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Abstract 
In this paper we introduce the evolution tree - a 

software life-cycle model that describes software 
development as the continuous evolution of a software 
product.  That is, we view software development as a 
maintenance process based on a tree of engineering 
decisions made at various times.  These decisions are 
made by software engineers in response to 
modifications in the requirements as they are issued.  

Our evolution tree is a two-dimensional model for 
the entire software development process.  It reflects the 
phase-wise nature of the development of each version 
of the software product, as well as the need for 
maintenance as successive versions evolve.  In 
particular, the evolution tree can be used to identify 
those pieces of the software that need to be modified 
when the requirements change. 

The paper introduces an informal description of the 
evolution tree through a typical software development 
case study, and discusses the meaning of software 
artifacts, software documentation and maintenance 
within the context of the entire software life-cycle. 

1. Introduction 

The overwhelming majority of software 
development models treat maintenance as an activity 
that is performed only after the software product has 
been delivered to the client.  This view is in conformity 
with the definition of maintenance in IEEE 610.12 [2].  
In reality, however, software developers generally have 
to cope with continually changing requirements and 
evolving technologies, the so-called “moving target 
problem” [6]. In other words, because developers may 
have to modify the software almost immediately after 
the requirements have been approved by the clients, 
software maintenance may start at the earliest stages of 
the development and further maintenance frequently 
recurs throughout the development process. 

The iterative and incremental nature of software 
development is explicitly reflected in virtually every 
life-cycle model.  For example, the classical Waterfall 

Model [5] has feedback loops; the object-oriented 
Fountain Model [1] expressly displays iteration within 
each phase. Iteration and incrementation are intrinsic to 
the software process as a whole.  For example, almost 
every aspect of the Unified Software Process [4] is 
iterative and/or incremental in nature.  However, 
iteration and incrementation are performed to improve 
the extent to which the original requirements are 
satisfied.  In contrast, our concern here is the fact that 
the requirements themselves are frequently modified.  
Iterative and incremental steps are of little use if the 
requirements change.  More bluntly, there is not much 
point in trying to aim more accurately at the original 
target when the position of the target has moved.  

The fact that maintenance may be required 
throughout the development process is recognized in 
ISO/IEC 12207 [3] which states that the maintenance 
process is activated when “software undergoes 
modifications to code and associated documentation 
due to a problem or the need for improvement or 
adaptation.”  To prevent confusion arising between the 
IEEE and ISO/IEC definitions of maintenance, in the 
remainder of this paper we will use the term 
maintenance as defined in ISO/IEC 12207. 

We believe that it is essential to be able to roll back 
the development process to the precise point at which 
the new course of action deviates from the original one.  
For example, while the developers are engaged in 
building a software product with an alphanumeric user 
interface (ANUI), the client may modify the 
requirements and ask for a graphical user interface 
(GUI).  Merely stating a new requirement does not 
immediately reveal where changes need to be made to 
the associated documentation: the specifications, the 
design or only the code.  Nevertheless, we need to 
know where to start modifying the current version of 
the documentation in order to implement the 
modification to the requirements. 

In this paper we describe a model that 
acknowledges the maintenance aspect of software 
development.  Many aspects of our model are not 
totally new—some of what we describe here is the 
state-of-the-practice, that is, the way that software is 



currently developed in the software industry.  We view 
our work as an improvement to and extension of 
current practice and not as a radical shift. 

In the past, many software methodologies have 
focused on the final deliverables.  That is, software 
development has been viewed as the mechanism for 
creating code together with its accompanying 
documentation.  The realization of the importance of 
the software process has led to a change in this attitude.  
In particular, the Unified Software Process [4] stresses 
the “artifacts” of software development, that is, the 
components essential for software development, such 
as the design, plans and modules.  We view software 
development as a process whereby the artifacts of each 
phase are mapped onto the artifacts of the next phase; 
the process is complete when the initial artifact (the 
current version of the requirements) has been correctly 
mapped onto the final artifacts (an executable program 
together with its associated documentation). 

In this paper we describe the evolution tree model, a 
two-dimensional software life-cycle model that views 
software development as the continuous evolution of 
artifacts.  That is, we view software development as a 
maintenance-oriented process based on a tree of 
engineering decisions made at various times.  These 
decisions are made by software engineers in response 
to modifications in the requirements as they are issued.  
The development of any given version of the product is 
traced along a single unidirectional path that threads 
together all the decisions that were made during the 
development of that version, whereas two different 
versions may share a common path up to a split point.  
From that point onward these versions differ, either 
with respect to the requirements that they satisfy or to 
the different ways that the same requirements are 
implemented. The software product evolves, therefore, 
as its versions develop.  

For simplicity in what follows, we consider a 
simplified waterfall-style software life cycle composed 
of four engineering phases: 

• Requirements – elicit the user’s requirements  
• Analysis – construct specifications based on the 

requirements  
• Design – construct a design based on the 

specifications  
• Implementation – implement an executable 

computer program based on the design.  
During each phase various artifacts are produced. 

As depicted in Figure 1, documents are issued at the 
end of each phase. These documents are views of the 
relevant artifacts.  

We first informally describe our model by applying 
it to a case study. 
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Figure 1: Simplified software life cycle 

2. Software product evolution case study 

In this section we outline the main ideas underlying 
our model by means of the following Case Study.   

2.1 The controller program 

Prologue. The controller program (CP) was 
developed to close the control loop between sensors 
and electromechanical devices within a controller.  
Sensor measurements are transferred to the program in 
the form of an angle x, and the control algorithm is 
based on the value of trigonometric functions of x.  The 
initial requirements stipulated the required accuracy of 
the calculation and the required real-time constraint on 
the program.  The first version of the software was 
implemented using a mathematical library provided 
with the compiler.  Subsequently the following 
episodes occurred: 

 
Episode 1. Tests of the software on a simulator 

showed that the required real-time constraint could not 
be achieved.  A code walkthrough led to the discovery 
that the programmer had used double-precision real 
numbers in all mathematical calculations, as required 
by the mathematical library.  This caused the compiler 
to generate voluminous code to handle double-
precision arithmetic, despite the fact that the processor 
hardware did not support double precision.  
Calculations then showed that the required accuracy 
could be attained even if single-precision real numbers 
were used.  The programmer accordingly changed the 
type of the relevant variables to single precision. 

 
Episode 2. Before the programmer could complete 

her work, the newly purchased sensors arrived and 
were tested.  These hardware tests showed that the 
actual input rate significantly exceeded what was 
specified, and the real-time constraint was therefore 
likely to be violated once again.  The engineering team 
suggested replacing the trigonometric functions with 
precomputed stored tables to a certain resolution, using 
linear interpolation between points to meet the required 
accuracy.  This software change required additional 
RAM for storing the tables, but the compiler could 



handle the added memory without further software 
changes. 

 
Episode 3. In order to obtain a competitive 

advantage, management next asked the engineers to 
consider ways to improve the accuracy as much as 
possible while fully reusing the hardware, together 
with as much as possible of the software.  The strategy 
that was adopted was to split the precomputed 
trigonometric tables into subtables with different 
resolutions over the various input domains.  This 
change necessitated several alterations to the logic but 
none to the numeric computation, and improved the 
average accuracy by 50%.  Management decided to 
incorporate the current version of the software into the 
controller, which they then marketed.  At this point, 
development of the controller was complete. 

 
Epilogue. A few years later the sensors became 

obsolete and needed to be replaced by a newer model.  
The hardware engineers suggested taking advantage of 
the change to upgrade the processor at the same time.  
The software engineers pointed out that changing the 
processor would mean that a new compiler would also 
be needed.  They suggested rewriting the software in 
an object-oriented language.  At the time of writing, 
the project is 6 months behind schedule and 25% over 
budget.  However, the engineers are confident that the 
new controller will be more reliable and of higher 
quality, despite minor discrepancies in meeting its real-
time and accuracy constraints... 

2.2 Complete life cycle of CP 

The complete life cycle of CP includes several 
(partial) iterations of the simplified life cycle of Figure 
1.  Changes were made to the product by modifying 
one or more of the artifacts by repeating the relevant 
phases, resulting in modified artifacts. Let R0, S0, D0 
and C0 denote the documents (that is, the requirements, 
specifications, design and program) just before episode 
1 occurred.  Let Ri, Si, Di and Ci denote the modified 
documents produced in episode i, i = 1, 2, 3.   

The (empty) document prior to any developmental 
activity is denoted by φ. 

Figure 2 depicts the evolution tree (complete life 
cycle) of the controller.  As reflected in the figure, not 
every phase was performed in each episode.  
Furthermore, C1 is depicted in a dashed circle to denote 
the fact that, as explained in Section 2.1, this phase was 
never completed. 

Any directed path in the evolution tree leading from 
φ to any Ci denotes the individual life cycle of version i 
of CP. 
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Figure 2: Evolution tree of CP 

2.3 Maintenance phases 

The key difference between development and 
maintenance is that development is performed from 
scratch, whereas maintenance is performed by 
modifying existing artifacts. As a consequence of 
modifications to the requirements, the development life 
cycle consists of multiple phases, each with its own 
resulting documentation.  Each new set of artifacts is 
based on its now outdated predecessors.  That is, as a 
result of modifications to the requirements, a major 
activity during development is making modifications to 
existing artifacts. 

For example, design document D2 implements 
different requirements than D0. When requirements are 
modified, software developers are reluctant to discard 
everything that has been developed to date.  Thus, it is 
all but certain that the software developers modified 
the artifacts underlying design D0 when producing 
design D2. More generally, whenever the requirements 
are modified the developers almost always modify 
existing artifacts, as opposed to constructing new 
artifacts from scratch.  Thus, in addition to the four 
development phases of our simplified life-cycle model, 
namely, requirements, analysis, design, and 
implementation, there are four maintenance phases: 

• Rerequirements – modify the artifacts underlying 
the current requirements (e.g., rapid prototype, 
table of requirements) 

• Reanalysis – modify the artifacts underlying the 
current specifications (e.g., class diagram, 
dataflow diagram) 

• Redesign – modify the artifacts underlying the 
current design (e.g., sequence diagram, flowchart) 

• Reimplementation – modify the artifacts 
underlying the current implementation (e.g., 
source code, make file) 



This is reflected in Figure 3. Also, we observe that 
all the documents, except for the leftmost documents 
(with subscript 0), are new views of modified versions 
of earlier artifacts.  We consider the remainder of the 
tree to be the maintenance part of the life cycle. 
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Figure 3: Artifact maintenance in CP 

2.4 Universal artifacts and software evolution 

Now let us examine the leftmost documents more 
closely.  These documents were produced during the 
original development (engineering) of the product, 
before any modifications were made to the original 
requirements.  These are the original documents: the 
underlying artifacts were created from scratch.  Design 
D0, for example, was a pure innovation of the CP 
design team.  But is this really so?  Clients try to use 
their domain knowledge to state reasonable 
requirements, based on universal application-domain 
facts and rules.  Analogously, specifiers utilize their 
universal specification knowledge when producing 
specifications, designers utilize universal data 
structures and design patterns in their designs, and 
programmers usually make explicit use of universal 
software libraries.  Let us denote by RU, SU, DU and CU 
the set of universal sources of artifacts underlying 
requirements, specifications, designs, and code, 
respectively, that we believe were modified and then 
incorporated into the product.  This is described 
graphically in Figure 4 which shows that CP evolved 
through an inherent maintenance process that impacts 
both the original engineering plus all the modifications. 
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Figure 4: Incorporating universal artifacts into 

CP 

2.5 Evolution space 

Various other software life-cycle models (e.g., the 
incremental model) capture the evolution of a software 
product through time, as well as the individual life 
cycle of each version (or build) of the product.  
However, these models can be viewed as a series of 
complete submodels, each of which terminates with an 
implemented product (i.e., executable software).  In 
our opinion, this is not close enough to reality; in many 
cases (e.g., episode 2 in our case study), the course of 
development deviates from its original track before the 
current build can be completed.  We believe that the 
evolution of a software product can be represented in a 
two-dimensional space as follows: We denote by the 
evolution space of software the space whose axes are: 
•   the development axis  
•   the maintenance axis 

The development axis is the direction along which 
each individual version of the product is developed.  
This is the direction along which the phases are 
performed along the path from the requirements, 
through specifications and design, until the final 
product – the delivered executable software – is 
complete.  The maintenance axis is the direction along 
which artifacts are modified, as reflected in the 
resulting documents, in order to satisfy modified 
requirements. 

 Each node of an evolution tree in this two-
dimensional space represents a document indicating the 
completion of the associated phase. Thus, a node 
reflects the status of the evolution of the software 
product, in terms of a specific phase in the 
development of a specific version.  Figure 5 shows the 
documents of CP located in its evolution space. 
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Figure 5: Evolution space of CP  

3. The evolution tree life-cycle model 

Based on our experience in the software industry, 
what we are proposing here is not totally new.  As we 
stated in the introduction, in many respects what we 
describe here is the state-of-the-practice, that is, 
standard operating procedure within the software 
industry.  However, practitioners generally follow an 
informal process and consequently may not be 
performing the maintenance in an optimal fashion.  
Even formal software processes rarely refer explicitly 
to maintenance; maintenance is generally treated as 
something that is performed only after the software has 
been delivered.  Our life-cycle model incorporates 
maintenance as an integral part of the life cycle, and 
we now suggest to developers how to do it efficiently. 

Software development may be viewed as a process 
in which the requirements propagate from one phase to 
the next, being implemented in the artifacts produced 
at that phase and documented in views of those 
artifacts.  There are three types of maintenance that we 
need to consider.  First, suppose that we observe an 
unexpected behavior of the product.  First we go to the 
current starting requirements, and determine how the 
product is supposed to behave.  If it turns out that what 
we have observed is indeed a requirements violation 
then we need to move down the evolution tree, to 
determine the phase at which the current requirements 
were misinterpreted (i.e., incorrectly implemented).  
Suppose we discover that there is a design fault.  Then 
we have a branch point in the evolution tree at the 
design phase and we need to modify the design 
artifacts accordingly. 

Second, a modification in the current requirements 
forces a potential modification in every artifact 
constructed so far.  Starting at the root of the evolution 
tree and working toward the leaves, every document 

must be reexamined and the relevant artifacts modified 
if needed. 

Third, suppose that the requirements are modified in 
a way that leaves the functionality intact but requires a 
specification change.  For example, in the Controller 
Program case study (Section 2.1), suppose the client 
wanted the alphanumeric user interface (ANUI) 
replaced by a graphical user interface (GUI).  In such a 
case, we again start at the root of the evolution tree and 
work down to the first phase at which the artifacts have 
to be modified, in this case the specification phase. 

The basic operation that we perform throughout is 
modifying the artifacts affecting a particular phase to 
ensure that they now conform to the current 
requirements, either because the requirements were 
wrongly implemented the previous time that phase was 
performed (“corrective maintenance”) or because the 
requirements have been modified (“adaptive or 
perfective maintenance”).  But whatever the reason, in 
this basic operation we modify the current version of 
the artifacts affecting that phase.  That is why we stated 
at the beginning of this section that maintenance is an 
integral part of our life-cycle model.  

Suppose that the original requirements for a certain 
phase were R and that the modified requirements are 
R′.  We can consider R′ as consisting of two pieces: the 
unchanged part of R, and changes to R.  In the best 
case, the changes to R will be small relative to the 
unchanged part, and it will be possible to modify just 
the portion of those artifacts that are directly affected 
by the modification to the current requirements.  For 
example, if the Controller Program were designed in 
such a way that the ANUI was essentially independent 
of the rest of the product then replacing the ANUI with 
a GUI would mean that the relevant artifacts affecting 
the design would have to be changed.  However, the 
rest of the artifacts would not be modified.  In the 
worst case, almost every artifact will have to be 
changed.  Therefore, in order to minimize the 
maintenance effort, products must be designed with 
maximum cohesion and minimum coupling [8].   

4. Conclusions and future work 

We have shown that maintenance is an intrinsic 
aspect of the software life cycle.    As the client’s 
requirements change, it is necessary to modify the 
partially completed product so that it now satisfies the 
new requirements.  In fact, maintenance takes place 
from the very beginning of the process; we almost 
always use universally available constructs  (such as 
design patterns, software libraries, and standard data 
structures), rather than genuinely develop a software 
product from scratch. 



Our evolution tree is a two-dimensional model for 
the entire software development process.  It reflects the 
phase-wise nature of the development of each version 
of the software product, as well as the need for 
maintenance as successive versions evolve.  In 
particular, the evolution tree can be used to identify 
those pieces of the software that need to be modified 
when the requirements change. 

The life-cycle model described in this paper is based 
on a simplified waterfall model.  However the ideas of 
the evolution tree model are clearly applicable to any 
other development model.  

Before the evolution tree model can be used in the 
industry, it will be necessary to introduce a practical 
methodology centered on the evolution tree.  We are 
currently investigating such a methodology [7]. 
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