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The digitization of pollen grain images would permit the creation of a semi-automated system that could aid the
expert palynologists in pollen classification. It would reduce cost and time-to-answer as well as improve analyst
productivity. These issues are particularly critical in forensic applications. There are numerous factors that should
be consideredwhen establishing a digital database intended for semi-automated pollen classification. This paper
explores a number of these issues through computer vision and machine learning assessments. The main topics
evaluated are morphologically similar species-level classification, optimal training data size, how best to utilize
three-dimensional data, accuracy changes due to the availability of metadata, i.e., fluctuations in analysts' confi-
dence in taxa labeling, and using fossil data to classifymodern data. This is the first known application of training
on fossil data to classify modern taxa. Performances of 95.4% and 93.8% correct classification were achieved on
two distinct sets of morphologically similar species-level data, surpassing previous records. We determined
that a minimum of 5–10 training images per class was required to yield reasonable performance. Additionally,
we established that all depth dimension slices associated with each grain were required to yield the best perfor-
mance possible. Lastly, the error rate doubles due to decreasing analyst confidence and almost triples when using
data from grains of varying ages, further solidifying the importance of comprehensive metadata.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction and review

The association of goods or people to place-of-origin is a termbroad-
ly referred to in forensics as geographic attribution or simply
geolocation. However, here we will use the term geo-historical location
to differentiate it from real-time tracking. For years, palynologists have
studied pollen grains to infer information for geo-historical location ap-
plications (Hwang and Masters, 2013), including fair trade (Bryant and
Jones, 2006), validating history (Bertino, 2012), allergy research
(Scharring et al., 2006), agriculture (Jones and Bryant, 1992), dating
rocks for petroleum (Cross, 1964), mining (Gonzalez et al., 2002) and
coal analysis (Nichols and Jacobson, 2005). Pollen is a useful tool in
the forensic domain because it has the potential to provide substantial
amounts of information about an item's age (Bryant and Mildenhall,
1998; Gonzalez et al., 2002), provenance (Stoney et al., 2011) and travel
path (Korejwo et al., 2007). Additionally, pollen is resilient to damage,
so has a high preservation potential (Nichols and Jacobson, 2005;
Traverse, 2008).

Current pollen classification methods rely heavily on skilled expert
palynologists. Given the limited number of these experts, classification

can be a long and costly process. Past studies have shown that palynol-
ogists' opinions can be subjective (Allen et al., 2008) and that their
knowledge can be localized to specific world regions. We hypothesize
that the creation of a semi-automated system via computer vision
could provide a capability that will allow more data to be analyzed in
a fraction of the time.

In order to build a successful system, careful consideration needs to
be given to what makes a strong database. Currently, there is no unified
global database of pollen types that accounts for bothmorphological at-
tributes, as well as geo-historical location information. Limited data
sources may cause an expert palynologist to use multiple data sources
as a basis of comparison.When combiningmultiple data sources, an un-
derstanding is required as to whichmetadata fields contain parameters
that could degrade performance in pollen grain classification (and asso-
ciated geo-historical location predictions). In the future, metadata could
allow the expert to assign a level of confidence to the classification re-
sult. The metadata parameters explored in this study were pollen age
and analysts' confidence in their own identification of training samples.
Additionally, understanding the potential and limits of automation in
the pollen domain is critical.

Routine analysis typically identifies pollen grains at the genus level
and rarely classifies at the much finer species level (Mander and
Punyasena, 2014). Although species-level classification can be a
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challenge for even a seasoned palynologist, the geographic information
that can be recognized with species-level classification provides much
greater spatial accuracy and precision compared to genus-level classifi-
cation (Hwang et al., 2013a). Additionally, analysts use modern pollen
specimens to classify fossil data. Modern specimens typically originate
from herbarium sheets or from vouchers collected from plants in the
field. Therefore, the metadata (i.e., labels) of these data provide ground
truth. Fossil data are normally extracted from a core sample, while in fo-
rensics, data may be extracted from samples from an article of clothing
or a package. The labels associated with these data are opinions based
on the knowledge founded from modern data samples. Given the po-
tential for limitations in the representation of taxa within training,
tests were also performed using fossil data to classify modern data.
These tests examine whether it is possible to use high confidence fossil
data to classify unknown pollen grains.

With this in mind, we performed assessments on morphologically
similar data from the Pinaceae family (see Fig. 1 top) at both genus
and species levels. Rodriguez-Damian (Rodriguez-Damian et al., 2004,
2006) also performed similar studies on morphologically similar spe-
cies, focusing on the Urticaceae family. Furthermore, gaining an under-
standing of training data size on performance is critical when
establishing a database. It is well accepted that classifying morphologi-
cally similar species is one of the most difficult problems in pollen anal-
ysis and the 3-D nature of the pollen grain further increases this
complexity (Mander and Punyasena, 2014). Nguyen et al. (2013)
addressed this issue by counting grain surface spikes on the pollen
grain at various angles. Boucher et al. (2012) and Allen et al. (2006)
had vast representations of each taxon, which they used to observe
the effects of accuracy given decreasing training representations.
Ronneberger et al. (2002) used confocal microscopy to perform 3-D re-
constructions. Similar to Boucher et al. (2012) and Allen et al. (2006),
we have addressed this issue by representing pollen grains at abundant
viewpoint angles in the training data followed by observing the effects
of decreasing training size. Eachpollen grainwas represented by a series
of 23–84 axial images, which we will refer to as an image stack (see
Fig. 1 bottom). More salient features may be prevalent in specific re-
gions of the image stack. If utilizing specific regions yields comparable

or superior results to using the entire image stack, this discovery
would be extremely beneficial when considering memory storage
limitations.

This paper will begin by discussing a high-level overview of howwe
believe our proposed semi-automate system would function (Section
2). Section 3 describes the data that were used for our study as well as
our methodology. We provide details on the computer vision methods
applied aswell as a range of classifiers thatwere explored. Section 4 dis-
plays the results of our various studies followed by Section 5,whichpro-
vides further discussion of these results. Lastly, Section 6 assesses these
studies, providing insight on how these studies answer our hypothesis,
and concludes with recommendations for future tests.

2. Description of system

One intended application for pollen classification is for forensic geo-
historical location, using pollen to determine where an item originated.
Fig. 2 gives a high-level overview of howwe visualize this system func-
tioning.When new images are introduced into the system, the classifier
(step one) determines matches for this new image based upon its
previous knowledge provided by the database. Once the pollen grains
have been classified, a probabilistic distribution model is created
(step 2) by utilizing occurrence data from plant or pollen databases.
This model estimates the possible regions of item origination and pro-
duces associatedmaps (see yellow in step 2). As the effects of collection
parameters and morphological parameters are better understood, they
should be incorporated into a much more detailed diagram.

3. Materials and methods

Two datasets, consisting of modern and fossil grains, were used for
our studies. All image data were collectedwith a Zeiss Apotome fluores-
cence microscope. The modern dataset contained 641 grains of which
442 were from spruce (Picea mariana, Picea glauca, and Picea rubens),
96 were from fir (Abies balsamea), and 103 were from pine (Pinus
banksiana, Pinus strobus, Pinus resinosa, and Pinus rigida). The fossil
dataset contained 264 grains of which 103 were from Picea mariana and
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Fig. 1. (Top)Morphologically similar genus-level pollen grains of the Pinaceae family (from left to right: Abies, Picea, Pinus). Image data from Punyasena et al. (2012). (Bottom) Image stack
(left image) of one grain alongwith its summed 2D representation (top right). Image stack representation (bottom right) taken from (http://bioimagel.com/yahoo_site_admin/assets/im-
ages/stack.333130145.jpg).
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