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Abstract
In this report, we discuss the notion of Technical Debt and formalize the
concept as a basis of disciplined study. This formalization allows us to
characterize and measure Technical Debt independent of its source. We
will then introduce approximations to measuring Technical Debt that can
be more easily applied in practice. As a result we arrive at a method for
deciding on tackling Technical Debt, which relies on a formal approach, with
clearly identified approximations. We will also illustrate our approach with
an example.
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Chapter 1

Introduction
The notion of Technical Debt has gained significant attention in the scientific literature as well as in industrial practice, lately. There is an increasing awareness that a sole focus on creating the next customer-relevant
feature might be insufficient for longterm sustainable development [NOS12,
BCG+ 10].
The problem, which is created by a development style, which centers on
the next feature to ship, is that software structures are favored, which may
include the feature, but may make it at the same time harder to support future change. This is often characterized as Technical Debt [Kru12, KNO12].
In this report, we will discuss the basic concept of Technical Debt, which
is often only treated on a rather informal level, and will provide a thorough
analysis of its conceptual foundations. This critical appraisal of the concept
will also support us in providing a more precise definition of Technical Debt
and derive from this a well-founded metric as a basis for decision making
with respect to technical debt.
According to Kruchten [Kru12] Technical Debt has been introduced by
Ward Cunningham at OOPSLA 1992. He is cited with the words
”Shipping first time code is like going into debt. A little debt
speeds development so long as it is paid back promptly with a
rewrite...
The danger occurs when the debt is not repaid. Every minute
spent on not-quite-right code counts as interest on that debt.
Entire engineering organizations can be brought to a standstill
under the debt load of an unconsolidated implementation, objectoriented or otherwise.”
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Technical debt can become particularly visible if different development
paths are compared. While some lead to very significant rework, others do
lead to little or no rework, even for the same system [ODPGC10]. A similar
phenomenon, which may occur in the context of different adoption paths for
product lines has been discussed in [Sch03].
Many authors discussed technical debt and related issues over the years,
emphasizing the importance and broad applicability of the concept. See
Kruchten [Kru12] for a good overview and a list of sources.
It is important to note here, that the concept of Technical Debt was
initially introduced merely as a metaphor. A metaphor has many positive
qualities, like being easy to understand and seemingly intuitive. However,
a metaphor is essentially an analogy, thus it can usually not be precisely
mapped to reality. Rather there are certain aspects, where the metaphor
simply does not adequately describe the real phenomenon under study; this
is sometimes also described as the “analogy breaks down”.
In order to better understand what technical debt is — or more precisely
is meant to be — let’s look at where the technical debt metaphor breaks
down:
• Financial debt increases over time (based on the interest rate), independent of what we are doing, even if we do nothing. This is not true
for technical debt: if there are no further changes (either internally or
externally motivated), it does not change.
• Financial debt is absolute in the sense that it can be measured independently of any specific activities. This is not true for Technical Debt,
depending on the specific future development activities, we will see different levels of problems, thus observing different levels of Technical
Debt. For example, for an information system, the way existing functionality is realized may be regarded as a liability from the perspective
of adding access rights to different user groups, while the same system
might appear simple to evolve if only a new functionality should be
added.
If we try to phrase the concepts of debt in financial terms, this helps to emphasize the differences. The concept of financial debt F D can be described
as:
F D = f (b, r, t)
(1.1)
Thus, the financial debt is a function of a certain base value b (the amount
of money that was initially taken out), the interest rate r and the duration
4

over which the interest accrues t. Looking at these parameters, it is not
easy to identify a direct mapping to the concept of technical debt described
earlier (e.g., as described above: time cannot be directly mapped to time in
a development). However, we can roughly map the debt to an initial decision
in the realization, which turns out to be problematic from the perspective
of future evolution. The debt (in terms of effort) can be interpreted as
the difference between what should be done vs. what was done. It gets
compounded by additional development that leads to further problems. This
relates both to the rate r and the time t.
More generally, we can say that Technical Debt is strongly related to
software evolution, respectively the effect a degradation of software quality has on the possibility of evolution. Thus, we will continue our analysis
by first focusing on how the underlying problem—degradation of software
quality—can be adequately described and measured. Throughout the following analysis, we will focus on two research questions:
1. Can we develop a precise definition of the concept of technical debt, along with a metric to measure it?
2. Can we use this as a basis for deciding when to restructure
a system in order to ensure long-term optimal evolution of
the architecture?
If we want to measure the impact of Technical Debt on software development, we need to determine some form of utility loss. Different possibilities
exist as a basis to define this utility loss. Which concept we will use will
have a fundamental impact on the further details of our analysis approach.
Thus, we want to discuss briefly some options:
Cost-avoidance: We can use the reduction in total development costs (i.e.,
in the long-term) as a basis.
Improved time-to-market: This has benefits on two sides: return is earlier, thus, if we use discounted-cash-flow (DCF) analysis as a basis for
characterizing the benefit, we improve the results by earlier returns.
But this might also give more returns by getting a higher market-share
(higher revenues).
Customer benefit: Customers have a higher benefit, if they have more
time to use the system.
...
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Many different approaches to modeling utility are possible, just like for utility (or economic advantage) in product line engineering, for which we provided a detailed discussion in [Sch01]. We will follow roughly the guidance,
we gave there and start our analysis with the simplest type of utility (costavoidance, which can be roughly equated in industrial practice with effort
reduction), while neglecting for the moment the aspect of time. (This would
amount to a Level-1 model in [Sch01].) The reason is that only once we
determine cost (or more precisely effort), we are even able to make any analysis of time as development time in turn depends on the required effort as
we discussed in [Sch01]. This is then needed for determining DCF-aspects or
to perform an analysis based on lost customer benefit. The next section will
formalize Technical Debt from a pure cost perspective. Introducing further
aspects of the effect of Technical Debt will be the subject of future work.
In this regard our approach to Technical Debt is simpler than other work
(like [NOKGR12]), however, on the other hand, we provide a significantly
more detailed and formal analysis based on this. We also plan to extend our
approach in future work to further utility dimensions.
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Chapter 2

Technical Debt as Future
Cost
The way we rephrased the problem of measuring Technical Debt in the previous section, we regard it mainly as an indicator to determine when an
improvement must be done. However, more precisely the term Technical
Debt only emphasizes negative effects (aka a metric), not the decision outcome itself. We will later explicitly address the issue of decision making
based on Technical Debt. In this section, we will focus on refining Technical Debt as a metric that can be used to characterize positive effects of
structural improvement of software.

2.1

A Basic Formalization of Technical Debt

An important observation is that technical debt is — neither from the perspective of the metaphor, nor from the viewpoint of a technical metric —
purely an architectural issue, although the discusssion of this often links it
to architecture [KNO12, Kru12]. Rather, it can come in many forms that
may result from all parts of the development lifecycle and be contained in
all types of artifacts. Thus, we can more adequately describe it as a system (realization) aspect. Architecture decisions only address some part of
it, albeit an important one. Due to the importance of architecture to system realization it is sometimes possible to approximate technical debt as
architectural debt:
T D = f (S) ≈ f (AS ), where S denotes a system and AS its architecture.
(2.1)
7

Further on, we will always address Technical Debt as a property of the
system (realization) as a whole. We are also fully aware that the notion of
debt is sometimes explicitly connected with issues that are not part of the
realization (e.g., requirements debt), but we will not further address this.
On the other hand we will include aspects of the realization like build system
debt (cf. [MGSB12]).
Technical Debt essentially characterizes a problem of the system realization. However, if we are interested in the relevance to the development, we
can measure it in terms of the costs that it creates. The cost is not the root
cause, which is technical, but it is the key metric that impacts the future
development. In this sense, Technical Debt can be seen as a form of cost:
the extra cost of further evolution that needs to be paid on top of what is
absolutely necessary from the point of view of the selected capabilities. So,
if we want to define technical debt more precisely, we also need to define
the notion of evolution more precisely. In order to do so, we introduce the
notion of an evolution step e as one atomic change that is made to a system.
It is atomic in the sense that after applying the step e to the system, the
system has a meaningful new property. This property can be as small as a
correction of a small defect or as large as the introduction of a new feature.
We can describe this by writing
e(S) = S 0 , S is a system, e an evolution step, and S 0 a new
system version created by evolving S, as described
by e.

(2.2)

We can now introduce the change cost function CC to describe the cost
of evolving the system S in the evolution step e:
CC(S, e)
Using this terminology, we can describe Technical Debt as the amount that
the change cost is higher than would be necessary in an ideal setting. For
this purpose let Sys(S) denote the set of all systems that are behaviorally
equivalent to S and are meaningful technical alternative realizations of the
behavior shown by S.1 Thus, S, T ∈ Sys(S) have a different implementa1
A key issue here is the notion of meaningful technical alternative realizations as we
want to not make any particular restriction on how s.th. is implemented, but at the same
time, we need to exclude special cases, like the effect of the evolution step is already
realized, but not active and then simply activated by a change of a single line of code.
This would not be considered meaningful as the implementation would already include
effort that was not relevant to the existing behavior of S.
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tion, if S 6= T , but cannot be distinguished based on their runtime behavior.2
It should be noted that we do not differentiate between evolution of functions vs. runtime qualities, i.e., qualities that have an observable effect at
system runtime. Thus, both a new functionality, as well as a performance
enhancement could be an evolution step.
Definition 1. Let S be a system, e an evolution step, and Ŝ ∈ Sys(S) an
optimal system such that:
CC(Ŝ, e) ≤ CC(S 0 , e) for all S 0 ∈ Sys(S)

(2.3)

Then we can define the Technical Debt of S (wrt. to change cost and the
evolution step e) as:
T D(S, e) = CC(S, e) − CC(Ŝ, e)

(2.4)

We call Ŝ also the (cost-)optimal system relative to e.
We can write this sligthly differently as:
Corollary 1. Let S be a system, e an evolution step, then
T D(S, e) = max{CC(S, e) − CC(S 0 , e)|S 0 ∈ Sys(S)}

(2.5)

While this does not describe the root cause of the technical debt, it
describes the impact it has on development pretty well.
Our approach to Technical Debt has some further properties, which we
regard as adequate, if not positive, but they are not necessarily undisputed:
• Technical Debt is independent of where it came from, whether it was
taken on willingly, or not [Fow09]. We only take into account the
current state of the system.
• If the expected evolution changes, also the corresponding debt changes.
This relates to the fact that what for one evolution path may be a
liability, may be irrelevant for another one (or even positive).
• Our concept of Technical Debt is intimately related to modifiability
and evolvability. The amount of Technical Debt we acquired as part
of the development determines how much harder than necessary it is
to evolve s.th.
2

Of course, in principle, two different implementations are always different also in the
runtime behavior, e.g., wrt. execution times. However, we will use this as a shorthand for
not significantly different wrt. their requirements (functional + quality).
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2.2

Extending the formalization to evolution sequences

However, usually, we are not interested in the cost of a single evolution step,
but rather, we are interested in the effect of a whole sequence of changes
(an evolution scenario or evolution sequence).
Definition 2. Let E be the set of all possible evolution steps (for S). Then
E ∗ denotes the set of all sequences over E, i.e., ~e is a finite sequence of
evolution steps ~e = (e0 , e1 , . . . , en ) ∈ E ∗ , where the first step in the sequence
is e0 . The empty sequence is written as .
If e is a step in an evolution sequence ~e, we denote this as el~e. We denote
the length of a sequence ~e as |~e|, i.e., |(e0 , e1 , . . . , en )|= n + 1. We also describe the concatenation of two evolution sequences ~e = (e0 , e1 , . . . , en ), e~0 =
(e00 , e01 , . . . , e0m ) ∈ E ∗ as e ⊕ e0 = (e0 , . . . , en , e00 , e01 , . . . , e0m ).
Definition 3. Let E be the set of all possible evolution steps (for S). Further, let ~e be a finite sequence of evolution steps ~e = (e0 , e1 , . . . , en ) ∈ E ∗
with E ∗ the set of all sequences over E.
Then the change cost of system S, relative to the evolution sequence
~e = (e0 , e1 , . . . , en ) is given as:
CC(S, ~e) = CC(S, e0 ) + CC(e0 (S), e1 ) + . . . + CC(en−1 (. . . (e0 (S) . . .)), en )
(2.6)
Alternatively, we can define the change cost for a sequence recursively
as:
Corollary 2. Let S be a system, E be the set of evolution steps for S and
~e = (e0 , e1 , . . . , en ) ∈ E ∗ an evolution sequence, then we can write CC(S, ~e)
recursively as:
CC(S, ) = 0

(2.7)

CC(S, (e0 , e1 , . . . , en )) = CC(S, e0 ) + CC(e0 (S), (e1 , . . . , en )) (2.8)
Using the above analysis, we can also turn again to the issue of technical
debt and extend technical debt to sequences of evolution steps:
Definition 4. Let S be a system, ~e ∈ E ∗ an evolution sequence, then we
call T D(S, ~e) the technical debt relative to ~e given by
T D(S, ~e) = max{CC(S, ~e) − CC(T, ~e)|T ∈ Sys(S)}
and we call T the optimal system relative to ~e.
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(2.9)

Note, that while the costs are additive, the technical debt is not. Rather,
the following inequalities hold.
Theorem 1. Let S be a system, ~e = e~1 ⊕ e~2 a composed evolution sequence,
then the following properties holds:
T D(S, ~e) ≤ T D(S, e~1 ) + T D(S, e~2 )

(2.10)

T D(S, ~e) ≤ T D(S, e~1 ) + T D(e~1 (S), e~2 )

(2.11)

The reason is basically, that while for the individual technical debts, we
can have different “optimal” systems as reference, there is only one base
system as a basis for the combined evolution sequence. Both inequalities
will only be equalities if the steps e1 and e2 will be completely independent.

2.3

Probabilistic analysis

While the above conceptualization implies that we know the relevant evolution steps upfront, this is often unrealistic. Actually, in the context of an
agile development, it would be fundamentally inappropriate to assume that
this can be done. Thus, how do we deal with this situation? The approach
we take is to use the expected value of the Technical Debt as a proxy.
Definition 5. Let S be a system and E ∗ the set of sequences of evolution
steps in E. Further, let p be
P a probability measure over E, i.e., p(~e) ∈
[0 . . . 1] for ~e ∈ E such that ~e∈E ∗ p(~e) = 1. Then we define the Expected
d
Technical Debt T
D(S) as:
X
d
T
D(S) =
p(~e) ∗ T D(S, ~e)
(2.12)
~e∈E ∗

As the set of evolution sequences is potentially infinite, one may be
d
worried that the T
D(S) might become infinite as well. However, it should
be observed that it still is a technical debt and thus is upper bounded by
the effort it takes to transform the existing system into an optimal platform
for further evolution.
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Chapter 3

Decision Making
Using the definition of Technical Debt introduced above, we will now address
the question of how to make development decisions based on Technical Debt.
In an ideal and rational development approach, if faced with the choice
between a technical improvement (i.e., reducing Technical Debt) and the
possibility to add more features, the technical improvement would be done if
(and as soon as) this would lead overall to faster development, compensating
for the added cost incurred by handling the Technical Debt (restructuring).
Otherwise it would not be done as it should be considered gold-platting. We
take this idea as a basis for our decision-making approach.
In order to describe systematic decision making, we need to determine
the decision scenario: the situation when a decision needs to be made. For
this let us assume, that development is structured in the form of increments.
This might be the next sprint in an agile development or it might be a halfyear increment in a more classical development approach. Now, it is time
to decide on the development plan for the next period. The key question is:
should technical debt be taken on and if so, to what extent?
The basic situation can be characterized as follows: we have a sequence of
evolution steps that should be performed in this planning interval (shown as
~eplan in Figure 3.1). Beyond this planning interval, we are not sure yet about
the exact further evolution, so we only know potential evolution steps (shown
as ~epot in Figure 3.1). The question is now: shall we incur the restructuring
cost (crest in Figure 3.1)? Or shall we postpone such a restructuring? Note
that we do not differentiate between the evolution steps done starting in S
vs. in S 0 ; they are really the same, however, their cost is not the same as
they are performed on systems with different Technical Debt.
Rationally it is now preferable to first perform a restructuring, if this
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S

~eplan

~epot

~eplan

~epot

crest
S0

Figure 3.1: Development alternatives

leads to total lower cost.1 Thus, the restructuring should be done, if
crest +CC(S 0 , ~eplan )+CC(~eplan (S 0 ), ~epot ) ≤ CC(S, ~eplan )+CC(~eplan (S), ~epot )
(3.1)
It should be noted that it is not sufficient to demand
crest + CC(S 0 , ~eplan ) ≤ CC(S, ~eplan )

(3.2)

as this would actually mean that the longer term costs (beyond the immediate increment) would be ignored. In particular for very short iterations (like
in agile development) this would directly lead to avoiding paying technical
debt forever.
In our decision procedure given above as inequality 3.1 the notion of
Technical Debt is not explicit.
However, we can easily establish this relation: Let T ∈ Sys(S) be the
optimal system relative to ~eplan . Let further be U ∈ Sys(~eplan (S)) the optimal system relative to ~epot , then we can subtract CC(T, ~eplan ) + CC(U, ~epot )
from both sides in Equation 3.1. This yields:
crest + (CC(S 0 , ~eplan ) − CC(T, ~eplan )) + (CC(~eplan (S 0 ), ~epot )
− CC(U, ~epot )) ≤ (CC(S, ~eplan ) − CC(T, ~eplan ))
+ (CC(~eplan (S), ~epot ) − CC(U, ~epot ))

(3.3)

We can now rewrite the parts in braces as technical debt, as follows:
crest +T D(S 0 , ~eplan )+T D(~eplan (S 0 ), ~epot ) ≤ T D(S, ~eplan )+T D(~eplan (S), ~epot )
(3.4)
Alternatively, we can simplify the description given in Equation 3.1 by
combining the two steps ~eplan , ~epot into a single step ~eplan ⊕ ~epot . This leads
1

It should be noted again that throughout this paper, we abstract from issues like
earlier time to market. Only under the assumption that we have a pure cost-focus this
decision rule is adequate.
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to the following equation:
crest + CC(S 0 , ~eplan ⊕ ~epot ) ≤ CC(S, ~eplan ⊕ ~epot )

(3.5)

If we now observe that S, S 0 ∈ Sys(S) and assume Ŝ ∈ Sys(S) with minimal
cost for the change ~eplan ⊕ ~epot exists, then we can rewrite this as:
crest + T D(S 0 , ~eplan ⊕ ~epot ) ≤ T D(S, ~eplan ⊕ ~epot )

(3.6)

which can be simply interpreted as paying the debt off right now (crest )
should actually be offset by future interest that no longer needs to be paid.
However, the formalization given by inequality 3.4 is still imprecise as it
does not take into account the uncertainty regarding the evolution beyond
the current increment. While Figure 3.1 shows only one path, in practice
there will be many alternatives for ~epot . Thus, we should replace this with
the expected technical debt. This is only necessary for ~epot , as ~eplan is by
definition fixed:
d
d
crest + T D(S 0 , ~eplan ) + T
D(~eplan (S 0 )) ≤ T D(S, ~eplan ) + T
D(~eplan (S)) (3.7)
According to Inequality 3.7 we can determine the (long-term) best course
of action, if we can determine the technical debt that is visible for the two
alternative realizations in the planned development and in the potential future evolution. This formalization can, however, hardly be used effectively
in decision making, as many future aspects are unknown and handling an infinite number of potential scenarios does not work in practice. Thus, we will
devote the remainder of this report on determining a set of approximations
that can be practically used.
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Chapter 4

Practical Approximation
So far, we only focused on providing a precise model of Technical Debt,
independent of how easy or difficult it is to apply it in practice. In order to
derive this model we made a number of assumptions and restrictions, but
were always careful to explicitly identify them. In particular, we made along
the way the following decisions as part of the modeling:
1. We restrict our analysis of Technical Debt completely to the aspect of
cost impact (for now). This was done to simplify the approach while
still keeping it meaningful.
2. We define the concept of Technical Debt in a particular way that relies
on future evolution steps. This is in line with other work on Technical
Debt like [KNO12], but is not representative of all work on Technical
Debt.
While the first point must be considered a restriction, the second simply
expresses the way we think Technical Debt should be seen. It should also
be noted that the way we address Technical Debt is completely independent of its source. Thus, the technical debt might be due to architectural
issues [NOS12], or due to build debt [MGSB12], or due to any other source.
Our approach is independent of this.
However, so far, the approach described here cannot be readily used in
practice. This is due to several issues like that our concept of Technical
Debt so far relies on identifying the optimal system structure, which is not
practicable. As a consequence, we will stepwise introduce further assumptions into our approach that will lead towards a practical decision procedure
albeit at the cost of some imprecision. The further assumptions, which we
will use are the following:
15

1. We will assume that under certain conditions costs of an evolution can
actually be estimated.
2. We will relax the requirement of knowing the optimal system realization with only requiring a reference realization.
3. We will introduce the assumption that the various evolution steps are
independent in order to simplify their analysis.
4. We will reduce the potentially infinite set of evolution steps to a finite
one.
We will now discuss each of these approximations in turn.

4.1

Cost Estimation

For the further discussion, we will assume that development costs can be
estimated, e.g., for a transformation of a system from a certain structure
to a new structure we can make a reasonable estimate of this refactoring
costs. This assumption is widely used in practice. However, this is less than
obvious as the resulting estimate is typically rather imprecise. For generic
cost models a margin of error within 30% of the actual value, 80% of the time
can be considered very good [CBS99]. Further, this description of margin
of error also ignores that a size measure is the basis for estimation, which
might in turn have significant uncertainty.
While sometimes the argument is made that higher accuracy can be
achieved using models that are calibrated to a specific development environment, the results found by Kitchenham et al. in a meta-study are less
conclusive [KMT07]. Several studies could not find a discernible improvement. Actually, the highest intra-organizational cost estimation precision
that was found, was that only 20,8% of all projects were outside of a 25%
range. (Other studies reported worse results.)
In all these analysis the focus was cost-estimation for projects as a whole.
However, in the context of Technical Debt we are interested in the development costs of modifying an implementation only structurally. We can
assume that uncertainty of these costs is probably even larger, although
there are no explicit cost models for this.1 Given the high degree of uncertainty that comes with estimates for the cost of restructuring operations, it
1

While many arguments are made about the impact of refactoring on maintenance
costs, this is mostly anecdotal or based on a posteriori analysis. In particular, we could
not identify a model that aims at estimating refactoring costs.
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seems plausible to allow simplifications of our model even though they may
reduce the precision of the results.

4.2

Optimal System Realization

A major problem in our definitions from a practical point of view is that
we take as reference an optimal structure of a system. Of course, as there
are in principle infinitely many different ways of realizing a system, it is
very difficult, if not impossible, to determine the optimal system realization
and thus also the difference in costs. As a consequence, we propose to use
the concept of Technical Debt not absolutely, but to compare two different
possible realizations, respectively the cost of evolving them. We believe that
this is also from a practical point of view the most useful approach
As a consequence, we define the Relative Technical Debt: this is the
Technical Debt measured relative to a different implementation.
Definition 6. Let S be a system, S 0 an alternative implementation of S,
i.e., S 0 ∈ Sys(S). Let e be an evolution step, then the Relative Technical
Debt RT D is given as:
RT D(S, S 0 , e) = CC(S, e) − CC(S 0 , e)

(4.1)

It should be noted that according to this definition the Relative Technical
Debt can also be negative. However, we will usually choose S and S 0 such
that RT D(S, S 0 , e) > 0.
Analogous to the previous definition of Expected Technical Debt, we can
\
define the Expected Relative Technical Debt RT
D(S, S 0 ) as follows:
Definition 7. Let S be a system, S 0 ∈ Sys(S) an alternative implementation and E ∗ the set of sequences of evolution steps (for S). Further, let p
∗
∗
be
P a probability measure over E , i.e., p(~e) ∈ [0 . . . 1] for ~e ∈ E such that
e) = 1.
~e∈E ∗ p(~
\
Then we define the Expected Relative Technical Debt RT
D(S) as:
X
\
p(~e) ∗ RT D(S, S 0 , ~e)
(4.2)
RT
D(S, S 0 ) =
~e∈E ∗

Again we will use this definition typically in such a way that the resulting
values are positive.
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4.3

Independence of Evolution Steps

A further complication that we need to address to achieve a practically
more useful technique is that Equation 4.2 requires to look at all potential
sequences of evolution. This is of course impractical, as it leads to a combinatorical explosion. In particular, all possible permutations of a sequence
would need to be analyzed. The reason why this is needed, in principle, is
that there might be some interdependence among the costs associated with
the different steps: if step A follows step B its realization costs may differ
from the case that step A is realized directly. However, in most cases for
short sequences of steps and most combinations of evolution steps there will
be only very little interdependence among the steps and hence the costs will
be independent of the ordering of the steps.
As a consequence we argue that a meaningful approximation can be
achieved by treating the steps as independent. In case there is a high interdependence between two evolution steps A and B they can be integrated
into a single step AB. As long as the number of these cases is very small, it
is a practical approach.
Now, if we make the assumption that we can actually approximate the
Expected Relative Technical Debt given by Equation 4.2 as follows:
Theorem 2. Let S be a system, S 0 ∈ Sys(S) an alternative implementation,
E the set of evolution steps (for S) and E ∗ the set of sequences of evolution
steps (for S). Further, let p P
be a probability measure on E ∗ with p(~e) ∈
∗
[0 . . . 1] for ~e ∈ E such that ~e∈E ∗ p(~e) = 1, according to the definition of
\
Expected Relative Technical Debt RT
D(S).
Now, let p̃ be a probability measure over E, which is defined for all e ∈ E
as:
P
e)
~e∈E ∗ ,el~e p(~
P
p̃(e) = P
(4.3)
e)
e∈E
~e∈E ∗ ,el~e p(~
\
then we approximate the Expected Relative Technical Debt RT
D(S) as:
X
\
RT
D(S, S 0 ) ≈
p̃(e) ∗ RT D(S, S 0 , e)
(4.4)
e∈E

Thus, if we assume (mostly) independence among the individual evolution steps (also from a cost perspective), then we can approximate the
technical debt by analyzing only costs of individual evolution steps.
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4.4

Representative Evolution Steps

However, in a realistic situation, we will also not be able to look at all possible evolution steps as there are just too many (typically infinite). Rather,
we need to focus on a subset of the evolution steps.
This has already been described above as Approximate Technical Debt.
Our definition of Approximate Technical Debt does, however, not particularly restrict the probabilities. If we can assume that our set of selected
evolution steps is representative, the final result will be representative as
well.
However, an infinite set of evolution sequences is still rather unwieldy
from a practical perspective. Thus, we also define an approximation to
the expected value based on a set of selected (representative) evolution sequences.
Definition 8. Let S be a system and E ∗ the set of sequences of evolution
steps in E. Further, let p be a probability measure over E ∗ , i.e., p(~e) ∈
P
d
D(S) shall denote the
[0 . . . 1] for ~e ∈ E ∗ such that ~e∈E ∗ p(~e) = 1. T
Expected Technical Debt.
p̃ shall be a function over E ∗ and Ẽ ⊆ E ∗ a (representative) finite set of
evolution sequences, such that for at least one ~e ∈ Ẽ, p̃(~e) 6= 0. Then p̃ is
given by:


 P p(~e)
, ~e ∈ Ẽ
e)
p̃(~e) =
(4.5)
~e∈Ẽ p(~


∗
0
, ~e ∈ E \ Ẽ
Then
p̃ is a probability measure, i.e., p̃(~e) ∈ [0 . . . 1] for ~e ∈ E such that
P
e) = 1. Further,
~e∈E ∗ p̃(~
g
T
DẼ (S) =

X

p̃(~e) ∗ T D(S, ~e)

(4.6)

~e∈Ẽ

defines the Ẽ-Approximate Technical Debt. If Ẽ contains exactly n elements
g
~e such that p̃(~e) 6= 0, then we also write T
Dn,Ẽ . If Ẽ is chosen so as to
g
d
g
minimize the difference |T
Dn,Ẽ (S) − T
D(S)|, then we also write T
Dn (S) to
denote the n-Approximate Technical Debt. The more elements n we allow,
the more precise the approximation can be.
Using the above definitions, it is clear that we ideally use n-Approximate
Technical Debt-approximations. In general, this will include the sequences
with particularly high probability of occurrence. However, a sequence with
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a very high value of Technical Debt and somewhat lower probability may
sometimes be more relevant, so that the probability is not the only parameter. Using the above definitions, we can also make the following observation:
d
Corollary 3. Let S be a system and T
D(S) the Expected Technical Debt
g
d
g
and T Dn (S) the n-Approximate Technical Debt, then lim T
Dn (S) = T
D(S)
n→∞

Thus, with increasing effort (considering more evaluation sequences), we
will successively approximate the true Technical Debt.
However, the above approximation has again the annoying problem that
the set of sequences is rather large. We can thus combine it with the approximation described in Section 4.3 to only use the individual steps.
In order to capture this idea, we introduce the following definition:
Definition 9. Let S be a system and E ∗ the set of sequences of evolution
steps in E. Further, let p be a probability measure over E ∗ , i.e., p(~e) ∈
P
d
[0 . . . 1] for ~e ∈ E ∗ such that ~e∈E ∗ p(~e) = 1. T
D(S) shall denote the
corresponding Expected Technical Debt.
p̃ shall be a function over E and Ẽ ⊆ E a (representative) finite set of
evolution steps, such that for at least one e ∈ Ẽ, e l ~e, p̃(~e) 6= 0. Then p̃ is
given by:
 P
e)

∈E ∗ ,el~e p(~
 P ~eP
, e ∈ Ẽ
e)
p̃(e) =
(4.7)
~e∈E ∗ ,el~e p(~
e∈Ẽ


0
, e ∈ E \ Ẽ
ThenP
p̃ is a probability measure over E, i.e., p̃(e) ∈ [0 . . . 1] for e ∈ E such
that e∈E p̃(e) = 1.
Further,
X
X X
g
T
DẼ (S) =
p̃(e) ∗ T D(S, e) ∗
p(~e)
(4.8)
e∈Ẽ ~e∈E ∗ ,el~e

e∈Ẽ

defines the Stepwise Ẽ-Approximate Technical Debt. If Ẽ contains exactly
g
n elements e such that p̃(e) 6= 0, then we also write T
Dn,Ẽ . If Ẽ is chosen
g
d
such that the difference |T
D (S) − T
D(S)| is minimized, then we also
n,Ẽ

g
write T
Dn (S) to denote the Stepwise n-Approximate Technical Debt.
g
d
Note, that in this case, in general lim T
Dn (S) = T
D(S) will not hold.
n→∞
This is due to equation 2.10.
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Chapter 5

An Approximate Decision
Procedure
In the previous section, we discussed the possible approximations that help
to significantly reduce the total effort of determining — if not an exact value
of the Technical Debt — at least a reasonable approximation. In particular,
we discussed in Section 4.1 that in general the uncertainty of cost estimates
is rather significant and will thus significantly overshadow other smaller errors that result from approximations. It also tells us that for any approach
to dealing with Technical Debt on a cost basis, we need to take very significant (on the order of 30%) deviations into account. Adding further utility
contributions like time to market, user benefit, etc. will lead to even larger
margins of error. Thus, while most approaches typically ignore this, this
leads us to argue that some systematic loss of precision is probably acceptable, given that the intrinsic uncertainty of any such approach is already
significant.
In this section, we will first discuss how to use the various approximations
that have been discussed in the previous sections and will use them to derive
an approximate version of the decision procedure outlined in Section 3. In
a second step, we will illustrate how this can be integrated in a simplified
version into a development environment.

5.1

Putting it together

We will now discuss how the decision procedure that was given in Section 3
and the approximations given in Section 4 can be combined. Major parts of
the approximation have already been done. We will now use equation 3.1 as
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a starting point and combine it with the following approximations to arrive
at a refined approximate decision procedure:
• We will use an alternative, given system realization as opposed to an
abstract and theoretically optimal system realization.
• We will focus on individual evolution steps, instead of evolution sequences (i.e., we will assume independence of the steps).
• We will use a representative set of steps instead of all possible evolution
steps.
The reason why we use equation 3.1 and not, for example, equation 3.4 is
that the former makes the combination with a selected reference realization
easier.
If we start with Equation 3.4 and simply use S 0 as the “optimal” reference realization, i.e., S 0 represents the alternative realization with the Technical Debt removed. Then we can rewrite it by substracting the cost-terms
relating to S 0 from both sides:
crest ≤ RT D(S, S 0 , ~eplan ) + RT D(~eplan (S), ~eplan (S 0 ), ~epot )

(5.1)

We now need to take into account that the potential evolution ~epot is not
actually known. We thus need to replace this by the Expected Technical
Debt, as given in 4.2. This yields:
\
crest ≤ RT D(S, S 0 , ~eplan ) + RT
D(~eplan (S), ~eplan (S 0 ))

(5.2)

We can now define the Stepwise n-Approximate Relative Technical Debt in
analogy to Definition 9 as follows:
Definition 10. Let S be a system, and S 0 ∈ Sys(S), and E ∗ the set of sequences of evolution steps in E. Further, let p P
be a probability measure over
\
E ∗ , i.e., p(~e) ∈ [0 . . . 1] for ~e ∈ E ∗ such that ~e∈E ∗ p(~e) = 1. RT
D(S, S 0 )
shall denote the corresponding Expected Relative Technical Debt.
p̃ shall be a function over E and Ẽ ⊆ E a (representative) finite set of
evolution steps, such that for at least one e ∈ Ẽ, e l ~e, p̃(~e) 6= 0. Then p̃ is
given by:
 P
e)

∈E ∗ ,el~e p(~
 P ~eP
, e ∈ Ẽ
e)
p̃(e) =
(5.3)
~e∈E ∗ ,el~e p(~
e∈Ẽ


0
, e ∈ E \ Ẽ
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ThenP
p̃ is a probability measure over E, i.e., p̃(e) ∈ [0 . . . 1] for e ∈ E such
that e∈E p̃(e) = 1.
Further,
X
X X
^
p(~e)
(5.4)
RT
DẼ (S, S 0 ) =
p̃(e) ∗ RT D(S, S 0 , e) ∗
e∈Ẽ ~e∈E ∗ ,el~e

e∈Ẽ

defines the Stepwise Relative Ẽ-Approximate Technical Debt. If Ẽ contains
^
exactly n elements e such that p̃(e) 6= 0, then we also write RT
Dn,Ẽ . If Ẽ is
g
d
chosen so as to minimize the difference |T D (S) − T D(S)|, then we also
n,Ẽ

^
write RT
Dn (S) to denote the Stepwise Relative n-Approximate Technical
Debt.
We can now use this definition and rewrite equation 5.2 as follows:
^
crest ≤ RT D(S, S 0 , ~eplan ) + RT
D(S, S 0 )

(5.5)

We can replace ~eplan (S) by S (and similar for S 0 ) by using the assumption
of the independence of the steps in ~eplan and in ~epot .
Further, we can apply the assumption of step-independence also to the
~eplan -term of the decision procedure. This yields:
crest ≤

X

g
RT D(S, S 0 , e) + T
D(S, S 0 )

(5.6)

el~eplan

The advantage of this formulation is that now all evaluations are broken
down into computations based on individual steps. Inherently, the only
difference is that the steps in ~eplan are 100% certain as they are planned for
the next iteration, while the potential ones have a probability smaller than
100%.

5.2

Integrating it into a Practical Methodology

We can now put the pieces together and integrate the individual steps in a
methodology that takes advantage of the approximations and decision rules
discussed and that can be integrated in actual software development with
limited effort.
The core idea is that future, planned developments should be sub-divided
into two planning areas: upcoming development steps that relate to capability enhancements (functional or quality wise), corrections and so forth and
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on the other hand technical improvements that relate to different ways of
paying of debt, which have no impact on the external, runtime properties of
a system. Using the concepts of agile development, we could see this as a
traditional product backlog (the capabilities) and a new concept the Technical Backlog. The two should be kept separate as they should be treated
differently.
The planned capability list is subdivided (as usual) in two parts: the
sprint plan and the product backlog. All evolution steps that are scheduled for the sprint plan are treated as certain, while all evolution steps that
are in the remaining backlog are treated as uncertain. We can now implement the approach outlined above in a simple way, by adding the following
information:
• Per element in the planned capability list, i.e., sprint plan + product
backlog, we will capture its probability. This will be updated once an
entry goes onto the sprint plan to 100%.
• Per element in the technical backlog we give the estimated costs for
its realization. (This corresponds to the cost crest .)
• Moreover, for each combination of entries in the planned capability list
and the technical backlog, we estimate how much the cost of implementing this capability would be reduced, if previously the technical
improvement would be made. Note, this corresponds to the Stepwise
Relative Technical Debt.
This can be implemented easily in the form of a matrix. Moreover, we assume that this matrix will be sparsely populated, i.e., only few elements of
the technical backlog will have an impact on any given capability implementation. Moreover, the number of technical backlog items should be small.
This should only contain the non-trivial activities that seem to be relevant
to reduce the cost of further development. This is shown in Figure 5.1.
In Figure 5.1 we see five different examples for items on the technical
debt list. We also see four items as planned in the rows (the probability is
100% and the items are written in black). These four items would determine
the content of the next iteration. The cost of performing the technical debt
removal is given on the top of the column, directly under the name of the
technical debt item. The benefit gained (the right-hand side of equation 5.6)
is given on the bottom of the column. Colors are used to distinguish different
situations:
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Technical Debt
100%
100%
100%
100%
85%
75%
65%
65%
40%
40%
25%
25%
25%
25%
15%
15%
15%
15%
10%
10%
10%
10%

Technical Debt Tracking Sheet
65
0
0
0
0
10
0
30
0
0
10
30
0
0
10
0
0
0
0
0
0
0
0

TD Item 5

42

55
0
0
0
0
0
15
25
45
23
0
0
0
0
0
10
0
0
0
0
0
0
0

TD Item 4

67,45

45
0
25
0
0
0
15
0
10
0
0
0
0
0
10
0
0
5
0
0
0
0
0

TD Item 3

46

232
85
0
0
0
34
15
0
0
0
10
0
0
0
0
0
0
0
0
0
0
0
0

TD Item 2

129,15

102
0
0
25
25
0
0
0
5
0
0
0
10
5
0
0
0
0
0
0
0
0
0

TD Item 1

57
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Evolution Steps
Evolution Step 1
Evolution Step 2
Evolution Step 3
Evolution Step 4
Evolution Step 5
Evolution Step 6
Evolution Step 7
Evolution Step 8
Evolution Step 9
Evolution Step 10
Evolution Step 11
Evolution Step 12
Evolution Step 13
Evolution Step 14
Evolution Step 15
Evolution Step 16
Evolution Step 17
Evolution Step 18
Evolution Step 19
Evolution Step 20
Evolution Step 21
Evolution Step 22

Figure 5.1: Technical Debt Log

• The first two columns (orange/dark grey) show the situation of two
technical debt items that are impacting planned capabilities, however,
the benefit that would be accrued in the planned and in the potential capabilities would be sufficient to recover the costs. Thus, the
recommendation would be to not adress this.
• TD item 3 is marked green (light grey) as the cost of addressing this
technical debt (i.e., performing the corresponding restructuring) would
be offset by planned and future savings. However, this would only be
achieved barely. Moreover, if only planned and not also potential capabilities (the product backlog) would be taken into account, it would
not be worth addressing this. Hence, this hinges critically on the consideration of the product backlog.
• TD item 4 is clearly (cost of 55 and savings of 67.45) necessary to
address. However, based on the decision rule given above, this would
not be addressed now, as it has no impact on any planned capability.
Only as soon as a sprint would include an evolution step with a a
relation to this TD item, this would be evaluated anew.
• TD item 5 is currently not worth addressing, but it also impacts no
capability that is currently planned. Thus, it will just stay in the
Technical Debt Log. As the development moves on the probabilities
may change and hence the evaluation.
It should be noted that the table given in Figure 5.1 is artificial, with the
purpose to present the core ideas. In particular, we expect that in real
world situations most technical debt items will only have an impact on
few capabilities, leading to a matrix less populated then the one given in
Figure 5.1.

5.3

Discussion of the Approach

It should be observed that the described approach is a faithful realization
of the decision procedure given by equation 5.6. Hence, we know that it
rests on a sound formal foundation, but we also know that it has some
explicitly identified approximations. For example, if several Technical Debt
items or several evolution steps (the capabilities) are strongly related our
approximation of addressing only individual steps will not be sufficient. This
should then by treated with an adapted approach, addressing explicitly the
evolution sequences instead of only evolution steps.
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There might be also some practical problems. Our decision procedure
has two characteristics that might make it hard to apply in practice. These
are:
• It might be that a technical debt is initially determined that it should
not be addressed (e.g., in Technical Debt item 1 in Figure 5.1), but at
a later stage it might turn into something necessary to address. This
could happen either because additional potential items are brought
on the backlog or, because the probabilities change. In this case cost
(in the example 50) could have been avoided, but was taken on. This
is undesirable, but still it is the most rationale decision, given the
information at hand, at the corresponding point in time.
• Waiting till the technical debt item influences a planned item, might
make it very hard to take on the cost for addressing the technical debt
in this very moment. It might entail that the next sprint would be
completely absorbed by technical debt removal. From this practical
point of view an approach like the architectural runway might be more
appropriate [BNO12], even though it is less optimal from a pure cost
point of view. However, our approach could be used in combination
with this approach rather easily. The only difference would be that
we would need to drop the condition that only technical debt items
relevant to the planned capabilities are taken into account.
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Chapter 6

Conclusion and Outlook
In this article, we discussed the concept of Technical Debt and provided a
detailed and formal analysis. In particular, we focused on deriving a metric
for Technical Debt along with a decision procedure, which helped us to
decide whether a certain Technical Debt-item should be addressed or not.
We introduced several approximations that helped us to simplify our decision procedure in a way, so that it can be effectively applied in real-world
situations as it creates little overhead. We even expect that this approach
is simple enough that it can be easily applied in the context of an agile
approach. In the special case of technical debt items that address architectural improvements, the approach would thus also contribute to reconciling
architecture and agile development, a challenge identified as important by
Abrahamsson et al. in [ABK10]. We did also illustrate this with a simple
example.
While we assume that this approach is sufficient for covering Technical
Debt from a cost-perspective, for the future many open issues remain like
addressing time, both from the perspective of discounted cash flow as well
as from the perspective of lost user benefit or lost revenue, if a capability
is delivered later. We also plan to refine our approach in a way that will
support the selection of technical activities on a more fine-grained level as
the current version does.
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