An Exploratory Study of Naturalistic Decision Making in
Complex Software Architecture Environments

Ken Power![0000-0002-3782-9539] 5 d Rebecca Wirfs-Brock?

! Independent, Galway, Ireland
ken.power@gmail.com
2 Wirfs-Brock Associates, Sherwood, OR, USA
rebeccalwirfs-brock.com

Abstract. Architects always make decisions in some context. That context
shifts and changes dynamically. Different decision-making strategies are appro-
priate in different contexts. Architecture decisions are at times made under con-
ditions of time pressure, high stakes, uncertainty, and with too little infor-
mation. At other times, decision-makers have sufficient time to reflect on the
decision and consider alternatives. Understanding context is critical to choosing
appropriate approaches to architecture decision making. Naturalistic Decision
Making (NDM) explains how people make decisions under real-world condi-
tions. This paper investigates NDM in software architecture and studies archi-
tecture decisions in their environment and decision-making context. The re-
search approach includes a case study of large technology organizations con-
sisting of a survey, multiple focus groups, and participant observation. Previous
studies that touch on NDM in software architecture have mainly focused on de-
cision-making processes or tools or developing decision models. This paper
provides three contributions. First, we build on previous studies by other re-
searchers to produce an in-depth exploration of NDM in the context of software
architecture. We focus on Recognition-Primed Decision (RPD) making as an
implementation of NDM. Second, we present an examination of the decisions
made by experienced architects under conditions that can be considered natu-
ralistic. Third, we provide examples and recommendations that help software
architects determine when an NDM approach is appropriate for their context.

Keywords: Naturalistic Decision Making, Recognition Primed Decision Mak-
ing, Software Architecture, Complexity, Decision Context, Large-Scale.

1 Introduction

Architecture decision-making is an inherently complex task because decisions often
must satisfy multiple constraints and address multiple stakeholder concerns [1, 2].
Software architects make decisions related to architecture style of the system as well
as technological and economical decisions [2]. Several formal, analytic architecture
decision-making approaches have been published [3, 4] yet software engineering
researchers find few used in practice. One explanation for this may be that complex
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real-world decisions are not always about making tradeoffs, but instead about finding
a decision that satisfices the current situation and allows for action [5]. Naturalistic
Decision Making (NDM) originated with the goal of studying how people actually
make decisions in a variety of real-world settings, as opposed to in classroom or la-
boratory settings [6]. These settings include conditions of time pressure, high stakes,
experienced decision makers, inadequate information, ill-defined goals, poorly de-
fined procedures, dynamic conditions, and team coordination [7]. There are times
where architects need to make decisions under such circumstances. This paper seeks
to further contribute to understanding how software architects make decisions under
these conditions. In particular we study architecture decision-making in large, com-
plex, software-intensive systems. Such systems are characterized by many compo-
nents and sub systems developed by geographically-distributed teams, with responsi-
bility for the architecture shared among multiple architects. Interactions among people
and systems with emergent properties often result in non-linear, non-deterministic
outcomes. This paper presents findings from an exploratory case study of architects
making decisions in this context. Section 2 reviews key literature including a compre-
hensive review of the NDM literature, and studies in software architecture that men-
tion or explore NDM. Section 3 presents the research questions and describes the
approach used to answer the questions. Section 4 presents findings from this study.
Section 5 is a discussion of the findings, reflecting on the research questions. Section
6 presents conclusions from this study, including a set of recommendations based on
the findings, and notes future research that builds on this study.

2 Literature Review

2.1  Naturalistic Decision Making

NDM researchers specifically focus on real-world settings [8]. NDM is a “pragmatic,
realistic approach to understanding decision making” [9]. NDM researchers have
studied many settings, including firefighters, emergency responders, military person-
nel, police, surgeons, and design engineers [7, 10-12]. Settings under which NDM
applies include the following [7]:

e Time pressure. NDM is concerned with how decision-makers operate when time
is a constraint. Time pressure does not always mean an instantaneous response is
required; NDM is cognizant of the context of the decision maker.

e High stakes. If a surgeon or firefighter makes a poor decision, lives can be lost. If
a software architect makes a poor decision, millions of dollars can be lost. The rep-
utation of the company and the product can be at stake.

e Experienced decision makers. NDM assumes experience in the domain as a pre-
requisite for making high-stakes decisions [7].

e Inadequate information. This includes uncertainty about the data, ambiguous
data, and missing data. NDM researchers are interested in how decision makers
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make progress in the face of the uncertainty caused by too little information, or
even poor or wrong information [7].

o Ill-defined goals. The goal is often poorly defined or poorly structured. There is a
lack of clear direction on what to do, and how to do it. The goal might change, or
there could be multiple competing goals [13].

e Poorly defined procedures. NDM is concerned with poorly defined procedures.
In contrast to conventional lab-based studies on decision-making, NDM acknowl-
edges that decision-makers often need to invent novel procedures, or modify exist-
ing ones, in order to meet a goal [7].

e Cue learning. This refers to the ability of decision-makers to recognize patterns
and make distinctions as an aid to decision making [7]. Building on research by
Simon [14], Kahneman and Klein [15] equate this ability with intuition, noting that
intuition is “nothing more and nothing less than recognition.”

e Dynamic and continually changing conditions. Decision makers need to deal
with situations where the conditions around them are changing continually.

e Group coordination. The need for coordination among multiple people is a factor
in most domains in which NDM has been studied [7].

There are many different models of NDM [16]. All these models have a purpose, and
no one model encompasses everything. One of the better-known NDM models is the
Recognition Primed Decision (RPD) model [17]. The RPD model focuses on as-
sessing the situation, versus judging one option superior to others. RPD describes how
people make decisions using their expertise. Experienced decision makers identify a
reasonably good option as the first one they consider (cue learning), rather than gen-
erate many options for consideration. Expert decision makers conduct mental simula-
tions of courses of action to determine if it will work, rather than contrasting strengths
and weaknesses of multiple options. Where multiple options are considered, they are
considered through serial satisficing rather than concurrent deliberation. An ad-
vantage of an RPD strategy is the decision maker is always ready to act, rather than
waiting for a completed analysis that identifies a winner among multiple options.

The conditions under which NDM applies are, of course, not the only conditions
under which architects make decisions. In analytic decision-making models the focus
is on identifying situations such strategies are effective or where they fail due to cog-
nitive limitations [18]. In contrast RPD models of decision-making focus on the con-
ditions where people can effectively make decisions without exhaustively considering
alternatives [5]. Klein identified three strategies for recognition-primed decision mak-
ing: when both the details of a situation and an appropriate action are recognized,
essentially an if-then-action; when an unknown situation is encountered but there are
only a limited set of reasonable actions, gather and fill in enough missing information
before taking an appropriate action; and when there is a known situation but the ap-
propriate action to take is unclear, run through a mental simulation of potential ac-
tions to find the first acceptable action.

Early decision-making research focused decision-making models based on a ra-
tional consideration of alternatives. Given a known, limited set of alternatives, a deci-
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sion-maker should be able reason about the alternatives. However, Simon [19] pro-
posed that complex situations, limited time and our limited mental computational
capacities constrain our decision-making and that consequently our decision-making
is “bounded”. Instead of collecting and processing all possible information, we neces-
sarily construct a simplified model of the relevant factors contributing to the decision,
in order to analyze the consequences of each alternative to select the “best” one. Con-
sequently decision-making is bounded by both the structure of the information in the
environment and limits of our mental capabilities [19].

Klein [6] summarizes how core beliefs in decision-making have changed. NDM
asserts that experienced decision makers draw on patterns to deal with time pressure,
and do not compare options. Expertise primarily depends on tacit knowledge. Projects
don’t always start with a clear description, particularly if dealing with “wicked prob-
lems” [20]. Experienced people in a given situation use their mental models to define
what counts as data, rather than systematically building up from data to information to
knowledge to understanding. Insights arise by detecting contradictions, anomalies,
and connections. Uncertainty is not reduced by gathering more information but can
stem from poor framing of data.

NDM research focuses on understanding the conditions under which experts make
decisions and how they recognize environmental cues to guide their judgment. Skilled
expertise is acquired through practice and developing skilled intuitions in high-
validity environments which provide opportunities to learn [15]. Environments have
high validity when there are stable relationships between cues and subsequent events,
or between cues and the outcomes of actions. High validity does not correlate to cer-
tainty; some highly valid environments are also highly uncertain. Kahneman and
Klein [12] observe that true experts “know when they do not know,” but “non-experts
certainly do not know when they do not know.” The subjective confidence of a deci-
sion-maker in a decision is an unreliable indicator of a decision’s validity.

Kahneman characterizes two modes of thinking: System 1, which operates auto-
matically and quickly; and System 2, which is slower, effortful, and deliberate [21].
Both systems operate in tandem: System 1 originates impressions and feelings that are
the source of beliefs and more deliberate choices made by System 2. Understanding
distinctions between these systems helps inform how NDM relates to other decision
making approaches [15]. For example, in Recognition-Primed Decision Making
(RPDM), System 1 thinking can bring promising solutions quickly to mind, which
then are simulated and more deliberately evaluated by System 2. As System 2 moni-
tors environmental cues, System 1 intuitions may be challenged and result in more
deliberate reasoning. Schraagen [22] describes the concept of ‘inner’ and ‘outer’ envi-
ronments. The inner environment is about strategies and representations. Klein’s
Recognition-Primed Decision model is a combination of intuition and analysis [22,
23]. Recognition-based strategies enable decision makers to make decisions continu-
ously [22].
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2.2 NDM and Software Architecture

Decision-making in the field of software architecture has been the subject of study for
several decades [24]. Researchers have found that most software architectural deci-
sions are made by groups, not individuals, and that while the major factors into a de-
cision are requirements and other constraints, architects report that personal experi-
ence and personal preference also contribute to decisions [25]. Tofan, Galster and
Avgeriou [26] list 22 factors that contribute to the difficulty of architecture decisions.
One of those factors is insufficient information to reduce uncertainty when making
the decision. Decisions made by software architects often require consensus building
and gaining trust and decisions are often made under conditions where there is insuf-
ficient information, extreme time pressures, and high stakes [27].

There has been some exploration of NDM in software architecture. This paper
builds on that earlier work and contributes to a foundation on which future NDM-
related research can be based. Zannier, Chiasson and Maurer [5] examine the question
of how software designers make decisions. They conclude that the structure of the
design problem “as defined by the decision maker” determines the aspects of rational
and naturalistic decision-making used. Citing that paper [5], Vliet and Tang [28]
study the process of making decisions in software architecture and conclude that “...
the structure of the design problem determines which aspects of rational and natural-
istic decision making are used. The more structured the design decision, the less a
designer considers different options.” Context is key here, and we need to consider
not just problem structure, but the context under which the designer is making the
decision. Simon [29] defines a set of characteristics that determine what it means for a
problem to be well structured. However, Simon [29] also warns that “definiteness of
problem structure is largely an illusion that arises when we systematically confound
the idealized problem that is presented to an idealized ... problem solver with the
actual problem that is to be attacked by a problem solver with limited (even if large)
computational capacities.” Here, Simon [29] (also cited by [5]) warns that definite-
ness around problem structure is largely an illusion, so care should be taken to not put
too much effort into attempting to structure a problem definition in conditions where
no such definition is possible.

Falessi et al. mention NDM in the context of comparing software architecture deci-
sion-making techniques [24]. They categorize NDM as fitting under one of three
types of decision-making, where decision-makers “keep the first available alterna-
tive.” This is not a complete characterization of what occurs. Decision makers do not
simply keep the first available option, but rather use pattern matching [30]. Falessi et
al. do not mention the expert-informed pattern matching that happens. They do
acknowledge the role of intuition, but not explicitly as experience-informed intuition
and further characterize NDM as a decision-making technique “where decisions are
studied as the product of intuition, mental simulation, metaphor, and storytelling.”
Klein refers to these four elements as the “sources of power” needed in naturalistic
settings [7].

Power, K. and Wirfs-Brock, R. (2019) 'An Exploratory Study of Naturalistic Decision
Making in Complex Software Architecture Environments', in 13th European Confer-
ence on Software Architecture (ECSA) 9-13 September 2019, Paris, France.



Manjunath, Bhat, Shumaiev, Biesdorf and Matthes [31] mention NDM in a short
paper about decision-making and cognitive biases in software architecture. They state
“evidence has been provided to show that architects either follow rationalistic or
naturalistic decision-making process.” Their reference for this statement, and their
only reference for NDM, is the work by Vliet and Tang [28] in the section “Modeling
the decision-making process.” In contrast to other NDM studies that focus on expert
decision-making in context [8, 22], Manjunath et al. say, “RPDM is derived from the
naturalistic decision-making framework that relies on mental mind maps. It is gener-
ally used by inexperienced architects or in scenarios where ADDs are to be made
under time pressure and other constraints which affect the decision-making quality.”
There are two potential issues with this claim. First, the primary research on NDM
refers to “mental simulation” but does not refer to “mental mind maps.” Second, to
say that NDM is generally used by inexperienced decision makers is not accurate.
NDM emphasizes the requisite expertise of the decision maker [8, 22]. Klein further
notes that differences in expertise influence decision strategy [13].

Most of these prior studies of NDM in software architecture reference one of
Klein’s popular books [7] or [10]. While these two books are useful, this paper cites a
wider range of the NDM research literature, contributing to a deeper understanding of
how architects decide and the conditions under which they make expert decisions.
Other studies of NDM and architecture mentioned above examine the decision pro-
cess, problem structure, or decision tools. This paper builds on these studies by focus-
ing on the context of the architecture problem and the architect as decision maker in a
dynamic and complex environment.

3 Research Approach

3.1 Research Setting and Context

This paper studies practicing software architects in their context. This study uses a
case study of a large, global technology organization. Initially the researchers con-
ducted an online survey of experienced architects. Of these, 70% had 6 or more years
of experience as architects and were located in different sites across a global business
group. The goal of the survey was to understand how architects perceived their role
and interactions with other architects, engineers, product owners and product man-
agement. Following on from the survey, we conducted three focus groups to collect
more data about architecture decision-making. Both the survey and focus groups tar-
geted people with expertise in their domain, a defining characteristic of NDM set-
tings, as discussed in section 2. The first part of this study contains details of the study
design [27]. Initial observations about architecture decision-making led to a closer
look at the survey and focus group data with the goal of gaining a deeper understand-
ing of conditions and contexts under which software architects make decisions.
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3.2  Research Questions

This paper is concerned with how Naturalistic Decision Making (NDM), and RPD in
particular, applies to decision-making in software architecture, specifically in large
and complex environments. In this context, “large” relates to large architectures, code
bases with tens-to-hundreds of millions of lines of code, large organizations, geo-
graphically distributed teams, and products and systems developed by hundreds or
thousands of engineers. “Complex” in this context refers to the idea that organizations
are complex adaptive systems, where behavior of systems is often non-linear and non-
deterministic, and the product of the interactions in the system is greater than the sum
of the parts [32]. This paper aims to contribute to the body of knowledge on architec-
ture decision-making by answering the following questions:

e RQI1: How does NDM apply to Software Architecture decision-making?

e RQ2: What are the conditions under which decisions are suited to an NDM ap-
proach in software architecture?

e RQ3: What are the conditions under which decisions are not suited to an NDM
approach in software architecture?

3.3 Research Method

This is a qualitative study. This study uses a case study to “understand complex social
phenomena’ related to how architects make decisions. Case studies are well suited to
research in software development because they study contemporary phenomena in
their natural setting [33]. This study is concerned with how and why architects make
the decisions they do, the context in which they make those decisions. Case studies
can “uncover subtle distinctions and provide a richness of understanding and multiple
perspectives” [34]. This research includes perspectives from multiple stakeholders,
not just architects. Yin [35] notes that case studies are suitable when “the boundaries
between phenomenon and context may not be clearly evident.”

3.4 Data Collection and Analysis

Data was collected through an online survey of 62 architects from a business group
consisting of approximately 5,000 people worldwide. The survey used an online sur-
vey tool to collect responses. The researchers then followed up with three focus
groups specifically about architecture decision making with 10, 11, and 12 partici-
pants, respectively, from different product lines within the business group. Partici-
pants in the focus groups were architects, program managers, engineers, and engineer-
ing managers located in Israel, the USA, and India. The focus groups were recorded,
and the recordings were transcribed. The authors analyzed the survey data and focus
group data independently and reviewed the analyses together through multiple itera-
tions. Additional data was collected through participant observation and follow-up
semi-structured interviews. The researchers used NVivo analyze the data.
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3.5 Threats to Validity
This section discusses potential threats to the validity of this research study.

¢ External Validity. The researchers do not claim that these findings are universally
applicable. They are representative of architects in specific, large global technolo-
gy organizations. They serve as illustrative examples that others may learn from.

e Construct Validity. To mitigate this threat, data were collected from multiple
sources. The researchers used triangulation between the survey data, focus groups,
and participant observation, thereby converging evidence from multiple distinct da-
ta sources. The researchers compared results across multiple groups, where the da-
ta was collected at different points in time and in different geographic locations.

e Reliability. Relating to the repeatability of the study, the survey instrument and
focus group questions were designed over several iterations and involved other
subject matter experts and architects to review these and provide feedback. Using
respondent validation [36] the researchers reviewed the data with a group of archi-
tects to help ensure validity of the data and the findings

e Internal validity. This study does not attempt to establish any causal relationships,
so no internal validity threats are described [33].

e Bias. People tend to report decision-making experiences where there was a nega-
tive sentiment. This could impact the examples that participants chose to share.
The researchers encouraged participants to consider both positive and negative ex-
periences and outcomes.

4 Findings
4.1 NDM Conditions Under Which Architects Make Decisions

Architects in the survey report being satisfied with their decisions when they are able
to share common goals, collaborate with others, and are involved early and then able
follow-through their architecture decision to its implementation [30]. Feedback is
important to learning. As one architect notes, “To me it is very rewarding (for every-
body) to work and agree on architecture/design decisions in order to achieve a com-
mon goal. The mutual trust and respect is very important as well.”

When asked about challenges they faced in their role, architects expressed senti-
ments that exhibit several characteristics commonly found in NDM contexts. Table 1
contains some examples of architects’ experiences and how they relate to NDM char-
acteristics. Even with extensive experience, architects don’t always feel confident
about their expertise. As one architect notes, “It would be great to focus on one area
for certain time to build expertise.” Here, they are referring to a particular type of
expertise, i.e., expertise in the product, system, or subsystem. Dynamic, shifting re-
sponsibilities, and changing business demands added to their stress and lack of confi-
dence in their decision-making abilities.
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4.2  How Attributes of NDM Decision Making Influence Decision Making

Focus group participants were asked to share their experiences of architecture deci-
sions that they were involved with. A significant number of the examples from the
focus groups show evidence of conditions typical of NDM settings as characterized in
section 2. Findings are presented here in the same order as the NDM settings in sec-
tion 2.2.

Table 1. Examples of selected NDM characteristics from the study findings; TC=Team Coor-
dination, II = Inadequate Information, TP= Time Pressures, PDP= Poorly Defined Procedures,
DCC= Dynamic Changing Conditions

Architect’s Experience NDM Characteristic
TC I TP PDP |DCC
“finding time for direct collaboration in calendars.” X X
“Getting enough time from the knowledgeable archi-
tects is difficult - especially when their agendas are not | X X X
completely aligned with mine.
“Time — we’re all busy!” X

“we spend a lot of time in discussions and speculations
of how a feature was designed and implemented, instead X
of referring to a system spec”

“The transition to feature teams has dissipated in-depth

knowledge of our software” X X
“Not all the information is shared with architects which

could affect some architecture decisions in the initial X

phase of the project.”

“Not being aware of system-wide decisions (guidelines, X

policies) until long after they are made”

“It would make my job easier if other architects would

be concerned with making sure that others know what X X

they are working on, what decisions they have made
that affect my work.”

“Without an agreed process, there is always the tension
between the fast and dirty guys and the more structured X
guys who keep records of requirements and design.”

“The developers are encouraged by their managers to
provide independent solutions without seeking for an
agreed design, and sometimes even against an agreed

design.”
“Feedback on architectural decisions takes years, if
ever, to arrive. This makes learning from experience X

difficult if not impossible”

“Our organization has been in firefighting mode for a
long time, and that inhibits the ability to take a step X
back and look at the bigger picture.”

“People are so insecure about their jobs ... that they are

protecting information, not sharing, and are not open to X X X
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suggestions.” ’ ’ ’ ’ ‘

Time Pressure. The findings show examples of decisions that were made under time
pressure. One architect told of a decision made to implement a simple coding change,
even though it was known to be inadequate at the time and other alternatives could
have been explored. The reason for accepting the solution was, “because it was ur-
gent. Right now.” Another architect told of being directed to change their design to
“just make it fit” time allotted. Although architects acknowledged that decisions need
to be made for short-term expediency, e.g. to address an immediate customer need,
they aren’t always happy about it. One architect described frustrations felt about a
decision where, “The right people were in the room, but there were arguments that
were raised for the first time during this meeting. And we came with a proposal, and
for some reason, during a very short discussion there were raised new arguments that
couldn’t be assessed properly. And I think that there was a need to stop the discus-
sion, go and analyze the feedback, but was under a lot of ... I'm not sure if it was the
real pressure, but we wanted to finish up and to get a decision, and I'm not sure that
the right decision has been taken, just because of lack of time.” Was it actually lack of
time, or perceived lack of time? Is there a difference in how action is taken? If the
decision-maker feels time pressure, then it is real for them. Options are narrowed
when under time pressure. There is also evidence of decisions that were not made
under time pressure. Architects shared examples of decisions that were technology
focused and strategic or long-term in nature, e.g., API evolution, or creating guide-
lines for the use of microservice frameworks. These decisions were made more delib-
erately, involving experimentation and analysis.

High Stakes. The financial stakes are only one perspective of architecture decisions.
Architects in this study make decisions that impact products and systems with multi-
million- and multi-billion-dollar revenue streams. However, high stakes are not just
because of financial concerns. Architects make decisions that impact customer rela-
tionships, company reputation, future evolvability of the architecture, and market
competitiveness. Trust among peers and colleagues is a further theme that emerged;
the stakes are also high if that trust can be damaged. A discussion on how to establish
that trust and mutual respect is beyond the scope of this paper.

Experienced decision makers. The architects in our study were experienced and
generally confident about their decisions. However, occasionally they encountered
situations where they felt they lacked expertise. For example, one architect recounted
several situations where teams came to him for decisions even though he was not an
expert in their particular product area. He expressed feelings of self-doubt (“I don't
know all of these things. Winging it most of the time. I don’t really understand a lot of
this stuff.”). As the discussion progressed it was clear that the architect was an experi-
enced architect, and familiar with the technology domain. What he felt he lacked was
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specific experience with the technical components the teams needed help with, which
were outside his immediate scope of responsibility. However, his general expertise as
an architect and his expertise with the domain resulted in “good enough” decisions
that got the team over their immediate hurdle. This also bought them time to fill the
gap in organization knowledge. In another situation an architect explicitly sought
expertise, in order to make better-informed decisions: “For example, my team was
doing a feature .... They made a lot of changes we’re not still really comfortable
about, and then ...we went to approach the guy who had left our team. So, he came
and he was the one who reviewed.” Developing expertise takes time. An experience
was shared of a team that deliberately acquires necessary expertise to competently
make decisions in new domains: “Basically, when they become incompetent, they just
close the doors. And they say, ‘We will not entertain any request on this component
for the next six months. Nothing. Don’t come and talk to us if you want us to do a
good job...". ...[And on] the code, they write test cases, they reverse engineer, the
whole thing. Then they come back six months later, and it really is like you just
changed into a butterfly from a caterpillar. ... At which point, they 're really good.”

Inadequate information. Finding information can be difficult as one architect ob-
served: “so much documentation is missing that ... it becomes very complex to go
through the code and do the reverse engineering of what was thought.” Yet not every
architect expects important details to be recorded: “Usually, the decision of what was
decided will be captured in the document. The decision of why it was decided that
way should be captured in somebody’s head.” There are counter examples in the
findings where design rationale was documented: “They do use Confluence for man-
aging everything about the...decision to be taken and conclusions and conversations
and thoughts around the decision and everything we 've documented, easily to be ac-
cessed again... I'm using these sites and these pages. I always find what I'm looking

for.”

Ill-defined goals. Designing the high-level architecture for a feature can be compli-
cated as an architect notes: “Just the countless numbers of architects that are involved
and the lack of clear product ownership because we moved away from component
ownership to this feature ownership. Which the lines become blurred because you can
own a feature and you re shifting a feature into the solution but then it may impact a
number of other things supporting related features and stuff. It’s hard to understand
where’s the start and end of the product that you re supposed to be driving.”

Poorly-defined procedures. One architect expressed uncertainty about who should
be involved in decision-making: “I think that job description or responsibilities are
not well defined. Therefore, I'm talking about myself, you can always ask yourself
whether you are the right person to take [a] decision or do you need to consult with
someone else, or are you stepping on someone’s toes or not.” The shift to agile de-
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velopment has made the process of architecting system infrastructure less obvious; as
an architect noted: “Agile hasn’t given an adequate answer to scaffolding or to infra-
structure... So as long as we're talking a feature which has some kind of huge impact
it’s OK. If'it’s very narrow, end to end, it doesn’t impact on the system then it’s fine.”

Cue Learning. An architect brought up the issue that sometimes short-term decisions
may not be revisited, even when evidence may indicate that this would be judicious:
“The problem is that when what I think is decision making in many, many cases the
first decision is accepted as the final one and the project leader [is] not ready to
change direction and adjust the decision to problems found.” The discussion contin-
ued around what to do with new evidence, as the architecture can’t always be in flux.
As one architect notes, “People, in order to develop a solution, in order to develop
interfaces, in order to ... They need some stability. Even if it’s not the ideal solution,
we need a consistent solution.”

Dynamic and continually changing conditions. Under pressure to decide, one archi-
tect stated they had difficulty finding consensus for the bigger decisions that needed
to be made, “just because things are moving too fast for me, and the organization is
too in flux.” Consequently, they made lots of shorter-term decisions to compensate.
This person was an experienced architect and recognized the need for considering
long-term impacts. Under conditions of uncertainty and time pressure they adopted a
strategy that would be good enough in the short term, and keep the team moving to-
wards their longer-term needs. Another architect shared that they adjust their initial
decisions based on direct feedback and changing conditions. There are also examples
where organization politics can influence decision-making, adding to the volatility
and uncertainty of the context. For example, an architect shared that a directive was
given and not challenged: “my feeling was even though that was a directive or deci-
sion, not enough attention was given to nuance and to actual issues that will arise
from the deployment.” Another architect stated that “there are cases when up to dis-
cussion, the people who disagree with mainstream were removed from the discus-
sion.

Group coordination. While not all decisions are made by consensus, it often takes
time to gain consensus. One architect notes “because we’re focused on consensus
over multiple engineering teams and architecture teams all over the place, the pro-
cess has just gotten more complicated.” Another architect remarks “To me [it] is very
rewarding (for everybody) to work and agree on architecture/design decisions in
order to achieve a common goal.”
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5 Reflections on the Research Questions

RQ1: How does NDM apply to Software Architecture decision-making?

The study found that experienced software architects make many decisions under
dynamically changing business conditions, with time pressure, and having inadequate
information. NDM, and RPD in particular, seems suited to decisions that must be
made quickly and when fast feedback on the decision allows for course corrections.
The conditions under which NDM is appropriate, however, can be short-lived, e.g.,
the time pressure is temporary. Goals can become clear, or the need for clarity passes.
Information becomes available, or the need for that information passes.

RQ2: What are the conditions under which decisions are suited to an NDM
approach in software architecture?

Decisions that are made collaboratively, where there is mutual respect and trust
among decision-makers, and there’s enough expertise seem to be well suited to NDM.
Kahneman and Klein also observe that true experts know when they don’t know and
that ability to recognize a situation as novel is one of the characteristics of experts
[15]. The case study found examples where architects who didn’t know enough to
take a decision with confidence either found a way to limit the scope of a decision to
what they felt expert in, or found and utilized others’ expertise to improve the deci-
sion. Given the complexities of the systems they are designing, architects feel more
confident in their decision-making when they can learn from engineers and receive
feedback on the implementation of their decisions.

RQ3: What are the conditions under which decisions are not suited to an NDM
approach in software architecture?

Decisions that require investigation into new technologies or are outside the area of
expertise of an architect are not suited to NDM approaches. Other examples where
more analytic approaches are appropriate include choosing a new persistence technol-
ogy or migrating to a microservice architecture. These are conditions where poor
information is not tolerable. Environments where there are panels for reviewing archi-
tectures generally won’t use NDM approaches. In these settings, decisions are made
through argumentation, persuasion, and influence — tactics for which there is rarely
time in NDM settings. Moreover, even though certain situations may appear condu-
cive to NDM approaches, architects themselves, may question their own expertise,
and thus may seek out advice or take a more analytical approach to making an archi-
tecture decision.

Power, K. and Wirfs-Brock, R. (2019) 'An Exploratory Study of Naturalistic Decision
Making in Complex Software Architecture Environments', in 13th European Confer-
ence on Software Architecture (ECSA) 9-13 September 2019, Paris, France.



14

6 Conclusions

NDM is not a design decision process, but a way of understanding the context in
which decisions are made that, in the context of this study, impact architecture. NDM
is therefore process-agnostic. This exploratory study concurs with the findings of
Klein [17]; namely that recognition primed decisions are more likely when the deci-
sion maker is experienced in the domain, time pressure is great, and conditions are
less stable. It can be helpful to consider decisions as related to three domains of tech-
nology, solution, and product [27]. NDM is more likely to apply to select decisions
where new technologies are being introduced. NDM also applies in situations where
business and solution contexts are poorly understood, or are being invented, and this
has an immediate impact on architecture. Market and competitive pressures can force
situations that benefit from NDM. The team needs to decide something quickly and
move on. We found evidence that architects learn under conditions of uncertainty
when they get feedback. This feedback adds to their expertise and contributes to their
learning of important cues. This improves their capability for dealing with future sce-
narios where recognition-primed decision making is important. These findings are in
contrast to other researchers who claim that “RPDM is generally used by inexperi-
enced architects” [31]. Working in a complex, distributed environment poses great
challenges for naturalistic forms of decision-making. It can be difficult to get mean-
ingful and timely feedback. Decisions that involve a larger group take more time and
consensus building. One strategy reported to speed up decision-making was taking
decisions that were more limited in scope instead of building consensus. We also
found examples where decision-makers, when they felt they lacked expertise, found
other experts to help in making decisions or took the time to develop necessary exper-
tise before taking any actions. We also found an example of an architect who was
called on to make decisions because he was perceived as being good at making deci-
sions, even though he lacked specific expertise. Our findings concurred with the
NDM literature that there often is not enough time to build trust or gain widespread
consensus. We observed that authority is granted to architecture decision-makers
based on expertise and role. There is often an implicit and immediate and unspoken
agreement on granting this trust and authority in a triage situation that requires a rapid
architecture decision.

6.1 Recommendations

Based on the findings in this exploratory study into NDM and architecture, the re-
searchers propose the following preliminary recommendations for architects and those
responsible for creating the conditions under which architects do their work:

e Experts may not retain their tacit knowledge-informed expert status under dynami-
cally changing conditions. They may quickly and temporarily find themselves op-
erating in an environment where their particular expertise does not apply. Architec-
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ture expertise needs to be refreshed in software architecture. Architects are not just
doing the same thing over and over again. The context is shifting. Consequently, a
lot of learning happens on the job and timely feedback is essential to learning.

e Consider carefully the consequences of using NDM approaches when the neces-
sary expertise is lacking. Expertise is a critical factor to successful decision-
making. Growing expertise requires feedback on the consequences of decisions
and collaboration with others to share knowledge.

e Most architectural decisions are group decisions. NDM is more challenging in the
context of large groups that are distributed. More formality may be required to
reach agreement and document decisions in such settings.

e NDM decision-making may not be appropriate for locally optimized architectural
decisions. Sometimes seemingly localized decisions have broad system impacts. In
these situations, analytic approaches to decision-making may be more appropriate.

6.2 Future Research

This paper describes the first steps in a series of studies that the researchers are work-
ing on towards understanding how the software architecture profession can benefit
from understanding software architecture through the lens of naturalistic decision
making. This has applications for architects, architecting, and architecture. A better
understanding of Recognition Primed decisions (RPD) and other NDM models will
help architects apply appropriate decision-making strategies in the right context.

While localized decisions may appear expedient, sometimes they can have a
broader impact than anticipated. Understanding what conditions under which narrow-
er decision-making contexts are appropriate as well as the potential impacts of a series
of micro decisions is a topic of future research.

In addition, the social and political influence on decisions emerged as a point of in-
terest from these findings and is an area worthy of exploring in the context of NDM.
The NDM literature says little about the social and political context, e.g., they don’t
talk about politics of hospitals or fire stations. They focus on expertise. However, in
real-world software organizations, political factors are also an influence on decisions.

Klein, Ross, Moon, Klein, Hoffman and Hollnagel [36] report that as people gain
experience, they spend more time examining the situation and less on contrasting the
options, whereas novices spend more time contrasting options and less on compre-
hending the situation. We didn’t find evidence to support or disprove this finding, as
the architects in our study weren’t novices; they were experts encountering novel
conditions where they needed to make decisions. Further research is needed into how
experienced architects approach decision-making under novel conditions.
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