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Abstract

The increasing availability of digitised registration records presents a significant oppor-
tunity for research. Returning to the original records allows researchers to classify de-
scriptions, such as cause of death, to modern medical understandings of illness and dis-
ease, rather than relying on contemporary registrars’ classifications. Linkage of an indi-
vidual’s records together also allows the production of sparse life-course micro-datasets.
The further linkage of these into family units then presents the possibility of reconstruct-
ing family structures and producing multi-generational studies. We describe work to de-
velop a method for automatically coding to standard classifications the causes of death
from 8.3 million Scottish death certificates. We have evaluated a range of approaches us-
ing text processing and supervised machine learning, obtaining accuracy from 72%-96%
on several test sets. We present results and speculate on further development that may be
needed for classification of the full data set.
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1. Introduction

The increasing availability in many countries of digitised registration records (births,
marriages and deaths) for the C19th and C20th, and the relative fall in the cost of making
these records machine readable, presents a significant opportunity for research. With
many countries moving in the mid C19th to a civil registration system that then often
consistently recorded information for the next 100-150 years, these records represent a
significant time-series resource. Returning to the original records allows researchers to



classify descriptions, such as cause of death, to modern medical understandings of illness
and disease, rather than relying on contemporary registrars’ classifications. Linkage of an
individual’s records together also allows the production of sparse life-course micro-
datasets. The further linkage of these life-course micro-datasets into family units then
presents the possibility of reconstructing family structures and producing multi-
generational studies. This type of data therefore presents the possibility of researching
important characteristics of both the historic and the modern population, particularly the
inheritance of various traits and vulnerabilities.

There are of course significant methodological issues to overcome before this type of data
can be exploited in the way outlined. This paper describes work being carried out in Scot-
land, to develop a method for automatically processing the 8.3 million causes of death
recorded on death certificates from 1855 to the present day. These are being made ready
for analysis by the ‘Digitising Scotland’ project (Dibben, Williamson and Huang, 2012),
funded by the UK’s Economic and Social Research Council. This project is jointly run by
the University of St Andrews and National Records of Scotland (Scotland’s national sta-
tistical agency).

There are two key problems: firstly, how to consistently code cause of death over the en-
tire 150 year period so that researchers can explore changing patterns and trends; and
secondly, how to automate this process so that the majority of records do not need to be
manually coded. In this paper we focus on the second of these problems: developing
methods to automatically classify narrative cause of death descriptions into a fixed set of
standard classifications.

2. Data Sets

The target data set is, as described, the complete set of all 8.3 million causes of death rec-
orded in Scotland from 1855 to present day. They need to be coded to the ICD-10 classi-
fication (World Health Organization, 1990). Transcription of these records will com-
mence in early 2013, so we do not currently have this data in electronic form.

For our experiments in automatic classification we used a number of smaller data sets, all
from the latter half of the C19th, for which we already had cause of death codings pro-
duced by expert historians. The cause of death string in some records contains a single
cause of death, while in others it includes both primary and contributory factors. In the
majority of such cases the factor listed first would now be considered the primary factor,
but this is not universally true. All of the data sets were completely anonymised before
any processing in our classification experiments.

Kilmarnock: 23,700 records (with 8,300 unique causes of death) from Kilmarnock, Scot-
land in the period 1861-1901, derived from the ‘Demography of Victorian Scotland’ pro-
ject. See (Reid, Davies and Garrett, 2002; Reid, Garrett, Davies and Blaikie, 2006) for
more information on the project and for access to the related census records. These rec-
ords are coded into 94 distinct classes.



Tasmania: 93,000 records (22,000 unique) from Tasmania in the period 1838-1899
(Gunn and Kippen, 2008). For this data set we have only the set of unique causes; we do
not know the number of occurrences of each one. These records are coded into 36 distinct
classes.

Massachusetts: 47,000 records (13,000 unique) from Massachusetts in the period 1850-
1912, provided by Susan Leonard. See (Leonard, Anderton and Swedlund, 2012) for
more information on the project and access to tidied forms of the data. These records are
coded into 170 distinct classes.

3. Classification Methods

We have evaluated several methods for automating coding. For each of the methods we
contrast our automatic coding against the assumed ‘gold standard’ of the historian coding.
We explored three approaches:

* parsing using regular expressions
* natural language processing
* machine learning

3.1 Parsing

Experiment 1. The idea of this approach is to design, after studying examples of input
strings and the corresponding actual codings, a simple parser that can extract substrings
equivalent to the desired coding. Using a regular expression processor, we implemented a
sequence of transformations, including:

¢ discarding multiple causes of death where indicated by numbering

e discarding parenthesised phrases

¢ discarding linking phrases such as ‘and’, ‘from’, ‘due to’, ‘owing to’, etc

¢ discarding references to duration of illness

* replacement of common shorthand forms for illnesses and other medical terms

Table 1 shows some examples of original narrative phrases from the Kilmarnock data set,
each with the corresponding hand-coded classification and output from the parser.



Table 1. Examples of parser output.

Original Narrative Historian Coding Parser Output

(cardiac paralysis) diphtheria diphtheria diphtheria

1 paralysis 2 smallpx paralysis paralysis

both flu; acute pneu influenza influenza

injury caused by being run over by | injury injury

a railway truck

1 acute bronchitis 2 brain affection | bronchitis acute bronchitis

1 spitting of blood 2 pneumonia pneumonia spitting of blood
accident, bronchitis bronchitis accident

accidental death injury accidental death

injuries rec by being run over by a injury injuries rec by being run
railway wagon on 18th June over by a railway wagon on
chron otitis media, cerebral menin- | other chronic otitis media
gitis, septic

both haematuria; uramic poison kidney and liver disease haematuria

It can be seen that 4 of the 11 examples were classified correctly by the parser. This is
not, however, a representative sample of the data set; these examples have been chosen to
illustrate the effects of the various transformations.

The example in the last row illustrates a fundamental limitation of this approach. It is in-
capable of producing a classification that contains phrases not appearing in the original—
unless produced by a ‘hard-wired’ shorthand expansion such as that of ‘flu’ in the third
row. A related issue is that the classifier has no ‘knowledge’ of the set of desired classifi-
cations, and so makes no attempt to map to the best candidate from that set.

A further methodological limitation is that the approach relies on being able to identify
sufficient commonality in the phrasing of the cause of death narratives to be able to de-
sign appropriate parsers; this involves a significant degree of manual analysis of the
source text, and the resulting parsers may not give good results on other data sets.

3.2 Natural Language Processing

We investigated the potential for more sophisticated grammatical analysis, and consid-
ered using the OpenNLP toolkit (Apache Software Foundation, 2010) to produce parse
trees representing the grammatical structure of the cause of death strings. However, we
were unable to find a straightforward method for mapping such parse trees to the desired
standard coding. Knowing the grammatical structure was not helpful in identifying any
link to the standardised coding, since these are essentially ‘term-driven’ with little varia-
tion in grammar.

3.3 Machine Learning

When the limitations of the previous approaches became apparent, we turned to investi-
gating the application of supervised machine learning (Mitchell, 1997). This can be char-
acterised as the process of taking a set of training data, consisting of a set of pairs drawn
from domains X and Y, and constructing a function f that maps from X to Y while mini-



mising error. The function f can then be used to assign an output class to previously un-
seen data.

Experiment 2. The Mahout machine learning framework (Apache Software Foundation,
2011) was used to perform classification using three separate learning algorithms:

* Stochastic Gradient Descent (SGD) (Zhang, 2004)
* Naive Bayes (Langley, Iba and Thompson, 1992)
¢ Complementary Naive Bayes (Rennie, Shih, Teevan and Karger, 2003)

We separately tested a subset of the Kilmarnock data comprising unique records only. It
was expected that classification accuracy would be lower on this than on the full data set,
since the benefit of reinforcement by redundant data in the training set would be lost. The
purpose was to obtain some indication of the magnitude of this accuracy reduction, since
in some circumstances only the unique records may be available—as is the case for the
Tasmania data in this work.

Experiment 3. We experimented with combining the parser with a machine learning
classifier, in the hope that some simple cleaning of the input data to the classifier would
improve its performance. We used the parser to transform the original cause of death de-
scriptions before feeding the results to the SGD classifier. The results were better than
stand-alone SGD on some data sets, and worse on others.

Experiment 4. When we compared the individual per-record classification decisions of
the two-phase classifier described above with those made by the stand-alone SGD classi-
fier, we noticed that the pre-processing had a negative effect in some cases. Since the
SGD implementation provides a numerical measure of confidence for each classification
decision, we then used this measure to decide between the classifier with pre-parsing and
the stand-alone version, on a per-record basis. We trained both versions, used both to
classify each test record independently, and then picked the decision with the higher con-
fidence value attached. This gave the best results so far.

Experiment 5. Our next step was to try an ensemble method (Dietterich, 2000) combin-
ing the decisions of multiple machine learning classifiers. We ran each of the three classi-
fiers, plus SGD with pre-processing, and the compound classifier from experiment 4, and
for each record picked the most popular classification from the resulting five decisions.

Experiment 6. We now wanted to use confidence measures to decide between machine
learning classifiers, in a similar style to experiment 4. We used an ensemble containing
the three core classifiers, plus SGD with pre-processing. The two Bayesian classifiers do
not, however, generate confidence measures. To address this, we examined the classifica-
tion decisions and confidence levels produced by the SGD classifier in previous experi-
ments, and identified a static confidence threshold value that corresponded approximately
to a 50% probability of being correct.

In the experiment we ran both Bayesian classifiers and the SGD classifier both with and
without pre-processing, on each record. If the higher of the SGD confidence values ex-



ceeded the threshold the corresponding decision was selected. Otherwise the decision of
one of the Bayesian classifiers was chosen at random.

Experiment 7. In the final ensemble variation, we generated proxy confidence values for
the Bayesian classifiers, and then selected the classifier with the highest confidence. Be-
fore the classification tests we ran the Bayesian classifiers over the training set. For each
class X we recorded the proportion of records classified as X that should in fact have been
so classified. We could then treat this value as a crude approximation of the probability
that a classification decision of X would be correct, or after suitable mapping to a differ-
ent scale, a proxy confidence measure.

4. Results

In the following discussion we abbreviate the names of the data sets as: KM-F for the full
Kilmarnock set; KM-U for the unique Kilmarnock records; TAS-U for the unique Tas-
mania set; and MASS-F for the full Massachusetts set.

Experiment 1. The parsing classifier developed for the Kilmarnock data was evaluated
on that data set. Since this classifier did not require training, the entire data set was used
for testing, and only a single testing run was required. The accuracy obtained was 44%,
relative to the expert-coded classifications—rather low as expected for reasons previously
discussed.

Experiment 2. Table 3 shows the range of accuracies obtained using the various classifi-
ers, with the number of test runs shown in brackets. For each run on each data set, 80% of
the records were randomly selected as the training set, and the remainder used for testing.

Table 3. Classification accuracy of machine learning classifiers.

KM-U (5) | KM-F(5) | TAS-U (4) | MASS-F(2)
SGD 22-68% 92-93% 74-85% 19-27%
Naive Bayes 65-67% 89-90% 77-77% 82-82%
Complementary Naive Bayes 65-67% 89-90% 77-77% 82-82%

As expected, classification performance was generally poorer on the unique record data
sets, leading us to speculate that performance on the Tasmania data might be improved if
the duplicate records were known. The SGD classifier exhibited much greater variation in
accuracy between runs than the two Bayesian classifiers, which also appeared to perform
identically.

We also evaluated separately the effect of varying the training/testing ratio with the
unique Kilmarnock records over 4 runs; the resulting accuracies are shown in Table 4.



Table 4. Classification accuracy of SGD classifier on unique Kilmarnock records us-
ing various proportions for training, and testing on remainder.

10% 20% 30% 40% 50% 60% 70% 80% 90%

SGD 48- 56- 59- 60- 64- 63- 62- 65- 66-
51% 58% 61% 64% 66% 67% 67% 68% 68%

It appears from these results that for the Kilmarnock data set the bulk of the training ben-
efit can be achieved with 20% of the records; further increases in the training set size
yield only small improvements. This is encouraging with respect to the eventual goal—
classification of millions of initially un-coded records—for which the relevant question is
‘how small can the training set be while retaining acceptable accuracy?’ We will need to
be able to estimate this in order to decide how many records need to be (expensively)
hand-coded at the outset of the main classification activity.

Experiment 3. Table 5 shows the effect of combining the SGD classifier with version 1
of the parser classifier. First, the parser was applied to all records in the data set, with
each result replacing the original cause of death string. The SGD classifier was then used
to classify the modified strings, using an 80/20 training/testing split as before, over 4
runs.

Table 5. Classification accuracy of SGD classifier operating on output from parser.

KM-U(5) | KM-F(5) |TAS-U(4) | MASS-F(2)

SGD with pre-parsing 25-78% 88-93% 65-72% 20-28%

Experiment 4. Table 6 shows the results of using the confidence measure output by the
SGD implementation to decide, on a per-record basis, between the alternative classifica-
tions.

Table 6. Classification accuracy of SGD with confidence-decided pre-processing.

KM-U |KM-F(5) |TAS-U(4) |MASS-F(2)

SGD with confidence-decided 26-81% 92-96% 79-88% 20-28%
pre-processing

Experiment 5. Table 7 shows the results for the ensemble classifier using 5 pre-
processor/classifier combinations, determining the overall classification for each record
by majority voting.

Table 7. Classification accuracy using ensemble with majority voting.

KM-U |KM-F(5) |TAS-U@) |MASS-F(2)

Ensemble with majority voting 30-72% 92-94% 77-85% 23-30%




Experiment 6. Table 8 shows the results for the ensemble classifier using confidence
measures, where available, to choose between individual classifiers.

Table 8. Classification accuracy using ensemble with confidence-decided selection.

KM-U |KM-F(5) |TAS-U(4) |MASS-F(2)

Ensemble with confidence-decided 72-84% 95-96% 87-93% 84-84%
selection

Experiment 7. Table 9 shows the results of the ensemble classifier using confidence
measures to select between classifiers, with proxy values generated for the Bayesian clas-
sifiers.

Table 9. Classification accuracy using ensemble with proxy confidence values.

KM-U |KM-F(5) |TAS-U(4) |MASS-F(2)

Ensemble with proxy confidence 67-71% 93-94% 83-86% 81-81%
values

5. Conclusions

Table 10 summarises the performance of the best classifier for each of the data sets. The
right-most column shows the ratio of records to classes for each data set.

Table 10. Summary of best classifiers for various data sets.

Data set Accuracy Best classifier Records/class
KM-U 72-84% Ensemble with confidence-decided selection 71
KM-F 95-96% Ensemble with confidence-decided selection 252

TAS-U 87-93% Ensemble with confidence-decided selection 611

MASS-F 84-84% Ensemble with confidence-decided selection 276

As expected, the accuracy achieved for the unique Kilmarnock records was significantly
worse than that for the full data set. This may be due to the beneficial redundancy in the
full data set, in terms of training effect, or simply due to the training set being larger for
the full data set, since the same training/testing ratio was used in all cases. If the latter
factor is significant, then it might have been a fairer comparison to have fixed the training
set size for all data sets rather than the ratio. However, the results shown in Table 4 sug-
gest that performance is not particularly strongly affected by training set size.

The ratio of records to classes in a data set influences the number of examples of each
class available for training. We had therefore speculated that there might be a correlation
between this ratio and the achievable accuracy. However, there appears to be no evidence
of such a link.




The ensemble with confidence-decided selection (experiment 6) gave the best perfor-
mance for all data sets, taking both accuracy and consistency into account. Therefore this
appears to be the most promising approach.

Looking ahead to the task of classifying the full Scottish data set, we will conduct a simi-
lar exercise on a sample of the records as they become available, in order to decide which
classification approach should be employed. Even before this, we plan several follow-up
experiments to those already performed:

*  We will perform a manual analysis of the incorrectly classified records, looking
for any common patterns that might be candidates for special cases being added to
the pre-processor.

*  We will investigate whether the classifiers could be applied, in a later phase, to
the problem of identifying records likely to have been incorrectly classified—in
which case a secondary classification process could be performed to prioritise cer-
tain records for manual checking.

*  We will repeat the main experiments on a data set containing 200,000 modern
death records that are already coded to ICD-10. We expect that classification ac-
curacy may be better for these, since we expect modern narrative descriptions to
be more tightly focused and to exhibit less variation.

¢ Using the same data set we will investigate the effect of varying the granularity of
classification, for example coding to sub-categories of ICD-10.

*  We will investigate the applicability of this work to the classification of occupa-
tions and family names (the problem in the latter case being to code to standard
spellings).

Regarding the methodology for performing classification of a given large-scale data set,
we will investigate the scope for automating:

* the selection of the most suitable classifier (whether stand-alone or ensemble),
guided by experiments on samples from the data set;

* the determination of the minimum size training set then required to be hand-
coded, to achieve a given acceptable level of accuracy.

In conclusion, the use of machine learning classifiers and ensembles appears to be a po-
tentially promising method for coding large data sets. We are continuing to investigate
how to raise accuracy, and how to automate the overall process of selecting a classifier,
deciding training set size, running the classification and validating the results.
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