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Context: Architectural assumption management is critical to the success of software 
development projects. In this paper, we propose an Architectural Assumption Management 
(AAM) process, comprised of four AAM activities: Architectural Assumption Making, 
Description, Evaluation, and Maintenance.
Objective: Evaluating the AAM process in architectural assumption management, regarding 
the ease of understanding and the effort of conducting the AAM process, as well as the 
effectiveness of using the AAM process to make architectural assumptions explicit and to 
identify and reduce invalid architectural assumptions.
Method: An explanatory study with 88 first-year master students in software engineering, 
and an exploratory study with five practitioners from five companies.
Results: (1) the ease of understanding the AAM process is moderate for first-year 
master students but easy for practitioners; (2) the effort of conducting the AAM 
process is moderate for first-year master students; (3) Making and Evaluation took the 
students more time than Description and Maintenance; (4) the practitioners considered 
Evaluation as the most time consuming activity; (5) the AAM process can help to 
make architectural assumptions explicit and to identify and reduce invalid architectural 
assumptions in projects. The majority of the students and practitioners agreed that 
Architectural Assumption Evaluation is the most helpful activity for all these three aspects. 
For other activities, there are different opinions about their helpfulness; and (6) there 
are various factors identified that can impact the aforementioned results. Being aware of 
and properly adjusting these factors can facilitate the application of the AAM process in 
projects.
Conclusions: The AAM process aims at systematically managing architectural assumptions 
in software development. The results of the case studies provide preliminary empirical 
evidence for the evaluation of the AAM process.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

According to Kruchten et al. [46], the concept of architecture knowledge “consists of architecture design as well as the design 
decisions, assumptions, context, and other factors that together determine why a particular solution is the way it is”. In this paper, we 
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focus on one of the types of architectural knowledge, namely architectural assumptions (AAs). An assumption is defined as 
“a thing that is accepted as true or as certain to happen, without proof ”1 or as “a fact or statement taken for granted”.2 Accordingly 
we define AA as architectural knowledge taken for granted, or accepted as true without evidence [5,29]. The essence of this 
definition is that it entails uncertainty of architectural knowledge: stakeholders are not completely sure about, for instance, 
the correctness, impact, importance, suitability, or other aspects of architectural knowledge.

In addition to being a type of architectural knowledge, assumptions are also a type of artifact. As defined by Kroll and 
Kruchten [49]: “An artifact is a piece of information that is produced, modified, or used by a process”. Since AAs are produced 
(made), modified, and used during software development, we advocate treating AAs as a type of software artifact, similarly 
to requirements, design decisions, etc. The AA concept, its characteristics, and relation to other types of software artifacts 
are further elaborated in Section 2.

In this paper, we advocate that AAs need to be treated as first class entities in software development, i.e. they are clearly 
distinguished by other types such as design decisions or requirements. This is corroborated by other studies (e.g., [56,57]), 
but we provide some additional argumentation as follows:

(1) AAs are important in both software architecting and the whole software development lifecycle [1,10]. AAs are not only 
related to requirements or design decisions, but also intertwined with other types of artifacts, such as use cases, com-
ponents, design models, design patterns, and risks [4,10]; the lifecycle of AAs spans the whole software development 
lifecycle, instead of only the architecting or design phase [4,10].

(2) Although AAs are related to different types of artifacts, they differ in nature. The management of other types of artifacts 
may not be suitable for AA management. We further discuss this in Sections 2.3 and 3.4.

(3) Most importantly, AAs that are not well managed (e.g., remaining implicit or becoming invalid) could lead to severe 
issues in software development [4]. One such issue is undesirable consequences, including undesirable variations in 
product families, unpredictable and/or unacceptable program/system/environment behavior, and increased costs. For 
example, the reuse of an AA from ARIANE 4, which was invalid in ARIANE 5, led to the ARIANE 5 disaster [24]. Another 
issue is increased system weaknesses, including system vulnerability, system failures/errors, integration defects, and 
runtime errors. For example, ignoring or violating a system security assumption would lead to a security vulnerability 
[19]. Finally, another important issue is design problems, such as architectural mismatches and design violations. For 
example, inconsistent AAs regarding the context of components can lead to architectural mismatches between these 
components [20], and subsequently cause the lack of integrability.

Therefore, there is a need for systematic management of AAs in software development. Various AA management ap-
proaches have been proposed in literature (e.g., [1,3]), which can be used to support individual AA management activities 
(e.g., description of AAs). However, there is currently no work that explicitly proposes a general AA management process, 
comprised of a set of AA management activities.

In this work, we propose an Architectural Assumption Management (AAM) process, comprised of four AA management 
activities: AA Making, Description, Evaluation, and Maintenance. To validate the process, we conducted an explanatory study 
with 88 first-year master students in software engineering, and an exploratory study with five practitioners from five com-
panies. Particularly we validated the ease of understanding and the effort of conducting the AAM process, as well as the 
effectiveness of using the AAM process to make AAs explicit and to identify and reduce invalid AAs.

The rest of the paper is structured as follows: Section 2 introduces the assumption concept in software development. 
Section 3 details the proposed AAM process. Sections 4 and 5 present the design and results of the student study. Section 6
provides the design and results of the industrial study. The results are further discussed in Section 7. Section 8 describes 
the threats to the validity of the two studies. Section 9 concludes this work with future directions.

2. Assumptions in software development

This section first introduces assumptions with related work on their classifications (Section 2.1), definitions (Section 2.1), 
and characteristics (Section 2.2), then discusses how to distinguish assumptions from other types of software artifacts (Sec-
tion 2.3), and finally provides an example of Assumption Evolution in software development (Section 2.4).

2.1. Classifications and definitions of assumptions

There are a few classifications of assumptions in software development. Three examples are provided: (1) Garlan et al. 
[20] classified assumptions that can lead to architectural mismatch into four types: the nature of the components, the nature 
of the connectors, the global architectural structure, and the construction process (development environment and build). (2) 
Lago and van Vliet [40] classified architectural assumptions as technical assumptions, organizational assumptions, and man-
agement assumptions. (3) Savolainen and Kuusela [41] classified domain assumptions as mandatory domain assumptions, 

1 Oxford English Dictionary. http://www.oxforddictionaries .com /definition /english /assumption.
2 Merriam-Webster. http://www.merriam -webster.com /dictionary /assumption.
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optional domain assumptions, and multiple domain assumptions. The AAM process proposed in this work is independent of 
classifications, i.e., it can work with any classification.

In addition, there are certain definitions of different types of assumptions. Three examples are provided: (1) we defined 
AAs in our earlier work [5,29] as architectural knowledge taken for granted or accepted as true without evidence. (2) Tang et 
al. [38] defined context assumptions as uncertainties and expectations of the context (e.g., motivational reasons) for making 
design decisions. (3) Haley and Nuseibeh [39] defined assumptions in requirements engineering as assertions of truth. One 
commonality between all these definitions is their focus on the uncertain nature of assumptions, i.e., every assumption 
inherently has uncertainty. As already mentioned in the introduction section, in this work we adopt the definition of AA 
from our previous work.

2.2. Characteristics of assumptions

In addition to the uncertain nature of assumptions, we summarized four main characteristics of assumptions in software 
development as the following.

Subjective. Many researchers and practitioners pointed out that whether a piece of information is an assumption or 
not, is rather subjective [1,4,5,29]. This is the major reason that stakeholders may have a different understanding of the 
assumption concept. As an example, Roeller et al. [1] mentioned: “From one perspective or stakeholder, we may denote something 
as an assumption, while that same thing may be seen as a design decision from another perspective.”

Intertwined with certain types of artifacts. Assumptions are not independent in software development, but intertwined 
with many types of software artifacts. For example, when managing assumptions in software design (e.g., [2,3]), assumptions 
are commonly related to requirements, design decisions, components, etc. This is further elaborated in Section 2.3.

Dynamic. Assumptions have a dynamic nature, i.e., they can evolve over time [5,27]. For example, during software 
development, a valid assumption can turn out to be invalid or vice versa, or an assumption can transform to another type 
of software artifact or vice versa. This is further elaborated in Section 2.4.

Context-dependent. Assumptions are context-dependent [5,29]. For example, the same assumption could be valid in one 
project, and invalid in another project because the context changes; or an assumption in one project is not an assumption 
in another project.

2.3. Distinguishing assumptions from other types of artifacts

Due to the characteristics of assumptions, especially their subjective nature, many studies mention that it is difficult 
to draw a line between assumptions and other types of software artifacts. For example, Roeller et al. [1] discussed the 
difficulty of distinguishing architectural assumptions from requirements, design decisions, and constraints, as they believed 
that researchers and practitioners often employ such terms interchangeably in software development [1]. Therefore, the 
same piece of information could be an assumption in one context, and a completely different type of artifact in another 
context [5,29]. Unless the information is expressed in a specific way (e.g., using phrases like “It is assumed that”), it is difficult 
to judge whether the information is an assumption or not, without considering its context [5].

In this work, we advocate the necessity and importance to denote assumptions explicitly as such, during software devel-
opment. However, this often does not happen in practice, and stakeholders need to judge whether a piece of information 
is an assumption or another type of artifact. To assist making this distinction, we further provide six lessons learned based 
on our previous work on assumptions and their management [4,5,10,29]. These may increase the possibility of classifying 
something correctly as an assumption but there are no definitive rules for doing so.

(1) Although other types of artifacts may include uncertainty, uncertainty is not the core (or emphasis) of such artifacts. For 
example, when talking about a design decision, stakeholders usually do not debate whether it is uncertain, but focus 
on addressing the related problems. In contrast, assumptions are usually made in order to deal with uncertainties.

(2) The content of an assumption and other types of artifacts is different. For example, the content of a decision is usually 
about employing a solution to a problem, while the content of an assumption is more about something is true, correct, 
important, suitable, etc.

(3) Look at the context and not just the content. In our systematic mapping study [4], we identified many examples of 
assumptions claimed by the authors of the studies (e.g., “The system will be available during normal working hours” [47]; 
“There is a subsystem that is responsible for receiving emergency calls and forwarding them to an available Coordinator” [2]; 
“If thread i holds the lock in read mode, then x cannot be changed by another thread” [48]). We argue that it is difficult to 
treat such examples as assumptions by only reading these statements. However, if we dig deeper in the studies, paying 
attention to the context of those examples, it becomes clear why the authors of those studies considered the examples 
as assumptions, instead of other types of artifacts, such as requirements.

(4) Every assumption should be characterized by uncertainty; if something is certain or has strong evidence supporting its 
validity, it is not an assumption. Despite this inherent uncertainty, an assumption is still taken for granted or accepted 
as true. Therefore, if such characteristic can be found in a piece of information, it increases the possibility that the 
information is an assumption. For example, an architect may assume that “the concurrent users of the system will exceed 
1 million”. In this statement, the architect is not sure about its correctness, but takes it for granted during system 
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Fig. 1. An example of assumption evolution in software development.

design, which makes it an AA. This AA will exist until its uncertainty is eliminated (number of concurrent users indeed 
exceeds 1 million). Assumptions are not equal to uncertainties in software development: instead uncertainties can lead 
to assumptions, i.e., one way to deal with uncertainties is to make implicit or explicit assumptions [44].

(5) Stakeholders should reach a consistent understanding on what is an assumption in their projects. Only paying attention 
to the properties of an assumption (e.g., validity and rationale) is not enough, stakeholders need to further consider or 
explain to the crowd why such a statement is an assumption, instead of another type of artifact.

(6) Sometimes the line between an assumption and another type of artifact is vague. Instead of struggling with the “correct” 
answer of a statement (whether the statement is an assumption), stakeholders should focus on reaching an agreement 
on the statement within the team. This means that if stakeholders agree that a statement is an assumption, it can be 
managed as an assumption in the project. Later if the stakeholders find more evidence, they can make adjustments 
accordingly.

2.4. Evolution of assumptions

An assumption can evolve over time, for example, transforming to another type of software artifact [5]. We provide a real 
example from the petrochemical industry regarding assumption evolution, including transformation between assumptions, 
requirements, and design decisions (see Fig. 1). The system developed comprises ten subsystems, including a ports manage-
ment (e.g., dispatching) subsystem, a futures management subsystem, and a customer relationship management subsystem.

In Iteration i, the project manager assumed that “The system would be deployed in a (secure-enough) internal environment” 
(Assumption: AA1). Subsequently, the architect assumed that “It might not be necessary to consider the external security (such as 
broken access control and cross-site scripting) of the system” (Assumption: AA2), because of AA1.

In Iteration j, the project manager considered “Deploying the system directly on Internet”, and AA1 and AA2 became invalid.
In Iteration k, AA1 was modified to “It is uncertain whether the system would be deployed directly on Internet”, and AA2 was 

modified to “External security of the system may need to be considered”.
In Iteration l, the customer confirmed AA1 and AA2 turning them into requirements: “The system would be deployed directly 

on the Internet” (Requirement: R1), and “The external security of the system should be considered” (Requirement: R2).
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Table 1
Rationale of selecting AA management activities.

Activity Rationale

Making AA Making is the first step of AA management, and a prerequisite for the existence of AAs. This activity includes making both 
explicit and implicit AAs. In the latter case, stakeholders are not aware of the AAs made by others or even by themselves [29].

Description Despite being an important type of architectural knowledge, AAs are usually kept undocumented in projects [10]; this is one of the 
most critical problems in software development, and leads to a multitude of issues (e.g., information erosion) [10]. Therefore, 
documenting AAs in an explicit way is of paramount significance, and should be a core activity, if not for all AA, at least for the 
most important ones.

Evaluation AAs may be invalid in the first place (at the time they are made), because of, for example, the lack of knowledge or information 
when making these AAs [5]. However, this invalidity may be undetected. Moreover, AAs have a dynamic nature, i.e., they can evolve 
over time [29]. For example, during software development, a valid AA can turn out to be invalid or vice versa. Finally, the validity 
of an AA is context-dependent [29], for example, an AA can be valid in one project, while invalid in another project. As invalid AAs 
are rather harmful (e.g., leading to architectural mismatch) in projects [20], AA Evaluation can be used to identify such invalid AAs, 
and provides further guidance on how to deal with them.

Maintenance The identification of invalid AAs motivates the need of AA Maintenance, since invalid AAs are rather harmful in projects, and 
adapting such AAs is a necessary step in software development. For example, when the context (e.g., project context) changes, an 
AA may need to be maintained in order to fit the new context.

In Iteration m, based on R2, the architect assumed that “Data validation and data encryption might be enough to support the 
external security of the system” (Assumption: AA3).

In Iteration n, AA3 was turned into a decision: “Data validation and data encryption will be used for the external security of 
the system” (Architectural Design Decision: ADD1).

3. Architectural assumption management process

Sections 3.1, 3.2, and 3.3 elaborate on the AAM process. Section 3.4 presents a comparison between AA management, 
requirements engineering, and architecting. Section 3.5 introduces how AA management can be integrated in architecting. 
Related work on AA management is provided in Section 3.6.

3.1. Architectural assumption management activities

To understand which activities are required for managing AAs in software development, we previously conducted a 
systematic mapping study on assumptions and their management in software development [4]. The mapping study analyzed 
134 studies from an initial set of 19,428 studies. Twelve assumption management activities were identified and collected in 
the mapping study: Assumption Making, Description, Evaluation, Maintenance, Tracing, Monitoring, Communication, Reuse, 
Understanding, Recovery, Searching, and Organization.

While all the twelve activities are meaningful and useful in assumption management, we argue that including them 
all into a comprehensive process could be heavyweight and resource-intensive to be adopted in practice. For example, 
traceability between AAs and other types of software artifacts is beneficial in software development, but the effort required 
could be a critical problem, especially when dealing with a large number of artifacts. Therefore, to keep the overall process 
relatively simple and lightweight, we selected four assumption management activities as core activities to compose the AAM 
process: Making, Description, Evaluation, and Maintenance. Table 1 further explains why they were selected as the core 
activities.

We considered the remaining eight assumption management activities as supporting AA management activities; these 
can assist the core activities if enough project resources are available. There are two main reasons for making such a 
decision (i.e., meet at least one of the reasons). First, some assumption management activities (e.g., Communication) are 
general. These activities usually do not exist independently, but are meant to support the core activities (e.g., Making) 
during the AAM process. Second, these activities (e.g., Recovery) do not frequently take place in assumption management. 
As an example, in our systematic mapping study [4], we found that although twelve assumption management activities 
were explored, much effort had been put on Assumption Making (108 out of 134 selected studies, 80.6%), Description 
(89 out of 134, 66.4%), and Evaluation (83 out of 134, 61.9%). Assumption Maintenance (30 out of 134, 22.4%) received 
moderate attention. Other assumption management activities were mentioned in less than 15.0% of the selected studies. 
These supporting AA management activities, although not part of our proposed process, can still be used to support the 
core activities.

We note that this is one potential classification of core and supporting AA management activities. Other classifications 
can be used based on different criteria. It is of paramount importance to distinguish between a core part of the AAM process 
and a supporting (optional) part, in order to allow for a lightweight process, thus increasing the likelihood of its adoption 
in practice.
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Fig. 2. AAM process in AA management activities.

3.2. Design of the architectural assumption management process

As evidenced in literature (e.g., [4,5,29]), AA management is teamwork: architects and designers are the major stakehold-
ers in AA management, while other types of stakeholders should also be involved. Therefore, the main users of the AAM 
process are architects and designers, but other types of stakeholders can be included when performing specific activities of 
the process. For instance, during AA Evaluation, stakeholders such as project managers, requirements engineers, and cus-
tomers can be involved. This is in line with other architectural approaches. As an example, when using ATAM to evaluate 
an architecture, various types of stakeholders (including customers) are suggested to be involved [50]. We define the core 
AA management activities and briefly describe the inputs and outputs of each activity below.

AA Making refers to both the actual making of assumptions in software development (including making new AAs and 
identifying existing AAs) and analyzing the properties of AAs (e.g., validity, pros, and cons). Inputs: Potentially all soft-
ware artifacts, including project management materials (e.g., project description and business context), requirements (i.e., 
functional and non-functional requirements), and design (e.g., architectural design decisions). These artifacts can be ei-
ther explicit (e.g., in documentation, source code comments, and bug repositories) or implicit (e.g., design decisions often 
remain in stakeholders’ heads [28]). Outputs: Undocumented AAs (i.e., AAs which have been made, but have not been 
documented).

AA Description aims at describing and recording AAs in certain forms during software development. Inputs: Undocu-
mented AAs or maintained AAs (see AA Maintenance below). Outputs: Documented AAs. The level of documentation can 
vary greatly depending on, for example, project context, from a one-sentence description to a full-fledged document for an 
AA.

AA Evaluation ensures that the description and analysis of AAs are correct and accurate. Inputs: Undocumented AAs 
or documented AAs. Outputs: Evaluated AAs (i.e., the results of evaluation, for example, which AAs turn out to be in-
valid).

AA Maintenance adapts AAs to fit the context of software development (e.g., eliminating outdated or invalid AAs, modi-
fying conflicting AAs, and transforming AAs to other types of software artifacts, such as requirements or decisions). Inputs: 
Evaluated AAs. Outputs: Maintained AAs (e.g., modifying invalid AAs to fit their new context).

Fig. 2 shows the AAM process, comprised of the four core AA management activities. The process needs to be itera-
tively executed during software development instead of following a “sequential” flow; in Fig. 2 this is depicted through the 
feedback loop from AA Maintenance to Description. The flow of the AAM process proceeds as follows:

(1) Stakeholders start with making AAs. Since it is difficult to draw a line between making new AAs and identifying exist-
ing AAs, we include both situations in AA Making. This activity can be conducted either individually or as a team. For 
example, in our previous study [29], we found that some practitioners usually use brainstorming to make AAs collabo-
ratively as a team. After making or identifying AAs, stakeholders continue this activity through analyzing the properties 
of each AA.

(2) After AA Making, the next step is AA Description. The aim of this activity is to document details of each AA made, 
including a basic description of what the AA is, rationale behind the AA, and related AAs or other types of artifacts. In 
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Fig. 3. Two adapted AAM processes.

our previous work, we proposed a framework for AA Description [5], which can be used as a reference template in this 
activity. Furthermore, AA Description can be conducted either individually or as a team.

(3) The AAM process moves to AA Evaluation. The focus of this activity is to verify whether the AAs made and described 
are correct and precise, especially considering the validity of each AA. Normally AA Evaluation should be performed as 
a team, and includes various types of stakeholders (e.g., requirements engineers and architects).

(4) There could be no problems identified from AA Evaluation, and therefore, no further steps would be taken for the 
evaluated AAs. Otherwise, the AAM process moves from Evaluation to Maintenance. The problems (e.g., an AA was 
evaluated as invalid or conflicted with a requirement) found in Evaluation are addressed in Maintenance (e.g., modifying 
invalid AAs to fit their new context).

(5) As mentioned in literature (e.g., [30–32]), architectural documentation is usually not up-to-date, which leads to a mul-
titude of issues, such as information erosion. Therefore, after AA Maintenance, there is a need to update the related 
documents, i.e., back to AA Description. Detailed guidelines of the AAM process can be found in Table 2.

The AAM process is flexible and customizable. For example, stakeholders can conduct AA Making and Description at the 
same time (see Fig. 3); after making AAs, stakeholders can skip AA Description (e.g., recording AAs in a document), and 
directly evaluate the AAs by discussing them face-to-face in a meeting (see Fig. 3); or they can extend the AAM process by 
adding supporting AA management activities.

Table 2 lists the guidelines of the AAM process. These guidelines are based on our previous studies on AAs and their 
management, including [4,5,10], and [29].

3.3. An example of using the architectural assumption management process

In this section, we walk through the usage of the AAM process using a simple but real industrial example from the 
domain of Internet of Things. Consider a system that manages a number of gas cylinders, trucks used to carry the gas 
cylinders, and drivers that drive the trucks. Functions of the system include identifying gas cylinders and tracking details of 
each gas cylinder (e.g., expiry date). There is a component in the system, which is used to identify gas cylinders.

In AA Making, the stakeholders made an AA that gas cylinders can be identified through three different ways: active 
tags, passive tags, and barcodes. Accordingly, they further came up with three AAs based on the AA made: “Active Tags 
Identification” (i.e., using active tags is a suitable solution for gas cylinders identification), “Passive Tags Identification” (i.e., 
using passive tags is a suitable solution for gas cylinders identification), and “Scanning Barcodes” (i.e., using barcodes is a 
suitable solution for gas cylinders identification), and analyzed the properties of each AA (e.g., rationale).

Next, the stakeholders documented the three AAs according to their discussion, using a MS Word template.
Moving to AA Evaluation, “Scanning Barcodes” and “Active Tags Identification” were identified as invalid, i.e., they were 

not accepted as true as the identification of gas cylinders with barcodes and active tags proved unsuitable. On the contrary, 
“Passive Tags Identification” was evaluated as valid.

Later in AA Maintenance, “Scanning Barcodes” and “Active Tags Identification” were decided to be removed. Then the 
stakeholders further updated the information in the related documents.
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Table 2
Guidelines of the AAM process.

Activity Guidelines

Making (1) Before making AAs, stakeholders in a project should reach a consensus on (a) what AAs are, and (b) how to perform the AAM 
process.

(2) AA Making is the first activity to be performed in the AAM process.
(3) When Making AAs, some AAs may be identified as invalid in the first place, and such AAs will not go to the next activity. This 

ensures keeping the effort lower, since documenting every AA is impractical (the cost would be much larger than the 
benefit [5]). If such invalid AAs in a latter phase of software development are identified as valid because of, for example a new 
context, then they are considered as new AAs made, and further proceed with the follow-up activities (e.g., Description).

(4) Making explicit AAs (as mentioned in Table 1) is recommended.
(5) Conducting AA Making as teamwork is recommended.

Description (1) Describing each valid AA made in AA Making is recommended.
(2) As keeping AA Description up-to-date is rather effort-intensive, whether the description, as well as which part of the 

description should be kept up-to-date depends on project context (e.g., available resources).
(3) Stakeholders should at least use a template for AA Description.
(4) ID, Name, Description, State (i.e., valid and invalid), Rationale, Related AAs, and Related artifacts are the core elements in AA 

Description.
(5) Each AA has a unique ID.
(6) There should be at least two parts in the ID of an AA (e.g., AA1-1). When an AA changes (e.g., from valid to invalid), the second 

part of the ID should also change (e.g., from AA1-1 to AA1-2).
(7) An AA in AA Description could be either valid or invalid.
(8) Stakeholders can describe AAs either individually or as a team.

Evaluation (1) Before evaluating AAs, a presentation of the overview of the project is recommended.
(2) Evaluating each AA made in AA Making is recommended.
(3) After evaluating an AA, there could be four types of results: (a) no problems are found regarding the AA; (b) the AA is 

problematic (e.g., invalid); (c) the uncertainty of the AA is eliminated (i.e., it is no longer an assumption and to be transformed, 
see Point (2) of Maintenance in this table); and (d) unable to evaluate the AA because of, for example, the lack of information.

(4) The outputs of AA Evaluation should include the decision on whether an AA needs to be maintained.
(5) Conducting AA Evaluation as teamwork is recommended.

Maintenance (1) Maintaining problematic AAs is recommended (see Point (3)-(b) of Evaluation in this table).
(2) If an AA transforms to another type of artifact, it includes two steps: (a) turning to be invalid, and (b) transforming to another 

type of artifact.
(3) Stakeholders can maintain AAs either individually or as a team.

General (1) The relationships between two AAs or an AA and another type of artifact can be zero, one, or multiple.
(2) The relationships between two AAs or an AA and another type of artifact can be unidirectional or bi-directional.
(3) AA management needs to be performed from the early phases of software development (e.g., requirements engineering or 

software design).
(4) The lifecycle of AA management spans the whole software development lifecycle.
(5) Using a dedicated approach (e.g., an Architectural Assumption Documentation Framework [5] based on ISO/IEC/IEEE Std 

42010-2011 [51]) with tool support (e.g., Architectural Assumption Manager [58]: a tool that implements the Architectural 
Assumption Documentation Framework) to manage AAs is recommended. Such approaches and tools can help to, for example, 
reduce manual effort, keep documentation up-to-date, ensure the output quality of the AAM activities, or handle the 
intertwined relationships between AAs and other types of software artifacts.

(6) Turning an AA from valid to invalid is not equal to removing the AA, i.e., such invalid AA can still be retained in the system 
design.

3.4. Architectural assumption management vs. requirements engineering and architecting

AAs are related to different types of artifacts, including requirements and architectural design decisions. However, AAs 
require their own management process because of the following reasons.

(1) As discussed in Section 2.3, AAs, requirements, and architectural design decisions are different artifacts with different 
characteristics, properties, etc. As an example, the essence of an assumption is uncertainty, which is not the emphasis 
in a requirement or a decision.

(2) The focus (or concerns) of managing different types of artifacts is diverse, leading to different approaches and tools. 
These differences include both the tasks that compose the approach or tool, as well as what artifacts are created 
and consumed and what stakeholders do in a specific task. As an example, Evaluation in requirements engineering, 
architecting, and AA management has completely different meanings. In requirements engineering, Evaluation means 
“to go back to the system stakeholders and check if the requirements are what they really need.” [53] In architecting, Evaluation 
refers to “ensuring that the architectural design decisions made are the right ones, and the candidate architectural solutions 
proposed in Architectural Synthesis are measured against the architecturally significant requirements collected in Architectural 
Analysis.” [33] However, in AA management, Evaluation “ensures that the description and analysis of AAs are correct and 
accurate.” [4] It is possible to integrate AA management into for example architecting, but AAs will always require their 
own management approaches and tools.
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Fig. 4. A general architecting process.

Fig. 5. An extended architecting process.

In summary, we argue that though there are existing processes for certain types of software artifacts (e.g., in re-
quirements engineering and architecting), there is still a need to design a general process for managing AAs in software 
development.

3.5. Integrating architectural assumption management in architecting

An architecting process is comprised of a set of activities. Hofmeister et al. [33] proposed a general model (as shown in 
Fig. 4), including three activities that form the architecting process as follows.

Architectural Analysis aims at defining the problems an architecture must solve. The outcome of this activity is a set of 
architecturally significant requirements.

Architectural Synthesis proposes candidate architecture solutions to address the architecturally significant requirements 
collected in Architectural Analysis, thus this activity moves from the problem to the solution space.

Architectural Evaluation ensures that the architectural design decisions made are the right ones, and the candidate 
architectural solutions proposed in Architectural Synthesis are measured against the architecturally significant requirements 
collected in Architectural Analysis.

Tang et al. [34] extended the architecting process proposed by Hofmeister et al. [33] through adding another two activi-
ties (as shown in Fig. 5).

Architectural Implementation realizes the architecture by creating a detailed design.
Architectural Maintenance aims to change an architecture for the purpose of fixing faults.
The aforementioned five activities are core architecting activities (i.e., covering the entire architecting lifecycle), while 

there is a set of supporting architecting activities (i.e., used to support the core activities) identified in literature (e.g., [54,
55]).

Architectural Recovery is used to extract the current architecture of a system from the system’s implementation.
Architectural Description is used to describe the architecture with a set of architectural elements.
Architectural Understanding is used to comprehend the architectural elements and their relationships in an architecture 

design.
Architectural Impact Analysis is used to identify the architectural elements, which are affected by a change sce-

nario.
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Table 3
Employing AA management in the architecting process.

Architectural 
Analysis

Architectural 
Synthesis

Architectural 
Evaluation

Architectural 
Implementation

Architectural 
Maintenance

Making ++ ++ + + +
Description ++ ++ + + ++
Evaluation + + ++ + +
Maintenance + + + + ++

Architectural Reuse aims at reusing existing architectural design elements, such as architecture frameworks, decisions, 
and patterns, in the architecture of a new system.

Architectural Refactoring aims at improving the architectural structure of a system without changing its external behav-
ior.

AA management is not a standalone process, but should be connected with existing software development activities (e.g., 
architecting). Since AA is architectural in nature, Table 3 shows an example regarding the integration of the AAM process 
within the general architecting process [33,34]. “++” means that the related AAM activity should be conducted along with 
the respective architecting activity, and “+” denotes that the related AAM activity could be optional.

AA Making and Description should be conducted together with Architectural Analysis and Synthesis. For example, when 
identifying architectural significant requirements or making architectural design decisions, stakeholders can come up with a 
set of AAs that the requirements and decisions are based on.

Architectural Evaluation ensures the correctness of the decisions made in Architectural Synthesis; thus AAs can be 
assessed within Architectural Evaluation. As an example, consider using ATAM [50] to evaluate an architecture: besides 
sensitivity points, tradeoff points, and risks, another output of ATAM can be validity of AAs.

All the AAM activities (e.g., making AAs) are optional in Architectural Implementation. As an example, stakeholders can 
still make new AAs or revisit existing AAs when implementing the architecture.

Finally, when maintaining the architecture, stakeholders can decide which AAs should be adapted as well as solutions 
for maintenance (i.e., AA Maintenance), and then update the related documents (i.e., back to AA Description).

As mentioned in Table 2, a dedicated approach (e.g., a documentation framework) is recommended for managing AAs. For 
example, we proposed the Architectural Assumption Documentation Framework in our previous work [5]. The framework 
provides a template to document details (e.g., pros and cons) of each AA, supports stakeholders to get an overview of 
relationships between AAs, traces AAs to other types of software artifacts (e.g., requirements and design decisions), and 
monitors the lifecycle of AA in software development.

3.6. Related work on architectural assumption management

According to the results of our previous work [4], all the identified assumption management approaches are related to 
individual assumption management activities (e.g., Description). However, there is no work that explicitly proposes a general 
assumption management process, comprised of a set of assumption management activities. In this section, we discuss three 
types of representative assumption management approaches. More details about related work on assumptions and their 
management can be found in [4].

Assume-guarantee reasoning is designed specifically for system verification. Considering there is a need to verify 
whether a system satisfies a property, instead of verifying the entire system, assume-guarantee reasoning decomposes the 
system into components (i.e., which are smaller and easier to verify), generates an assumption for a component that guar-
antees the property, checks whether the other components satisfy the assumption, and then comes up with the results of 
the verification. There are different variations of assume-guarantee reasoning. For example, Nam et al. [25] mentioned the 
following process of assume-guarantee reasoning: decomposing a system S into components M1, M2, . . . , Mn; identifying 
an assumption Ai (i = 1, 2, . . . , n) for each component; verifying whether the assumptions are appropriate for proving the 
satisfaction of the property by system S .

Assumption Description framework and language. There are several frameworks designed for Assumption Description. 
For example, Van Landuyt and Joosen [3] proposed a meta-model and an instantiation strategy based on quality attribute 
scenarios and use cases to document AA. Another way to document assumptions in software development is to use specific 
languages. For example, Seater et al. [26] used Alloy (a modeling language) to express assumptions.

Assumption management system. Assumption management systems usually support one or several assumption manage-
ment activities. However, such systems are not accompanied by an explicit assumption management process, i.e., they do 
not specify the rationale, flows, inputs, and outputs of the process. For example, Lewis et al. [27] proposed an assumption 
management system in software development with the focus on managing assumptions from source code. Their assumption 
management system is related to six assumption management activities: Assumption Making, Description, Evaluation, Main-
tenance, Searching, and Organization. Nevertheless, the assumption management process employed behind the assumption 
management system is implicit.
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4. Case study

We followed the guidelines proposed by Runeson and Höst [6] to design and report on this case study.

4.1. Goal and research questions

The goal of the case study is to analyze the AAM process for the purpose of evaluation with respect to ease of under-
standing and effort of conducting the AAM process, effectiveness of using the AAM process to make AAs explicit, identify 
and reduce invalid AAs from the point of view of junior software engineers in the context of requirements engineering and 
software architecture design. The five aspects are detailed below:

Ease of understanding the AAM process. This aspect includes both the ease of understanding individual AA management 
activities and the entire AAM process. If the AAM process is not easy to understand and instead requires a steep learning 
curve, practitioners may hesitate to adopt it.

Effort of conducting the AAM process. This aspect includes both the effort of conducting individual AA management ac-
tivities and the entire AAM process. Conducting the AAM process in software development requires certain effort. However, 
stakeholders usually need to balance the effort spent on different tasks (e.g., requirements engineering and architecting 
tasks), and the resources for AA management are usually limited. It would be a problem if stakeholders have to spend much 
effort on using the AAM process.

Effectiveness of using the AAM process to make AAs explicit. AAs are usually implicit in projects; in fact stakeholders 
may make AAs without even being aware of them. This may cause many problems (e.g., architectural misunderstanding), 
thus making AAs explicit is of paramount importance in software development. In this case study, making AAs explicit 
means that the relevant stakeholders in a group (i.e., those that need to know, such as the development team) are aware of 
the AAs made.

Effectiveness of using the AAM process to identify invalid AAs. Invalid AAs may negatively impact software develop-
ment, as evidenced in our systematic mapping study [4], in which we identified eight types of problems caused by invalid 
assumptions, such as system vulnerabilities and system failures. In this case study, we aimed to evaluate whether the AAM 
process can help to identify invalid AAs.

Effectiveness of using the AAM process to reduce invalid AAs. Since invalid AAs may negatively impact software de-
velopment, it is necessary to reduce invalid AAs in projects. However, when an AA is identified as invalid, it may not be 
addressed immediately. Therefore, we considered identifying and reducing invalid AAs as two different aspects. In this case 
study, we aimed to evaluate whether the AAM process can help to reduce invalid AAs.

It may be obvious that the AAM process can help to make AAs explicit, and identify and reduce invalid AAs, but we still 
need evidence. Otherwise it is only an argument of the authors. Moreover, the last three aspects include a deeper analysis, 
for example, identifying the most helpful activity for making AAs explicit.

The research questions (RQs) of this study, which are formulated based on the aforementioned five aspects, are presented 
below.

RQ1: How easy is it to understand the AAM process?
RQ2: What is the effort required for conducting the AAM process?
RQ3: Does the AAM process effectively help to make AAs explicit?
RQ4: Does the AAM process effectively help to identify invalid AAs?
RQ5: Does the AAM process effectively help to reduce invalid AAs?
Our data collection procedure (e.g., how to measure the effectiveness) is further presented in Section 4.3.

4.2. Case and subject selection

As mentioned in Section 2.2, the AA concept is rather subjective. This means that AA management (e.g., AA Making) is 
to some extent subjective in software development. Therefore, it is difficult to conduct a comparative study in which certain 
groups use the AAM process, while the other groups use an ad-hoc approach in AA management. Specifically, we argue that 
it is unrealistic to compare quantitative results among different groups in the context of the course project (i.e., each group 
had a different project) as well as the RQs defined in this work. For example, metrics such as the number of invalid AAs 
identified by each group cannot be used for indicating the effectiveness of using the AAM process to identify invalid AAs. 
Instead, we focused on presenting and analyzing both quantitative and qualitative data (e.g., using Constant Comparison 
for the analysis of qualitative data, see Section 4.4). Furthermore, this case study is explanatory [6], because it focuses on 
evaluating the AAM process in AA management based on the five aspects mentioned in Section 4.1.

4.2.1. Case and subjects description
A case is a contemporary phenomenon in its real-life context [7]. The borderline between the types of studies is not 

always distinct, as the term “case study” is used for various kinds of studies [22]. In this work, one case (i.e., a course 
project) was conducted at Wuhan University in China with 22 groups of first-year master students in software engineering 
(4 students per group, 88 students in total), who took the requirements engineering and software architecture course given 
by the second author during the autumn semester from 20/09/2016 to 29/11/2016. All students were Chinese speakers (the 
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Fig. 6. An example of role playing.

related threat is discussed in Section 8). We considered this study as a preliminary evaluation of the AAM process, which is 
necessary and beneficial for further evaluation (e.g., a longitudinal study) [12].

We used a questionnaire to collect background information of the subjects (see Section 4.3). Most of the subjects (74 out 
of 88, 84.1%) had been involved in at least one academic software engineering project (e.g., course and bachelor projects). 
33 subjects (out of 88, 37.5%) had participated in at least one industrial project (i.e., working in a team for industry to 
develop software-intensive systems). Furthermore, we also asked the subjects if they had worked in open source software 
community. 6 subjects (out of 88, 6.8%) stated that they had such experience.

The majority of the subjects (65 out of 88, 73.9%) had taken software engineering courses. 18 subjects (out of 88, 20.5%) 
attended software development competitions (e.g., working in a team and developing a software system in the domain of 
Finance3), and 3 subjects (out of 88, 3.4%) acquired the certification of Software Designer (in Chinese).4 Furthermore, we 
also asked the subjects whether they had ever received any professional training (i.e., excluding the courses at universities) 
related to software engineering. 7 subjects (out of 88, 8.0%) stated that they had such experience.

To summarize, the vast majority of the subjects (80 out of 88, 90.9%) were educated in software engineering at the 
undergraduate level and had a certain level of project experience. Only 8 subjects (out of 88, 9.1%) had never participated 
in any software project (i.e., academic, industry, or open source projects), and had never attended any course of software 
engineering. To ensure that these 8 students would not affect the results, we grouped the students according to their student 
numbers, and allocated these 8 subjects to different groups.

In this study, each group was asked to develop a project document (including a requirements engineering, architecture 
design, and AA management document) as the final deliverable of the course project; some of these student projects con-
tinued at a business incubation center funded by Wuhan University after finishing the course. The course project taken by 
each group was proposed by another group in terms of role-playing. For example, as shown in Fig. 6, Group C proposes 
Project 1, and Group A makes a bid for this project. Thus for Project 1, Group C acts as the customer team, while Group A 
plays the role of the development team. There were 22 different projects in this case study. Since the focus of this study 
is AA management, background information of each project (e.g., introduction of each project) is not included in this pa-
per. Furthermore, the deliverables of each project were checked by the first and second author every two weeks (i.e., four 
iterations in total) to help the subjects reduce misunderstandings regarding the templates provided by the researchers (see 
Table 15 in Appendix A) and to give each group a grade of their reports (i.e., four grades per group in total). In order to not 
bias the subjects, we had introduced all the details of the AAM process before the case study (i.e., the course project), and 
we did not suggest anything to the subjects regarding how to apply the AAM process during the case study. We focused 
on grading as well as improving readability of their reports. For example, some groups put two versions of the same AA in 
two sections of the report; we asked them to put different versions of an AA into the same section. Moreover, during the 
study, we did not change anything of the AAM process design. The subjects did not know their grades until they finished 
their projects.

4.2.2. Treating students as subjects
The research community has long debated on the scientific value of treating students as subjects in experiments, case 

studies, etc. [13]. Sjøberg et al. [18] conducted a survey on the state of how software engineering controlled experiments 
were conducted and reported (103 out of 5453 papers selected from 12 leading software engineering venues). There were 
113 controlled experiments and 5488 subjects from the selected papers, and 87% of the subjects were students. In the 
domain of software engineering, there could be a significant difference in experience between practitioners and students. 

3 http://www.citigroup .com /china /csts /EducationProgram /AboutEducation _CFCcn .html.
4 http://www.ruankao .org .cn/.

http://www.citigroup.com/china/csts/EducationProgram/AboutEducation_CFCcn.html
http://www.ruankao.org.cn/
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However, as mentioned by Host et al. [9], for some tasks (e.g., in the context of project impact assessment and risk man-
agement), software engineering students can be considered equal to practitioners. As an example, in the context of the 
Personal Software Process (i.e., a structured process for personalized software development), Runeson [14] found that there 
was a difference between freshmen students and graduate students, but there were no conclusive results on the differences 
between graduate students and practitioners. Berander [15] also pointed out that for some tasks (e.g., identifying trends and 
behaviors), students could be suitable subjects. For example, the author found that the requirements prioritizations made 
by students and practitioners could be similar under certain conditions. Galster et al. [17] conducted three studies with 
graduate students in software architecture courses. Their findings indicate that there are some challenges when treating 
students as subjects. However, graduate students were able to perform architecting activities, and empirical studies with 
graduate students could be considered as useful and valid research approaches.

Among the studies that treated students as subjects, there are two studies similar to our study, i.e., including archi-
tecting tasks. Van Heesch et al. [11] conducted a comparative multiple case study with four teams of senior software 
engineering students who took the software factory course. They mentioned that involving students in empirical studies 
could lead to issues (e.g., generalizability), and they used the guidelines proposed by Carver et al. [12] to alleviate the 
related risks. Tofan et al. [16] conducted a case study with 7 graduate students and 13 practitioners, and an experiment 
with 113 graduate and undergraduate students who took the software architecture course. They also discussed the prob-
lems of treating students as subjects, and they used the same checklist proposed by Carver et al. [12]. Similarly, in this 
work, we conducted a case study with 88 first-year graduate students in software engineering, who took the requirements 
engineering and software architecture course. We also applied the checklist from Carver et al. [12] to ensure that the case 
study contributed to the students’ education and the students were committed to the study. The checklist can be found in 
Appendix D.

4.2.3. Case study procedure
The procedure of the case study comprises three steps with five tasks.
Step 1: Preparation
T1 Each group proposed a software project, and made a bid for a project proposed by another group. The proposed 

projects were reviewed by the first and second author based on their industrial and teaching experience, to make sure that 
the projects were sufficiently different from each other and non-trivial.

T2 The researchers prepared the case study design and documents of the tutorial, and collected background information 
from each subject through a questionnaire (see Section 4.3).

T3 The researchers gave a tutorial to help the subjects understand the concept of AA, the AA management activities, 
and the AAM process; had a discussion with the subjects regarding these three topics after the tutorial to ensure that the 
subjects had a sufficient basis to conduct the case study. The researchers also elaborated the tasks that the subjects needed 
to perform and the schedule of the case study.

Step 2: Execution
T4 The subjects used the AAM process to manage AAs in their projects. Since there were no dedicated tools for the 

AAM process, we asked the subjects to use MS Word. We also provided the subjects a template for their AAM reports (see 
Table 15 in Appendix A). Except for the template, we did not offer them any other approach for conducting individual AA 
management activities. Every two weeks the groups were asked to submit a new version of their AAM reports.

Step 3: Data collection
T5 In the last week of the course, each subject was asked to fill in a questionnaire (see Section 4.3) and attend a focus 

group, which were used to answer the RQs. As mentioned by Kontio et al. [23], the typical number of subjects in a focus 
group is between 3 and 12, and therefore, we organized eleven focus groups (i.e., two project groups of the subjects per 
focus group).

Table 4 shows relationships among the tasks, who were involved, inputs and outputs of each task, and the related RQs.

4.3. Data collection procedure

There are certain techniques to collect data in empirical studies [52]. As an example, Shull et al. [52] classified the 
techniques into three types: direct, indirect, and independent techniques. Considering the context of this study, we decided 
to use three data collection methods: questionnaire, focus group, and documentation analysis to answer the RQs. Interview 
was not included because it would be extremely resource-intensive (88 subjects), which could not be achieved in a realistic 
time frame. Collecting data from the three data sources to answer the RQs helped to improve the validity of the case study 
through data source triangulation [22].

Questionnaire: We asked each subject in the preparation phase to fill in Questionnaire A (see Table 16 in Appendix B
and Table 18 in Appendix C), which was used to collect background information of the subjects. We also asked each subject 
in the last week of the course to fill in Questionnaire B (see Table 17 in Appendix B and Table 20 in Appendix C), which is 
structured according to the RQs.

Focus group: The focus groups aimed at encouraging the subjects to discuss further the AAM process in AA management. 
The researchers organized the discussion according to the RQs.
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Table 4
Relationships among the tasks, who were involved, inputs and outputs of each task, and the related RQs.

Part Task Who Inputs Outputs RQs

Part 1 T1 Researchers 
and subjects

(1) Documents of project proposal (1) Documents of project selection N/A

T2 Researchers 
and subjects

(1) Documents of the AAM process 
(e.g., the AAM process design and a 
questionnaire for collecting 
background information)

(1) Case study design
(2) Tutorial materials of the AAM 
process
(3) Results of background 
information

N/A

T3 Researchers 
and subjects

(1) Case study design
(2) Tutorial materials of the AAM 
process

(1) Questions and answers regarding 
the course

N/A

Part 2 T4 Researchers 
and subjects

(1) Tutorial materials of the AAM 
process
(2) Documents of project selection

(1) AAM reports
(2) Questions and answers regarding 
the course

RQ3, RQ4, RQ5

Part 3 T5 Researchers 
and subjects

(1) Questionnaires and focus groups 
for the RQs

(1) Results of the questionnaires
(2) Results of the focus groups

RQ1, RQ2, RQ3, 
RQ4, RQ5

Table 5
Relationships among the data collection methods, data analysis methods, and RQs.

Data collection method Data analysis method RQs

Questionnaire Descriptive statistics and Constant Comparison Background information, RQ1, RQ2, RQ3, RQ4, RQ5
Focus group Constant Comparison RQ1, RQ2, RQ3, RQ4, RQ5
Documentation analysis Descriptive statistics and Constant Comparison RQ2, RQ4

Documentation analysis: The AAM report is comprised of five parts (see Table 15 in Appendix A and Table 19 in Ap-
pendix C). To quantitatively measure the effort of conducting individual AA management activities in the case study, the 
subjects were asked to explicitly record the time (per subject) they spent on each AA management activity in their AAM 
reports. Furthermore, we also provided the subjects a template for AA Description (see Table 14 in Appendix A).

4.4. Units of analysis and data analysis procedure

The case is the course project. We initially checked the quality of their reports to ensure that the subjects had understood 
the process well enough to provide a reliable opinion. The reports were not analyzed further, as we focused on the opinions 
of the subjects on the AAM process. To answer the RQs, we used questionnaire, focus group, and documentation analysis 
for data collection; the students were not only the subjects, but also the units of analysis. Therefore, the study was a single 
and embedded case study [6].

We used descriptive statistics for quantitative data (e.g., background information of the subjects) and Constant Com-
parison [8] to analyze qualitative data (i.e., iteratively generating concepts and categories to answer the RQs). Constant 
Comparison provides a systematic way to generate, for example, concepts from incidents, and a continuous process of veri-
fication of the generated concepts and categories [8,35]. In this study, we followed the guidelines proposed by Adolph et al. 
[35] to iteratively perform the process. We coded the extracted data as incidents, compared these incidents to each other 
to generate concepts, and further performed comparison among incidents and concepts to generate categories. MAXQDA5

was used as the tool for qualitative data analysis. The first author was responsible for the whole analysis process, while in 
each iteration, the second author checked the data (including the generated incidents, concepts, and categories). In the end 
of each iteration, the first and second author had a meeting to address conflicts (e.g., whether a piece of data is correctly 
coded), and then the first author maintained the data according to the review and discussion. In the last iteration, the third 
author was involved to check the final results.

The relationships among the data collection methods, data analysis methods, and RQs are shown in Table 5.
We had explicitly mentioned to the subjects that all the data items using Likert Scales could be considered as interval 

variables. For example, in a five-point interval Likert Scale, the difference between 1 and 2 is exactly the same as the 
difference between 4 and 5. This allows us to calculate means and standard deviations, which would not be possible with 
an ordinal scale. Showing means and standard deviations helps to better understand the results for a large audience [37]. 
This practice has been observed in several studies that considered Liker Scale items as interval variables (e.g., [36,42,43,45]).

5 http://www.maxqda .com/.

http://www.maxqda.com/
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Fig. 7. Ease of understanding the AA management activities and process.

5. Results

This section presents the results of the RQs.

5.1. Results of RQ1 – easy to understand

As shown in Fig. 7 (1 = “Very difficult” and 5 = “Very easy”), the majority of the subjects thought that the ease of 
understanding individual AA management activities and the entire AAM process were moderate (i.e., “3”), except for AA 
Evaluation (34 subjects chose “4”, while 33 subjects chose “3”). Table 6 shows the means and standard deviations of the 
results in Fig. 7. Considering the number of the subjects who chose “4” or “5” in Fig. 7, understanding AA Description (45 
out of 88, 51.1%) and Evaluation (43 out of 88, 48.9%) are easier than AA Making (29 out of 88, 33.0%) and Maintenance 
(i.e., 33 out of 88, 37.5%); to some extent, understanding the AAM process is easy, i.e., 30 subjects (out of 88, 34.1%) who 
chose “4” or “5” versus 14 subjects (out of 88, 15.9%) who chose “1” or “2”.

The subjects mentioned a couple of reasons that hamper understandability of the AAM process. First, AAs and their man-
agement (e.g., usage of the AA concept, distinguishing between AAs and other types of software artifacts, and understanding 
the motivation of managing AAs) are not commonly applied in software development. For example, one subject stated that: 
“AA is a very abstract concept and needs certain effort to understand it. Some terms related to AA seem to be directly translated from En-
glish to Chinese, which are not easy to understand.” Second, the subjects stated that there was a lack of practice and experience 
for managing AAs in projects, and materials regarding learning AAs as well as their management. For example, one subject 
stated that: “except for the course materials (e.g ., the PPT slides), we didn’t find much information of AAs and their management in 
Chinese from other sources (for example the Internet), which increased the difficulty of understanding the AAM process.”
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Table 6
Means and standard deviations of ease in understanding the AA management activities and process.

Making Description Evaluation Maintenance AAM process

Mean 3.15 3.53 3.45 3.27 3.18
Standard deviation 0.90 0.90 0.86 1.00 0.74

Fig. 8. Effort of conducting the AA management activities and process.

5.2. Results of RQ2 – required effort

As shown in Fig. 8 (1 = “Very time-consuming” and 5 = “Not time-consuming”), most of the subjects agreed that the 
effort of conducting individual AA management activities and the entire AAM process was moderate (i.e., “3”). Table 7 shows 
the means and standard deviations of the results in Fig. 8. Considering the number of the subjects who chose “4” or “5” 
in Fig. 8, the required effort of AA Description (34 out of 88, 38.6%) and Maintenance (30 out of 88, 34.1%) are less than 
AA Making (13 out of 88, 14.8%) and Evaluation (i.e., 19 out of 88, 21.6%); to some extent, conducting the AAM process is 
time-consuming, i.e., 36 subjects (out of 88, 40.9%) who chose “1” or “2” versus 9 subjects (out of 88, 10.2%) who chose “4” 
or “5”.

The subjects identified a number of reasons regarding the required effort of using the AAM process and how it could be 
improved:

(1) The communication within a development team as well as with their customer team was not always efficient and 
effective. For example, as one subject put it: “My group members always had different opinions regarding AAs, and the 
communication between us was rather inefficient. Therefore, we had to spend more time to reach a consensus.”



54 C. Yang et al. / Science of Computer Programming 168 (2018) 38–70
Table 7
Means and standard deviations of effort in conducting the AA management activities and process.

Making Description Evaluation Maintenance AAM process

Mean 2.64 3.23 2.82 3.05 2.64
Standard deviation 0.86 0.92 0.86 1.02 0.75

(2) There was a lack of specific approaches for each AA management activity. For example, as one subject stated: “Though 
we understood what AA Making and Evaluation are, we did not know how to make or evaluate AAs exactly in the first place, so it 
took us certain time to come up with an approach for AA Making and Evaluation.”

(3) The output quality of the AA management activities could be low. For example, as one subject mentioned: “AA Making 
and Description were the basis of AA management: sometimes we neither made AAs clearly nor described AAs in detail, which 
made, for example, AA Evaluation difficult to perform.”

(4) Before conducting the AAM process, the subjects needed to spend certain time on understanding the process (including 
the AA concept). For example, as one subject put it: “The effectiveness of conducting the AAM process depended on the 
understanding of the AA concept. Without a fair understanding of the AA concept, it made AA Making difficult to perform, and it 
was difficult for the group members to reach an agreement in AA Evaluation.”

(5) Several groups had a large number of AAs in their projects, which took them certain effort to manage the AAs. For 
example, as one subject stated: “Because we had a lot of AAs to manage, it took us much effort in, for example, AA Maintenance.”

(6) AAs were intertwined with other types of software artifacts (e.g., requirements and design decisions) in the projects, 
and the effectiveness of managing these artifacts influenced the effort of conducting the AA management activities. As 
one subject mentioned: “Other types of software artifacts were not always well managed, which led to the increased effort of 
conducting the AAM process.”

(7) Some subjects did not have much experience (e.g., architecting and project experience). As one subject explained: 
“Without much project experience, it took us more time to understand requirements, architecture, etc. when we were making 
AAs.”

We provide the actual time spent by each group in Appendix E. Concerning the most time-consuming AA management 
activities according to Fig. 10 in Appendix E, AA Making (10 of 21, 47.6%) is ahead of the other activities, followed by 
Description (8 out of 21, 38.1%), Evaluation (6 out of 21, 28.6%), and Maintenance (6 out of 21, 28.6%). A group can spend 
equal time on different AA management activities (e.g., Group 6 spent equal time on AA Making and Description), and 
therefore, the total number of the most time-consuming AA management activities (i.e., 30) is larger than the number of 
groups (i.e., 21).

5.3. Results of RQ3 – making AAs explicit

As we noted in Section 4.1, making AAs explicit means that the relevant stakeholders in a group (i.e., those that need 
to know, such as the development team) are aware of the AAs made; we made this clear to the subjects. We asked the 
subjects whether the AAM process was helpful in making AAs explicit in their projects, and most of the subjects (81 out of 
88, 92.0%) answered positively to this question: 53 subjects (out of 88, 60.2%) chose “1” (i.e., “Very helpful”) and 28 subjects 
(out of 88, 31.8%) chose “2” (i.e., “Helpful”).

Furthermore, we also asked the subjects to list the most helpful AA management activities in making AAs explicit. We 
clearly mentioned to the subjects that they could choose zero, one, or multiple activities when answering this question. 
As shown in Table 8, AA Evaluation is far ahead from the other AA management activities. For example, as one subject 
mentioned: “I think AA Evaluation was the most helpful AA management activity for us to make AAs explicit because during Evaluation, 
if you want to evaluate an AA correctly and efficiently, you have to first get a fair understanding of this AA. Otherwise, you cannot 
evaluate it.”

For those subjects who agreed that AA Making, Description, and Maintenance are the most helpful AA management 
activities in making AAs explicit, their reasons are various. For example, a typical answer is: “AA Description helped me to 
understand the AAs made, because Description aims to decrease the abstract nature of AAs, and make AAs clear.”

On the other hand, there are subjects that disagreed that certain AA management activities can help them in making 
AAs explicit. For example, one subject who did not choose AA Description stated: “we described AAs independently and then 
discussed with other members. However, the description of the AAs from other members was vague and I could not understand some 
of them. This did not help to make AAs explicit.” Furthermore, efficient communication with group members and the customer 
team when conducting the AAM process is of paramount importance in making AAs explicit: “If there is a lack of communica-
tion between us, it would make information sharing rather difficult.”

5.4. Results of RQ4 – identifying invalid AAs

We asked the subjects whether the AAM process was helpful in identifying invalid AAs in their projects, and most of the 
answers to this question (78 out of 88, 88.6%) are positive: 44 subjects (out of 88, 50.0%) considered that the AAM process 
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Table 8
The most helpful AA management activities in making AAs explicit.

Making Description Evaluation Maintenance

47 (53.4%) 50 (56.8%) 78 (88.6%) 37 (42.0%)

Table 9
The most helpful AA management activities in identifying invalid AAs.

Making Description Evaluation Maintenance

13 (14.8%) 25 (28.4%) 87 (98.9%) 43 (48.9%)

Table 10
The most helpful AA management activities in reducing the number of invalid AAs.

Making Description Evaluation Maintenance

29 (33.0%) 25 (28.4%) 72 (81.8%) 45 (51.1%)

was very helpful (i.e., “1”) while 34 subjects (out of 88, 38.6%) thought it was helpful (i.e., “2”). The number of the AAs 
made as well as the invalid AAs identified by the groups can be found in Appendix F.

Furthermore, we also asked the subjects to list the most helpful AA management activities in identifying invalid AAs 
in their projects. We explicitly mentioned to the subjects that they could choose zero, one, or multiple activities when 
answering this question. As shown in Table 9, all the subjects except one agreed that AA Evaluation was the most helpful 
for them to identify invalid AAs, while AA Maintenance is in the second position. One of the subjects stated very explicitly: 
“The nature of AA Evaluation is to identify invalid AAs.”

There are also subjects that chose AA Making, Description, and Maintenance as the most helpful AA management ac-
tivities in identifying invalid AAs. For example, one subject mentioned: “During AA Making, I could already find some invalid 
AAs.”

On the other hand, there are subjects that disagreed that certain AA management activities can help them in identifying 
invalid AAs. For example, one subject who did not choose AA Making and Description stated: “You cannot completely under-
stand an AA during Making and Description. Only during Evaluation and Maintenance, you can decide whether the AA is invalid or 
not.” Moreover, understanding of the AAs made as well as the project context can influence identifying invalid AAs: “If I did 
not understand an AA as well as the related context of the AA, such as related artifacts, I would be hesitating to decide whether the 
AA was invalid or not.” The subjects further emphasized that efficient communication when conducting the AAM process can 
help to reduce the risk of incorrect judgments on AAs: “Involving everyone of the team in the discussion helped us to understand 
an AA from different perspectives, and therefore, helped us to make an informed and more reasonable decision about the validity of the 
AA.”

5.5. Results of RQ5 – reducing invalid AAs

Most of the subjects (77 out of 88, 87.5%) stated that using the AAM process could help in reducing the number of 
invalid AAs in their projects: 37 subjects (out of 88, 42.0%) considered that the AAM process was very helpful (i.e., “1”) 
and 40 subjects (out of 88, 45.5%) thought it was helpful (i.e., “2”). We explicitly mentioned to the subjects that they could 
choose zero, one, or multiple activities when answering this question.

For the most helpful AA management activities in reducing invalid AAs, AA Evaluation is the dominant one, followed by 
Maintenance, as shown in Table 10. For example, as one subject stated: “During AA Evaluation, we would identify some invalid 
AAs, and then as a natural step, we would focus on maintaining these invalid AAs.” For those subjects who chose AA Making and 
Description as the most helpful AA management activities in reducing the number of invalid AAs, one typical answer is: 
“When I was making AAs, I tried to be careful and spend more time on thinking; this helped me to reduce invalid AAs in AA Making.” 
On the other hand, there are subjects that disagreed that certain AA management activities could help them in reducing 
invalid AAs. For example, one subject who did not choose AA Making explained: “Whether an AA was invalid could not be 
decided during AA Making, and therefore, Making did not help to reduce invalid AAs.” As discussed in Sections 5.3 and 5.4, efficient 
communication is also of significant importance in reducing the number of invalid AAs when conducting the AAM process: 
“Communication with team members can help us to discuss whether an AA is invalid or not and how to maintain these invalid AAs.”

6. An industrial evaluation through focus groups

6.1. Study design

To further validate the process in an industrial setting, we conducted a shorter, exploratory study with five practitioners 
from five companies. They had at least one year of working experience in IT industry (ranging from one year to three years). 
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Table 11
Ease of understanding each AA management activity (1 = “Very difficult” and 5 = “Very easy”).

Subject Making Description Evaluation Maintenance

S1 5 5 5 5
S2 4 5 4 5
S3 5 5 4 5
S4 3 5 5 4
S5 5 5 5 3

Table 12
Expected effort of each AA management activity.

Subject Most time consuming – Least time consuming

S1 Evaluation and Making; Description; Maintenance
S2 Evaluation; Making; Maintenance; Description
S3 Evaluation; Description; Maintenance; Making
S4 Evaluation; Description; Making and Maintenance
S5 Maintenance, Evaluation, Description, Making

As a new approach in the field of AAs and their management, it was difficult to convince companies to directly employ such 
an approach throughout the entire software development lifecycle in their projects. Therefore, we decided to perform the 
evaluation in three steps, i.e., (1) an explanatory case study with a large number of students that employed the AAM process 
in their course projects; (2) an exploratory case study with practitioners using focus groups; and (3) an explanatory case 
study with practitioners that employ the AAM process throughout the software development lifecycle (as future work, see 
Section 9).

In this study, we used similar research questions to those described in Section 4.1. The only difference is that we modified 
RQ2 from “required” to “expected”, as the industrial study is exploratory in nature and the subjects did not actually use the 
AAM process in the software development lifecycle.

The study was conducted in Groningen, the Netherlands with five practitioners through two focus groups for data col-
lection (3 practitioners and 2 practitioners respectively; 1.5 hours per focus group). Each focus group is comprised of a 
presentation of the AAM process (0.5 hour; the same as we used for the student study) and a discussion with the prac-
titioners (1.0 hour). The researchers organized the discussion according to the RQs. The practitioners were not only the 
subjects, but also the units of analysis.

6.2. Results

Results of RQ1 – easy to understand
All the subjects considered that the AAM process is generally easy to understand. Regarding each activity in the process, 

as shown in Table 11, Description was mentioned as the easiest to understand, followed by Evaluation. The subjects pointed 
out that it was not difficult to understand either the activities themselves (e.g., their definition) or the connections between 
the activities; but understanding the AA concept requires some effort (e.g., what an AA looks like, and its characteristics 
and properties). Additionally, the subjects considered that the term “AA Making” may confuse stakeholders, since it includes 
two parts: making new AAs and identifying existing AAs. This could be addressed by either adapting the term “AA Making” 
to “AA Making and Identification” or separating them into two activities.

Results of RQ2 – expected effort
Regarding the expected effort of each AA management activity, Table 12 shows the results. Four subjects (out of 5, 80%) 

considered Evaluation as the most time consuming AA management activity. As one subject mentioned: “Evaluation means 
really thinking a lot. Description is typing. You can do that quite fast.”

It is not clear which AA management activity requires the least effort according to Table 12, since the subjects had 
different opinions. As an example regarding AA Making, one subject explained: “I am not sure whether Making or Evaluation 
takes the most effort, because in Making, you talk about the type of knowledge that is not ready in your head. So you have to do deep 
thinking to figure it out. It’s not something that you can easily do like asking what did you assume. It’s something at the circumstance, 
really have to go back like what did I do and how; why did I do this. So it can be quite a lot of effort.” Another example that acts as a 
counterpoint from a different subject: “Making assumptions is sort of human nature, so it’s not time consuming.”

The subjects also mentioned several specific ways to reduce the effort of managing AAs. As an example, a subject sug-
gested using predefined classifications and tags to mark each AA, and said that this could facilitate not only AA Description, 
but also AA Searching and Organization.

Results of RQ3 – making AAs explicit
All subjects considered that following the AAM process can help to make AAs explicit. Regarding the most helpful AA 

management activities, the subjects mentioned that it depends on when stakeholders share their knowledge in managing 
AAs. According to the guidelines in Table 2 as well as their experience, this should happen mostly in Making and Evaluation. 
As one subject mentioned: “When do you share the information? To me the only one you share information is either Making or 
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Evaluation. If you do Making in a group, you discuss and try to identify AAs. All the evaluation is about discussing the AAs you have 
written down.”

One subject explained this from another angle: “The step of evaluating an assumption comes after you have an assumption. 
If you want to raise the awareness, you first have to make people be aware what is an assumption, and what is not. So this makes 
Description the most important. ”Though Description is not a sharing activity per se, it acts as a basis for disseminating AAs 
to different stakeholders.

Results of RQ4 – identifying invalid AAs
All subjects agreed that following the AAM process can help to identify invalid AAs. Considering the most helpful AA 

management activities, four subjects (out of 5, 80.0%) pointed out that it should be Evaluation. As one subject put it: “Eval-
uation is meant to do this.” However, one subject mentioned that Making should be the most helpful activity in identifying 
invalid AAs, followed by Evaluation: “You could identify invalid AAs in the first place. This happens in Making.”

Results of RQ5 – reducing invalid AAs
All subjects agreed that following the AAM process can help to reduce invalid AAs. Regarding the most helpful AA man-

agement activities, the subjects considered that both Evaluation and Maintenance could contribute to it, though they had 
an argument on which one is more helpful in the first place. As one subject put it: “Maintenance is when you make the deci-
sions, when you tell what is what, and what is changing. You do this in Maintenance.” Another subject disagreed: “Description and 
Maintenance are something like documentation activities, and the really hard work happens here, in this case, Evaluation. Evaluation 
is the thinking activity.” This lack of consensus was attributed by the participants themselves to two factors: (1) how they 
understood Evaluation and Maintenance, especially what stakeholders do in these two activities; (2) whether preparation 
for reducing invalid AAs contributes to the helpfulness. As one subject put it: “In Evaluation, we identify invalid AAs, and decide 
whether we should maintain these invalid AAs. This should count as helpful for reducing invalid AAs.” Moreover, the subjects men-
tioned that although Evaluation or Maintenance can help to reduce invalid AAs, it is also critical to identify them in the first 
place, i.e., in Making.

7. Discussion

This section first presents the interpretation of the results of the RQs, and subsequently discusses the implications of the 
results for researchers and practitioners. “subjects” in this section refers to both the students and practitioners.

7.1. Interpretation of results

As discussed in Section 4.2, the quantitative results among different groups in the student study are not comparable. For 
example, how many AAs the groups made, highly depended on how the students treated the AA concept and the context 
of the projects (some projects may be prone to have more AAs than the others).

RQ1 – Ease of understanding the AAM process
The majority of the students thought that the ease of understanding the AAM process was moderate, and all the prac-

titioners considered that the process was easy to understand. The process seems rather straightforward to both students 
and practitioners. Though some subjects mentioned that for example AA Making is more difficult to understand than the 
other activities, we attribute this not to the activity itself or connections between the activities, but to understanding the 
different concepts (e.g., the AA concept itself). Regarding the difference between the students and practitioners, we attribute 
this mainly to experience, since all the practitioners were experienced in architecting, and therefore had fewer problems in 
understanding the AAM process. Furthermore, the results of RQ1 also show that the standard deviation of each AA manage-
ment activity and the AAM process ranges from 0.74 to 1.00, which implies that the opinions of most of the students on 
this RQ are uniform.

RQ2 – Effort of conducting the AAM process
We measured the required effort for conducting the AAM process through both Likert Scale scores and logging the 

time spent on individual AA management activities in the student study. The former shows that most of the students 
considered that the required effort for conducting the AAM process was moderate. The effort was impacted by various 
factors, for example, the students stated that it took them certain time to understand the AAM process. A complete sum-
mary of the factors can be found in Table 13. Furthermore, the standard deviation of each AA management activity and 
the AAM process ranges from 0.75 to 1.02, which implies that the opinions of most of the students on this RQ are uni-
form.

On the other hand, the results of logging the time spent on individual AA management activities show that the average 
time (per group) of conducting AA Description (8.97 hours/group) and Maintenance (7.23 hours/group) are less than AA 
Making (11.22 hours/group) and Evaluation (9.08 hours/group); this is consistent with the results from using Likert Scale 
scores (see the first paragraph of Section 5.2). One potential reason for the increased effort in AA Making could be that 
during the first iteration of the project, the students had to spend certain time on understanding the AAM process while 
making AAs.

Since the practitioners did not actually perform the AAM process in the software development lifecycle, the results 
regarding effort from the students and practitioners are not comparable. However, we noticed that most of the practition-
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Table 13
Factors for applying the AAM process.

Factor Subfactor Description RQs

Concepts 
understanding

A fair understanding of the elements (e.g., the AA concept) in 
the AAM process can help to understand the process better.

RQ1

Learning approach Various approaches were suggested to facilitate the 
understanding of the AAM process, including frequent 
communication with other stakeholders, learning from 
tutorial materials, following well-designed guidelines, and 
searching on the Internet.

RQ1

Quality of learning 
materials

It is straightforward that the higher quality of learning 
materials, the easier to learn the AAM process.

RQ1

Practice More practice of the AAM process, for example, using the 
process in different projects, can improve the understanding 
of the process.

RQ1

Experience in 
managing AAs

Previous experience in managing AAs can help to understand 
the AAM process.

RQ1

AAM process Understanding of the 
AAM process

A fair understanding of the AAM process can reduce the 
effort of performing the process and help to identify and 
reduce invalid AAs.

RQ2, RQ4, RQ5

Approaches and tools Dedicated approaches and tools for specific AA management 
activities can reduce the effort of conducting the AAM 
process, help to make AAs explicit, and facilitate identifying 
and reducing invalid AAs. For example, the importance of 
communicating with team members and customers in an 
efficient way (e.g., following guidelines or using dedicated 
tools) was frequently mentioned by the subjects.

RQ2, RQ3, RQ4, RQ5

Quality of the outputs 
of individual AA 
management activities

The quality of the outputs of each AA management activity 
can influence the effort of applying the AAM process, making 
AAs explicit, and identifying and reducing invalid AAs. For 
example, a clear and concise description of AAs can facilitate 
the evaluation of the AAs.

RQ2, RQ3, RQ4, RQ5

Number and type of 
participants

AA management activities may be conducted as teamwork. 
The number and type of participants could have an impact on 
the effort of applying the AAM process, making AAs explicit, 
and identifying and reducing invalid AAs. For example, if 
there are too many people in a room, it is difficult to get 
things done (e.g., making AAs).

RQ2, RQ3, RQ4, RQ5

Division of labor Division of labor can impact making AAs explicit. As an 
example, if a subject is responsible for only a single AAM 
activity, s/he may not be aware of every AA made in the 
group.

RQ3

Time spent on AA 
management

AA management takes a certain amount of time. If a subject 
only spends little time on managing AAs, s/he may not be 
aware of every AA made in the group.

RQ3

Project context Software artifacts AAs are intertwined with certain types of software artifacts, 
and managing AAs is significantly impacted by the 
management of these artifacts. For example, if requirements 
change frequently over time, the effort of managing related 
AAs will be increased.

RQ2, RQ3, RQ4, RQ5

Number of AAs Obviously more AAs in a project, more effort is required to 
manage them.

RQ2

Experience Experience (e.g., project experience and architecture 
experience) can impact not only the understanding of the 
AAM process, but also the effort of using the AAM process, 
making AAs explicit, and identifying and reducing invalid AAs.

RQ2, RQ3, RQ4, RQ5

Time spent on AA 
arguments

The students pointed out that there were many arguments on 
AAs within their development team as well as between their 
development team and customer team when conducting the 
AAM process. The students had to spend much time on 
addressing these arguments.

RQ2
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ers agreed that Evaluation would require the most effort, while they had different opinions on the least time consuming 
AA management activity (e.g., Making). The critical factor here is whether an activity requires much thinking. There was 
consensus in considering Evaluation as the thinking activity.

RQ3 – Effectiveness of using the AAM process to make AAs explicit
AA Evaluation was identified as the most helpful AA management activity for making AAs explicit in the student study. 

One reason could be that AA Evaluation had the highest involvement of the students in all the AA management activities. 
As we found from the results of the questionnaires and focus groups, the development teams employed various strate-
gies in conducting AA Making, Description, and Maintenance. For example, the students might make and describe AAs 
independently and then discuss with each other in their teams; or they could make and describe AAs together as team-
work. However, this is not the case when performing AA Evaluation, since all the students from a development team and 
their customer team were involved in this activity, which led to the highest participation rate. We did not limit the stu-
dents regarding which strategies they should use when conducting individual AA management activities (e.g., conducting 
AA Evaluation individually or collaboratively). Another reason for AA Evaluation being considered as the most helpful ac-
tivity for making AAs explicit could be that a precondition of evaluating an AA is to have a fair understanding of this 
AA. Therefore the students would need, prior to evaluation, to understand AAs well enough, which made the AAs ex-
plicit.

The results of this RQ from the student study are consistent with the findings from the industrial study. The practi-
tioners also pointed out that the most helpful activity in making AAs explicit depends on when stakeholders share their 
knowledge. This should happen in the activities that are conducted as teamwork (i.e., in the student study, it is Evalua-
tion).

RQ4 – Effectiveness of using the AAM process to identify invalid AAs
AA Evaluation is far ahead from the other three activities for identifying invalid AAs in both the student and industrial 

study. One reason is that the nature of AA Evaluation is to ensure that the description and analysis of AAs are correct and 
accurate, driving the subjects to identify invalidity issues in AAs, for example, incorrect descriptions. Furthermore, as we 
explained in the interpretation of the results of RQ3, all the groups in the student study adopted the same strategy when 
performing AA Evaluation: the entire development team as well as their customer team was involved in this activity. This 
is another reason that the majority of the students thought that AA Evaluation was the most helpful to identify invalid AAs 
in projects.

RQ5 – Effectiveness of using the AAM process to reduce invalid AAs
The majority of the students thought that AA Evaluation is the most helpful AA management activity for reducing invalid 

AAs, followed by AA Maintenance. The practitioners also considered that both Evaluation and Maintenance are helpful. This 
is in line with our intent when designing the process: we designated Maintenance as the activity used to reduce invalid 
AAs. On the other side, the benefit of Evaluation for reducing invalid AAs is illustrated in two ways: (1) it had the highest 
participation in the student study; (2) the practitioners considered that in Evaluation, stakeholders prepare for reducing 
invalid AAs (e.g., deciding whether an AA needs to be maintained).

The practitioners also mentioned that it is important to reduce invalid AAs in the first place, i.e., in Making, which is 
consistent with our guidelines (see Section 3.2). However, they admitted that it is rather difficult, and that is why they did 
not consider Making as the most helpful activity for this RQ.

Summary of factors for applying the AAM process
As shown in Table 13, based on the analysis of the qualitative data, we identified a set of factors for applying the AAM 

process mapped to the RQs. Being aware of and properly adjusting these factors can facilitate the application of the AAM 
process in projects (e.g., helping to identify invalid AAs).

7.2. Implication for researchers

Students as subjects and experience: We conducted a student study as well as an industrial study, and found out 
that the students were able to understand the AAM process (including the AA concept) and apply the process in their 
projects, though they might need more time than practitioners for learning. Therefore, this study provides further evi-
dence in treating specific types of students (e.g., first-year master students in software engineering) as valid subjects in 
software engineering case studies; it is of course important to follow certain guidelines (e.g., the checklist in [12]). Fur-
thermore, the factors (e.g., “Learning approaches”) we identified in the case study (see Section 7.1) can impact not only 
the application of the AAM process, but also treating students as subjects in case studies. Being aware of and prop-
erly adjusting these factors can improve the validity of such studies. Finally, as mentioned by the students in the case 
study, there may be a significant difference between junior and senior software engineers in applying the AAM process. 
It is valuable for researchers to investigate how experience impacts the understanding as well as the usage of the AAM 
process, and further develop dedicated guidelines regarding the AAM process for junior and senior software engineers re-
spectively.

AA Making and Identification: In this study, we merged making new AAs and identifying existing AAs in a single activity, 
i.e., AA Making, because it is difficult to draw a line between them. However, as mentioned by the practitioners, in some 
specific cases, it may be better to separate them in two activities. This requires more investigation.
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AA Evaluation and Maintenance: In this study, we proposed that Evaluation entails deciding whether an AA needs to 
be maintained; the actual AA rework takes place during Maintenance. Though some practitioners agreed to this design, 
they mentioned that there are other options: (1) stakeholders only identify problems in Evaluation, but move all the other 
work in Maintenance; (2) stakeholders decide during Evaluation not only whether an AA needs to be maintained, but also 
how to maintain them, while Maintenance could be just simple documentation work merged in Description. We encourage 
researchers to find the best practice regarding what stakeholders should do in AA Evaluation and Maintenance.

Group and individual: In our guidelines, we recommended to conduct AA Making and Evaluation as teamwork, while 
Description and Maintenance could be done by either a group or individuals. Such guidelines should be further refined, since 
there are still some unknowns, such as whether making AAs as teamwork is always the best practice, or when stakeholders 
should maintain AAs as a team or individually.

Approach and tool support: We did not propose any dedicated approach or tool for conducting the individual AA man-
agement activities. As mentioned by the subjects, dedicated approaches and tools for specific AA management activities can 
reduce the effort of conducting the AAM process, help to make AAs explicit, and facilitate identifying and reducing invalid 
AAs. As an example, the subjects mentioned that after writing down the AAs made, if a tool could send a notification to 
related stakeholders, it would be helpful for raising the awareness of the AAs. On the other side, one subject mentioned 
that though MS Word or PowerPoint is not suitable for managing AAs, Excel could be a good choice, as it is well accepted 
in industry. This result is against our previous findings [5], i.e., practitioners do not accept Excel as a suitable tool for AA 
management, which requires further investigation. Furthermore, the effectiveness of performing the AA management activ-
ities is of significant importance in managing AAs in software development. How to ensure for example, the quality of the 
inputs and outputs of the AAM process is another interesting direction.

AAs and other types of software artifacts: As evidenced in this study, managing AAs is significantly impacted by the 
management of certain types of artifacts. For example, if requirements change frequently over time, the effort of managing 
related AAs will be increased. This is consistent with our previous conclusions (e.g., AAs are intertwined with certain types 
of artifacts). Therefore, there is a need to investigate how AAs are related to those artifacts, as well as how AAs and their 
management can be integrated into the software development lifecycle.

7.3. Implication for practitioners

Understanding of AA: As evidenced in literature (e.g., [4]), assumptions and their management has been a broad topic 
in software engineering, and AAs are important and should be managed in both architecting and software development. 
However, the terms as well as the concepts related to AAs are not commonly used in industry. We suggest that practitioners 
acquire a fair understanding of what AAs are, the problems caused by not well-managed AAs, etc. before applying the AAM 
process in their work.

AAM process: Implicit and invalid AAs could lead to various problems in software development, while AAs are usually 
not well managed in industrial practice. In the two case studies, we provide evidence regarding how the AAM process helps 
to deal with implicit and invalid AAs with acceptable effort of learning and conducting it. It is of course significant to 
integrate the AAM process into existing software development activities (e.g., architecting), and adapt the AAM process to 
specific contexts of projects (e.g., agile software development).

Predefined classifications and tags: As suggested by the subjects, stakeholders could use predefined classifications or 
tags in AA Description, Searching, and Organization. Though we agree to the suggestion on using tags, which could be 
beneficial in AA management, we conjecture that a predefined classification may also have challenges: (1) it may increase 
the complexity of AA management; (2) it may lead to inconsistencies and misunderstandings among stakeholders (e.g., 
regarding whether an AA should belong to which type); (3) there is no well-accepted AA classification.

Communication and teamwork: Managing AAs is teamwork. As mentioned by the subjects in the case study, effec-
tive and efficient communication among team members as well as between the development and customer teams is 
of paramount importance in managing AAs. We suggest that practitioners encourage not only architects, but also other 
types of related stakeholders (e.g., requirements engineers, project managers, and customers) to be involved in AA manage-
ment.

Experience: It is not surprising that experience was considered as an important factor for the ease of understanding and 
effort of conducting the AAM process, making AAs explicit, and identifying and reducing invalid AAs. For example, senior 
practitioners may make less AAs than junior practitioners in projects, because it would be easier for senior practitioners to 
identify whether a piece of information is an AA or an AA is invalid at the time it was made based on their knowledge and 
experience. However, since there are various situations in projects (e.g., junior practitioners are responsible for AA man-
agement, only involved in AA management, or do not need to consider AAs), the impact of experience on AA management 
would be different. As an example, when junior practitioners are responsible for AA management (especially in AA Making 
and Evaluation), we suggest that junior practitioners frequently discuss with senior practitioners regarding AA management 
in order to, for example, identify and reduce invalid AAs in their projects. We also encourage senior practitioners to share 
their knowledge and experience of managing AAs (e.g., the reasons of considering an AA as invalid) with other stakeholders, 
for example, through internal discussions or documentation within an organization.
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8. Threats to validity

We discuss the threats to the validity of this case study based on the guidelines proposed by Runeson and Höst [6]. This 
work does not study causality, so internal validity is not considered.

Construct validity reflects to what extent the research questions and the studied operational measures are consistent [6]. 
All the threats in construct validity have been addressed and reduced.

A potential threat is that the subjects used the AAM process without a basic understanding of the process (including 
the AA concept). To mitigate this threat, regarding the student study, (1) we gave a tutorial and had a discussion on the 
AAM process (e.g., what are AAs) with the students before they managed AAs in their projects; and (2) we organized a 
presentation session half-way through the course which allowed each group to present their projects (including explaining 
three AAs selected from their AAM reports). As discussed in Section 4.2.1, we did not focus on “technical” problems of their 
reports (e.g., whether a statement was an assumption or not). Instead, the purpose was to grade and improve readability of 
their reports. Regarding the industrial study, we gave a tutorial and had a discussion on the AAM process (e.g., what AAs 
are) with the practitioners before digging into the RQs.

Additionally, grading the AAM reports may lead to a risk that the students tried to compliment the AAM process in 
order to please the course lecturers (i.e., the authors) through the questionnaires and focus groups. However, as discussed 
in Section 4.2.2, we integrated the AAM process into requirements engineering and architecture design as a natural part 
of the course, instead of telling the students that we would evaluate a new approach (i.e., the AAM process). The students 
did not know that the authors designed the AAM process. Furthermore, we explicitly mentioned to the students that the 
questionnaires they filled in and the focus group they attended would not be counted in their final grade. Finally, the data 
extracted and analyzed from the AAM reports is only related to RQ2 and RQ4, i.e., the required effort and effectiveness in 
identifying invalid AAs. Regarding RQ4, the purpose of Fig. 11 and Fig. 12 is to provide an overview of the AAs made as well 
as the invalid AAs identified by each group, but the numbers of the 22 groups within these two figures are not comparable. 
Hence the data analysis of the AAM reports did not impact the results of RQ1, RQ3, RQ4, and RQ5. We admit that the risk 
was not completely eliminated, but had been reduced.

Whether the collected data can answer the RQs is another threat. To reduce this threat, we iteratively refined the RQs 
and the data collection strategies used in this work. For example, we decided not to use interview because there were 
88 students, and the resource (e.g., time) of the course was limited; it was not realistic to conduct interviews in the 
case study. Moreover, we employed data triangulation, a technique of using various angles towards the studied object in 
order to provide a broader picture of the study [6], through three data collection methods: questionnaire, focus group, and 
documentation analysis.

8 students (out of 88, 9.1%) had neither participated in any software project (i.e., academic, industry, or open source 
projects), nor attended any course of software engineering. To maximize the randomness, we grouped the students according 
to their student numbers, and we ensured that these 8 students had been allocated to different groups; therefore the threat 
of having inexperienced subjects has been mitigated.

There is a risk that the time logged by the students for conducting individual AA management activities is not accurate 
and reliable. For example, the students might exaggerate the actual time spent in order to get a favorable impression 
from their teachers. To reduce the risk, we explicitly emphasized to the students not to exaggerate the time; we also 
measured the effort of conducting the AAM process (including each AA management activity) through Likert Scale scores 
(see Questionnaire B of Appendix B), in order to compare with the logged time.

Moreover, there is a potential threat that the answers of Questionnaire B (see Table 17 in Appendix) by a student were 
influenced by her/his group members. To mitigate this threat, in the last week when they filled in Questionnaire B, we 
arranged the students in two classrooms and set four researchers (two at each classroom) as invigilators.

Finally, since all the students are Chinese and the course was taught in Chinese (including the tutorial materials, ques-
tionnaires, and the AAM report used in the course), there is a threat that the translation of the tutorial documents (e.g., the 
slides and user guide) from English to Chinese as well as the translation from Chinese to English regarding the collected 
data from questionnaires, focus groups, and documentation analysis, could have resulted in information vaporization and 
“lost in translation” issues. To mitigate this threat, we followed a set of strategies:

(1) We had conducted a survey [10] and several case studies (e.g., [5,29]) on the topic of AAs in industry with different 
practitioners (e.g., architects), who are Chinese speakers. In this study, we reused certain materials from those studies 
to ensure that the used terminology was mature.

(2) In our previous studies on AAs, we also had to deal with similar issues regarding translation between Chinese and 
English, and therefore, we have certain practice and experience, which helps to reduce the threat in this study.

(3) Even though the tutorial materials are in Chinese, the authors also provided the students with an English version of the 
materials as references.

(4) Translation of the tutorial materials: (a) The first author developed an initial Chinese version of the materials based 
on the English version and our previous studies (e.g., [5,10,29]). (b) The second author reviewed the Chinese version, 
and had a discussion with the first author to address conflicts. (c) Then the first author maintained the Chinese version 
based on the review and discussion. This process (review – discussion – maintenance) was conducted iteratively.
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(5) Translation of the data collected: (a) The first author was responsible for the translation. (b) The second author reviewed 
both the data in Chinese and English, while the third author reviewed the data in English, and all the authors had a 
discussion to address conflicts. (c) Then the first author maintained the translation based on the review and discussion. 
This process (review – discussion – maintenance) was conducted iteratively.

(6) The discussion (including Q&A) with the subjects as well as the presentation in the middle of the study further helped 
to reduce this threat. During the case study, even though some subjects mentioned that they could not find much infor-
mation of AAs and their management in Chinese from other sources (for example the Internet), no subject complained 
that s/he could not understand the concepts.

Since the industrial study was conducted by using English, we did not have the aforementioned threat in the industrial 
study.

External validity concerns the generalization of the findings [6]. The student study was conducted at Wuhan University 
with first-year master students in software engineering as the subjects. There is a risk that the findings of this study cannot 
be generalized into other contexts (and especially industry). We collected background information of the students, and 
found that the vast majority of the students were educated in software engineering at the undergraduate level and had 
project experience (i.e., academic, industry, or open source projects). Most of the students were close to their professional 
careers as software engineers. Moreover, we also conducted an industrial study to complement the student study. However, 
since the practitioners did not actually use the AAM process in their work, whether the results of the case studies can be 
generalized still needs more evidence. Replication of this work through a longitudinal study can mitigate the risk.

Reliability focuses on whether the study would yield the same results when other researchers replicate it [6]. To mitigate 
personal bias, the case study protocol had been reviewed and discussed by the three authors iteratively. We also presented 
the case study design in a meeting with eight software engineering researchers, and collected feedback from them to 
improve the design. Furthermore, to reduce the risk of low quality deliverables submitted by the students, the first and 
second authors checked their AAM reports every two weeks (i.e., four iterations in total) during the course project. Finally, 
the focus groups were recorded through audio recording devices to reduce the threat of information vaporization.

9. Conclusions and future work

AAs are an important type of architectural knowledge in both architecting and software development, and there is a 
need to improve the management of AAs. In this work, we propose an AAM process, comprised of four AA management 
activities: AA Making, Description, Evaluation, and Maintenance.

We conducted an explanatory study with 88 first-year master students in software engineering, and an exploratory study 
with five practitioners from five companies. Particularly we validated the ease of understanding and the effort of conducting 
the AAM process, as well as the effectiveness of using the AAM process to make AAs explicit and to identify and reduce 
invalid AAs.

The results indicate that (1) the ease of understanding the AAM process is moderate for first-year master students but 
easy for practitioners; (2) the effort of conducting the AAM process is moderate for first-year master students; (3) Making 
and Evaluation took the students more time than Description and Maintenance; (4) the practitioners considered Evaluation 
as the most time consuming activity; (5) the AAM process can help to make architectural assumptions explicit and to 
identify and reduce invalid architectural assumptions in projects. The majority of the students and practitioners agreed that 
Architectural Assumption Evaluation is the most helpful activity for all these three aspects. For other activities, there are 
different opinions about their helpfulness; and (6) there are various factors identified that can impact the aforementioned 
results. Being aware of and properly adjusting these factors can facilitate the application of the AAM process in projects.

Future work includes (1) investigating how the identified factors in this work influence the application of the AAM pro-
cess in software development; (2) investigating which types of AAs should be managed in projects; (3) developing detailed 
guidelines for individual AA management activities of the AAM process; (4) developing guidelines for different stakehold-
ers (e.g., junior and senior software engineers) to manage AAs; (5) investigating how AA management can be integrated 
into software development processes; and (6) evaluating the AAM process in an industrial context with a longitudinal 
study.
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Appendix A. Assumption management process report

Table 14
Architectural Assumption Description template.

Element Type of answers

ID Text
Name Text
Description Text
State Valid/Invalid
Rationale Text
Invalidity Reason Text
Related architectural assumptions Text
Related software artifacts Text

Table 15
Architectural assumption management process report.

Section Description

Section 0 Division of labor and time log

Subject Tasks (AA management activity) Time (hour) Date

Section 1 AA Making
Section 1.1 Overview of the AAs made (e.g., number)
Section 1.2 Problems and solutions in conducting AA Making
Section 2 AA Description (see Table 14)
Section 2.1 Description of AA1
Section 2.2 Description of AA2
. . .

Section 2·n Description of AAn
Section 2·n + 1 Problems and solutions in conducting AA Description
Section 3 AA Evaluation
Section 3.1 Results of AA Evaluation

(1) What AAs have been evaluated?
(2) What issues have been found on an evaluated AA?
(3) What are the plans for the problematic AAs?

Section 3.2 Problems and solutions in conducting AA Evaluation
Section 4 AA Maintenance
Section 4.1 Results of AA Maintenance

(1) What AAs have been maintained?
(2) What are the actions (e.g., remove) for the maintained AAs?

Section 4.2 Problems and solutions in conducting the AA Maintenance activity

Appendix B. Questionnaires

Table 16
Questionnaire A – background information of the subjects.

Question Type of answers

Projects experience
How many academic software engineering projects (e.g., course and bachelor projects) were you involved in? Integer ≥ 0
Can you briefly describe the biggest academic project that you were involved in (e.g., your role, the duration, the team 

size, the size of the project (in Lines of Code), and a short description of the project)?
Text

How many industry projects (i.e., working in a team to develop software-intensive systems for industry) were you 
involved in?

Integer ≥ 0

Can you briefly describe the biggest industry project that you were involved in (e.g., your role, the duration, the team size, 
the size of the project (in Lines of Code), and a short description of the project)?

Text

Except for academic and industry projects, how many open source software projects (i.e., working in an open source 
community) were you involved in?

Integer ≥ 0

Can you briefly describe the biggest open source software project that you were involved in (e.g., your role, the duration, 
the team size, the size of the project (in Lines of Code), and a short description of the project)?

Text

Expertise
What activities (e.g., courses, conferences, competitions, and projects) related to software engineering did you attend? Text
What is your current level of knowledge about software engineering? Beginner/Mediate/

Advanced/Expert

Why do you think you are beginner/mediate/advanced/expert in software engineering? Text
Have you ever received any professional training (i.e., excluding the courses at university) related to software engineering? Yes/No
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Table 17
Questionnaire B – answers of the RQs.

Question Type of answers RQ

How easy was it to understand AA 
Making?

Five-point Likert Scale (i.e., 1 = “Very difficult” and 5 = “Very easy”) RQ1

How easy was it to understand AA 
Description?

Five-point Likert Scale (i.e., 1 = “Very difficult” and 5 = “Very easy”) RQ1

How easy was it to understand AA 
Evaluation?

Five-point Likert Scale (i.e., 1 = “Very difficult” and 5 = “Very easy”) RQ1

How easy was it to understand AA 
Maintenance?

Five-point Likert Scale (i.e., 1 = “Very difficult” and 5 = “Very easy”) RQ1

How easy was it to understand the AAM 
process?

Five-point Likert Scale (i.e., 1 = “Very difficult” and 5 = “Very easy”) RQ1

What factors could impact the 
understanding of the AAM process?

Text RQ1

How much effort did you need to conduct 
AA Making?

Five-point Likert Scale (i.e., 1 = “Very time-consuming” and 5 = “Not time-consuming”) RQ2

How much effort did you need to conduct 
AA Description?

Five-point Likert Scale (i.e., 1 = “Very time-consuming” and 5 = “Not time-consuming”) RQ2

How much effort did you need to conduct 
AA Evaluation?

Five-point Likert Scale (i.e., 1 = “Very time-consuming” and 5 = “Not time-consuming”) RQ2

How much effort did you need to conduct 
AA Maintenance?

Five-point Likert Scale (i.e., 1 = “Very time-consuming” and 5 = “Not time-consuming”) RQ2

How much effort did you need to conduct 
the AAM process?

Five-point Likert Scale (i.e., 1 = “Very time-consuming” and 5 = “Not time-consuming”) RQ2

What factors could impact the effort of 
conducting the AAM process?

Text RQ2

Did the AAM process effectively help to 
make AAs explicit (i.e., every member 
in the group are aware of the AAs 
made)?

Five-point Likert Scale (i.e., 1 = “Very helpful” and 5 = “Very helpless”) RQ3

What AA management activities were the 
most helpful in making AAs explicit?

AA management activities RQ3

What factors could impact the 
effectiveness of making AAs explicit?

Text RQ3

Did the AAM process effectively help to 
identify invalid AAs?

Five-point Likert Scale (i.e., 1 = “Very helpful” and 5 = “Very helpless”) RQ4

What AA management activities were the 
most helpful in identifying invalid AAs?

AA management activities RQ4

What factors could impact the 
effectiveness of identifying invalid AAs?

Text RQ4

Did the AAM process effectively help to 
reduce the number of invalid AAs?

Five-point Likert Scale (i.e., 1 = “Very helpful” and 5 = “Very helpless”) RQ5

What AA management activities were the 
most helpful in reducing the number of 
invalid AAs?

AA management activities RQ5

What factors could impact the 
effectiveness of reducing the number of 
invalid AAs?

Text RQ5

Appendix C. Data items collected

Table 18
Data items related to the subjects.

Data item Scale type Unit Range

Number of academic software engineering projects Ratio Project ≥ 0
Description of an academic software engineering project N/A N/A Text
Number of industry projects Ratio Project ≥ 0
Description of an industry project N/A N/A Text
Number of open source projects Ratio Project ≥ 0
Description of an open source project N/A N/A Text
Activities related software engineering N/A N/A Text
Level of knowledge about software engineering N/A N/A Beginner/Mediate/

Advanced/Expert

Reasons of the level of knowledge about software engineering N/A N/A Text
Professional training (i.e., excluding higher education) related 

to software engineering
N/A N/A Yes/No
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Table 19
Data items related to AAM report.

Data item Scale type Unit Range RQ

Time spent on AA Making Ratio Hour ≥0 RQ2
Time spent on AA Description Ratio Hour ≥0 RQ2
Time spent on AA Evaluation Ratio Hour ≥0 RQ2
Time spent on AA Maintenance Ratio Hour ≥0 RQ2
Overview of the AAs made N/A N/A Text RQ1–RQ5
Problems in conducting AA Making N/A N/A Text RQ1–RQ5
Solutions for the identified problems in conducting AA Making N/A N/A Text RQ1–RQ5
Number of AAs described Ratio AA ≥0 RQ1–RQ5
Details of AAs (ID, Name, Description, State, Rationale, 

Invalidity reason, Related architectural assumptions, and 
Related software artifacts)

N/A N/A Text RQ1–RQ5

Problems in conducting AA Description N/A N/A Text RQ1–RQ5
Solutions for the identified problems in conducting AA 
Description

N/A N/A Text RQ1–RQ5

Number of invalid AAs identified Ratio AA ≥0 RQ4
Results of AA Evaluation N/A N/A Text RQ1–RQ5
Problems in conducting AA Evaluation N/A N/A Text RQ1–RQ5
Solutions for the identified problems in conducting AA 

Evaluation
N/A N/A Text RQ1–RQ5

Results of AA Maintenance N/A N/A Text RQ1–RQ5
Problems in conducting AA Maintenance N/A N/A Text RQ1–RQ5
Solutions for the identified problems in conducting AA 

Maintenance
N/A N/A Text RQ1–RQ5

Table 20
Data items collected for answering RQs.

Data item Scale 
type

Unit Range RQ

Ease of understanding AA Making Interval N/A Five-point Likert Scale (i.e., 1 = “Very difficult” 
and 5 = “Very easy”)

RQ1

Ease of understanding AA Description Interval N/A Five-point Likert Scale (i.e., 1 = “Very difficult” 
and 5 = “Very easy”)

RQ1

Ease of understanding AA Evaluation Interval N/A Five-point Likert Scale (i.e., 1 = “Very difficult” 
and 5 = “Very easy”)

RQ1

Ease of understanding AA Maintenance Interval N/A Five-point Likert Scale (i.e., 1 = “Very difficult” 
and 5 = “Very easy”)

RQ1

Ease of understanding the AAM process Interval N/A Five-point Likert Scale (i.e., 1 = “Very difficult” 
and 5 = “Very easy”)

RQ1

Factors for understanding the AAM process N/A N/A Text RQ1
Effort for AA Making Interval N/A Five-point Likert Scale (i.e., 1 = “Very 

time-consuming” and 5 = “Not time-consuming”)
RQ2

Effort for AA Description Interval N/A Five-point Likert Scale (i.e., 1 = “Very 
time-consuming” and 5 = “Not time-consuming”)

RQ2

Effort for AA Evaluation Interval N/A Five-point Likert Scale (i.e., 1 = “Very 
time-consuming” and 5 = “Not time-consuming”)

RQ2

Effort for AA Maintenance Interval N/A Five-point Likert Scale (i.e., 1 = “Very 
time-consuming” and 5 = “Not time-consuming”)

RQ2

Effort for the AAM process Interval N/A Five-point Likert Scale (i.e., 1 = “Very 
time-consuming” and 5 = “Not time-consuming”)

RQ2

Factors for using the AAM process N/A N/A Text RQ2
Effectiveness of the AAM process in making AAs explicit Interval N/A Five-point Likert Scale (i.e., 1 = “Very helpful” and 

5 = “Very helpless”)
RQ3

Most helpful AA management activities in making AAs 
explicit

N/A N/A AA management activities RQ3

Factors for the effectiveness of making AAs explicit N/A N/A Text RQ3
Effectiveness of the AAM process in identifying invalid AAs Interval N/A Five-point Likert Scale (i.e., 1 = “Very helpful” and 

5 = “Very helpless”)
RQ4

Most helpful AA management activities in identifying invalid 
AAs

N/A N/A AA management activities RQ4

Factors for the effectiveness of identifying invalid AAs N/A N/A Text RQ4
Effectiveness of the AAM process in reducing the number of 

AAs
Interval N/A Five-point Likert Scale (i.e., 1 = “Very helpful” and 

5 = “Very helpless”)
RQ5

Most helpful AA management activities in reducing the 
number of AAs

N/A N/A AA management activities RQ5

Factors for the effectiveness of reducing the number of AAs N/A N/A Text RQ5
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Appendix D. Checklist used in the case study

(1) Ensure adequate integration of the study into the course topics
The objective of the case study is to validate the effectiveness of the AAM process in the context of requirements en-

gineering and architecture design, while the goal of the course is to help students to acquire knowledge of requirements 
engineering and architecture design, and practice the learned knowledge in the course project. As evidenced in the sys-
tematic mapping study [4], assumptions should be managed from early stages (e.g., requirements engineering or software 
design [2,3,21]) of software development [4], and AAs are related to various types of artifacts (e.g., requirements and design 
decisions) [4,10]. Therefore, the case study is consistent with the topics of the course, and the course project is reasonable 
for meeting both the research and course objectives. We integrated AAs and their management (i.e., the AAM process) into 
the course. We also motivated the students by elaborating on the value of the case study from a pedagogical point of view 
(e.g., why AAs are important and need to be managed). Furthermore, we integrated the AAM report as part of their project 
report (i.e., an important part for their final grades of the course).

(2) Integrate the study timeline with the course schedule
The course started on 20/09/2016 and ended on 29/11/2016. The case study started on 27/09/2016 and ended on 

29/11/2016. Except for the first week (i.e., 20/09/2016–26/09/2016, preparation), the students spent nine weeks (not full-
time) on their projects, including using the AAM process to manage AAs. The case study timeline was integrated with the 
course schedule. Furthermore, the students were asked to submit a project report, including an AAM report, every two 
weeks (i.e., four iterations in total) during the course. In the AAM report, we asked each group to log the time (per subject) 
they spent on individual AA management activities. We also created a discussion group using a chat tool QQ6 for all the stu-
dents to discuss issues they had regarding the course topics and provide feedback to them. Furthermore, we clearly stated 
that each student should spend at least five hours per week on their projects, including at least one hour on communicating 
with their customer teams. Thus, we partially reduced the risk that the quality of their work in the case study was impacted 
by other courses the students had to attend.

(3) Reuse artifacts and tools where appropriate
This case study is a further step of our previous work on AAs and their management (e.g., [4,5,10]), and therefore we 

reused some artifacts (e.g., documents) from those studies.
(4) Write up a protocol and have it reviewed
We iteratively designed, developed, and reviewed a protocol of the case study, which followed the guidelines proposed 

by Runeson and Höst [6]. We also presented the case study design in a meeting with eight software engineering researchers, 
and collected feedback from them to improve the design.

(5) Obtain subjects’ permission for their participation in the study
We obtained the permission of all the students before the case study (i.e., the course project), explained the plan of the 

course and the tasks the students need to perform at the beginning of the course, and stated that the data collected for the 
course (e.g., their background information) would be kept confidential.

(6) Set subject expectations
We explained the purpose of the course as well as the benefits for attending the course to the students. We made sure 

to not mention any information to the students that could bias the results of the case study. For example, we integrated the 
AAM process into requirements engineering and architecture design as a natural part of the course, instead of telling the 
students that we would evaluate a new approach (i.e., the AAM process). Furthermore, we clearly mentioned the time the 
students need to spend on their project, i.e., at least five hours per week. Finally, the grading criteria for the project report 
(including the AAM report) were clearly specified and provided to the students.

(7) Document information about the experimental context in detail
We collected background information of the students through a questionnaire (see Section 4.3). We also presented to the 

students the goals of the course, the included topics, and the teaching methods employed in the course.
(8) Implement policies for controlling/monitoring the experimental variables
Since we did not compare approaches or tools (e.g., two or more groups of students that use different approaches or 

tools), the educational value for the students was the same. When groups of students were formed, we did not allow self-
grouping, because it may cause problems such as creating an unrealistic context [12]. We grouped the students according 
to their student numbers to maximize the randomness. Furthermore, we elaborate on data collection and analysis proce-
dures in Sections 4.3 and 4.4 respectively. Data collection was performed in a non-invasive way (i.e., as part of the students 
deliverables).

(9) Plan follow-up activities
At the end of the course, we discussed with the students regarding the objective of the case study as well as the 

potential threats to the validity, answered all the questions (e.g., related to the case study) from the students, and collected 
their feedback on this study. The discussion was also helpful for the students, because they acquired knowledge about, for 
example, empirical research.

(10) Build or update a lab package

6 http://im .qq .com.

http://im.qq.com
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Fig. 9. Time spent on the AAM process by the groups.

Fig. 10. Time spent on individual AA management activities by the groups.

We developed a lab package (in Chinese) for the course, which contains all the details of the case study, and can be used 
for future work.

Appendix E. Time spent on the AAM process by the groups

All the subjects logged the time (per subject) they spent on individual AA management activities in their AAM reports 
(see Section 0 of Table 15 in Appendix A). The results are shown in Fig. 9 (i.e., the time spent on the AAM process) 
and Fig. 10 (i.e., the time spent on each AA management activity). The subjects in Group 22 did not provide complete 
time information in their AAM report, as they claimed that they forgot to count the time spent on AA Evaluation and 
Maintenance, and therefore, we excluded the time data of this group in the answers to this RQ. Most of the groups (12 
out of 21, 57.1%) spent 20 to 40 hours on conducting the AAM process during the course project, while three groups spent 
more than 120 hours, i.e., 30 hours per subject in average. We consider these three groups as outliers and further discussed 
it in Section 8. Moreover, Table 21 shows the means and standard deviations of hours that the groups spent on the AA 
management activities and process (excluding the aforementioned three groups).

Appendix F. Number of AAs made and invalid assumptions identified by the groups

In their AAM reports, all the groups identified a number of invalid AAs, ranging from 2 to 29 (average: 8; standard 
deviation: 6.06), as shown in Fig. 11. An AA can evolve over time, and therefore, an AA may turn to be invalid zero, one, or 
several times during its lifecycle. For example, consider the following iterations:

Iteration 1: A valid AA is made and described as, for example, A A1-1.
Iteration 2: A A1-1 is evaluated as invalid (i.e., A A1-2).
Iteration 3: A A1-2 is maintained and turns to be valid (i.e., A A1-3).
Iteration 4: A A1-3 is further evaluated as invalid (i.e., A A1-4).
This is why, for example, Group 11 only described 27 AAs in their AAM report, but 29 invalid AAs were identified.
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Table 21
Means and standard deviations of hours the groups spent on the AA management activities and process.

Making Description Evaluation Maintenance AAM process

Mean 11.22 hours 8.97 hours 9.08 hours 7.23 hours 36.50 hours
Standard deviation 7.26 4.79 6.93 3.61 11.45

Fig. 11. Number of invalid AAs identified by the groups.

Fig. 12. Number of AAs described by each group in the AAM reports.

Fig. 12 shows the number of AAs described by each group in the AAM reports, ranging from 8 to 32 (average: 16; 
standard deviation: 6.00). Most of the groups (15 out of 22, 68.2%) had 11 to 17 AAs, 3 groups (out of 22, 13.6%) described 
less than 10 AAs, and 4 groups (out of 22, 18.2%) documented more than 20 AAs in their projects. The proportion of the 
invalid AAs identified to the AAs described in the AAM reports of the 22 groups ranges from 9.4% (i.e., Group 12) to 107.4% 
(i.e., Group 11).

The purpose of Fig. 11 and Fig. 12 is to provide an overview of the AAs made as well as the invalid AAs identified by 
each group. The numbers of the 22 groups in these two figures are not comparable, since the AA concept is subjective (as 
discussed in Section 4.2) and the project context differs from each other (as discussed in Section 4.2). 
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