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Abstract: This paper is based on studies of industrial development projects
over a period of more than a decade. The findings are in terms of recognizable patterns rather than in terms of numbers. The most important conclusion is that
understanding the application domain problem is one of the most important success factors in the development of complex systems. The next conclusion is that,
in most cases, knowledge and experience from many disciplines will be needed to
find an acceptable solution. So, solving the application domain problem will
require team understanding and team learning. It is described how the Team
Learning Paradigm for system development can be built from experience in other
fields, and how methods and ideas from different disciplines can be combined to a
new model for system development.
Section 2 presents the contributions from the areas of System Architecture and
System Development Models. Section 3 compares the Incremental Improvement
paradigm with the Technology Shift phenomenon; the Kaizen and the Kairyo strategies in Japanese. In Section 4 the general requirements on education in society
are discussed and also how these are related to system development. In Section 5
the pieces are put together to the Team Learning Strategy for system design and
development. Related work in Section 6, and Conclusions in Section 7 complete
the paper. As ideas and experience from many different areas have been used,
there are almost 30 references.
Keywords: Team learning, system development, system development model,
system architecture, software engineering, process improvement, quality assurance.
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1.

Introduction

The conclusions and observations presented in this paper are based on studies of
many industrial development projects over a period of a couple of decades. The findings are mainly of a qualitative character, where the empirical evidence is in terms of
recognizable patterns. The conclusions can be verified (or falsified) informally, as they
are presented to experienced and skilled people and compared to their own conclusions. One impression is, without giving any numbers even here, that a majority of the
system architects and designers in industry have reached very similar conclusions,
while academic people tend to make observations supporting the benefits of their own
theory, their own development model or method, or their own set of tools.
In most development projects there are many success factors. In order to reach the
goal you have to understand the problem and know and organize your resources and
make an appropriate choice of methods and tools and, in the long run, improve your
skills and your development process. The scale eventually determining Failure or Success will in most cases in particular consider your weakest points; a weakness in one
feature can not normally be compensated by excellence in another area. A chain is only
as strong as its weakest link. So, while this paper focuses on just one aspect of system
development, team learning and understanding, it does not claim that the other aspects
are unimportant. All capabilities are required. However, some of the others have been
in focus for several years, while the team learning aspect has, in general, been
neglected. Hence this paper aims at achieving a better balance in the interest in the different success factors involved in complex system design and development.
Another implicit message in the paper is that most of the characteristics of the
design and development of complex software systems are valid for complex system
development in general. The software design and VLSI design areas, for instance, have
much to learn from each other, and both would benefit from being regarded as the
same engineering discipline: system design.

1.1. Research methods
There has been some demand, see Basili [1], Tichy [2], and Fenton [3], on more
empirical research in software engineering. The most common interpretation of empirical, however, has been in terms of controlled experiments where you can assign numbers to the quantities. However, a wider scope for the empirical observations has also
been discussed, e.g. Adrion [4], and Glass [5]. In many other disciplines purely qualitative empirical methods are common and well established [6].
The conclusions in this paper are based on observations of many kinds of industrial system development projects. Sometimes the observations have been by means of
case studies, that is by mere observation and analysis of the activities, the documents,
and other material, by interviewing key persons in the project, etc. This type of
research is purely observational; you do not as a researcher introduce new methods,
models, or tools to be used in the project for test and verification. In large projects the
observational approach is normally the only method possible. You are not allowed to
perform any controlled experiments or even influence the selection of methods or tools,
because the projects are too big and too important. It is out of question to replicate
activities and compare results. It may be possible to study some of the issues in lab situations. However, the large-scale aspects can not. Problems due to system size or to the
complexity of the system or the development organization are not scalable. In disciTeam Understanding
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plines like astronomy, weather forecasting, national and global economy it has been
widely accepted for long time that controlled full scale experiments are impossible.
The research on models, methods and tools for the development of complex systems
may be of the same character.
Another method is the action research approach. Here you do not perform any
controlled experiments either, but you have managed to convince the project leaders
and the project management to use some new method, tool, organization, etc., and your
objective is to study the consequences of the introduction of this new component. The
conclusions about the team learning aspects of system design and development in this
paper are based on an action research effort, where the Problem-Based Learning model
has been used in the development of a training program for industrial system design
engineers.
In science and engineering it is sometimes difficult to achieve acceptance and
appreciation for empirical research where you can not specify your observations in
numbers. Nevertheless, you can make relevant interesting observations, define and test
models and hypotheses, and develop and verify/falsify theories in general. Maybe the
most important results in science are of a qualitative character. Charles Darwin’s work
[7] is an excellent example.

1.2. Outline of the rest of the paper
This paper presents how methods and ideas from different disciplines can be combined to a new model for system development. Section 2 presents the contributions
from the areas of System Architecture and System Development Models. Section 3
compares the Incremental Improvement paradigm with the Technology Shift phenomenon; the Kaizen and the Kairyo strategies in Japanese. In Section 4 the general requirements on education in the society are discussed and also how these are related to
system development. In Section 5 the pieces are put together to the Team Learning
Strategy for system design and development. Related work in Section 6, and Conclusions in Section 7 complete the paper. As ideas and experience from many different
areas have been used, there are almost 30 references.

2. System Architectures and System Development Models
The means for handling complexity in system development projects are System
Architecture regarding the system to be developed, and Development Model for the
organization and management of the development task. In both cases the divide-and
conquer strategy is applied. The architecture presents the complete system as a number
of components and subsystems, where each component can be considered separately to
some degree [8]. In the same way, the development model divides the total development effort into separate phases or activities [9]. It is outside the scope of this paper to
give a survey of the two areas. The references do, however, and they contain in turn a
number of references.
The point to make here is that both the architectural approach and the development
model view primarily consider the deliverables: the architecture deals with the technical dependences and relations between the components to be delivered, and the usual
development model with the management of the deliverables and of the process where
they are ”produced”. In both cases there is a product-oriented view. The task is to pro-
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duce the deliverables: the requirements and design documents, the code modules and
configurations, the test specifications, the user and maintenance documents, etc.
Of course a system architecture and a development model are necessary, but the
question is whether they, in their traditional sense, really are the cornerstones of system
development. Are they alone the most important success factors?

3. Incremental Improvements versus Technology Shifts
The architectural and the development models are product oriented. However, ”it
is the process where the deliverables are produced that is important”, it is often claimed
by people from the process improvement and quality management communities. ”The
means to improve the overall result is to improve this process.”
There are two mechanisms for improvements (in terms of quality, productivity,
functionality, return on investments, etc.). The continuous paradigm: the Japanese Kaizen (improvement) philosophy [10], the quality assurance strategy in the same spirit
TQM [11], and the process centered views CMM [12], [13], ISO 9000[14], etc., where
in a systematic way you define the roles and responsibilities, learn from your own
experience, and make (small) improvements in all the components of your business.
That is, you are taking small steps within the current structure and the current technology.
The rest of the world tried to copy the success in the Japanese photo, car, and consumer electronics industry in the seventies and eighties. The Kaizen philosophy has an
impact as illustrated in Figure 1(a).
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Performance index, I, of some kind, versus time.
(a) for continuous improvements, Kaizen, and
(b) with discontinuities, e.g. due to technology shifts, Kairyo, at times t1 and t2.

However, there are also other mechanisms and strategies for improvements.
Instead of taking small steps within the existing structure you can make more drastic
changes, Kairyo, Figure 1(b). You can switch to a new technology, a new design or
assembly method, a new organization of the work, or a new team with better skills and
knowledge. Quite often such new technologies have been developed and exploited in
new high-tech companies. Examples of such shifts are: from vacuum tubes to semiconductors, from mechanical to electronics-based calculators, from discrete components to
(V)LSI technology, from LP to CD records, from assembly level programming to
application oriented modeling tools.
If you build your strategy upon the continuous improvement model, Figure 1(a),
you will achieve robustness and stability within your current structure and organizaTeam Understanding
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tion, but you may lose flexibility with respect to new technologies. On the other hand,
if you focus on readiness to adopt new technologies, you may pay by not detecting
possible improvement within the current structure. To quote from Druffel [15], former
director of the Software Engineering Institute:
As we progress in our understanding of our process and evolve measures, let
us not forget a lesson learned from improvement efforts in other businesses. A
narrow focus on continuous process improvement can make us oblivious to
fundamental changes that would yield enormous improvement. We must
ensure that measurement does not impede acceptance of paradigm shifts the
research community proffers.
To balance the two strategies of robustness and improvements within the current
framework on one hand, and flexibility and ability to exploit new technologies on the
other, is one of the most important strategic decisions within an organization.
However, both the quality management movement and the process improvement
one are in principle production oriented. They have inherited the models and the concepts mainly from the manufacturing and assembly plant environments. Design and
development are viewed as rather mechanical activities controlled by rules, guidelines,
and handbooks. Concepts like problem understanding and creativity are not in focus.

4. The New Abilities Required
Let us just add one more component before we put the pieces together in the next
section. It is a very general observation that a professional education today does, in
general, not last for the of one’s whole life. Regardless of profession you need to learn
new concepts, new methods, how to use new tools, etc., several times during your
career. This applies in particular to engineering. The situation for a person graduating
from an engineering program today is quite different from the situation a generation
ago. In short, the new situation implies:
1. ABILITY TO LEARN is more important than static knowledge about facts.
2. ABILITY TO COMMUNICATE AND COOPERATE are more important than
individual brilliance.
3. ABILITY TO UNDERSTAND TOTALITY is more important than narrow knowledge about details.
4. ABILITY TO ACT AND ASK QUESTIONS is more important than ability to follow detailed instructions.
Just a brief motivation for each point:
1. As everything, especially the technology, changes very fast, it is no longer possible
in an organization to rely upon a central function for planning and executing continuing education and training for the engineering staff - the time delay from the
detection of the need to the execution would simply be to long. Hence the responsibility to follow the trends and to identify the actual learning needs must be given to
the individual design engineer or to the design teams.
2. Today almost every design task is such that knowledge and experience from many
different areas are needed to find an acceptable solution. One individual engineer,
regardless how smart, can not find the solution him/herself.
Team Understanding
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3. The integration of material from different domains is generally needed. In the
design team there must be persons able to bridge the gaps between the different disciplines.
4. The traditional model where instructions are propagated downwards in the development organization is today inadequate for two reasons. Firstly, the understanding of
the problem to solve evolves in parallel with the design. That is, nobody is able to
write in advance design specifications that will survive. Secondly, even if there were
people able to grasp and describe everything initially, many things would change
during the course of the work. The demand on flexibility will require design and
development engineers thinking by themselves and asking questions when needed,
rather than just reading possibly outdated documents.
The new requirements on abilities are one of the reasons why Problem-Based
Learning [16] and Project-Organized Curricula [17] are getting more and more attention [18], at schools as well as at universities. The new requirements on skills and
behavior patterns on the design and development engineers in industry are following
the same trend as the general demand in the society.
The list of ”abilities” is in terms of attitudes and behavior rather than about knowledge about facts. The attitudes required are along the same line as you can read in the
best-seller by Covey [19]. In order to change attitudes and behavior patterns, however,
other means than traditional lectures and classes are needed. Team learning is such an
approach.

5. Team Learning as a Strategy for Design and Development
”What determines whether a complex development project will succeed or not is
whether it is possible to establish an understanding and a shared opinion about what to
do and how in the initial group of persons defining the project. The rest is often fairly
straight forward”, Schefström [20].
The importance of the understanding in the very first phase is also verified by others. ”Most safety-critical software errors can be traced to errors in the requirements that is, to misunderstandings about what the software should do”, Leveson [21].
So, there is some evidence that the development of an understanding of what to do
may be equally important as the ability to implement something once it is specified.
This is not surprising if you accept that system development is an intellectual design
activity rather than a mechanical production task. This understanding will in most
cases take place at the team level. The situation, or the problem, is so complex that
knowledge, experiences, and skills from many different areas, will be needed for its
solution. Successful system design and development require successful team learning
and team understanding. The problem solving capability exists when an appropriate
team is working together in the development of the shared understanding.
At the Center for Organizational Learning, MIT Sloan School of Management,
team learning in industrial projects has been studied for a long time. In [22] and [23]
Senge presents his five disciplines: Systems thinking, Personal mastery, Mental models, Building shared visions, and Team learning. He claims that all five, as an ensemble, are required. The team understanding is also a key component in the new system
development model at Microsoft [24]. The team aspects have gained some attention in
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the general management and quality engineering literature; see for instance Smith and
Reinertsen [25].
In a complex system development project there are many teams, many problems,
and many design alternatives. However, for each activity, there are always two steps:
the mental one to understand what to do, and the production one to package the result
of your understanding so that it is made available to other parties; see Figure 2.

Problem to Solve
and all its aspects.

Team Learning
(A Mental Process)

Shared Vision and
Team Understanding
of the problem.

Formalizing and Packaging the Understanding
(Mainly a Mechanical Production Process)

Figure 2

Each step in the system development process,
where humans need to be involved, has a
mental phase: Understanding what to do, why
and how, and a production phase: Packaging
the result of your understanding so that it can
be delivered to other parties (other development
teams, system integration mechanism, test
facilities, customers, etc.)

Deliverable
(a simulation, a model,
a code module,
a manual, etc.)

In the team understanding paradigm for system design and development, the team
learning is put into the center and made the main concern. The question is how to apply
the paradigm to the development of complex systems in the real world. The total development effort must be distributed to many different teams. So, there are now three
immediate questions: How big is a team? How do you manage and coordinate many
teams? How do you initiate and support the team learning process?

5.1. Team Size
The question of optimal team size has been studied in many contexts, and a presentation of all these aspects is outside the scope of this paper. Just two remarks:
• Initial disagreement and various backgrounds in a team will add tension and new
dimensions to the shared understanding. Agreement and similar backgrounds within
the team will narrow the scope. With less than five persons in a team there will not
be a sufficient amount of ”interface dynamite”.
• A team acts as a team only if there are established relations between each pair of
persons in the team. With more than eight persons in the team it will be too expensive to establish and maintain all these relations. Eight is an upper limit.
In each design and development team there should be five to seven persons, if necessary up to eight can be acceptable. The exact limits are not important here, just the
implication that in every complex real world development project you need to have
many teams, and the obvious question is now: How to coordinate and assign tasks to all
these teams.
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5.2. Team Coordination
One simple way to initiate a large project is to define a number of subtasks, specify their contents, and assign people to each one. Thus you have an initial structure of
the project organization. Are there really any alternatives to this hierarchical distribution of work and responsibility? The contract between the customer and the vendor
must contain definitions of what to deliver and when. The allocation of resources to the
different units must be based on specifications of the work to be done.
The question of team coordination manifests the difficulty with the introduction of
the new model. Implicit in the team understanding paradigm is the assumption that the
team input is not a formal unambiguous document defining exactly what to do. The
definition of the relations and interfaces to other teams is part of the task; it has not
been possible to do this in advance. Hence, some method other than the tradition hierarchical decomposition is needed for the coordination of the total effort.
The old model works in the case where you already have the knowledge needed to
do the decomposition into subtasks. If you have developed similar systems before, this
can be possible, provided you develop the new one in a similar way. However, if technology shifts are involved, learning and new understanding will be necessary. As learning, in the sense of finding solutions to complex problems, is best organized in teams of
five to eight persons, you may have to start up many parallel teams to be able to gather
the understanding needed in time. So, you have to distribute responsibility for the
learning instead of for the development among the teams.
The understanding has to be coordinated and integrated. Tools for modeling, simulation and animation are excellent vehicles for communication, within as well as
between the teams, of ideas about intended system behavior and system structure. Such
tools may take the part of the roles requirements engineering and formal specifications
have in the traditional model. In later steps, where the implementation of the shared
vision established has started, there must be means for the integration of the contributions from the different teams.
One such approach is the Daily Build Strategy introduced within Microsoft [24].
The idea is that each team, five implementors, five testers and one coach, has the task of
implementing one specific feature in the next release of a product. Each day a new
internal version of the product is built, and at least once or twice a week each team has
to submit their component for integration. This way the evolving interfaces and interactions are tested and verified incrementally, as well as the behavior of the total system.
Exactly the same strategy, for exactly the same reason, was successfully used in a
smaller scale for a group of 30-50 engineers within Satt Control AB in the eighties
[26].

5.3. Team Learning Support
There are two main sources of experience in the team learning area. One is from
using groups or teams in ordinary university curricula, and the other is the use of teams
in industrial training programs. In the first case there are different models of how the
team is used.
In the Problem-Based Learning (PBL) model [16], in particular as it has been executed in health care programs, there are variants of the operational guidelines with
seven or nine steps in the cycle. The starting point is always ”a realistic situation” used
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for brain-storming and associations. After the brainstorming there is structuring, definition of problems, and definition of learning needs. Then there is a phase with literature
studies, etc. That is, in the PBL method in its normal setting, it is assumed that the
knowledge exists and is available e.g. in the library. The initial realistic situation is
designed by the teaching staff for its educational purpose, and the students are not
required to eventually ”solve the problem”. The examination is also normally taken
individually according to the knowledge goals defined for the period. The student
group is called ’tutorial group’. In the Project Model [17], the students have to solve or
investigate a real situation, and the task for the team is to develop and present a solution. It is normally up to the students to organize the work and to make assignments for
the members of the project group. For both PBL and Project Organized programs, there
are many variants. However, they share the basic view: learning and not teaching is in
focus, the use of the group in the learning process, and problems in the real world are
starting points for the learning.
There is also experience from industrial training. In particular Senge’s model [23]
can be applied directly. We have used a combination of PBL and the Senge model for
the training of design engineers in industry [18]. Initially the PBL Cases, or the Microworlds in Senge’s terminology, can be designed for training purposes, but rather soon
the Cases or the Microworlds can be unified with the real situation, and thus the model
is applied to the system development task itself and not to artificial training problems.
The basic PBL idea is that you first try to understand the problem, then look
around for solutions. Hence, if you are considering introduction of the team learning
strategy into your organization you have to understand the needs first, and then you can
bake your own pie from the ingredients readily available. Senge’s Fieldbook [23] is an
invaluable source to dig into at this stage. The team is not just the optimal mechanism
for problem solving. It is also the cornerstone of organizational learning. Senge:
It can’t be stressed too much that team learning is a team skill. A group of
talented individual learners will not necessarily produce a learning team, any
more than a group of talented athletes will produce a great sports team.
Learning teams learn how to learn together. Unless the teams can learn, the
organization can’t.

6. Related Work
The idea that learning and understanding are important components in system
development is not new. However, in general the implications on the system development model are neglected even if there are exceptions.
The organizational learning is one objective behind Boehm’s spiral model [9].
However, it is about collections of data rather than about learning and understanding at
the team level. The Experience Factory at the Software Engineering Laboratory developed by Basili and others [27] is definitely a model for learning. However, the responsibilities for system development on one the hand and the responsibility for collection
of data and experiences on the other have been separated. Hence, the learning achieved
in one project can normally not be applied until later projects. The Experience Factory
model has been used successfully not only for incremental process improvements, but
also for the evaluation of technology shifts, Figure 1(b).
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At the Software Engineering Institute the Capability Maturity Model (CMM)
effort has received much attention [12]. CMM is very organization and production oriented. Understanding and learning are based on collection of data from the ”production
process”, and not as a mental activity aiming at better understanding of the application
domain problems. In the follow-up, the Personal Software Process (PSP) is defined
[28]. Here learning in the software domain is the main concern, and only at the individual level.
There are approaches to product development in general with relevance to the
ideas in this paper. Concurrent engineering and the shortening of development time in
general [25] mean releasing the constraints available in the waterfall model. In particular the Wavefront Method [29] has been looked upon in relation to the team understanding approach.
The study at Microsoft by Cusumano and Selby [24] has already been mentioned.
Few organizations can directly copy the Microsoft model. However, we can all learn
something from it. The experiences from Senge and others at MIT Learning Center are
highly relevant for anyone interested in system design and development in general.

7. Conclusions and Future Work
So, the main conclusion from many development projects in industry is that the
major difficulty is to achieve a shared vision and a general understanding of what to do,
why, and how. The development of this shared vision and understanding has to take
place in appropriately composed teams of, ideally, five to seven persons. This understanding of the application domain problem has very little overlap with the learning
mentioned in process improvement literature, where you only focus on tuning “the production plant”, i.e. the parameters of the development organization.
The development of mechanisms and support for this team understanding is one of
the most important success factors in an organization. The rate at which organizations
learn may become the only sustainable source of competitive advantage. Ray Stata of
Analog Devices, in [22].
Senge’s statement that it is just at the team level the learning can take place is difficult to verify. However, our observations are not in conflict with this statement. In our
ordinary university curricula the group approach is beneficial for most of the students,
but there are a few who prefer to learn individually. In a complex development project
there may be room and need for deep technical specialists in some cases, even if they
do not feel comfortable in the team discussions.
In the future we will try to integrate the team learning approach better with ideas
about system architecture, where the system architecture is regarded as a framework
where the different contributions of shared visions and team understandings can be
communicated in the organization and reused in future system families [30]. The initial
understanding constitutes the backbone of the architecture, and as further learning
takes place, the architecture evolves and becomes more and more decorated. However,
it would be a mistake to think of the architecture in this sense as a data structure or as a
repository, where everything is formalized and can be retrieved when needed. The
application domain understanding resides in the minds of those who have developed it.
The communication of this understanding to other teams or other persons is a social
process and not just a transfer of data or the delivery of a document.
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The main difficulty when applying the Team Understanding Model in complex
and large development projects is the coordination and integration of the partially
autonomous activities. The model from Microsoft works when you are building new
releases of existing systems, and the same model was useful at Satt Control in a smaller
scale, where it was rather easy for the system architect to communicate his initial
vision to the rest of the team. CASE studies of similar processes in other organizations
would be of great value.
In our experience, there are very important national and cultural differences in the
attitudes to the use and the coordination of autonomous teams. A team aiming at developing an understanding of such aspects needs participants from many different disciplines indeed.
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