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Abstract
To assist undergraduate engineering students define the functional requirements and
acceptance criteria for their capstone design project, behavioral driven development
(BDD) was applied for the first time with a team of three students. This team designed a
complex system for health care monitoring consisting of hardware and software elements.
This case study is presented in this paper, which includes an overview of BDD, how it
was implemented in a two-semester Capstone course sequence, and the lessons learned
from this new approach. This paper is written from the point of view of faculty advisor
and industry sponsor, who closely followed the use of the BDD approach by the student
team.
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1 - Introduction
The Requirements Phase is the most unstable lifecycle component of a product. Many
more assumptions are made about a product at the requirements phase than at later stages.
However, only at later stages the features become better understood. This volatile aspect
is a leading cause of ambiguous, incomplete, or logically inconsistent feature
specification. Engineers design and implement based upon these weak definitions. This
propagates requirement decisions and errors into later stages. Unfortunately, fixing the
errors at later stages costs more, sometimes exponentially more, as shown in Figure 1.

	
  

Figure	
   1	
   -‐	
   According	
   to	
   McConnell,	
   the	
   cost	
   to	
   fix	
   defects	
   increases	
   significantly	
   when	
   defects	
   are	
  
detected	
  at	
  later	
  phases	
  in	
  the	
  project	
  [1].	
  

Behavior Driven Development (BDD) is a new way to address this problem. By engaging
the entire design team during requirements definition, the BDD discussion process
clarifies expected behavior of a product’s features. Using plain, non-technical language
of the business domain, the team writes scenarios that specify how the end user will use
their final product. By defining these user-centric scenarios, the product’s features can be
clearly specified.
Given the benefits of the BDD approach for product development, can a team of
undergraduate students apply BDD in their Capstone Design project? Would the BDD
approach help them specify the features and scenarios of their final prototype? Would the
BDD scenarios help students communicate with their industry sponsor?
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This paper will address the above questions, and present an application of BDD in a
Capstone Project that began in Spring 2013. The project in this case study is a health
monitoring system. It involves both software and hardware development, for it integrates
an IP-based emergency calling system, an Android application, and a heart-rate sensor.
The project’s goal is to provide health and emergency personnel with the end user’s realtime vital signs during an emergency call.

The students have included BDD scenarios as one of their deliverables, and have worked
closely with the sponsor on these scenarios. This paper shows an evaluation, from the
point of view of faculty advisor and industry sponsor, of the use of BDD as a project
management tool that can be taught to undergraduate engineering students. It also
discusses the impact of the BDD approach in the Requirements and Testing phases of the
current Capstone project.
The remainder of this paper includes an introduction to the BDD approach (Section 2),
followed by an overview of the Capstone project in Section 3, with details on how BDD
was used in the planning, design and testing phases of the project. Then, in Section 4 we
conclude this paper with a few learned lessons from this case study.
2 - What is Behavioral Driven Development (BDD)?
In this section, the BDD concept is explained, showing how it is used for both software
and hardware design projects. We also discuss related approaches that engineering
instructors use in Capstone projects.
2.1 – Overview of BDD
In software engineering, test-driven development (TDD) is a well-known methodology in
which the tests are defined during the design phase. Developers and testers work together
to define the tests early in the design. Testcases or test scenarios are coded and usually
run in an automated fashion. The research in [2] has shown a 40 percent reduction in
defects for a project in which developers used the TDD approach.
Other studies confirm that most software defects come from early phases in the project,
such as the Requirements phase and Design phase. McConnell [1] explains that the defect
injection rate can be about 56 percent in the Requirements phase, and 27 percent in the
Design phase. The problem is that usually these defects are only found at later stages in
the project, sometimes when the final product is available to the end user. If we have a
technique that can detect the defects early in the design, the cost to fix the defects will be
reduced. If defects are not detected, they are shipped to the customer. Thus, quality
control and cost reduction are the main motivations for the BDD approach.
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The BDD approach combines the concept of TDD with the idea of writing test scenarios
during the Requirements phase, so that requirements and functional specification of the
product can be well defined by developers and testers. For instance, if a requirement is
vague and nobody knows how to test it, that means that this requirement needs to be
further discussed with architects and system engineers. Differently than TDD, the BDD
test scenarios are written in a high-level or natural language, usually plain English
language (or any other idiom), which facilitates the discussion with all project
stakeholders, including marketing and business people. The BDD test cases represent
scenarios that show how the end user would use the final product. For instance, the
scenarios can be written as a “should” statement, or a “Given, Then, When” format [3].

Figure 2 shows an example of a default BDD scenario for the Capstone project described
in this case study. The Capstone project consists of a hardware component (wristband
sensor) and a software component (cellphone application), as shown in Scenario 0 in
Figure 2. This scenario shows a high level definition of the requirements, similar to the
level of functional testing.
Additionally, although BDD is mostly used in projects focused on software development,
note that the students have used BDD to specify the hardware requirements as well. For
instance, we can see “Scenario 0: HelpAlert system default behavior” in Figure 1, where
it says "It should collect data samples from wristband sensors" and "It should have an
LED that displays Green to indicate normal operation and good battery", which are
mainly hardware features.

Figure	
  2	
  -‐	
  Example	
  BDD	
  scenario	
  used	
  in	
  the	
  Capstone	
  project.	
  This	
  scenario	
  was	
  defined	
  early	
  in	
  the	
  
Spring	
  of	
  2013,	
  when	
  the	
  students	
  were	
  beginning	
  their	
  Capstone	
  design	
  course.

	
  

2.2 – Applications of BDD in industry and research
In software projects, the BDD scenarios can be automated. There are tools or frameworks
that can convert the natural language testcases into actual code that run the test. An
example of such tool is Cucumber [4], which uses Gherkin as an interpreter that accepts
multiple idioms in plain text. Each statement in the scenario is converted to a “step
definition” which will have actual code that executes the parts of the project being tested.
For instance, Cucumber uses the “Ruby” programming language to code the steps. A
comparison of different BDD frameworks that use other programming languages such as
“Java” is presented in [3].
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There are also other BDD applications at the research level that combine hardware and
software projects [5, 6], including automated ways to convert the natural language
testcases into step definitions for both software and embedded hardware products. Some
keywords in the BDD scenarios can automatically call methods or functions in the code
to run the tests. In the special case of projects focused mostly on hardware, Diepenbeck et
al. [6] showed that the BDD approach can be used for hardware modeling as they defined
BDD scenarios early in their design flow.

Industry has also used BDD testcases as “acceptance criteria” in software projects
managed using the Agile framework [7]. For instance, managers and product owners can
use the BDD scenarios to evaluate when a feature is completed. If the scenario runs and
passes the test, then the feature is accepted as completed. Sometimes this is called
“definition of ready”. It helps non-technical personnel to evaluate if the software
developer completed a given requirement of the project.
Our industry sponsor has been using the BDD approach in some pilot software projects,
and also in research projects with our university [8]. For instance, they have used BDD to
test a new web-based graphical user interface (GUI) of one of their products. Even before
the web pages were developed, the BDD scenarios were written. Since the web GUI can
be tested using automated tools, developers and testers worked together in getting the
testcases ready for testing the new application before the final code was completed. This
process helped detect ambiguous requirements and missing specifications early in the
project.
To summarize the main reasons why the BDD approach is being used in industry,
research projects, and in the case study addressed in this paper, Figure 3 shows a diagram
depicting the benefits BDD brings to a project. Among them, BDD as a communication
tool that helps clarify objectives and specification, and helps explain limits of what work
is expected shows that it can be applied beyond projects where software development has
a central focus, but on hardware projects as well.

	
  

Figure	
  3	
  -‐	
  A	
  summary	
  of	
  the	
  main	
  advantages	
  of	
  using	
  behavior	
  driven	
  development	
  (BDD).

2.3 – Related BDD work in Capstone Projects
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To the best of our knowledge, the use of the BDD approach is novel in undergraduate
education. However, the concept of improving the quality of the Requirements phase in
the Capstone courses has always been an issue. Several engineer instructors advocate the
idea that the students communicate the requirements and functional specification clearly
with industry sponsor and faculty advisors. As an example, the work in [9] shows a
detailed approach, including assessments, that emphasizes the requirements phase of a
software project for computer science students.

3 - Case Study: “HelpAlert” Capstone Project
As a suggestion to the undergraduate student team, the sponsor proposed that the students
work on BDD scenarios at the beginning of their first semester in Capstone, which in our
university is composed of two semesters. The two-semester capstone projects require
groups of three to four students to form teams (startup ventures), identify a problem or
opportunity, secure an external sponsor, and select a technical advisor (faculty member).
The two-semester project is very sequential, as the work is divided in the two semesters
as follows:
•
•

Semester 1: the teams learn and use project management techniques and tools to
plan the project and complete an initial design.
Semester 2: the teams implement, test and validate, document, and present a fully
functional prototype that meets all performance requirements.

All projects are product-oriented and generally include embedded hardware/software
development. System integration is very important too, for the projects usually include
sensors, signal conditioning, algorithm development, wireless/wired communications,
and specialized packaging of the prototype. In this case study, our student team worked
on their Capstone project during Spring and Fall of 2013. Their capstone project is called
HelpAlert, which will be described next, followed by how BDD was used throughout the
project.
3.1 – HelpAlert Conceptual Design
The student team and sponsor agreed on a project focused on the “Internet of Things”, in
which devices or machines communicate automatically to other machines, over the
Internet, for different purposes such as monitoring or data collection. The students
selected the topic of health care monitoring, and they targeted the critical first moments
of an emergency. Usually, there is no information for doctors or first responders to access
before arriving on the emergency scene. By having access to a person’s vital signs
measurements, first responders can be better prepared for a medical emergency.
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Thus, the proposed system, as shown in the diagram in Figure 3, incorporates heart rate
monitoring and IP-based emergency calling system, wristband with hear rate sensor,
cellular phone application (i.e., Android app), and a web server. The system collects,
stores, and displays sensor information, as well as makes emergency calls or regular
doctor calls. It is supposed to be a personal use system, with rechargeable battery, that
can be used and accessed 24 hours a day, 7 days a week. The heart rate sensor is located
on a wristband (Figure 4), which will be worn on the user’s wrist. The sensor periodically
measures the user’s heart rate, and it must be in direct contact with the user’s skin. The
cellular phone should remain within close proximity to the user. Thus, this product will
allow users be monitored, but at the same time to have mobility and pursue their daily
schedule.

During normal operation, sensor data is periodically transmitted from the wristband to a
web server. The wristband, shown in Figure 5 in a dedicated packaging designed by the
students, also has two physical buttons that will enable a patient to contact their medical
doctor or 9-1-1 emergency personnel. When activated, these buttons will cause the
Android device to initiate a phone call with the doctor or emergency personnel utilizing
either a regular phone call or an IP-based call, using the Session Initiation Protocol (SIP).
The latter case allows video calls between patient and doctor, which the students showed
in their final demonstration.

Figure	
  4	
  –	
  Capstone	
  design	
  project	
  case	
  study	
  –	
  “HelpAlert”	
  -‐	
  	
  and	
  its	
  conceptual	
  diagram.	
  

	
  

	
  
	
  

	
  

Figure	
  5	
  -‐	
  Wristband	
  prototype	
  developed	
  by	
  our	
  team	
  of	
  undergraduate	
  students.	
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3.2 – BDD in the Planning Phase
The default scenario previously shown in Figure 2 (Section 2.1) was first written in late
January of 2013, and sent to the sponsor for review. By mid February, the sponsor
approved multiple scenarios, after a few meetings and iterations with the students. The
sponsor did not require the use of automated tools to convert the BDD scenarios into
actual code for the testcase, for the project involved hardware and software. The
sponsor’s main idea was to use BDD in the Requirements phase, update it as needed
during the design and implementation phase, and run all the scenarios during the testing
phase. Therefore, the BDD scenarios were constantly used throughout the two semesters
of the project. A sample of other scenarios defined early in the project is shown in Figure
6, which includes feedback from the sponsor to the students (inside parentheses in the last
line of Scenario 1). Additionally, negative scenarios to handle problems and alert users of
problems (such as lost of connectivity from wristband to cellular phone) were part of the
BDD scenarios.

Figure	
  6	
  -‐	
  Sample	
  of	
  scenarios	
  written	
  in	
  BDD's	
  syntax	
  of	
  "Given,	
  When,	
  Then",	
  which	
  means	
  that	
  given	
  a	
  
context	
  or	
  pre-‐condition,	
  when	
  an	
  action	
  happens,	
  the	
  system	
  will	
  perform	
  something.

	
  

3.3 – BDD in the Design Phase
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The design and testing phases happen most in the second semester of our capstone twosemester course. The main deliverables to the sponsor are submitted in the second
semester. Therefore, to enforce that students keep the BDD scenarios updated, the

sponsor required an official document with all the BDD scenarios to be submitted in the
Fall semester, as shown in the deliverables timeline of Figure 7.

Figure	
  7	
  -‐	
  Students	
  proposed	
  a	
  deliverables	
  plan	
  that	
  included	
  two	
  preliminary	
  versions	
  of	
  the	
  BDD	
  
scenarios	
  and	
  the	
  final	
  BDD	
  scenarios.	
  
	
  

	
  

Also on Figure 7, note that the sponsor required several preliminary demonstrations,
such as:
- Android prototype demo code
- Embedded prototype demo code
- Final Embedded code demo
- Final Android code demo prototype
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The combination of preliminary code demonstrations and BDD scenario updates was
very important to the flow of the project. It helped students make small-steps in their
project and demonstrate their work to the sponsor for feedback. Moreover, it helped
students start testing their project early in the design, and not in the final weeks of the
second semester, when the final test results are due. Early testing ensured that defects
were detected early in the semester. As supporting evidence, we can only say that the
project was delivered on time and within scope of the main BDD scenarios.

3.4 – BDD in the Testing Phase
Traditionally, student teams are required to create a test matrix and design their test plan
in the second semester of their capstone course. The initial test matrix for this project is
shown in Table 1, which shows in the first columns the main features of the project.

Initially, the test plan had no connection to the BDD scenarios defined in the
Requirements phase. Although many of the tests included some of the BDD scenarios,
the test plan did not cover all scenarios. Therefore, sponsor and faculty advisor guided the
students to map each BDD scenario in their test plan. Their final test plan contained not
only a detailed procedure of the tests, but also a reference to the BDD scenario it
corresponded to, as shown in the example in Figure 8.
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Students also documented each scenario by video recording their test procedure. Brief
video clips were created, organized by BDD scenarios, which the students used in their
final demonstration. Thus, their final demonstration was very straightforward and sponsor
and faculty advisor could clearly “accept” the features of the project as completed. In
other words, it helped them determine if the students met the required acceptance criteria
for the project. In Figure 9, we can see the BDD scenario checklist given to sponsor at
their final demonstration.

Figure	
  8	
  -‐	
  A	
  section	
  of	
  the	
  student's	
  test	
  plan	
  showing	
  the	
  mapping	
  to	
  a	
  BDD	
  scenario.

Figure	
  9	
  -‐	
  On	
  how	
  the	
  BDD	
  scenarios	
  were	
  used	
  in	
  the	
  final	
  demonstration:	
  for	
  each	
  scenario,	
  a	
  detailed	
  
video	
  demonstration	
  was	
  presented	
  to	
  sponsor.

Page 24.1322.12

	
  

	
  

4 – Conclusions and Lessons Learned
This paper introduced the concept of Behavior Driven Development (BDD) in a twosemester Capstone Design course. It also included samples of how the BDD scenarios
were developed and used throughout the project. Although no automated tool was used to
map the scenarios to actual “step” procedures to test the project, the updated
documentation of BDD scenarios was part of the project’s deliverables to the sponsor,
and used in the student’s test plan not only to design the tests but also to demonstrate to
the sponsor that all acceptance criteria were met.
In summary, these are the main lessons learned during this case study:
- Mentor the students so they can understand the purpose of the BDD
approach: For the students, BDD was a new approach that initially they did not
understand very well and thought that the advisor and sponsor were adding more
work to their Capstone project. However, as the BDD scenarios were defined
early in the first semester, they could see that it facilitated the communication
with the sponsor, who was in a remote location and not available to attend all their
meetings. Sponsor promptly edited or questioned each BDD scenario, and asked
about new user scenarios.
-

Require students to document and periodically revise BDD Scenarios: After
the BDD scenarios were created in the first semester, sponsor required that
students had three deliverables to update their BDD document in the second
semester of the project (Figure 7). This ensured that students used the BDD
scenarios often. It was a document constantly referenced in our meetings, such as
when we reviewed the hierarchy and software flow chart. By having the scenarios
defined in a high level, the students could now specify how they would implement
each step in their design, in a more detailed level, and could communicate their
design choices very clearly with sponsor and advisor.

-

Add in your Capstone course elements of the Agile project management
model, such as acceptance criteria and early demonstrations. Although our
Capstone course uses the traditional and sequential “Waterfall” project
management approach, by incorporating “Agile” management elements [7] such
as acceptance criteria and BDD user scenarios, our students had to provide
periodic demonstrations of preliminary versions of their project. In these
demonstrations, as well as in the final one, they would always reference the
demonstrations to a BDD scenario. We also believe that the students began the
testing of each scenario early in the second semester, as they prepared for these
demonstrations to the sponsor.
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Capstone courses can evolve to use new tools that industry has introduced. In this case
study, BDD helped a group of undergraduate students to have a successful Capstone
project. Moreover, it taught them a new tool, which is still in its infancy, but may allow
them to be open to new development approaches and bring innovation to their future
employers.
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