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Abstract—This paper explores whether the computational
thinking practices of mathematicians and scientists in the
physical and biological sciences are also the practices of archival
scientists. It is argued that these practices are essential elements
of an archival science education in preparing students for a
professional archival career.
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how many of these computational thinking practices were
students encountering in these research projects and seminars.
We previously reported on a practical archival research
project in which students learned 9 of the 22 computational
thinking practices [2]. The results of that paper will be briefly
summarized. Then three additional archival research projects
will be described in which we were able to identify instances of
the remaining 13 computational thinking practices,

I. INTRODUCTION
Archival collections are increasingly composed of digital
materials. The tools and practices associated with archival
activities are increasingly dependent on computing. The way
users interact with archival collections reflects the increasingly
computationally-mediated nature of our world. A basic
understanding of the characteristics of these digital materials is
important for future archivists. For today’s learners to succeed
in future archival tasks, it is essential that computational
thinking be included as part of their training.
Weintrop et al [1] propose a definition of computational
thinking [CT] for mathematics and science in the form of the
taxonomy shown in Fig. 1 consisting of 22 computational
thinking practices grouped into four main categories: data
practices, modeling and simulation practices, computational
problem solving practices, and systems thinking practices. In
formulating this taxonomy, they draw on the existing
computational
thinking
literature,
interviews
with
mathematicians and scientists, and exemplary computational
thinking instructional materials. This work was part of an effort
to infuse computational thinking into high school science and
mathematics (STEM) curricular materials. They argue for the
approach of embedding computational thinking in mathematics
and science contexts and discuss how they envision the
taxonomy being used to bring current educational efforts in
line with the increasingly computational nature of modern
science and mathematics.
Students in the Archival Studies and Digital Curation
Graduate Program of the University of Maryland iSchool are
introduced to some computational practices through courses
such as Digital Preservation and Database Management.
However, their primary exposure to computational thinking is
through participation in research projects and graduate
seminars in which they learn to solve practical archival
problems using computational tools. We asked ourselves just
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Fig. 1 Computational Thinking in Mathematics and Science Practices
Taxonomy

II. CT IN RECOGNIZING PERSONALLY IDENTIFIABLE
INFORMATION
This research project focused on Japanese-American WWII
incarceration camp index cards from Record Group 210,
Records of the War Relocation Authority, located at the
National Archive (NARA) in Washington D.C. Currently,
public access to these records is restricted to protect personally
identifiable information (PII). Index cards that mention
individuals who were juveniles at the time of the incident
described on the cards cannot yet be released to the public.
NARA provided students and faculty of the Digital Curation
Laboratory access to a subset of these records for experiments.
The index cards were scanned to produce digital images
and the optical character recognition software Abbyy
FineReader was used to produce digital text. The GATE
natural language processing (NLP) tool was used to recognize
names and dates in the textual records. Another software tool,
Refine, was used to clean up errors in the extracted metadata. A
Python library program called mathplotlib was used to
visualize and understand the results of the analysis. The PII
decision can be made by comparing the names and dates

extracted from the cards against information from two other
sources -- a data base called the Final Accountability Roster
(FAR) of Evacuees at the Relocation Centers and the WRA
Form 26 name registry. A flowchart was created that represents
the input metadata from a card, the input FAR and Form 26
databases, the computations on the data and the decisions
necessary to conclude whether an index card has PII requiring
restriction on release. Pseudocode, a formal style natural
language description of the PII decision method, was
constructed from the flowchart. Python functions were
developed for looking up dates in the FAR and Form 26
databases and for comparing birthdates from the databases with
dates from the index cards. The pseudocode was encoded into
the Python programming language. A Jupyter Notebook was
used to support debugging of the Python program for
recognizing PII.

CT IN THE DEVELOPMENT OF THE INTERPARES
PRESERVATION MODEL
The InterPARES Preservation Model provides a generic
preservation strategy for preserving authentic electronic
records [3]. The Preservation Model provides a framework for
implementing procedures that satisfy the Authenticity Task
Force's (ATF's) Baseline Requirements for Supporting the
Production of Authentic Copies of Electronic Records.

These computational activities were matched to
descriptions of the 22 computational thinking practices. It was
found that these activities correspond to ten of the
computational thinking practices.

Each of the sections below begins with an italicized
paragraph taken from [1] that describes the meaning of the
computational practice. We also substituted the original
mathematics and science terms for archival science terms,
highlighting them in bold to demonstrate the relevance of
mapping computational thinking practices to archival science
practices.

1.

Collecting Data – A scanner was used to collect
digital image data of a paper index card.

Creating Data -- Abbyy FineReader was used to
create digital text from images of index cards.
3. Analyzing Data – The General Architecture for
Text Engineering (GATE) was used to analyze the
digital text and extract metadata by creating rules
to perform Named Entity Recognition (NER).
4. Manipulating Data -- Refine was used to clean and
normalize the data.
5. Visualizing Data -- The Python programming
library called mathplotlib was used to create
graphs and charts to visualize and understand the
results of the analysis.
6. Designing Computational Methods -- A flowchart
was created that represents the input metadata, the
input FAR and Form26 databases, the
computations on the data and the decisions
necessary to conclude whether an index card has
PII requiring restriction on release.
7. Constructing
Computational
Models
-Pseudocode was constructed from the flowchart.
8. Programming -- The pseudocode was encoded
into the Python programming language.
9. Developing Modular Computational Solutions -Python functions were developed for looking up
dates in the FAR and Form 26 databases and for
comparing birthdates from the databases with
dates from the index cards.
10. Troubleshooting and Debugging – A Jupyter
Notebook was used to support debugging of the
Python program for recognizing PII.

III.

The InterPARES Research Project investigated the
preservation of permanent authentic records in electronic
recordkeeping systems. It brought together an interdisciplinary
research team drawn from National Archives and universities
in North America, Europe, and Asia. An author of this paper
was a member of the American InterPARES Research Team
and the InterPARES Preservation Task Force.

2.

Fig. 2. Ten Computational Thinking Practices Learned in the PII Case Study

A. Investigating a Complex System as a Whole
“Investigating a complex system as a whole relies on the
ability to define and measure inputs and outputs of the system.
…Being able to black box the details of the underlying
systematic interactions and focus on the system as a whole
makes it possible to understand the characteristics of the
system in aggregate…Computational tools such as models and
simulations are especially useful in such investigations.”
The InterPARES Preservation model was developed using
the IDEF0 Modeling Methodology [4]. At the most abstract
level, the IDEF0 context diagram in Fig. 3 represents the
problem of preserving authentic electronic records. Given
Information about Electronic Records Selected for Preservation
and Transfers of Electronic Records, the goal is to preserve
these electronic records so that given a Request for Records or
a Request for Information about Records, the requested records
can be reproduced, and information about those records and
preservation actions on those records can be provided. The box
in the center of this diagram represents the general activity of
Preserving Electronic Records. The labeled arrows entering the
box from the left represent the inputs to the activity. The
activity transforms the inputs to the outputs, which are shown
as labeled arrows leaving the right side of the activity box. The
labeled arrows entering the top of the activity box represent
controls that regulate the activity, for example, Institutional
Requirements govern the preservation of electronic records.
The physical resources required to perform this activity are
represented as labeled arrows entering the bottom of the
activity box. They include Information and Communication
Technology, Facilities and Persons Responsible for
Preservation. [3]

C. Understanding the Relationships within a System
“Whereas some questions can best be answered by focusing
on a system as a whole, other questions require understanding
how the components within a system interact. Thus, it is
important to be able to identify the different elements of a
system and articulate the nature of their interactions.
Computational tools are useful for conducting such inquiry as
they can provide learners with controls for isolating different
elements, investigating their behaviors, and exploring how they
interact with other components of the system.”
Subproblem A1, Manage the Preservation Problem, was
analyzed and decomposed into the four subproblems shown in
Fig. 5.

Fig. 3. IDEF0 Representation of the Preservation Problem

B. Computational Abstraction
“Creating an abstraction requires the ability to
conceptualize and then represent an idea or a process in more
general terms by foregrounding the important aspects of the
idea while backgrounding less important features. The ability
to create and use abstractions is used constantly across
Archival Science undertakings, be it creating computational
abstractions when writing a program, generating
visualizations of data to communicate an idea or finding,
defining the scope or scale of a problem, or creating models to
further explore or understand a given phenomenon.”
Fig. 3 shows the preservation model at the highest level of
computational abstraction. The preservation problem was
analyzed and decomposed into the four subproblems shown in
Fig. 4
Each of the boxes in the IDEF0 model is referred to as an
ICOM, referring to the Input, Control, Output and Mechanism
arrows entering or leaving the box.

Fig. 4. Decomposition of the Preservation Problem.

Fig. 5. Decomposition of the Problem A1, Manage the Preservation Function

To refine and validate the Preservation Model, a
walkthrough using case study data was performed. The
walkthrough team consists of:
•

A presenter, who “puts on the table” the model being
reviewed;
• Reviewers, who have a good understanding of the
model, ask questions of the case study expert to
identify data corresponding to inputs and outputs of
the activities, and raise issues and suggested solutions
to problems;
• A case study expert, who answers questions posed by
the reviewer about data from the case study; and
• A secretary, who records the discussed facts and
issues and distributes the minutes.
The method used in the walkthrough is to iteratively step
through each of the lowest-level activities in the Preservation
Model:
1) Reviewing the activity definition and the input, output
and control definitions.
2) Identifying data elements of labels on input and
output arrows.
3) Defining the transformation of inputs to outputs.

4) Determining values of the data elements that are
related to the specific body of records in the case
study.
5) Recording the results and any problems or issues that
arise and suggesting possible solutions of the model
was conducted using information from a case study.
In addition to validating the preservation model, the
walkthrough contributes to an understanding of how the
components interact.
D. Thinking in Levels
“Systems can be understood and analyzed from different
perspectives, ranging from a micro-level view that considers
the smallest elements of the system to a macro-level view that
considers the system as a whole. Thinking about a system from
the standpoint of its individual actors and components can lead
to insights about how micro-level behaviors lead to emergent
macro-level patterns.”
Fig. 6 shows the decomposition of activity A1.3, Specify
Preservation Plan and Strategy. Figs. 3, 4, 5 and 6 show the
representations for thinking about a system at different levels
of abstraction.

F. Defining Systems and Managing Complexity
“The decision of where to set the boundaries of the system
is critical for any investigation that follows as it determines
what questions you can answer as well as the size and
complexity of the system.”
The preservation problem was analyzed from the point of
view of persons responsible for preservation, not those
archivists responsible for appraisal, review, description or
access. The ICOM in Fig. 3 shows not only the system as a
whole, but the boundaries of the Preservation System.
IV. CT IN APPLYING THE INTERPARES BENCHMARK
REQUIREMENTS
The Authenticity Task Force of the InterPARES Project
investigated the essential attributes of authentic digital records
and the technological and procedural factors impacting their
authenticity [5]. They formulated the conceptual requirements
for presuming the authenticity of the digital records maintained
by a records creator, which they termed Benchmark
Requirements.
The Benchmark Requirements draw specifically on the
notion of a trusted record-keeping system.
After the records have been presumed or verified authentic
in the appraisal process, and have been transferred from the
creator to the preserver, their authenticity needs to be
maintained by the preserver. They formulated the conceptual
requirements for presuming the authenticity of the digital
records maintained by a records preserver (Archive), which
they termed Baseline Requirements. Those requirements apply
to the maintenance of records and producing copies according
to procedures that also maintain authenticity.
We consider how computational thinking is involved in
applying the Benchmark Requirements to a records creator’s
records. The Benchmark Requirements are shown in Fig. 7.

Fig. 6. Decomposition of the Problem A1.3, Specify Preservation Strategy.

E. Communicating Information about a System
“Communicating information about a system often involves
developing effective and accessible visualizations and
infographics that highlight the most important aspects of what
has been learned about the system in such a way that it can be
understood by someone who does not know all the underlying
details.”
The graphical notation of IDEF0 is used as a method for
communicating the important aspects of a preservation system.
At the lowest level of the model, there are activity definitions
that specify the transform of inputs to outputs. Furthermore,
there is a data dictionary that defines the data elements of the
inputs and outputs of the lowest level activities.

requirements and between the evidence needed to conclude
that a requirement is met can be quite complex. For instance,
•

Fig. 7. Benchmark Requirements

A. Coillecting Data
“Data are collected through observation and
measurement. Computational tools play a key role in
gathering and recording a variety of data across many
different archival endeavors. Computational tools can be
useful in different phases of data collection, including the
design of the collection protocol, recording, and storage.”
Scientists who study physical, inanimate things and living
things observe and use instruments to measure such quantities
as temperature, time and distance. Archival scientists who
study records and records creation, records management and
archival activities also observe and measure attributes of these
objects and activities. For instance, a scanner collects data by
using a light sensor array to measure light reflected from a
paper textual record to create a digital image of the record.
This CT practice was previously discussed in section II of this
paper where a scanner was used to collect digital images of
paper index cards. In applying the Benchmark Requirements
to a record creator’s records, an Archivist assesses whether a
requirement is met by observing the attributes of records in the
record-keeping system and features of the record-keeping
system itself.
B. Using Computational Models to Understand a Concept
“Computational models that demonstrate specific ideas or
phenomena can serve as powerful learning tools. Students can
use computational models to deepen their understanding of
Archival Science and mathematical concepts such as
subjective probability and conditional dependencies.”
The Authenticity Task Force formulated a method for
assessing a presumption of authenticity of records based on the
degrees of belief that the Benchmark Requirements are
supported by evidence.
“A presumption of authenticity will be based upon the
number of requirements that have been met and the degree to
which each has been met. The requirements are, therefore,
cumulative: the higher the number of satisfied requirements,
and the greater the degree to which an individual requirement
has been satisfied, the stronger the presumption of
authenticity.”
Although the method of assessment is expressed in simple
terms, there are substantial pitfalls inherent in subjective
probability assessment due to psychological biases and
common misunderstandings of probabilistic reasoning.
Furthermore, the conditional dependencies between

•

•

Suppose that the preserver observes the metadata
attributes associated with a record. The metadata
should contain the name of the author and the name of
the addressee of a record, but not all metadata for
records includes the name of the author and the name
of the addressee. Which is more probable: The
metadata contains both the name of the author and the
name of the addressee, or the metadata contains only
the name of the addressee? If you selected the first
option you are incorrect. The probability of a
conjunction P(A & B) cannot exceed the probability
of either P(A) or P(B).
Overconfidence occurs when accumulating evidence,
for example, from case-study material about authentic
records, from which certain predictions are then
made. Confidence in one’s conclusions continues to
rise as more information is received. Towards the end
of the evidence-gathering process, most people are
overconfident about their judgments.
Two
preservers
applying
the
Benchmark
Requirements to a recordkeeping system, and who
have the same evidence can infer degrees of belief as
to the trustworthiness of the system. One reason this
can occur is that they have different preferences with
regard to risk. Risk takers will tend to overestimate
and risk adverse people will tend to underestimate.

The Bayesian approach to reasoning with degrees of belief
combined with Bayesian Belief Networks could overcome
some of the common psychological biases and fallacies in
reasoning due to misunderstanding of probability [6]. Bayesian
probability is a formal notation and theory that allows one to
reason about beliefs under conditions of uncertainty. A
person’s subjective belief in a statement H will depend on
some body of evidence E. This can be represented as the
conditional probability P(H|E) that a hypothesis H is true (e.g.,
that a requirement is met) given available evidence E.
The definition of the conditional probability of A given that
B is true or known is the joint probability of A and B divided
by the probability of B.
P(A|B) = P(A, B)/P(B)
It follows as a theorem (known as Bayes rule) that
P(A|B) = (P(B|A) P(A)) / P(B)
Bayes rule can be thought of as a means of updating ones
belief about a hypothesis A in light of new evidence B.
Specifically, ones posterior belief P(A|B) is calculated by
multiplying their prior belief P(A) by the likelihood P(B|A)
that B will occur if A is true; the result divided by P(B).
Hence, the original research question might be
reformulated as: Could the method for assessment of
authenticity based on the Benchmark Requirements be
precisely specified and tested using Bayesian Probability and
Bayesian Belief Networks so that a preserver could be

confident that he could apply the method and Requirements
and be confident in the result?
The Benchmark requirements and their conditional
dependencies were represented as a Bayesian Belief Network
(BBN) using GENIE. GENIE provides a graphical user
interface for drawing graphs showing conditional dependencies
and for filling in probability tables. The graphical notation for
the dependence of requirement A1 on requirements A1a and
A1b is shown in Fig. 8.

effective implementation of access privileges, there are other
requirements that are necessary to secure records and records
metadata from unauthorized modification, deletion or insertion.
To name a few, the RKS or operating system in which the RKS
is embedded should:
• authenticate all users
• deny service to non-users
• prevent unauthorized modification of records
Dependence of Requirement A.2 on these requirements
should be considered for inclusion in the Benchmark
Requirements.
V.

Fig. 8. Dependence of Requirement A1 on Requirements A1a and A1b

C. Using Computational Models to Find and Test Solutions
“Computational models can also be used to test
hypotheses and discover solutions to problems. They make it
possible to test many different solutions quickly, easily, and
inexpensively before committing to a specific approach.’’
SMILE (Structural Modeling, Inference, and Learning
Engine) is a software tool that implements an algorithm for
propagating the results of new evidence through the BBN. Data
from a recordkeeping system for scientific data records was
used to test and refine the BBN model.
D. Assessing Computational Models
“A key practice in using a computational model effectively
is to understand how the model relates to the phenomenon
being represented. This understanding is guided by a variety of
questions including: Which aspects of the phenomenon have
been faithfully modeled and which aspects have been simplified
or ignored? What assumptions have the creators of the model
made about the world and how do those assumptions affect its
behavior? What layers of abstraction have been built into the
model itself and how do these abstractions shape the fidelity of
the model?”
A number of conditional dependencies in the Benchmark
Requirements were exposed. For instance, requirement A.2
concerning access privileges is that “the creator has defined
and effectively implemented access privileges concerning the
creation, modification, annotation, relocation, and destruction
of records.” However, in the “Commentary on the Benchmark
Requirements” it is pointed out that “Effective implementation
involves the monitoring of access through an audit trail that
records every interaction that an officer has with each record”.
Separating the definition of access privileges from their
effective implementation, the requirement for an audit trail is
made an explicit requirement in the BBN.
Other factors influencing the Benchmark requirements
were identified. For instance, in addition to definition and

CT IN THE AUTOMATIC CATEGORIZATION OF
EMAIL
Every US federal agency is required to manage its records
according to a record retention schedule that requires the
classification of email as records. The increasing volume of
email makes it impractical to manually categorize email. The
objective of this project was to investigate whether machine
leaning techniques could achieve a high degree of accuracy in
automatically categorizing email. An experiment was
conducted in which support vector machine classifiers were
trained to classify email into six records retention categories.
The six classifiers were then evaluated in classifying email not
in the training set, but belonging to the six categories. The
result was 99% accuracy in classifying the additional emails
A. Preparing Problems for Computational Solution
“While some problems naturally lend themselves to
computational solutions, more often, problems must be
reframed so that existing computational tools can be utilized.
Strategies for doing this include decomposing problems into
subproblems, reframing new problems into known problems
for which computational tools already exist, and simplifying
complex problems so the mapping of problem features onto
computational solutions is more accessible.”
Traditionally, determining the filing category of paper
records involved human decision. The increasing volume of
email makes it impractical to manually categorize email. The
problem is reframed as using a computational tool, supervised
machine learning, to solve this problem.
B. Manipulating Data
“Computational tools make it possible to efficiently and
reliably manipulate large and complex archival holdings. Data
manipulation includes sorting, filtering, cleaning, normalizing,
and joining disparate datasets.”
A Georgia Tech employee’s e-mail was manually
categorized according to a University System of Georgia
Records Schedule. Email in six of these disposition categories
were chosen for an experiment. The observed categories of
emails and the number of emails in each category were
collected and are shown in Fig. 9.
Unique terms in each email were identified and their
frequency of occurrence in the email was calculated. This is an
example of manipulating data.

Fig. 9. Email Retention and Filing Categories.

C. Choosing Effective Computational Tools
“A single task can often be solved a number of different
ways using a variety of different computational tools. In such
cases, there is often a single tool, or at least a small subset of
tools, for the job. Being able to identify the strengths and
weaknesses of various possible tools for the problem at hand
can be the most important decision in a project. Choosing an
effective computational tool includes considering the
functionality it provides, its scope and customizability, the type
of data the tools expects and can produce, as well as questions
that extend beyond the software itself, such as, whether or not
there is an active user community that could assist with
difficulties you might encounter.“
Text categorization is the problem of assigning a selected
document to one or more categories. There are two primary
approaches to automated text categorization—rule-based and
statistics-based (machine learning). Rule-based text processing
tools used for classification tasks promise very high
recall/precision or accuracy values. The documents are
classified by hand-made rules. The whole process brings about
high costs in analyzing and modeling the application domain.
Supervised machine learning trains classifiers on a set of
documents that have been labeled with the correct class. Given
a sufficient sample for each category, machine learning models
generally cost less to create than rule-based systems. They are
also easier to scale up to large volumes of email. The
supervised machine learning methods that have been used for
text categorization include: Maximum Entropy classification;
Naïve Bayes; and Support Vector Machines (SVMs).
Supervised Machine Learning promises low costs in analyzing
and modeling the application at the expense of a lower
accuracy. It is independent of domain specific knowledge.
D. Assessing Different Approaches/Solutions to a Problem
“When there are multiple approaches to solving a problem or
multiple solutions to choose from, it is important to be able to assess
the options and make an informed decision about which route to
follow. Even if two different approaches produce the same, correct
result, there are other dimensions that should be considered when
choosing a solution or approach, such as cost, time, durability,
extendibility, reusability, and flexibility.”

Support Vector Machines are one of the most effective
supervised machine learning methods for text categorization.
SVMs (1) scale up to high dimensionalities (number of
features), (2) work well without term (feature) selection, and
(3) generalize well to other data, i.e., are robust to over-fitting.

VI. CONCLUSION
It has been demonstrated that the kinds of computational
thinking practices that are used by mathematicians and
scientists in the physical and biological sciences are also used
in archival science research. Furthermore, the research
problems being addressed are practical records management
and archival problems – review of records for personally
identifiable information (PII), development of a digital
preservation systems, determination of the trustworthiness of a
recordkeeping system, and categorization of email for purposes
of records retention. The computational thinking skills that are
needed to address these and other practical archival problems
are needed by current records management and archival
professionals and students preparing to enter those professions.
In addition to preparing our students to meet these
challenges through research-oriented seminars, we are
collecting in an online repository called CASES
(Computational Archival Research Educational System)
examples of research literature involving CT practices that
address practical digital records management and archival
problems [8]. We are exploring how these computational
thinking practices might be introduced to graduate students in
the core Archival Studies curriculum.
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