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ABSTRACT- As a fast-growing field with widespread impact on economy and its promising hiring potential,
Data Science has been enthusiastically sought-out by many disciplines in the academia, including Mathematics,
Statistics, Library Science, Management Information Systems, as well as Computer Science, as an attracting
area for recruiting students, soliciting grants, and expanding their existing programs. Although some
standalone programs in Data Science have been established around the country, many institutions encounter the
challenges in balancing the curricula among different disciplines, allocating new resources, and cooperating
with the existing majors regarding enrollment management, student advising, and faculty preparation. In this
paper, a strategy-based framework is proposed for those who have limited resources of all kinds to introduce
Data Science through their existing Computer Science programs at a baccalaureate level with a minimum
curriculum disruption. Instead of a standalone program, to embed Data Science into Computer Science
education is demonstrated to be a practical, effective, cost-saving approach based on an extensive study of the
synergy between Data Science and Computer Science education. While the proposed framework is not a one-
size-fits-all approach, it provides a doable route for blending Data Science into Computer Science education in
systematic ways. It has become the consensus that an adequate exposure to Data Science will better prepare
computer science students for taking the challenges in this ever-changing, data embraced world.
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I.INTRODUCTION

According to a study discussed in [10], approximately 1,200 exabytes of data are generated annually.

This resulted the concept of Big Data, which is a huge amount of unstructured and structured data that has the
potential to discover new information. The massive amount of unstructured data presents enormous challenges
for the business and IT sectors. It requires specialized skill sets to decipher vast magnitudes of data, and one of
these skills is the ability to analyze. Data science, business intelligence, analytics, and other related fields in big
data have become increasingly vital in both academic and business communities. Big data has been used to
transform medical practice, modernize public policies, and inform business decision-making [12].
It is experiencing rapid and unplanned growth, spurred by the proliferation of complex and rich data in science,
industry, and government. Fueled in part by reports, such as the widely cited McKinsey report [11], that forecast
a need for hundreds of thousands of data science jobs in the next decade [5]. The need for new and innovative
tools for managing and deriving insights from big, unstructured data continues to grow. Consequently, there is a
rapidly increasing demand for data scientists who know how to apply these new tools to handle big,
unstructured data and to solve business problems [2].

As the global demand for data analysts continue to grow, colleges and universities rushed to offer
programs to equip their graduates with the necessary analytical skills [15]. In response to this novel demand,
several U.S. higher education institutions have launched blended programs such as Data Analytics, Business
Intelligence, or Data Science [16].

For a standalone program in Data Science, a full spectrum of degree programs has been established in
the country. For instances, a 72-credit Ph.D. program in Data Science offered by Data Science Center at New
York University [23], and a 78-credit Ph.D. program in Analytics and Data Science, available at Analytics and
Data Science Institute at Kennesaw State University, Atlanta, Georgia [24]. Master programs in Data Science
have been extensively studied in [16]. Based on 30 randomly selected MS programs in data science or a related
area, such as Data Analytics or Health Informatics, it is concluded that the required courses are varied, except
for those covering the basic analytic skills, from disciplines where the programs are offered [16]. As the
bachelor programs in Data Science offered by Math and Statistics Departments can be found in [25, 26], while
the programs offered by Computer Science Departments can been seen in [27, 28].
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Although it might be the best way to promote Data Science education through a standalone program,
many are facing the challenges in the constraint in budget, infrastructure, student recruitment, and faculty
preparation [9]. As the importance and the critical role of Data Science to our students, it is needed to find a
practical way to equip the fundamental knowledge and skills of Data Science to our computer science students.
The rest of the paper is arranged as follow. After an overview of Data Science in section 2, the curriculum
guidelines and framework is discussed in section 3. In section 4, the synergy between computer science and data
science is analyzed, and the recommendation is outlined in section 5. Finally, in section 6, the conclusion and
the future work is presented.

I1. AN OVERVIEW OF DATA SCIENCE

Several reports have revealed the demand for data science. Manyika et al. [11] at McKinsey Global
Institute (MGI) predict that by 2018 the U.S. could face a serious shortage of deep analytical skills required for
as many as 190,000 positions. The U.S. will not be able to fill this gap simply by changing graduation
requirements, waiting for students to graduate with more Data Science skills, or by importing the talent from
overseas. Therefore, data science and data analytics fields have been developed as to deal with the big data
tsunami. The data science concept unifies statistics, data analysis and their related methods in order to
understand and analyze actual phenomena with data. Data Science can be defined as being comprised of three
areas: analytics, infrastructure, and data curation [7].

The data life cycle and surrounding data ecosystem from the NSF CISE (2016) [18] report presented
Data Life Cycle. Figure 1 shows a simplified diagram with essential components of the data life cycle. Data is
generated from a source, cleaned and edited, used/re-used analysis, published or disseminated its findings and
finally preserved as illustrated in Figure 1. Additionally, there are other factors including data quality, ethics,
policy or regulators, platform and infrastructure that might have an impact on any data.
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Figure 1: The data life cycle and surrounding data ecosystem [18]

The Data Science Competency Framework (CF-DS) was part of the EDISON project that was
conducted in 2017 [6]. It focused a foundation for establishing a new profession of data scientist for European
research and industry. The EDISON DS framework(EDSF) components consist of Data Science Competence
Framework (CF-DS), Data Science Body of Knowledge (DS-BoK) and Data Science Model Curriculum (MC-
DS), and Data Science Professional Profiles (DSPP). The EDSF provides a conceptual basis for the Data
Science Profession definition targeted education and training, professional certification, organizational and
individual skills management and career transferability [6].

The proposed EDSF provides a baseline for developing DS curriculum and course selection with the
required competences and skills for a specific industry domain [6]. Figure 2 below illustrates the main
components of the EDISON Data Science Framework (EDSF) and their interrelations that provides conceptual
basis for the development of the DS profession.
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Figure 2: EDISON Data Science Framework components [6]

Domain scientists focus on generating data and using it. Computer scientists often focus on platform
issues, including mining, organizing, modeling and visualizing, and the potential for extracting insights from
analysis of the data through machine learning (ML) and other approaches [1]. There is also an opportunity to
bridge gaps among ML, data analytics, and synergistic partner disciplines such as statistics and operations
research. The new opportunity is to focus on the full data life cycle [1].

In addition to the effort made by the academia from the U.S., the faculty members from the European
Union drafted their Data Science framework through the EDISON project [6]. Although the proposed
framework is based on the structure introduced by NIST [13], the relationship and transition between the
competence groups demonstrated in the framework provide a solid foundation for designing the corresponding
curricula.

This framework provides basis for other components of the Data Science professional ecosystem such
as 1) EDISON Online Education Environment (EOEE); 2) Education and Training Directory and Marketplace;
3) Data Science Community Portal (CP) that also includes tools for individual competences benchmarking and
personalized educational path building; 4) Certification Framework for core Data Science competences and
professional profiles.

I1l. CURRICULUM GUIDELINES AND FRAMEWORKS

The Park City Math Institute (PCMI) 2016 held a three-week workshop for a 25 undergraduate
faculties focused on the task of producing curriculum guidelines for an undergraduate degree in Data Science.
The group consists of statisticians, mathematicians and computer scientists from a variety of liberal arts colleges
and research universities [5]. The group discussed what activities and skills they thought would be necessary for
DS program and how they can be implemented currently and in the future. They proposed an undergraduate
Data Science guideline on a ten semester-course major common among the liberal arts colleges.

The group highlighted that DS students must encounter frequently project-based, real-world
applications with real data to complement the foundational algorithms and models which is a similar view of the
Committee for the Undergraduate Program in Mathematics Curriculum Guide 2004-2015 [5]. The group
proposed a Bachelor of Science Data Science

(BSDS) program that consists of six competent areas plus a domain related area as shown in Table 1 below.

Table 1: Competencies for BSDS Programs [5]

| Competence | Description
1 Compumational Thinking Data Sclence graduates should be proficiont in many of
the foundatiosal sofiwace skills und the assoviated
algorithmic, computational problem solving of the

discipline of computer scionce
4

Statistical Thinking It e an approsch to  understanding  the world  through

data, and involves everything from problam formulation
| through conelusions (Wild & Plannkuch)
) Mathematical 'oundations The emphanis of an undergraduate Data Science dogroe
should be on ehoosing, Hwing aod using Mathemationl
| | mosdels
“ Model 1d and A Informal Model involves identifying potential sources

of variation, disceming between stochastic and
deterministic varlation, and understanding how these
might be modeled ally and ¢ fonally
Farmal Modeling: graduates should be able to bulld and
wasonn stutistical and maching lesming models, smploy

Algorithms and Software
Foundation

Data Curation

Knowledye Transference

variety of formal Inforence procedunss, snd drw

| appropciate seope of oonglusions from the analysis

The Data Sclance graduste should be able to employ
wigorithmic problom solving skills (o the k. These
inelude defining olear requiresnents 1o s probilem,
decomposing the problem, using efMiolens strategies 1o
arrive st an alg I and imple

solutions through programming in & suitablo high-level

| langoage

Data curation involves managing data theough the entire
problem-xolving procews

Duta do not exist in u vocuum, but urise from o partiouler

Communication and comext. Knowledge of that context Ix necessary o

Responaibility analyze the data, and thus undergmduates need
experionce spplying their diseiphine outside the core of
siatintics, computing, and mathematics
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prerequisites required, integrative, cross-disciplinary collaboration, a grassroots and faculty-driven effort,
responsive to students, committed to diversity and inclusion, an open-source approach and an education
program inextricably linked to research [4].

The curriculum was built upon three interrelated domains: inferential thinking, computational thinking,
and critical engagement with questions of real-world relevance. Table 4 below shows how “Data Analysis,”

“Statistics,” and “Computing” are connected by Berkeley’s faculty.

Table 4: Modular-and-Connector based course structure [4]

Data Analysis

Statistics

Computing

Visualizavon
Sampling

Statnue Concepta
Hypothesis Testing
Prediciton
Regression

Probability
Permseon

Data Distribution
Statistic Laws
Statistic Properties
Statistic Testing

Statistic Intorpretation

Data structures

Data Represeatation
Prooess Control
Databased Construction
Dutabase Query
Software Development

Programming languages

Clasyification

To match the competencies identified in Table 1, 9 courses are proposed in [5] as shown in Table 2 below:

Table 2: Nine Proposed Courses for BSDS program

£ 3 ""“"7 d Courses
Imtrodution 30 Data Scaence §
Imsroduction s Deta Science 11
Mathemation fur Dats Sciemce |
hl". | MatSematics for Dats Sciesce 1]
[5) | lnsro 1o Stasistical Models

o) Statintical amd Machine Loarning

1
B
L

.
+
-
»
-+
+

y 1 Algorhum and Software Conocpts
Databhases aad Data Mansgement

Cpuione Course
} +

| Course i an Owtaide Discipline

The matching between the proposed courses and the BSDS competencies is demonstrated in Table 3 below.

Table 3: Course Matching to Competencies

Counses
« Algorithms and Software Concepts
« Databsses and Data Management

« Intro to Statistical Models

« Statistical and Machine Learning

« Mathematics for Data Science |
Math s for Data Science 11

- Intro to Statistical Models

- Algorithms and Software Concepts

« Datab: and Data M.

« Intro to Data Science |

« Intro to Data Science 11
Capstone Course

Competencies
| Computational Thinking

Statistical Thinking

3 Mathematical Foundations

4 Model Building and Assessment

Algorithms and Softwars Foundation

6 Data Curation

7 | Knowledge Transforence
Communication and Responsibility

« Course in an Outside Discipline

Berkeley’s implementation strategy for the DS program was based on starting early to build a data
science mindset, no Berkeley’s pedagogical reflection signals that there is a challenge in maintaining student
inclusion and diversity [4]. Students’ movement from one program to another might affect other program
enrollment as well. Besides, the students are interested in enrolling upper division DS courses to continue with
the DS program.

The DS program consists of a foundation of DS course, integrating concepts of computing, statics and
critical thinking and connector courses that will lead to different domains. The starting point is a lower-division
course on foundations of DS that was linked with a growing family of connector courses that tailor the program
to a range of domains. The introductory courses make data science accessible to any Berkeley student relying
only on university-entry mathematics requirements and no prior computing experience [4].
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1IV. SYNERGY BETWEEN COMPUTER SCIENCE AND DATA SCIENCE

Although the journey of Data Science can be traced back to early 1960s [3], the latest surge of the
interest in Data Science might have been the results of the NSF Big Data Initiative launched in 2012 and the
new IEEE Transactions on Big Data inaugurated in 2015. Due to the fact that there are a significant portion of
the overlap between Data Science and Computer Science based on the synergy built in the two, it is more
effective and efficient to embed Data Science into Computer Science education, instead of bridging the two. In
addition, as the investment in having a standalone program in Data Science is quite high, it is desirable to have
Data Science concepts and skill introduced to CS majors in many budget-constrained institutions.

In the view of Data Science from all other areas, the bridging them with Data Science can be illustrated
in Figure 3 below, which is reported by three major universities in New York University, UC Berkeley, and the
University of Washington. As the Data Science Methodologies listed on the right hand side of the figure, all
methods except Statistics is covered by Computer Science.
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Figure 3: Bridging Data Science to Other Sciences [22]

The University of California at Berkeley developed and implemented undergraduate DS curriculum
that is based on a modular-and-connector structure [4]. Faculty members from the Park City Math Institute
(PCMI) 2016 [5] proposed a DS undergraduate curriculum based on six key competencies, where a DS program
can be implemented using typical existing courses in Math, Computer Science, and Statistics as shown below in
Table 5.

Table 5: Matching a DS program using typical existing course [5]

Mathematics Computer Science Statistics
Caleulus | Introduction to C§ Introduction to Statistics
Caleulus 11 Data Structure/Algorithmy Statistical Modeling
Caleulus 111 Computer Architecture Regression
Linear Algebra Advanced Algorithms Machine Learning
Probability Theory | Databases Data Mining
Discrete Math Software Engineering Theory of Statistics

Although “courses from the traditional disciplines of mathematics, statistics and computer science
provide the basic infrastructure for the major at present” [5], those course in the three disciplines are required to
have a well-planned redesign to integrate the elements needed for the competences to prepare our students for a
promising career in Data Science as the authors summarized in [5].

CS2013 is the latest Curriculum Guideline for Undergraduate Degree Programs in Computer Science
developed by ACM and IEEE-Computer Society. ACM and IEE-Computer Society update CS curriculum
guideline regularly as to keep it modern and relevant. The CS2013[17] guideline presents updated body of
knowledge, a result of rethinking the essentials necessary for a CS curriculum. The Knowledge Areas are
categorized into a group of 18 Knowledge Areas corresponding to topical areas of study in CS. Table 6 below
shows Data Science, Mathematics, and Statistics courses, which can be covered by the current undergraduate
Computer Science curriculum, and those that cannot be covered based on CS2013 undergraduate curriculum
guideline. This comparison is based on the authors’ understanding and analysis and used only for this study.
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Table 6: Curriculum Comparison: Data Science vs. CS2013 Standard
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The synergy between CS and DS can also be investigated
previously. As Table 7 shown below, the corresponding courses in
along with the competences proposed in [5].

based on Table 2 and Table 3 presented
Computer Science can be recommended

Table 7: DS vs. CS Courses for Each Competence
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Obviously, there is a synergy between Data Science and Computer Science as the facts that data itself
is in digital, processed in digital, accessed in digital, and presented in digital. Computer Science is naturally the
foundation of Data Science. The bottom line is that Data Science is so critical and so close to Computer Science
that computer science students should be able to grasp it without too much effort. Data is the new “natural”
resource for the next leap of the growth we cannot miss. It is not like Information Technology, Information
Systems, or any other computer science related fields. This is the field Computer Science should take a
significant part. Cars need gas or electricity to move while the society needs data to advance. Computer science
students don’t just learn how to use the collected data but study how to create and generate data and how to
effectively and efficiently collect, store, and process data.

The core CF-DS includes common competences required for successful work of data scientist in
different work environments in industry and in research and through the whole career path [6]. O’Reilly Strata
industry research [8] defines the four data scientist profession profiles and their mapping to the basic set of
technology domains and competencies as shown in Figure 4. The four profiles are defined based on the
datascientists’ practitioners’ self-identification: 1) Data Business person; 2) Data Creator; 3) Data Developer; 4)
Data Researcher.

Figure 4: O’Reilly Strata survey on Data Scientist skills and profiles [8]
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The related skills to each of the skill categories are defined in Figure 5 below:
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Figure 5: The skills under each of the skill categories [6]

Based on Figures 5 and 6 shown above, a computer science major better fits the skill sets as Data
Developer and Data Creative. For a data researcher, more statistics knowledge is needed while for a data
businessperson, the domain knowledge in a particular business plays a critical role.

As discussed above, there is a significant overlap between data science and computer science. It is
possible for including data science concepts and techniques in computer science education without major
reconstruction of the computer science curriculum.

V. RECOMMENDATIONS

As discussed above, the goal of this paper is to see how to introduce DS theory and skill to CS students
with a minimum disruption to CS curriculum. There is no one-size-fits-all solution for embedding DS into
computer science education. The factors to consider when embedding DS into CS education are 1) levels of
effort; 2) levels of resources; 3) levels of collaborations. In case of the levels of efforts, there has to be a
multidisciplinary faculty committee to contribute in the program development with the management support.
The main tasks of the committee can be the followings: 1) identifying and selecting the relevant computing and
math courses from the existing computer science courses 2) developing new DS courses for the DS major which
are not available within the CS department; 3) preparing the program course plan; 4) preparing course
sequences; 5) preparing the program proposal.

By its multidisciplinary nature, a DS program should represent a combination of subject areas from
several disciplines including applied mathematics, statistics, and computer science [14]. Consequently, schools
that host DS programs are diverse: they include Business, Computer Science, Math, Mathematics and Statistics,
and Arts and Sciences Schools.

Based on available resource, faculty preparation, curriculum development, and schedule management,
recommended strategies for embedding DS into CS education are provided below in Table 8.

Table 8: Strategies for Embedding DS in CS Education

) Carrier Example
I |-Project LCapstone Project
_|:Case Study __ -Case Study in Software Engincering _
2 |-Course Module “Data Curation™ in a Database Course
I -"Seripting with R™ in an OS course
3 |-Regular Course <Introduction to Data Science
-Data Analytics With R
4 |-Multiple Courses (a Track or -Data Science |
Concentration within a Major) -Data Science 11
5 |“Minor in Data Science «A Core of Data Science Courses plus a
P — Group of Selected Elective Courses
6 |-Certificate in Data Science -Similar to a Minor in DS but More
Flexible in Admission and Completion

It is not our purpose to provide a solution but a way of thinking in which everyone should be able to
find their own way in introducing Data Science to their Computer Science students. Moreover, the strategies
provided in Table 7 can be treated as a framework in which everyone can find a method in introducing DS into
CS education no matter the levels of effort, resources, and collaborations they have. Due to the limited length of
the paper, the discussion on how to implement those strategies is not included but will remain as part of our
future work.

As studied in [9], more than 40% BSDS programs in the U.S. are offered by a Computer Science
department or a department that offers a computer science program. Out of 10 areas for the future development
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of data science as pointed out in [3], CS educators can well pursuit to “train the next-generation data scientists
and data professionals who are qualified for data science problem-solving, with data literacy,
thinking, competency, consciousness, curiosity, communication, and cognitive intelligence, to work on the
preceding data science agenda” [3].
Not just for Computer Science, some institutions want to embed Data Science to all majors, such as reported in
[21] that Purdue University has kicked off a new initiative to “make data science education a part of every
student's learning experiences on campus, no matter what field he or she is studying.”

It was noticed that some institutions have moved their work further to bring Data Science to Computer
Science education by blending the two into a single program in Computer and Data Science. The exemplary
work can be found in [19] and [20].

VI. CONCLUSION

Although Data Science is a promising field to explore new curricula, it is very challenging to have a
standalone program for many computer science departments, especially those where the number of the students
is under 100 and the number of the faculty members is under 5. As Data Science has many aspects as discussed
above, it could be relatively easier for computer science educators to bring “data generation” and “data
processing” through database related courses and “data analysis” through data mining and artificial intelligence
courses. While embedding Data Science into Compute Science education requires tremendous effort from the
faculty, our students, with the strength in Computer Science and the potential in Data Science, will be placed in
a better position in facing the emerging challenges brought by this data embraced world.
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