any DNA. They are the parents of
the transfer nodes that relate to specific individual’s DNA. In Fig. 4,
node 12 now models the probability that a specific person of in-
terest’s (POI) DNA (who in this BN is either C, D or U) has transferred
from one site on C’s underwear to another, given that there has been
some DNA transfer. For example, if the intent is to specify a model
where DNA transfer is improbable then nodes 8 and 9 will have a
value close to 0 assigned for the ‘yes’ state. However, once a transfer
has occurred then it might be expected that all sources of DNA are
likely to transfer together, therefore in node 12 and 13 a value close
to 1 would be assigned to the ‘yes’ state. In other words, the overall
DNA transfer probability can be maintained by assignments in the
general transfer nodes (nodes 8 and 9), but the dependency between
the two separate sources of DNA that are present potentially together
on the item (e.g. C and D) in the same area can be accounted for (in
nodes 12 and 13).

The consideration of an additional person’s DNA on the underwear
can occur for any person in the same way that we have demonstrated in
Fig. 4 with C’s DNA. For example, if the scenario was that shortly before
the alleged assault the complainant’s partner touched C on the inner
underwear (consensually) then the consideration of the presence or
absence of the partner’s DNA from both sites could be considered in the
same way.

2.3. modelling DNA amounts or DNA presence

The BN structure seen in Fig. 4 does not dictate the number or format
of the states within each node. At the simplest these states can be binary
i.e., for nodes involving DNA TPPR the states would be that DNA was
present (because it had transferred or persisted) or absent (because it
had not transferred or persisted). Ultimately, the states in TPPR nodes
could represent DNA amounts, with states that each define a small
window of the possible range. When transitioning from a presence/
absence paradigm to a DNA amount paradigm there are differences in
the way that data is used and the specific meaning of nodes. Specifically,
the probabilities assigned to the DNA transfer nodes in a presence/
absence paradigm represent a rate of transfer i.e., how often has transfer
occurred, whereas in a DNA amount paradigm they represent a pro-
portion of transfer i.e., how much DNA was transferred. While the
proportion of transfer could be a single value, a more common way to

model a proportion of DNA transfer is using a distribution (such as in
[34]).

Whenmodelling DNA amounts, the distribution used for modelling is
a crucial point to consider. The distribution chosen should have prop-
erties that align with the properties of the factor being measured. In the
case of DNA amounts this means a distribution that is bound at lower
levels by 0 (i.e. the model cannot allow negative DNA amounts due to
the obvious logic flaws that present themselves when translating to real
life), can in theory take any value above 0 (although in reality there are
upper limits that are sensible to consider) and is likely to be heavily left
skewed (i.e. there are commonly many very low amounts of DNA
recovered but the occasional high amount). A log-normal distribution
fits these criteria, however it is common to transform the DNA amount
data so that it is described by a well-known distribution, i.e., the normal
distribution. A simple transformation that best achieves this is the log
base-10, which is commonly seen in DNA transfer publications. How-
ever, when modelling DNA on a transformed scale it is likely that at
some point (or multiple points) during the evaluation there will need to
be transformations back to natural scale so that accumulations of DNA
can occur (i.e. numbers cannot be added on a natural scale while in their
transformed state without going back through their natural state in
between). In keeping with the previous comment that an ideal distri-
bution has properties of the data it is modelling; a beta distribution is an
ideal distribution for transfer proportion data as it has properties that
align well with transfer proportions i.e., it only exists between 0 and 1
and can have a skewed shape.

Fig. 5 shows the transfer BN set up for consideration of DNA
amounts. There are some additional nodes that have been added in order
to make this transition from presence and absence of DNA to DNA
amounts:

Nodes 16–21: These are results nodes that have split out the single
results node per site (from the BN in Fig. 4A) to results nodes per site and
per contributor.

Within the OOBN structure (Fig. 5B) the single node from Fig. 4B that
held the probability of DNA transfer have been split into three nodes:

‘proportion of POI DNA transfer from [site 1] to [site 2] in bag’: This
is the proportion equivalent of the rate node (12 and 13 in Fig. 4). It
captures the proportion of the total amount of DNA from the POI being
transferred. Note that we use generic terminology ‘POI’ within the class
network as the nodes relate to either D, U or C in the overall BN.

‘amount of POI DNA transfer from [site 1] to [site 2] in bag’: This
node combines the information about the proportion of DNA transfer
and the total amount of DNA of the POI in order to calculate the amount
of DNA of the POI being transferred.

‘amount of POI DNA left on [site]’: This node considers the starting
amount of DNA and the amount of DNA transferred in order to calculate
the amount of DNA of the POI left on the original site.

We have chosen to model a transfer proportion separately for both
directions. In many cases we could make the simplifying assumption
that if the garment is made of one material type that the transfers in both
directions should be the same and this would be reflected in the BN by
having only a single proportion of DNA transferred from site-to-site node
(i.e. amalgamating the current nodes 8 and 9 in Fig. 5). However, by
having two separate nodes (even though they will possess the same
distribution in our example) it sets up a BN structure that will allow
different transfer proportions for the different directions if ever needed
(i.e. if the two sites had different surface properties).

In nodes 12a and 13a we allow the transfer proportion for individuals
within a mixture to vary from the overall transfer proportion. Nodes 12b
and 13b then use the proportion of DNA transferred and the amount of
starting DNA to model the amount of DNA transferred from site-to-site
within the packaging. Nodes 12c and 13c model the amount of DNA
remaining on each site, given that some has transferred.

Finally, in the main network, the results (nodes 16–21) accumulate
the starting DNA amount on a site and the amount that has been
transferred to that site from another.
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Fig. 5. A) extension of BN from Fig. 4 to consider DNA amounts and B) class network for DNA transfer.
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3. Bayesian network method

3.1. proportion of DNA transfer

We use the supplementary material from Gléonec [30] to assign
probabilities associated with DNA transfer, and contacts within pack-
aging (as is about to be described).1 The study found that one of 19
experiments exhibited a detectable site-to-site transfer from waistband
to groin of underwear. In this sample an approximate DNA transfer
proportion of 0.002 was observed.

To provide more information we turn to the work of Goray et al.
[35], who investigated DNA transfer between substrates (importantly to
our work including cloth to cloth) under very controlled conditions
where contact is known to have occurred. In one of their experiments
that is closely relevant to ours, they deposited 50uL of saliva or pure
DNA (at a concentration of 5 ng/ul) onto cotton, allowed it to dry, and
the cotton was then contacted against another cotton surface in either a
passive, pressure or frictional way. The results of their experiment are
shown in Table 1 (raw data was provided to us on request by the authors
of Goray et al. [35]). Note that we combine the findings from Goray et al.
for DNA and saliva samples. Inherent in this combination is the
assumption that the two biological materials transfer in approximately
equivalent rates. With further research on this point the assumption may
be found not to be reasonable, in which case modelling can be done
using only the most relevant data.

Also shown in Table 1 are the counts of samples where DNA was
detected in the experiments. Note that Goray et al. [35] also carried out
experiments on wool, but only using blood and so we do not include
those results in this work (however the same process we carried out here
could be done for blood if the case circumstances warranted it).

Although the conditions within the packaging do not exactly align
with the contact types of Goray et al., here we assume that the passive
mechanism is most closely aligned, as it is not likely that the package
was subjected to 1 kg of weight, or (in addition to the weight) rubbed
together. This may of course depend on the situation faced by a labo-
ratory and the way in which exhibit packaging and handling tends to

occur. For the passive results the total number of samples is 7, the
number of samples when DNAwas noted on the secondary substrate was
4.

Given these findings, even when transfer did occur, a very low pro-
portion of DNA was transferred. The proportion expected to transfer
means that none of the DNA samples in the Gleonec study would have
recorded transfer, even if contact had occurred, as it would be below the
limit of detection of the quantitation system. We therefore only
concentrate on the saliva samples for modelling. Let Pr(T|C) be the
probability that DNA transfer occurs when direct contact by touching is
known to have occurred and let Pr(T|P) be the probability that DNA
transfer has occurred within packaging. The probability that contact will
have occurred within the packaging can be approximated by:

Pr
(

C|P) =
Pr(T|P)
Pr(T|C)

For example, if experiments carried out showed that when two sur-
faces contacted there was a probability of 0.5 that DNA would transfer,
and experiments looking at DNA transfer in packaging found that DNA
transferred occurred with probability 0.1 then we could surmise that
contact occurred in packaging 0.1/0.5= 0.2 of the time, and in the 20 %
of the time contact occurred, DNA transferred occurred 50 % of the time,
leading to the 10 % observation.

From Goray et al. [35] we have Pr(T|C)= 4/7=0.571. From the work
of Gléonec [30] we have Pr(T|P) = 1/19 = 0.053, therefore contact
within packaging occurs with probability 0.092. Note that in assigning
the probability in this way we are making an assumption that the
probability of contact occurring is independent of the contact type. This
means that we assume that the probability that contact occurs within
packaging if the contact is a passive type is the same as the probability
that contact occurs within packaging if the contact is a pressure (or
friction) type. Intuitively we may feel that if a friction contact type has
occurred, it tells us something about the way that the package is being
handled and this then affects the probability of contact. We do not
explore this further, and at this point make the simplifying assumption
that contact type does not affect contact probability, but note this is an
area for further investigation.

No data have been published at this time to inform the prior prob-
ability assignments for the contact types in node 5. We can assign the
value for no contact as the value for 1-Pr(C|P) that was determined.
Given a contact has occurred, we here assume that the most common
type of contact (when it did occur) would align with the passive contact
type in Goray et al. [35], followed by the pressure type and then the
friction type. We subjectively assign probabilities seen in Table 2 for
node 5. These values may be assigned differently if the circumstances
around the transport of the item are known i.e., it may be known that the
bag holding the item was stored underneath a heavy exhibit and so
friction and pressure may be assigned higher values. Given a contact has
occurred we assign probabilities of 0.75, 0.2 and 0.05 for passive,
pressure and friction types, and given that the probability that no con-
tact has occurred is 1 - Pr(C|P) then each of these must be multiplied by
Pr(C|P) to obtain the values seen in Table 2.

3.2. Assigning prior probabilities to nodes that model continuous
distributions

It is common when using count data to assign probabilities that prior
counts of 1 are used for each of the ‘I’ categories (for example see [36]).

Table 1
Results of Goray et al. [35] study on DNA transfer between cotton surfaces.

Contact type

Deposit
material

Passive Pressure Friction

DNA Transfer % from original
study
Mean (sd)

0.03
(0.02)

0.06
(0.04)

0.49
(0.47)

Total samples
DNA transferred

N = 3
N = 3

N = 4
N = 4

N = 4
N = 4

Saliva Transfer % from original
study
Mean (sd)

0.01
(0.02)

0 0.57
(0.18)

Total samples
DNA transferred

N = 4
N = 1

N = 4
N = 0

N = 4
N = 4

Table 2
priors for different contact properties used in node 5.

5. Properties of DNA transfer None 1 - Pr(C|P) = 0.908
Passive Pr(C|P) x 0.75 = 0.069
Pressure Pr(C|P) x 0.2 = 0.018
Friction Pr(C|P) x 0.05 = 0.005

1 To demonstrate the use of these findings we consider the results from the
experiments that used brown paper bags and breathable evidence bags com-
bined. We make the assumption here that contact occurring between two sites
on clothing is not affected by bag type as long as this type of contact is not
mechanically prevented (as is the case with the use of a sterile sheet). We
consider that any quantification indicating below 0.0001 ng/µl being present as
being an indication that there was no DNA present (at this level even if DNA
was present, it is not likely to show any signs of amplified alleles in an STR
profile). We only use the results for saliva deposit samples, and only those
where the amount of DNA in the original deposit location was above the
0.0001 ng/ µl level.
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If state i of category k has nik observations, then the posterior proba-
bilities are calculated by:

pi,k =
ni,k + 1
I +

∑

i
ni,k

This process has worked well for discrete state nodes, but for nodes
with probabilities assigned from a discretised continuous distribution,
the practice does not translate well. One of the issues is that the arbitrary
choice in the number of brackets used in the discretisation will affect the
way the prior acts on the data (with the more brackets used leading to
the prior eventually swamping out the modelled observations).

In order to rectify this situation a prior of 1/I counts can be added to
each bracket (rather than 1), where I is the number of brackets. This has
the effect of considering that prior to any observations, you have a belief
that if a single experiment were performed that the result could fall into
any bracket with equal probability. Therefore, the more brackets you
divide the continuous distribution into, the smaller the range that each
bracket represents and the proportionally smaller the amount of prior
that is added to that bracket.

If the data used to model the probability distribution came from N
observations, then the posterior probability for state i, given that pi,dist of
the modelled distribution falls within the bounds of bracket i is calcu-
lated by:

pi,k =

N× pi,dist +
(iupper − ilower)∑

i
(iupper − ilower)

N+ 1

Where iupper and ilower are the upper and lower bounds of bracket i, and if
uniformly sized brackets are used then:
(
iupper − ilower

)

∑

i

(
iupper − ilower

) =
1
I

for all brackets. As expected, the prior probability has little effect on the
probability derived from the observations when the observational
probability was high and had a much greater relative effect when the
observational probability was low. Also, the prior probability used in the
calculation of posterior probability has a greater effect when the number
of observations used to model the distribution was low.

3.3. proportion of DNA transfer

We can now model the transfer proportion when contact has
occurred by fitting a beta distribution. To do so, we combine the
observed transfer from the saliva results from Gléonec [30] with the
results from Goray et al. [35]. There are several stages to assigning
probabilities in a BN for a DNA transfer proportion. The first part is
modelling the observations in two parts; the proportion of the time that
no transfer is observed, and the modelling of DNA transfer proportions
when it does occur. The latter stages involve discretising the continuous
distribution and applying priors, which we talk about later).

In order to calculate the proportion of results where DNA transfer
was not observed this is simply the number of experiments where no
DNA transfer was observed, divided by the total number of experiments.
The distribution is then fit to the remaining observations where a
transfer was observed. Beta distributions were fit to data using R V4.3.2
[37], with package MASS V7.3.60 [38].

For the results from Goray et al. [35] (again from the combined DNA
and saliva for passive contact type) a beta distribution was fit. We also fit
a beta distribution to the DNA proportions transferred to the combined
DNA and saliva results for the pressure contact type (but do not include
the results from Gléonec [30]), and for the friction contact type (and
again do not include the results from Gléonec [30]). A summary of the
transfer proportion modelling is given in Table 3 and the fitted

distribution are shown in Fig. 6.
We now have all the information required to fill out nodes 8 and 9 in

the BN shown in Fig. 5.
To be able to use the beta distribution to populate the conditional

probability tables in a Bayesian Network model, they need to be dis-
cretised. A decision must be made on the manner in which the propor-
tion nodes will be discretised. There are no specific rules around how to
break up a continuous distribution, however in general, the coarser the
discretisation the more information loss there will be. In other words, if
a very course break-up of proportions was used (for example if the node
was broken into two states 0 – 0.5 and 0.5 – 1) then the fine scale in-
formation about DNA transfer amount will be lost. On the other end of
the spectrum if the discretisation is too fine then this will result in overly
complex computation that requires an unnecessarily high amount of
computer power, and is likely to represent a level of resolution not
supported by the data. A happy intermediate solution is required. For
our work we choose to use uneven bracket sizes due to the fact that site-
to-site DNA transfer proportions (as seen in Fig. 6) are so low that even
breaking the proportion node into 100 even brackets would mean that
almost all the probability would be assigned to the first bracket. The
brackets we chose are shown in Table 4. We also include one bracket at
the lower end of 0–0 that signifies no transfer having taken place.

Putting all of these concepts together the probabilities assigned for
node 8 are shown in Table 4. The process for contact type ‘k’ involved:

• Determining the proportion of non-transfers that occurred, Pr(no
contact)

• Modelling the transfer proportions (N of them) when transfer did
occur using a beta distribution, B(αk,βk)

• Discretising the beta distribution into brackets, with each bracket
gaining a probability of pi,dist =

∫ x+y
x B(αk, βk)dx, where bracket i

spans from x to x + y
• Adding the no transfer proportion to the first category
• Applying a prior to the bracket i so that the probability pi,k (as seen in

Table 4) is given by pi,k =

N×pi,dist+
(iupper − ilower)∑

i
(iupper − ilower)

N+1

Note that this last step will reduce the 0 proportion category prob-
ability from its experimentally observed level by a factor of N/(N+1)
due to the fact that the bracket has no width.

3.4. individual’s DNA transfer and proportion

If a surface is sampled and subjected to DNA profiling, a mixture of
DNA may be obtained. However, this mixture does not reflect the dis-
tribution of biological materials of different sources over the sampled
surface. As this distribution may be uneven, the proportion of their DNA
that is transferred may vary, depending on the areas that are in contact.
The less homogenous the distribution over the contacting surfaces, the
higher the variation that may be expected in the proportions of DNA of
different sources that are being transferred.

In nodes 12a and 13a we allow the transfer proportion for individuals
within a mixture to vary from the overall transfer proportion. In order to
do this, we specify parameters that given a value, allow some distribu-
tion either side. Regardless of the values coming into nodes 12a and 13a,
the distribution of transfer proportion values must be within the range
[0,1] and so we model the individual transfer proportion (given an
incoming total proportion) using a beta distribution, B(α12a,β12a). Given
an incoming transfer proportion value from node 8 (or 9), (which we
will denote as μ8, and call a ‘mean’ as we will treat it as a mean in further
modelling), the distribution in node 12a is modelled maintaining a mean
of μ8, by varying parameter α12a and setting:

β12a = α12a
(
1
μ8

− 1
)
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The higher the value for α12a the smaller the variance of the distri-
bution, and hence the amount by which the expected proportion of any
individual’s DNA can vary from the expected total DNA transfer pro-
portion. Note that we could construct parent nodes for 12a and 13a
which define the value of α, and which can be instantiated, but we have

not done so in this construction. Doing so would allow the effect of the
choice for α on the evaluation (a sensitivity analysis) to be explored by
the user immediately through instantiation. Fig. 7 shows an example of
μ8 = 0.05, for three values of α12a, 2, 20 and 200.

When considering transfer of DNA where the source is a mixture, the
amount that any individual transfers relative to the amount of the entire
mixture that transfers has currently not been studied, and so at this stage
remains unknown. Experiments are needed where the amount of in-
dividuals within a mixture are transferred relative each other, as well as
additional samples of the sampled areas or their immediate surround-
ings to provide an estimate of the homogeneity of the distribution of
biological sources. Without this information we initially provide the
subjective assignment of alpha = 20 based on the belief that we expect
the transfer of each donor of DNA during a contact to occur in proportion
relatively closely tied to the total proportion transferred (hence not
choosing alpha = 2), however we still wish to allow some movement of
each individual transfer from the overall transfer (hence not choosing
alpha = 200).

The proportion of individual DNA transfer nodes can be calculated
by (again, showing the node 8–12 path as an example):

μ12a =
{

0 μ8 = 0
B(α12a, β12a) μ8 > 0

Given the size of the conditional probability table we do not provide
this in the paper text (but see supplementary data), but again there will
be multiple beta distributions being used to calculate probability dis-
tributions for the node, one for each incoming value of μ8.

Table 3
Summary of DNA transfer modelling used in nodes 8 and 9.

Contact
type

Data
source

Number of
samples

Proportion of no
transfer

Observed transfer proportions Modelling distribution given transfer
occurred

None [30],
[35]

NA 1 NA NA

Passive [30],
[35]

N = 7 0.43 0.000342884 5.33617E− 05 0.000497025
0.000456191, 0.002

B(1.213, 3000.002)

Pressure [35] N = 8 0.5 0.000582043
0.000153199
0.001101837
0.000621264

B(2.224, 3515.176)

Friction [35] N = 8 0 0.002523432
0.003337257
0.011914167
0.001708122
0.007718255
0.004675383
0.003821462
0.006722195

B(4.286, 847.108)

Fig. 6. Beta distributions fitted to Goray et al. [35] transfer proportion data.

Table 4
conditional probabilities for nodes 8 and 9.

Properties of contact (node 5) None Passive Pressure Friction

proportion 0 1 0.3750 0.4444 0.0000
0–0.001 0 0.4638 0.3693 0.0061
0.001–0.002 0 0.0344 0.0709 0.0548
0.002–0.003 0 0.0021 0.0044 0.1222
0.003–0.004 0 0.0002 0.0003 0.1583
0.004–0.005 0 0.0001 0.0001 0.1553
0.005–0.006 0 0.0001 0.0001 0.1289
0.006–0.007 0 0.0001 0.0001 0.0957
0.007–0.008 0 0.0001 0.0001 0.0655
0.008–0.009 0 0.0001 0.0001 0.0423
0.009–0.01 0 0.0001 0.0001 0.0260
0.01–0.02 0 0.0013 0.0011 0.0359
0.02–0.03 0 0.0013 0.0011 0.0012
0.03–0.04
0.04 – 0.05
…
0.09–0.1

0 0.0013 0.0011 0.0012

0.1–0.2
0.2 – 0.3
…
0.9 – 1.0

0 0.0125 0.0111 0.0111
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3.5. Amount of DNA transferred from activities

We take a step back to nodes in the main network that describe the
amount of DNA transferred during activities. Specifically needed are
amounts of DNA transfer:

• From hands to inner groin of underwear during attempted digital
penetration (node 6)

• From hands to waistband of underwear from touching while dancing
(node 7)

• To the waistband of underwear from wearing (node 11)
• To the groin of underwear from wearing (node 12)

Again, a choice must be made for modelling and discretisation. As
mentioned earlier, we model the log10 transformed DNA amounts from
literature with normal distributions. We will however use a natural scale
in the BN, but the brackets will be of unequal size. The reason to do this
is to avoid transformation of DNA amounts, which can lead to impre-
cision (depending on the sampling algorithms that the BN software uses
to handle expressions).

To achieve appropriate coverage, the distribution of DNA amounts
(on a log10 scale) used that span from -3 to 3. The reason for choosing the
limits of − 3 and 3 are as follows:

• Lower limit of − 3: The limit of detection (when a DNA concentration
will be detected at least 95 % of the time) of the quantification in-
struments is typically around 0.0005 ng/μL (data not shown), which
corresponds to approximately 0.05 ng in the DNA extract once
multiplied by the extract volume (a typical extract volume can range
from 50uL to 200 μL, but we use 100uL for an example). A value of
0.03 on a log10 scale is approximately − 1.3, which falls into the − 2 to
− 1 bracket. Therefore, we extend the brackets to − 3 to − 2 so that
any instances of DNA not being detected can be captured in the − 3 to
− 2 bracket.

• Upper limit of 3: This represents an upper DNA amount that is
typically seen on high DNA yield items. It is not sensible to consider
DNA amounts greater than 1000 ng for the type of exhibits we are
considering in this evaluation. If values larger than this were ex-
pected (or observed), then the states of the DNA amounts nodes in
the BN could be constructed so that the final bracket effectively
represented anything greater than 100 ng.

We take the same steps of probability assignment for these nodes as
was undertaken for the DNA transfer proportion nodes 8 and 9 i.e.
calculate the proportion of no transfer, model the transfer when it does
occur, and applying a prior.

To model the amount of DNA transferred from digital penetration we
use the work of Ramos et al. [20]. In Fig. 9 of Ramos et al. [20] the

results of DNA testing underwear involved in simulated sexual assaults
are show. Simulation 2 relates to a digital penetration and from the
internal underwear samples shown in the upper right panel of Fig. 9 of
Ramos et al. [20], we see that there were 12 experiments performed, of
which 9 yielded some DNA being detected. The leads to no DNA transfer
0.25 of the time. For the remaining observations, a normal distribution
can be fit to the log10 transferred DNA amounts obtained (across all
donors) and this yields a N(-0.89, 0.79) distribution. The calculation
steps using this information to obtain probabilities are shown in Table 5.

To model the amount of DNA transferred by a touch to underwear
(node 7) we use the work of Daly et al. [39]. In part of their study, they
asked volunteers to grab a cloth item. The resulting amount of DNA
transferred is given in their Table 1. It is not clear whether there were
any samples with no DNA detected as the smallest bracket of results in
their table is <0.65 ng, which accounts for 0.53 of their findings. We
arbitrarily choose to consider that half of this is undetected (N = 26.5),
and half is detected, but below 0.65 ng. As exact values are not given for
each of the 100 samples, we evenly space the values within each bracket
across the range of the bracket for modelling. Modelling their findings
(transformed by log10) yields a normal distribution, N(0.00, 0.57). Work
by Breathnach et al. [40] also examines the transfer from grabbing, and
in the context of underwear, which would make the study more directly
applicable to our example case. However, this data could not be used as
it was not analysed and presented in a way that provides DNA amounts
for the contributors to samples. Instead, total DNA amount is given, and
a breakdown of result based on interpretive criteria, such as whether an
individual represented a major (or minor) component or whether a
profile was interpretable or uninterpretable. While this is a valid manner
of analysing and presenting the data, it does not provide the required
information to be able to use its findings in a DNA amount-based
evaluation.

For the wearer DNA transfer to garments we use the work of Doole
et al. [33]. One part of the study by Doole et al. tested the levels of male
DNA on underwear worn by female volunteers. Multiple areas of the
underwear were tested, including the groin and waistband. Total DNA
and male DNA were measured. We use the total DNA component minus
the male DNA as the DNA attributed to the wearer. For the groin (node
10) there was 0 / 10 samples where no DNA was detected, and the data
was modelled (on a log10 scale) with normal distribution N(1.93, 0.49).
For the waistband (node 11) there was 0 / 10 samples where no DNA
was detected, and the data was modelled (on a log10 scale) with normal
distribution N(0.53, 0.57).

All DNA transfer amounts are given in Table 6.

3.6. Background DNA

Nodes 14 and 15 relate to background levels of DNA expected on
underwear in the groin and waistband. We again use the work of Doole

Fig. 7. Graph showing the expected transfer level of any individual’s DNA given an expected total DNA transferred value of 0.05 for varying levels of α12a.
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et al. [33] to inform these nodes. We note that background DNA can be
male or female, however the amount of female DNA in the study cannot
be used as it relates to the wearer of the underwear. An adjustment was
made for this by assuming that background DNA of male and females are
in equal amount and multiplying the male DNA only amounts by two.
For nodes in Section 3.3, we accounted for a non-event (i.e. non transfer)
by removing no-transfer events, modelling the remaining data and then
adding the proportion of non-DNA event back. The same modelling
occurs for background DNA, although rather than removing
non-transfer events we remove samples with no DNA detected. In all
other aspects the modelling is carried out in the same way. For the groin
(node 14) there was 1 / 10 samples where no DNA was detected, and the
remaining 0.9 of the data was modelled (on a log10 scale) with normal
distribution N(-1.1, 0.60). For the waistband (node 15) there was 2 / 10
samples where no DNA was detected, and the remaining 0.8 of the data
was modelled (on a log10 scale) with normal distribution N(-0.98, 0.54).

Background DNA amounts are given in Table 6.

3.7. DNA site-to-site transfer and DNA remaining after site-to-site
transfer

The distribution of DNA transferred is given in node 12b, DNA12b,
(and 13b). Given a starting amount in the ‘DNA present on site 1 of
clothing’ node, DNAsite1, and the proportion of DNA transferred for the
POI, P12a, the amount of DNA from the POI transferred is obtained by:

DNA12b = DNAsite1 × P12a

Finally, we model the fact that if some DNA has transferred from site
to site, then it is no longer on the site it originated, and nodes 12c and
13c model the DNA of the POI remaining by subtracting the amount
transferred from the starting amount.

DNA12c = DNAsite1 − DNA12b

Note that this type of construction is similar to the general setup of

the OOBN described by Taylor et al. [11]. Modelling this loss of DNA
amount was not something that could be easily carried out in the pre-
sence/absence model BN seen in Fig. 4. This means there is an implicit
assumption using the BN in Fig. 4 that not all DNA has transferred
(which is likely to be a reasonable assumption to make based on the
findings in [35], although there were rare instances of 100 % transfer
noted in [24]).

Finally, the results nodes are an accumulation of the amount of DNA
remaining at a site of an item (after some has potentially transferred to
another site) and the amount of DNA transferred to that site from other
locations.

DNAPOI,site = DNAPOI remaining,site +DNAPOI transferred,site

Note that in our model wemake the assumption that none of the DNA
from either site has been lost to other areas of the item, or the packaging.
We do not provide table for nodes 12b, 12c, 13b, 13c or the results nodes
in the paper, but they are provided as supplementary material.

4. Bayesian network performance

4.1. The effect of different DNA observations

Having constructed the architecture of the BN and populated its
conditional probability tables with values, it is possible to explore the
effects of DNA profiling results on the LR. In Fig. 8 one possible
instantiation is shown, resulting in an LR of approximately 200. The
results being considered in Fig. 8 are:

• D DNA on inner groin: 1 – 10 ng
• U DNA on inner groin: 0.01 – 0.1 ng
• C DNA on inner groin: 10 – 100 ng
• D DNA on waistband: 0.1 – 1 ng
• U DNA on waistband: 0.1 – 1 ng
• C DNA on waistband: 100 – 1000 ng

Table 5
steps in calculating the probabilities for node 6.

DNA bracket DNA bracket bounds (ng),
bi

Expected probability Adding consideration of proportion of no DNA results, p0 Expected with p0 and prior

i Lower
bi,lower

Upper
bi,upper

ṕʹ
i =

∫ log10(bi,upper )
log10(bi,lower)

N
(
μ, σ2

)

ṕi =

{
p0 + (1 − p0)ṕʹ

i i = 1
(1 − p0)pʹ́

i i > 1
pi =

ṕiN+ I− 1

N+ 1

1 0 0.01 0.079122 0.309341 0.298366
2 0.01 0.1 0.365402 0.274051 0.265791
3 0.1 1 0.426656 0.319992 0.308198
4 1 10 0.120701 0.090526 0.096383
5 10 100 0.008001 0.006001 0.018360
6 100 1000 0.000119 0.000089 0.012903

Table 6
DNA transfer proportions for various nodes in the BN from Fig. 5.

DNA
(log10)
ng

DNA
ng

D DNA transfer
from D hand to C
underwear groin
from touching
(Node 6)

D DNA transfer from
D hand to C
underwear
waistband from
dancing
(Node 7)

C DNA transfer
from C to C
underwear groin
from wearing
(Node 10)

C DNA transfer
from C to C
underwear
waistband from
wearing
(Node 11)

BG DNA on
groin of
underwear
(Node 14)

BG DNA on
waistband of
underwear
(Node 15)

Amount of DNA
transferred /
present

− 3 to − 2 0.001 –
0.01

0.298366 0.264178 0.015152 0.015156 0.218176 0.161207

− 2 to − 1 0.01 –
0.1

0.265791 0.029725 0.015152 0.018713 0.345987 0.426821

− 1 to 0 0.1 – 1 0.308198 0.337076 0.015183 0.174678 0.365010 0.340265
0 to 1 1 – 10 0.096383 0.337405 0.039932 0.574647 0.040435 0.041229
1 to 2 10 –

100
0.018360 0.029813 0.493453 0.196956 0.015241 0.015325

2 to 3 100 –
1000

0.012903 0.001803 0.408189 0.019842 0.015152 0.015152
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Consider that each of the six results nodes can either not be instan-
tiated, or instantiated with one of six possible DNA amount categories.
This leads to 117,648 combinations of instantiation, and hence LRs (this
comes from 7 possible states of 6 nodes, 76 = 117,649, minus 1 as we do
not consider no instantiation of any node as a result). The BN from Fig. 5
was programmed in R V4.2.3 [37] using packages BNleanrn V4.8.1 [41]
and gRain V1.3.13 [42], allowing all combinations of results to be
investigated.

Fig. 9 shows the DNA results that give rise to LRs up to 1010. It only
shows the summary of

46,655 LRs that result from instantiation of all 6 results nodes. Some
of the LR values are above 1010, however the area of interest is the
transition of the LR from supporting Hd over Hp, to neutral, to sup-
porting Hp over Hd and so we expand that area. Each stacked column in
Fig. 9 shows an average value of the DNA amounts across a bracket of
LRs, instantiated across the 6 results nodes. The range of log10(LR)
values from -2 to 10 has been broken into 100 brackets. The different
colours represent the three sources of DNA being modelled, D, U and C.
The height of each component of the stack relates to the amount of DNA
that is contributed by that person. Results above the horizontal line
represent DNA on the groin of the underwear, while results below the

line represent results on the waistband of the underwear.
The results in Fig. 9 show a clear pattern produced by the colours as

they range from low to high LR values. At the lower LR range, particu-
larly below the line of neutrality (log10(LR)= 0) a predominance of blue
(D’s DNA) can be seen below the line (on the waistband), and an absence
of blue above (on the inside groin area). As results are considered that
move through neutral LRs and into low support for Hp over Hd Fig. 9
shows that the presence of D’s DNA on the groin area of the underwear
increases (but still retaining a high level on the waistband as well). At
these lower LR levels there are also high levels of other sources of DNA
(complainant and background DNA) on both regions of the underwear.
As results are considered that move into LRs that strongly support Hp
over Hd, Fig. 9 shows that the amount of D’s DNA increases on the groin,
and decreases on the waistband. There is also a steady decline of other
sources of DNA on the groin and an increase of other sources of DNA on
the waistband.

While Fig. 9 shows the effect of DNA amount on particular locations
on the LR, it does not give an indication of the effect the consideration of
DNA other than D’s is having on the evaluation. In Fig. 10 the spread of
LRs is shown for each of the 36 combinations of node states with
amounts of D’s DNA that can be on the groin or the waistband of C’s

Fig. 8. An example of an instantiation of the BN shown in Fig. 4 when all nodes have been populated with probabilities.

Fig. 9. Column chart summarising the 46655 LRs resulting from different combinations of instantiating all six results nodes. The x-axis has been capped at log(LR) =
5 as beyond this level the points become sparser and do not add to the informativeness of the graph. The position of the columns relate to the log10(LR) obtained from
the instantiation. The height of the columns represents the amount of DNA of each individual. Columns above the centre line relate to DNA results on the groin of C’s
underwear. Columns below the centre line relate to DNA results on the waistband of C’s underwear. The DNA amounts shown are averaged across 100 LR brackets
from log10(LR) = -2 to 10.
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underwear. The spread of LRs within each box in Fig. 10, comes from the
different combinations of U and C DNA that can be present for each
combination of D’s DNA. Also shown in Fig. 10 (with a red dashed line)
is the LR that is obtained when only the results of D’s DNA are instan-
tiated i.e., when the evaluation carried out without any consideration of
other individuals DNA. A large spread of LRs that ranges above and
below the red dashed line can be observed for all combinations of D’s
DNA. The greatest level of underestimation of the LR when considering
only D’s DNA occurs when there are abundant levels of D’s DNA on the
groin and very little on the waistband. Conversely, the greatest over-
estimation of the LR when considering only D’s DNA occurs when there
is very little of D’s DNA on the groin and abundant on the waistband

(although noting the overestimation is very slight, and still supports Hd
over Hp).

Fig. 10 shows that considering DNA other than D’s can have a large
effect on the LR, and we can see from Fig. 9 that this sensitivity is about
the same to both C or U (by the fact that both C and U show a similar
trend across the LR range). This make sense, as any source of DNA other
than D’s which we consider in the evaluation is having the same effect i.
e. providing additional information about the potential site-to-site
transfer.

Fig. 10. boxplots showing the 36 different combinations of instantiation that can be carried out for just the presence of D’s DNA on either the groin or waistband of
C’s underwear. The red dashed line represents the log10(LR) obtained when only the results of D’s DNA are instantiated. The boxplots shows the spread of log10(LR)
values obtained when D’s DNA is instantiated (according to the panel in which the plot resides), and all combinations of C’s DNA and U’s DNA are also instantiated.
Note that the first two rows have a different range for the y-axis in order to visualise the spread of results.
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4.2. The dependence of the two bi-directional transfers

In the BN shown in Fig. 4 the ‘properties of contact’ node tie the
proportion of DNA transferred in the two directions together, but only
weakly. There is still the ability to consider highly imbalanced transfer
proportions if the data strongly push the posterior probabilities in that
direction. Fig. 11 A shows the mean transfer proportion (i.e. the single
value summary of the distribution of values from the proportion of DNA
transfer nodes 8 and 9) from waistband to groin compared to that from
groin to waistband. Fig. 11A shows the effects of the weak dependence
that has been applied. It is not clear from literature whether the transfer
in both directions should be tied together i.e., if 10 % of DNA transferred
from site 1 to site 2 during a contact do we also expect 10 % of DNA from
site 2 to transfer to site 1? And how does differing starting DNA amounts
on site 1 and site 2 affect this expectation? If further study reveals that
the transfer proportions should be considered highly dependent, then a
slight modification of the BN from Fig. 4 can be constructed so that the
individual DNA transfers are treated much like different individual’s
DNA within a transfer are treated now. This would be achieved by
making the ‘properties of contact’ node a parent of a single ‘proportion
of DNA transfer’ node, and then this would be a parent of the current
nodes 8 and 9. In this architecture the probabilities of nodes 8 and 9
would then be assigned by allowing a slight variation from the main
expectation of transfer proportion (similar to the manner that is
graphically shown in Fig. 7).

Another way to investigate the effect of transfer proportion on the
evaluation is to consider how different DNA results lead to different
posterior probabilities for transfer and then ultimately to different LRs.
This is shown in Fig. 11B for the transfer proportions from waistband to
groin (the main transfer direction that will be driving the magnitude of
the LR). As can be seen in Fig. 11B the greater the amount of D’s DNA on
the groin of the underwear the more the effect of DNA transfer will have
on the LR. If the probability of DNA transfer from the waistband to the
groin is very high then the LR is driven towards neutrality, as would be
expected by the scenario for this case. When there is very little of D’s
DNA on the groin of C’s underwear then transfer from the waistband has
very little effect shifting the LR from its position of neutrality.

4.3. The effect of DNA discretisation

The effect that considering DNA amounts (Fig. 5) has on the evalu-
ation, compared to considering the binary presence or absence of DNA,

can be explored by populating the nodes in Fig. 4. We do not go into
detail on the assignment of probabilities in the conditional probability
tables of Fig. 4, but in general each transfer or DNA amount node from
Fig. 5 is reduced to a binary transfer/no-transfer or DNA/no-DNA state.
The nodes for the BN considering DNA amounts were all set up so that
the lowest categories corresponded to no transfer or no DNA. This meant
that populating the nodes in the binary BN is a simple matter of taking
the probability value for the lowest category of the node in the BN
considering DNA amount and assigning it as ‘No’ (transfer/DNA) and
then assigning the complement to ‘Yes’.

The only exception to the above scheme of populating node proba-
bilities is for nodes 12 and 13 in Fig. 4, which have to be set in a sub-
jective way (as they were for their equivalents in the DNA amount BN).
In the DNA amount BN we considered that, given a proportion of total
DNA had transferred, there could be some variation in the proportion of
an individual’s DNA having transferred, from the total proportion. This
was described by a beta distribution with parameters that were designed
to maintain the mean proportion. In the binary BN the situation is
different. There is a probability that some transfer will occur in parent
nodes 8 and 9, and now in nodes 12 and 13 we must consider the
probability that some DNA of the individuals will transfer given that
some total DNA has transferred. Without any specific studies to rely on
for the probability of transfer we assign an arbitrary value that ties the
individual DNA transfer closely to the total but does not force it to occur.
The value chosen for an individual POI DNA transfer given the mixture
of DNA they are in has transferred is assigned as 0.95. There is one other
consideration that must be made for node 12 and 13 and that is the
probability that some DNA transfer of a POI has occurred when there is
none present on the starting site. At first it may seem obvious that the
probability of such an event should be 0 (after all, how can DNA from a
POI have transferred if there was none to begin with), however we must
take into account that the fact that we may see none of the POIs DNA on
the original site because it all transferred to the secondary site (or lost to
other locations, but this is mechanism is not explicit in our model). This
is automatically taken into account when dealing with DNA amounts
when a transfer proportion of 100 % is considered, but this is not so for a
presence/absence setup. If no account is made for such an event, then
instantiating the BN so that there is a presence of D’s DNA on the groin of
the underwear and an absence of D’s DNA on the waistband will provide
complete support to Hp i.e., Hd becomes impossible (testing the BN for
such complete support, and addressing its occurrence is suggested by
Taylor et al. [10]). Therefore, we assign a small probability of 0.01 to the

Fig. 11. for all combinations of instantiating all six results nodes A) shows the relationship between the proportion of DNA transferred from waistband to groin and
from groin to waistband and B) shows the relationship between the LR obtained and the proportion of DNA transferred from waistband to groin (coloured by amount
of D DNA present on the groin).
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occurrence of transfer of a POI from site 1 to site 2 when there is no DNA
from the POI on site 1. The general structure of the table for nodes 12
and 13 is shown in Table 7.

Having populated the binary BN, a similar exercise can be carried out
as that which lead to Fig. 10. The presence or absence of D’s DNA only
can be considered on the waistband and groin of the underwear, and
then the effect of taking into account others DNA can be explored. This is
shown in Fig. 12.

The results seen in Fig. 12 for the BN with qualitative states (pres-
ence/absence of DNA) are similar to those seen in Fig. 10 for the BNwith
quantitative states. When considering only the results from D there is
limited power in the evaluation to discriminate between propositions.
When the presence or absence of DNA from other individuals is taken
into account then there is generally an increased ability to discriminate
between propositions. While the consideration of D’s DNA only leads to
LRs of a similar magnitude in either qualitative or quantitative evalua-
tions (red dashed lines in Fig. 10 and 14), the effect that the presence of
other individuals DNA can have on the evaluation is much greater when
DNA amounts are considered. Particularly when dealing with extremes
of DNA amounts the LRs in the quantitative evaluation can reach 20
orders or magnitude, whereas they are limited to 5 in the qualitative
evaluation. Therefore, the benefits of both undertaking a quantitative
evaluation, and accounting for other sources of DNA can be seen.
However, while this demonstrates the increase in discrimination power
provided by using DNA amounts, the larger question remains whether
LRs of such magnitude can be justified in activity level evaluations. (for
example, see commentary of [43,44] who question the appropriateness
of providing LRs dealing with sub-source level propositions that reach
values beyond what would ever be empirically testable). Whether or not
the LR that is calculated is ‘robust’ needs to be assessed on a case-by-case
basis. While small datasets may provide high LRs for findings given
activity level propositions (e.g. see [45]), such LRs may or may not be
considered robust [46].

5. Discussion

Note that the magnitude of the LR that can be obtained ranges up to
approximately 1020. This occurs when there is a very high level of D’s
DNA on the groin of the underwear and a low level of D’s DNA on the
waistband. This can be described in two ways by the model; either Hp
occurred, or Hd occurred and there was a large transfer of DNA from the
waistband to the groin. By itself, instantiating the results of only D’s
DNA (or only taking account of D’s DNA in the model) would bound the
LR at the upper range by the probability that such a large transfer could
occur. Table 4 shows that the probability assigned to transfers of such a
high proportion lie around 0.01. This corresponds to the result seen in
Fig. 10 that shows the LR considering only D’s DNA (the red dashed line)
sit around the log(LR) value of 1–2. This is true even when the highest
levels of D’s DNA on the groin of C’s underwear is observed. However,
when adding in the results of other individual’s DNA on the areas of the
underwear the magnitude of the LR can rise dramatically above its
previous bound. The reason for this rise is that if large amounts of other
DNA is observed on the waistband of the underwear and very little is
observed on the groin, it makes the probability of a large transfer
extremely unlikely. This is a result of tying the transfer proportions of
individual DNA components together as shown in Fig. 7.

We note that when such high levels of support are obtained in an

activity level evaluation, alternate pathways should be considered that
are often omitted due to having negligible effects on the LR. For
example, in the example BN shown in Fig. 4, a limiting factor to the size
of the LR may be the possibility of laboratory contamination, or chance
matching DNA between the defendant and the background DNA. The
former would tend to set a bound to the activity level LR to the inverse of
the probability of contamination occurring (as we are dealing with only
a single item, see [31] Chapter 6, case 1, for an example of including
contamination in an BN), and the latter will be bound by the level of
support for the defendant being a donor of DNA to the DNA profiles. In
this latter case it is possible to build the chance matching probability
into the BN, and hence the activity level evaluation (for an example of
this see [13]). As our example is simplified (as was discussed in Section
2.2), other mechanisms for transfer (e.g. indirect transfer of DNA
through the hand of the complainant to the underwear when taking
them off) have not been considered which would be essential to include
in casework, regardless of the LRs that are obtained with a simplified
model.

The results in this study demonstrate some expected behaviours of
the models. For example, as more detailed information is provided to an
evaluation (in this case the use of DNA amounts relative to the presence
or absence of DNA) then there is more ability for that information to
discriminate between propositions. Additionally, as more sophisticated
modelling of the results is used (in this case the addition of modelling the
transfer of multiple individual’s DNA relative to modelling just a single
POI’s DNA) then again, the additional information provided by the
model is better able to discriminate between propositions. In a more
case-specific sense the behaviour of the model is intuitive, with regards
to providing higher probabilities for transfer from larger DNA amounts
on the donating surface to smaller amounts on the receiving surface, and
higher probabilities for co-transfer of multiple individual’s DNA when it
is on the donating surface, as opposed to a large differential in the in-
dividual’s transfer rates.

When the level of support for one of the propositions is extremely
high with a simplified model, then other factors (which were not
considered in the simplified model) will tend to limit the strength of
support (such as the probability of laboratory contamination, or back-
ground DNA that matches one of the references). The extent of the
simplification of a model needs to be considered on a case-by-case basis.
In a casework situation it is crucial to consider all mechanisms of
transfer of biological material that are relevant given the set of infor-
mation on the case circumstances.

6. Conclusion

For some cases it can be important to consider site-to-site DNA
transfer. Particularly when there is no other reasonable Hd alternative
transfer route (i.e. omitting the possibility becomes an issue of non-
exhaustive propositions). There are also instances where the defence
may claim site-to-site transfer as a possibility. Much like when
contamination is claimed to be the potential cause of a result, these
actions (site-to-site transfer, or contamination) do not make up part of
the propositions, but rather are taken into account as part of the eval-
uation of results (and the structure of the BN). Clearly there must also be
a scenario where the presence or absence of DNA at different locations
on an item are considered informative to the propositions. Given this
conditions, site-to-site transfer could always be considered in an eval-
uation, but in many cases other factors in the evaluation make for more
probable transfer routes and so (for simplicity) site-to-site transfer may
be deemed unnecessary to include.

Depending onmodelling choices there can be a large effect on the LR.
This is both true of the choice of whether to consider DNA amounts
(quantitative) vs DNA presence/absence (qualitative) evaluation, and
the choice of whether to consider all individual’s DNA in the potential
transfer (and not just the defendant’s DNA).

We have shown several methods of taking into account site to site

Table 7
General construction of conditional probability table for nodes 12 and 13.

Some DNA transferred from site 1 to site 2 Yes No

POI DNA present on site 1 Yes No Yes No

POI DNA transferred from site 1 to site 2 Yes 0.95 0.01 0 0
No 0.05 0.99 1 1
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transfer within an evaluation, ranging from simplistic to complex. These
should suit a variety of case circumstances and evaluation complexities
as preferred by a laboratory. The choice of how complex the model
should be is one of balance between practicality, data availability and
ability. In some situations, there will not be enough data to model
transfers in a manner that considers DNA amounts. Either the data will
not exist, not be presented in the right format, or will be too sparse. In
these cases, there is little choice but for the analyst to consider their
evaluation in a DNA presence or absence format. While we have shown
that discretising the data in this way leads to lower discrimination
power, if the data is not sufficient to begin with then there is nothing to
gain in trying to extend the binary model. If data is available to allow
DNA amounts to be considered, then we have shown the advantages to
discrimination power of doing so. The choice of whether to include the
full complexity of the models shown in Fig. 5 will depend on whether the
case circumstances warrant it (i.e. it maybe that there are much more
probable explanations for the presence of DNA on multiple sites of the
item than cross-transfer). It is not always the case that all possible
mechanisms for explaining DNA results are included (such as contami-
nation and chance matching profiles as discussed earlier).

One aspect which has not yet been explored in this study is the
sensitivity of the LRs to the modelling assumptions and datasets used.
Sensitivity analyses seek to determine how much the LR will change
based on underlying assumption, approximations, simplification or data
choices, and it is becoming more commonplace to see them attached to
activity level evaluations [12,36,46]. Modelling assumptions for which

the sensitivity of the analysis could be tested include the choice:

• Of how closely to tie individual’s DNA transfer together during a
transfer of a mixed DNA source (i.e. the choice of alpha in Fig. 7),

• Of whether or not to further tie the transfer in one direction to the
transfer occurring in the opposite direction of a site-to-site transfer,

• Relating to discretisation of continuous distributions (see [31] for a
discussion on this point), or distributions used to model transfer of
DNA amounts

• To combine results of experiments including either DNA or saliva in
the transfer modelling shown in Table 1

We hope to explore these sensitivity analyses in future work.

CRediT authorship contribution statement

Luke Volgin: Writing – review & editing, Writing – original draft,
Investigation, Conceptualization. Duncan Taylor: Writing – review &
editing, Writing – original draft, Visualization, Investigation, Formal
analysis, Conceptualization. Bas Kokshoorn: Writing – review & edit-
ing, Writing – original draft, Investigation, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence

Fig. 12. boxplots showing the 4 different combinations of instantiation that can be carried out for just the presence of D’s DNA on either the groin or waistband of C’s
underwear. The red dashed line represents the log10(LR) obtained when only the results of D’s DNA are instantiated. The boxplots shows the spread of log10(LR)
values obtained when D’s DNA is instantiated (according to the panel in which the plot resides), and all combinations of C’s DNA and U’s DNA are also instantiated.

D. Taylor et al. Forensic Science International: Genetics 73 (2024) 103122 

18 



the work reported in this paper.

Acknowledgements

We gratefully acknowledge the assistance of Oanelle Gléonec for the
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