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Abstract
Software Quality is a term, which is commonly used in the wide Computer World.
However, saying that the main goal for the developers and stakeholders is to achieve the
software which is of high quality is too general. Measuring software quality is very
complex, because it consists of evaluating software products, processes and resources,
each of which is composite as well. The desired quality should be measured by
considering diverse aspects of quality, which eventually will assemble to a complete
picture of the quality developed. In our research we have concentrated on the software
product evaluation, based on two developed systems. The product attributes such as size
and complexity were first measured and calculated, to be able to compare the examined
systems based on the obtained data.
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1. Introduction
If we consider continuous software improvement, which is a major goal for most
software organizations, we find the evaluation of software quality as a main activity
towards achieving high quality products. When we talk about performing a
measurement program, we usually aim to improve some product (or process) or simply
evaluate and control the quality of software and software development.
Software metrics are increasingly being considered a vital part of software
engineering as the software industry grows. Numerous books, for instance [17, 1, 2],
and publications, just to mention [3, 6, 8, 9, 12], were written in this area, which
discussed the relevance and importance of measurement and its contribution to
improved quality. Software metrics are introduced with the belief that they will improve
software engineering and development practices [1]. This arises from the notion that
one cannot improve something without first measuring it. Software metrics and
measurement activities are, thus, organization-wide attempts to institutionalise the
concept of measurement and feedback. Measurement and metrics teams are therefore
the first link in an overall improvement effort in a software development environment
[2]. The cornerstone of the metrics is given by Grady and Caswell [7], where all metrics
and measurement terminology is gathered in a very readable and understandable way.
They give examples and more complex information on creation of measurement plans
for the software throughout all its development.
Lanza and Marinescu expose the design metrics used to assess the size, quality and
complexity, but for the object-oriented software systems [11]. They base their
knowledge on statistical information from many industrial projects and deduce various
single and combined threshold values. Another object oriented approach to software
metrics is presented by Lorenz and Kidd [16] and gives a description for a number of
specific metrics for project completion and design for the object oriented technology.
There is another approach to software metrics, namely the managerial one.
Goodman [5] gives useful, practical measurement models presenting the full lifecycle
for measurement program development and implementation, based on the wide range of
case studies and industry experience.
For the systems developed in Simulink/Matlab the software measurements are
immature and involve basically the direct measurements about the physical condition of
the system. This however does not enlighten the quality of the produced software very
much. The fine measurement programs and mature metrics still need to be prepared and
further developed. For that reason we adjusted the most corresponding features of the
already known and trustworthy metrics to the needs of our development techniques,
namely Simulink and Matlab system development.
The aim of this research is to give an overview of the quality features concerning
two projects: “Kiikku‟05”1 and “Kiikku‟07”2. Since the type of this research is
retrospective, there are limited measurements given, which leads to limited metrics for
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the projects. However, the results are promising and pave a way for measurements to be
performed simultaneously within the future projects. Furthermore, they give the strong
basis for planning future projects and evaluating the different approaches throughout the
work on the projects of similar background. The results of the research may also be
taken as backbone to the estimations for the new projects.
The paper is structured as follows: in Section 2 we give the general description for
the Kiikku‟05 and Kiikku‟07 systems with a short portrayal of their development
process. In Section 3 we depict the methodology and comparison criteria, which we
apply for evaluation and assessment of the projects in Section 4. Section 5 describes the
complexity metric and its application on Kiikku‟05 and Kiikku‟07. In Section 6 we
conclude with summarising the performed measurements and outline future work.

2. Overview of the Kiikku’05 and Kiikku’07
projects
As the world is becoming more and more digital, this feature has entered the hydraulics
world. The benefits of digital systems are numerous: programmability, low-cost,
reliability and high quality in comparison with the analogue corresponding items.
Nevertheless, analogue valves are still the basis for the fluid power. The projects
described in this paper are done within the idea of shifting the fluid power technology to
the prospective, digital era.
The main idea of the changes in the systems was to substitute costly and vulnerable
servo valve by a number of low-cost on/off valves. The basic idea is the parallel
connection of valves, which enables good flow control without continuous switching of
valves. The system with four valves is shown in Fig.1.

Fig.1. Digital flow control unit with four parallel connected valves and its simplified
drawing symbol
The research in both of the Kiikku projects concentrates on control and valve
technology. Optimal control approach is needed in order to fully utilise the digital
hydraulics. Commercial valves are examined if they are suitable for Digital Hydraulics.
In our research we are applying the measurement program to the two systems
developed by Institute of Hydraulics and Automation team (IHA team) at the Tampere
University of Technology. For both projects the data gathered for the analysis are
2

retrospective. Therefore, we cannot perform some of the measurements, as either they
would be roughly estimated or they are missing. We can perform the measurement plan
for the product as it is the final result of the project and later on derive related
measurements and metrics based on measurements obtained previously.
Requirements for Kiikku„05 system were given with the ad-hoc approach. This
means that there was a need for this kind of system and it was simply implemented
having in mind the functionality, which it should cover. Kiikku‟07 is a continuation of
the previous version (Kiikku‟05), as the core functionality was preserved and extended
with the additional features. However, part of the code for the key functionality was
reused.
There was no specification for Kiikku‟05. However, for Kiikku‟07 there was a
comprehensive specification of totally 870 lines, 54 diagrams and screenshots
(demonstrative), as well as 11 equations. The detailed and thorough specification was a
consequence of introducing Formal Methods into the development cycle of Kiikku‟07.
In both versions the testing methods were simulations and as a final step the
documentation was created. As for the testing time, it can only be approximated for
Kiikku‟07 and it accounts for one person month, i.e. about 170 hours. The duration of
each development phase cannot be approximated. Hence, we cannot derive the effort
measurement.
In both examined projects the same tools are used for the development: Simulink
and Matlab. The experience of the programmers was 10 and 12 years for
Simulink/Matlab environment for Kiikku‟05 and Kiikku‟07, respectively. Hence, for
Kiikku‟07 the experience of the IHA team was higher.

2.1.

Kiikku‘05

Linjama et al have presented a study on the possibility of controlling mobile machines
using slow-response screw-in cartridge type on/off valves [13]. The obtained results
showed that good tracking control of a heavily loaded servo system is possible with
on/off valves. The presented system allowed independent control of all four flow paths.
The experiments were made for the responses with different loading conditions. The
achieved control performance is significant, as only position feedback is used actively.
The ratio between maximum and minimum velocity of the system is at the level of good
proportional valve [13]. The conducted research was successful, but discovered new
problems to be solved as further path for the future research was established.
The design and implementation, in other words the computer-side development of
the project, was done with the ad-hoc approach. No architectural framework was
prepared at the beginning of the project, neither were project reviews made during its
development. The measurements were not performed during the period of system
development. The number, the genre, the severity of defects, as well as the exact times
of each phase of the development were not measured. Therefore, we have to rely on the
retrospective data, based on the memory and notes made by the developers, who were
responsible for the output (in the form of Kiikku‟05 as a final product). The information
was gathered only upon request for measuring the system quality and is either
approximated or historically estimated.

3

2.2.

Kiikku‘07

The project Kiikku‟07 was presented at the conference SICFP‟07 in Tampere, Finland
(The 20th Scandinavian Conference on Fluid Power) and is a continuation of the
previously described research (Kiikku‟05). Linjama et al presented the energy
efficiency of a high inertia cylinder drive [14]. A valve manifold is used to implement
digital hydraulic control of the cylinder. To minimise the power losses online, a cost
function based control solution is used. The analysis of different loading conditions is
performed and it exposes that the differential connection is the key aspect of reduction
of power losses. Moreover, the studies involved switching logic between different flow
modes. As carrying out these ideas needs complex control of the system and its
functions, modern techniques for software design and validation (Simulink/Stateflow)
are used. The most important outcome of this project is energy efficient, cavitation free
and high-quality digital hydraulics control system with slow response on/off valves. The
obtained results show 36% energy saving in comparison to traditional systems of this
type.
The aim of the project was to improve the energy efficiency of digital hydraulic
system without any additional components. The Digital hydraulic system is presented in
Fig.2 as a simplified circuit diagram. The diagram presents parallel-connected two-way
on/off valves together with intelligent control. The key concept is to control each flow
path with such parallel-connected on/off valve series called DFCU.
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Fig.2. Digital hydraulic system – Simplified circuit diagram.
The comparison with traditional, analogue systems shows the advantages of digital
hydraulic distributed valve systems not only in low cost and robust valves, but also in
fault tolerance and precise knowledge of opening without spool position feedback. The
digital solution results in faster and amplitude-independent response time, as well.
The design and implementation, in other words the computer-side development of
the project, was done by combining the previous idea of the group of hydraulic
engineers for the functionality of the system with the formal approach of the computer
science group. The combination of formal methods, software engineering and
experience from the field of hydraulics helped to organise and design the system in a
layered manner and make its functionality more advanced. During the system
development stages no measurements were taken. Therefore, the quantity, type
rigorousness of defects and the duration of each of the development phases was not
documented. Because of this we have to use the retrospective data, taken from the
4

partial documentation, as well as rely on the surveys and interviews done with the
creators of the system (Kiikku‟07 system as a final product). The process of gathering
the needed information was based on the rules of Action Research methodology
directed towards the existing project. As a result, the collected information is either
approximated or historically estimated, but still valuable and kept in the scope of our
interest.

3. Methodology and comparison criteria
We are concentrating on the size measurements and structural features of the systems.
Furthermore, we derive the complexity of the systems in order to compare them. We
obtained most of the information from the Simulink/Matlab tool, having the models of
the systems and all files required to simulate the models. The data was gathered directly
from the Matlab command “sldiagnostics”, which specifies the physical features of the
project. This includes the total number of blocks used in the project, as well as giving
the types of blocks in detail distinguishing the number of masked blocks. Moreover, the
command results include stateflow count, model sizes and statistics concerning the
library usage. The statistics regarding the compilation elapsed time and memory usage
were also obtained from the command results.

3.1.

Size

One of the main advantages of implementing the system in both the tools Simulink and
Matlab is that they are mostly diagrammatic and give a graphical view of the system
and the development. Hence, there is only a small amount of programming in coding
statements. The actual code is generated behind the diagrams drawn by the programmer.
Since the code was automatically generated behind the scenes, it is hard to measure for
example the productivity of the programmer [4]. Therefore, the Generated Lines of
Code measurement is inadequate for any of the credible and reliable metrics [6].To
solve this problem we decided to measure the size of the system in so called blocks that
we counted via “sldiagnostics” Matlab command, mentioned before. This is the only
size measurement we can relate to in a reliable manner. For the comparison, we also
decided to use the Generated Lines of Code (GLOC) as a second (ancillary)
measurement of size.
As for the other direct measurements, which are describing the size of the system,
we can talk about memory and time compilation statistics. Both of these increase with
the system growth, as the size of the system corresponds to the higher compilation
statistics values.

3.2.

Complexity

From the diagrams of the systems we wanted to measure the complexity of the systems.
However, the model of complexity metric for the Simulink/Matlab developed systems
did not exist in the measurement formulas. The type of general complexity model
calculation created by Card and Glass 1990 [10] is the most suitable for our projects,
since it is a type of design structure metric. As we take into account the interactions
between modules and quantify these interactions, the Card and Glass structure
5

complexity and module complexity measure fulfils these two calculation requirements.
However, the original metric is proper for the systems with modules, i.e. the ones
created in the object oriented languages or other programming languages that operate on
the code, not the structures. The metric was found to be insufficient as such for our
needs, as we operate on subsystem blocks and we do not perform actual coding.
Therefore, the metric had to be adjusted to our demands. We developed it by keeping
the main scheme for calculating the systems‟ complexity. Furthermore, we improved
and extended it in accordance with our theory by adjusting the metric model to the
features of the systems created in the Simulink/Matlab environment.
The system complexity C is treated as a sum of structural (intermodule) complexity
S and overall data (intramodule) complexity D.

To calculate the structural and data complexity, we need a structure called fan-out. Fanout is a count of modules that are called by a given module. In our case it is the count of
subsystem blocks that are connected with given subsystem block by input-output
parameter, i.e. the number of subsystem blocks that can be reached by leaving the given
one.
Structural complexity S is defined as the mean of squared values of fan-out per number
of subsystem blocks:

S = Σ f 2(i) / n,
where f(i) is fan-out of subsystem block i and n is a number of subsystem blocks in the
system.
Data complexity D is defined as a function that is dependent on the number of
Input/Output variables and inversely dependent on the number of fan-out in the
subsystem block. This is given by the following equation:

D = (V(i) / (f(i)+1))/n,
where V(i) is the number of Input/Output variables in a subsystem block i, f(i) and n are
as above.
The size measurement, which differs from widely used size measurements for object
oriented systems or procedural languages, makes the complexity, as well as other
metrics, very difficult to determine and evaluate. For that reason we want to adjust the
metrics that have been used for the measurements for standard programs. Therefore, we
are not able to compare the system complexity model by Card and Glass adjusted to our
needs with another metric, in order to state whether the chosen metric is the best
suitable one. It must be emphasised that we apply the complexity measurement only to
the subsystems that are comparable in a functional sense. So far, we are only taking into
account subsystem blocks, i.e. we are excluding the blocks responsible for the
computations. The computation blocks are considered as a part of our future work.
6

4. Measurements and metrics – comparison
In this section we apply the measurement techniques and methodology described in
Section 3. The results of the measurements reveal differences between the projects,
which can be compared according to the product metrics criteria. When analysing the
projects we reflect over their evolvement and the factors that influenced the direction of
the system development. First we focus on the direct measurements, like size
measurements, and we investigate the relation between them. Then we proceed with the
internal model properties like stateflow count, library usage and model sizes. Next we
inspect the compilation statistics and gather a number of structural measurements. After
that we concentrate on indirect measurements, by examining the complexity of the
systems, considering all the levels of the controller.

4.1.

Size Measurements

When describing the size measurement we rely on the amount of blocks that is obtained
by typing the Matlab command. The number of blocks tells us of what type of
functionality is performed and on which functions the system is mainly based on (signal
communication between layers, mathematical or logical operations, etc.). It is also the
most suitable and accurate size measurement if we consider the type of the tool that the
systems are implemented in (Simulink/Matlab).
Furthermore, we gathered the data about the number of generated lines of code
(GLOC), which we want to juxtapose with the number of blocks. This is a less rigorous
type of measurement taken only for the comparison of the types of size metrics. We
want to be able to state about the relationship between the types of size measurements
and their connections with other factors of the systems.
4.1.1.

Number of Blocks

For the size measurements we have used the blocks measurement. We present the
obtained results with the diagram in Appendix 1.
In a straightforward manner it is visible from the diagram that generally the number
of blocks increased in Kiikku‟07. The actual total increase is 488%, and on an average
615%. In the new version there are blocks that did not exist in the old version
(Backlash, BusCreator, BusSelector, DataTypeConversion, DeadZone, DicreteStateSpace, StateFlow, Trigonometry), but also the opposite occurs – the blocks that existed
in the old version are not used in the new one (SignalSpecification, DiscreteTransferFcn).
These changes are caused by introducing more features in the new system.
Increasing the functionality of the system made the increase of its size and complexity.
Added blocks are mostly responsible for achieving the “energy saving”, more accurate
computations of valve flows (more sophisticated valve model) and changing the logic of
the system (including more sophisticated algorithms). It is worth mentioning that the
readability of the code has not decreased, although the size increased significantly.
The biggest number of blocks in Kiikku‟05 is in the blocks Inport, Outport and
Constant followed by the blocks Subsystem, Product and Gain. The number of all these
blocks increased significantly, which is caused by the new functionality added to the
system in the new version. The blocks that have a significant size in Kiikku‟07 are
responsible for the computations performed in the more mature algorithms.
7

The masked blocks are counted separately. As in the case of the blocks mentioned
before, there are masked blocks that did not exist in the old version (Compare To
Constant, Compare to Zero, Create Diagonal Matrix, Data Type Duplicate, Digital
Hydraulics, Minimum Saturation Dynamic). Vice versa, there are blocks that existed in
the old version, but are not used in the new one (i.e. Extract Diagonal). Kiikku„07 uses
masked blocks to simplify and facilitate the implementation of the controller. This
approach makes it easier to understand the function of the large and complicated
subsystems, as it is documented into the mask.
In Appendix 2 we see that there is a large number of masked blocks in Kiikku‟07
version that do not appear in Kiikku‟05 – at least half of the masked blocks are new in
Kiikku‟07. This is caused by the new algorithm and modified logic that better organise
the control logic of the system. Moreover, the readability of the system is increased,
since no subsystem blocks are at the same level as the system blocks. Furthermore, the
readability of the code itself was maintained according to IHA team, in spite of the fact
that the valve model in the new version is more advanced. The easier implementation
and higher understanding of the code and subsystem‟s function by using the masked
subsystems are crucial factors contributing to the increase of the usability of the system.
4.1.2.

Generated Code Measurements

For the generated file with code for Kiikku‟05 we have gathered the Generated Lines of
Code (GLOC), which equals 11 840. In total it is 26 551 words, or more accurately
152 413 characters without spaces or 258 085 characters with spaces. From the file with
the generated code for Kiikku‟07 we have noted that the number of GLOC is 82 014,
which is in total 191 069 words (or alternatively 1 098 106 characters without spaces or
1 940 109 characters with spaces).
The size measurements according to the file generated by the tool are depicted in
Fig. 3, with the use of a logarithmic scale. It can be observed that all factors have
increased, which is coherent considering the fact that new functionality in the new
system is added and, therefore, the physical size of the system grows.

Generated File Measurements
10000000
1098106
1000000
191069

Actual Size

100000

82014

1940109
258085

152413

81884

26551
11840

11840

10000

Kiikku '05

1262

Kiikku '07

1000
183
100
10
1
generated LOC

words

characters (no
space)

characters (with
space)

Type of Measurement

Fig.3. Generated file measurements
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4.1.3.

Generated Lines of Code (GLOC)

The size measurements used in the comparison of Kiikku‟05 and Kiikku‟07 are
presented in Fig. 4, where we have used the logarithmic scale to better show the
dependencies. We juxtapose the systems both concerning block and GLOC size
measurements. We can note the regularity that when the number of blocks increases,
subsequently the number of generated lines of code increases. By adding more
functionality and features to the system, the system‟s size increased 488% in blocks and
592% in GLOCs.
Size
82014

100000
11840

Actual size

10000

1000

4364
741
Kiikku '05

100

Kiikku '07

10

1
blocks

GLOC
Measurement types

Fig.4. Blocks vs. GLOC – size comparison.
4.1.4.

Ratio

We also want to document the ratio between the number of generated lines of code and
the blocks. For Kiikku‟05 the average size of the block is 16 and for Kiikku‟07 it is
18.8. The ratio of number of generated lines of code and number of blocks is shown in Fig. 5.

Ratio of GLOC per Block
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Ratio
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17

Kiikku '05

16

Kiikku '07

15
14
Project

Fig.5. Ratio of GLOC per Blocks
It can be observed from Fig. 5 that the average number of GLOC per block is higher
in Kiikku‟07 than in Kiikku‟05. This is caused by the fact that the system became more
complex and diverse in the algorithmic and functional sense and also that new blocks
were used in the new version to implement these changes.
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4.2.

System Features Measurements

Size measurements depicted in Section 4.1 are not the only features describing Kiikku
systems. In this section we present the internal controller model properties: stateflow
count, library usage and model sizes. Stateflow count is a type of structural measure. It
is a component counting the number of stateflow objects in the current context. Library
usage shows the number of times blocks that are used from each library and the total
count of each block. Models sizes are defined with number of discrete states and
number of sample times.
4.2.1.

Stateflow count

Although the principle of the control logic has mostly remained the same, there are few
major changes in the code, namely the controller in Kiikku„07 has a stateflow chart,
which controls the driving mode of the controller. There is no such construct in
Kiikku„05.

Stateflow
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Fig.6. Controller Stateflow Count
Fig. 6 shows clearly that stateflow count is a new feature in the Kiikku‟07 system,
as no stateflow count exists for Kiikku‟05. The introduced mode switching logic
decides the direction of the movement according to the reference value and pressures.
Moreover, the driving mode is chosen with the same stateflow chart.
4.2.2.

Library usage

In Kiikku„07 the use of library blocks has been introduced. This increases the flexibility
and portability of the system, as controller code can be used for other applications.
Updating the library block will result in automatic updating of all the applications, in
which it is used. This increases the usability of the system.
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In Fig. 7 we can see the comparison of the library usage. Again, it is worth
mentioning that there are new libraries, which were not used in the older version, like
digital hydraulics library. The diagram shows only the comparable libraries, existing in
both versions.
There is a higher number of linked libraries (dspstat3 and simulink libraries:
increase 50% and 27.27% respectively) in Kiikku‟07, and the usage of dspmtrx3 library
has decreased significantly (75%). Both changes are connected with the more advanced
algorithm and computations performed in Kiikku‟07. The digital hydraulics library (not
shown in the picture), with 123 links towards it, is introduced in Kiikku‟07. Introducing
this library together with increasing the number of existing in the old system ones
makes the total number of libraries increase of 576%, comparing to older version of the
system. For clarity we are presenting the compact information about the libraries in
Table 1.
Table 1. Used libraries
Kiikku '05
Kiikku '07

dspmtrx3
8
2

dspstat07
2
3

simulink
11
14

digital hydraulics
0
123

It should be mentioned that the dspmtrx3 in Kiikku‟07 replaced the minimum
function existing earlier version in Simulink library.
4.2.3.

Model Sizes

In the picture describing model sizes (Fig. 8) we compare the number of discrete states
in both versions. The number of discrete states, which are the dynamic states
responsible for the operations, has augmented in comparison to Kiikku‟05 with 143%.
This is caused by more complicated calculations required by more sophisticated
algorithm.
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Fig. 8. Model sizes
At the same time the number of sample times, namely the number of unit delays, did
not change, which is a big advantage of the system considering the increasing
complexity of the algorithm. The standard command for measuring the sample times
occurred to give the results faster for the bigger size model. We use logarithmic scale in
order to show clearly model sizes both for number of discrete states and number of
sample times in one chart.

4.3.

Compilation Statistics

With the Matlab command „sldiagnostics‟ we also measure the compilation statistics,
i.e. time and memory usage for both of the systems. It is reasonable that with the
growing size and functionality, and therefore complexity of the system, both the time
and memory usage during the compilation also increase.
4.3.1.

Memory compilation statistics

In Appendix 3 we present the statistics of memory usage for the compilation. We use a
logarithmic scale to be able to display all the values. The memory usage for compilation
increased with 414% in total. The change is not that significant, considering the fact that
the functionality of the system has increased, due to bigger and more complex code, as
well as more sophisticated computations and the new algorithm.
Some of the functions are introduced in the new version (i.e. re-eval bus selectors,
cache connector i/o mappings, config non-virtual inports, propagate data types and
complex signals, stateflow post-compile notify, generate sorted lists) and, therefore, the
memory usage during the compilation is correspondingly higher. Almost all the
functions, which memory usage augmented, were related to the new algorithm and more
advanced computations.
There are only some function blocks, where the memory usage decreased (model
compilation startup completed, model workspace initialized (N), propagate frame data
and dimensions) or which were not used anymore (validate connections of model ref
blocks), but these changes are minor and do not influence the overall memory usage.
4.3.2.

Time compilation statistics

The time usage during the compilation depicted in Appendix 4 is significantly higher
compared to the old version and it has increased approximately 550%. Considering the
new functions added to the system the changes in time usage are reasonable, as time
12

usage does not exceed 0.5 seconds per compiled function block, and could be expected.
It should be mentioned that the time needed for the compilation (per function) is given
in fraction of seconds only, while the overall functionality increased substantially. The
time usage in Kiikku‟07 is a relevant achievement and can be treated as an advantage.

4.4.

Structural Measurements

We compare the structural measurements of both of the Kiikku systems in order to
evaluate and compare the systems in the physical perspective. Therefore, we measure
Inports and Outports of the systems, gathering the data straight form the models. First,
we focus on the total number of Inports and Outports, which is on the upper level of
abstraction (the Controller model). After that we concentrate on counting the same
features for the lower levels of the system, namely for the Search Space, as well as Cost
Function and Optimal Control level. The results are presented in Table 2.
Table 2. Inports and Outports in Kiikku„05 and Kiikku„07

Upper level
Search Space
Cost Function
and Optimal Control

Inports
Kiikku‘05 Kiikku‘07
8
8
4
10
7

16

Outports
Kiikku‘05 Kiikku‘07
4
1
2
5
4

2

In the table we see that the number of total Inports did not change, but the number
of Outports did. This means that from the same amount of data needed in the system,
we get more precise and optimal data in the output.
For the lower layer, Search Space, the number of Inports, as well as the number of
Outports, increased significantly. Cost Function and Optimal Control layer has also had
increased amount of the Inports, but the number of Outports was decreased.

4.5.

Summary of the Direct Measurements

Kiikku‟07 of the system is physically bigger than Kiikku‟05. The amount of blocks and
masked blocks is higher; there are blocks that are new for the system and some from the
old version that are not used anymore. This is caused by increasing the functionality of
the system and adding more features concerning the algorithm and calculations needed,
and at the same time changing the structure of the system to more ordered and readable.
The stateflow chart was introduced to better control the driving mode of the
controller and to better structure the system.
The size of the model is bigger in Kiikku‟07 than in Kiikku‟05, as the number of
discrete states responsible for the calculations increased.
The usage of libraries increased, as a result of the performed calculations and the
used algorithm.
There is also higher usage of both memory and time during the compilation,
caused by increasing the functionality and size. Hence, the system requires more
resources.
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5. Complexity Metrics
According to the Complexity Metric by Card and Glass described in Section 3.2, we
performed the calculations and comparison of the complexity of Kiikku‟05 and
Kiikku„07. It is worth mentioning that we do the comparison only for the subsystems
with the same naming or comparable functionality.
5.1.1.

Abstract Level of the Controller

First we gathered the fan-in and fan-out numbers for both versions of the Kiikku
systems. These are the number of subsystem blocks that use other subsystem block, as
well as the number of subsystem blocks that are used by other subsystem block. The
subsystems for the Abstract level are the Search Space, Steady State Solutions and Cost
Function and Optimal Control. The numbers of fan-ins and fan-outs for every examined
subsystem are shown in Table 3:
Table 3. Fan-in and fan-out for the Abstract Level of Kiikku‟05 and „07
Abstract level
Search Space
Steady State Solutions
Cost Function
and Optimal Control

Fan-in
Kiikku„05
Kiikku„07
0
0
1
1
2

2

Fan-out
Kiikku„05
Kiikku„07
2
2
1
1
4

0

For better depicting our measurements we present the abstract model of Kiikku‟05.
In Fig. 9 the Search Space subsystem block uses no other subsystem block. Therefore,
its fan-in is equal to zero. On the other hand, it is used both by Steady State Solutions
subsystem block (via KVs) and Cost Function and Optimal Control Block (via States)
thus the number of fan-out is equal to two.

14

1
v_rJ

1

v _rC

JOYSTICK OR CLOSED-LOOP

uPA

u_in u_out

pA_ref

4
y_r
2
y
5

y _ref
y

1
u_PA

Delay Comp. PA
pB_ref

v _rC

uAT

6

v _r

v_r
Closed-loop
controller

Switch

u_in u_out

States

p_Ar
7

2
u_AT

pAr

Delay Comp. AT

States
pBr
v _hat

p_Br

uPB

u_in u_out

3
u_PB

v _rC

Delay Comp. PB
KVs

pA_hat

pS_hat

uBT

Search space
(direct analysis)
CONTROLLER PARAMETER CONSOLE
KVs

8

u_in u_out

4
u_BT

pB_hat

Delay Comp. BT
Cost function
and optimal control

v _hat

pS_hat

pS_hat
v _rC for { ... }pA_hat

3

F_hat

F_hat
pT_hat

pB_hat

[PT_HAT]
Steady-state solutions using
Newton-Raphson iterations

Fig. 9. Upper Level of the SICFP05 Controller
The total number of subsystem blocks used in our equations as n, is 3 (n=3): Search
Space, Steady State Solutions, Cost Function and Optimal Control. The total complexity
C consists of the structural complexity S and data complexity D.
First, we are calculating the structural complexity. For performing this we need to
divide the sum of squares of fan-out of the subsystem by the number of subsystem
blocks. Therefore:
S = Σ (fan-out(subsystem))2 / number of subsystem blocks.
Thus, we can calculate the structural complexity for Kiikku„05:
S = Σ (22, 12, 42) / 3 = Σ (4, 1, 16) / 3 = 21 / 3 = 7
Similarly the structural complexity for Kiikku‟07 is:
S = Σ (22, 12, 02) / 3 = Σ (4, 1, 0) / 3 = 5 / 3 = 1.6667
Secondly, we are calculating the data complexity. For the calculations we need
number of input and output variables in each of the subsystem V(subsystem) = input
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variables + output variables, as well as fan-out of the subsystems. Then the data
complexity D is computed as the sum of the ration between the variables and the fan-out
for each block in a subsystem.
D = Σ(V(subsystem) / (fan-out(subsystem)+1)) / number of subsystem blocks.
The input and output (I/O) variables are given in Table 4. They are obtained directly
from the models of the systems. They are counted as arrows entering and exiting the
subsystem block for input and output respectively. Thus the I/O for the Search Space
consists of 4 inputs (aAr, pBr, v_rC and pS_hat) and 2 outputs (States and KVs), which
gives the value 6 for Kiikku‟05 in Table 4.
Table 4. Input and output variables of Kiikku‟05 and „07
Abstract level
Search Space
Steady State Solutions
Cost Function and Optimal Control

I/O for Kiikku„05
6
8
11

I/O for Kiikku„07
15
13
17

Thus we obtain the data complexity of Kiikku‟05 from the tables 3 and 4 when the
number of blocks equals 3:
D = Σ (6/(2+1)), (8/(1+1)), (11/(4+1))) / 3 = Σ (2, 4, 2.2) / 3 = 8.2 /3 = 2.7333
and the data complexity of Kiikku‟07:
D = Σ (15/(2+1)), (13/(1+1)), (17/(0+1))) / 3 = Σ (5, 6.5, 17) / 3 = 28.5 / 3 = 9.5000
As mentioned, the overall complexity consists of structural complexity and data
complexity. Thus for Kiikku„05 the overall complexity is equal to C = 7 + 2.73 = 9.73.
For Kiikku‟07 the overall complexity is equal to C = 1.67 + 9.5 = 11.17.
We can conclude that when comparing the structural complexity of both systems,
Kiikku‟05 was more complicated and less ordered. In addition it was more chaotic in a
structural sense, which is reasonable considering the ad-hoc approach of system design.
On the other hand Kiikku‟07 is more readable and ordered, built in a layered fashion.
Therefore, the structural complexity is relatively low. This is an advantage of the new
version of the system, as the improvement in the design was made and this restyling
made the model more legible. This in turn contributes to higher understanding of the
system and functionality of the subsystems, followed by easier implementation of the
system and higher usability.
When comparing the data complexity of both systems it is visible that the results are
inversely proportional to the structural complexity. High structural complexity in
Kiikku‟05 implies low data complexity. The dual situation is for Kiikku‟07: low
structural complexity and at the same time high data complexity. This leads to the
conclusion that the approach of the system design has been changed.
The data complexity for Kiikku„05 is much lower than for Kiikku‟07. This means
that the algorithm, the data flow and the computations made on the data are more
advanced in Kiikku‟07 and that the system was further developed. Its functionality was
broadened, accommodating the system to the users‟ needs.
The overall complexity of the system increased, which was foreseeable, as the new
system was developed with more functionality. It should be emphasised that the
increase in the overall complexity is not very significant and can be explained by the
fact that the staff was more experienced in the field of hydraulics, having similar project
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done previously, and the development was done with more mature approach. It is worth
mentioning that the use of Formal Methods in the new version of the system was a
significant factor in increasing its functionality and dependability.
5.1.2.

Search Space Level

Having the general view of both systems‟ complexity, in this subsection we enter one
level lower, to the Search Space level. We perform the same measuring actions as for
the upper level (Abstract). The measurement of fan-in and fan-out, as well as the inputs
and outputs, together with the computed complexity results are gathered in Table 5. The
computations for the Search Space level are performed in the same manner as for the
Abstract level of the controller and are omitted in this section for the legibility of the
documentation.
From the obtained results we can conclude that the structural complexity of this
subsystem did not change, whereas the data complexity changed significantly. This is
caused by the calculations of the cost function, which are performed in one of the
subsystems of the Search Space (logically at the same level as other subsystems of
Search Space - best candidates and calculation of the flow). Therefore changing the
logic of the system resulted in increasing the data complexity. This straightforwardly
influenced the increase of the total complexity of the Search Space subsystem.
Table 5. Measurements and calculations of the complexity of Kiikku‟05 and Kiikku‟07
for the Search Space subsystem
Kikku 05
Search space

Fan-in Fan-out

Flow rates
Best candidates
Structural complexity
Data complexity
Overall complexity

0
1
0.5000
3.5000
4.0000

1
0

Input
params
4
2

Output
params
2
2

Overall
params
6
4

Input
params
10
6

Output
params
2
5

Overall
params
12
11

Kikku 07
Search space

Fan-in Fan-out

Flow rates
Best candidates
Structural complexity
Data complexity
Overall complexity

0
1
0.5000
8.5000
9.0000

5.1.3.

1
0

Cost Function and Optimal Control

The second subsystem that we are interested in is the Cost Function and Optimal
Control subsystem. In Table 6 we show the measurements of fan-in and fan-out, as well
as the inputs and outputs, together with the computed complexity results for this
subsystem in both versions.
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Table 6. Measurements and calculations of the complexity of Kiikku‟05 and Kiikku‟07
for the Cost Function and Optimal Control subsystem
Kikku’05
Cost function… Fan-in
Cost function
Optimal control
Error handler
Structural
complexity
Data
complexity
Overall
complexity

1
1
0

Fanout
1
1
0

Input
params
8
2
1

Output
params
2
1
1

Overall
params
10
3
2

0.6667
2.8333

Note: recursive connection

3.5000

Note: recursive input
(output of optimal contr.)

Kikku’07
Cost function… Fan-in
Cost function
Optimal control
Error handler
Structural
complexity
Data
complexity
Overall
complexity

1
1
1

Fanout
1
2
0

Input
params
16
2
2

Output
params
1
2
1

Overall
params
17
4
3

1.6667
4.2778

Note: recursive connection

5.9444

Note: recursive input
(output of optimal control)

From the results we can conclude that both structural complexity and data
complexity increased in the new version. This increased the overall complexity. Shifting
the error handling logic in this level to a separate subsystem of the level increases the
readability of the system, but at the same time it also increases the structural
complexity, as the number of subsystems increases. The Cost function is more complex,
but also ordered and layered into four subsystems. Moreover, the additional blocks
calculating the velocity, pressure and energy require number of input parameters, which
increases the data complexity, as the number of inputs increases.
It is worth mentioning that the recursive connection (output from optimal control
and at the same time input to optimal control) increases the number of fan-in and fanout (marked in the Table 6 with strongly highlighted colour), as well as number of input
parameters (marked in the Table 6 with lightly highlighted colour).
5.1.4.

Summary of Kiikku’05 and Kiikku’07 Complexity

According to the Card and Glass model of complexity we have achieved
advancement in Kiikku‟07 in comparison to Kiikku‟05. Adjusting the model to our
needs resulted in reliable data gathering and calculating the complexity metric pursuant
to them.
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In both cases the fan-in values are relatively small, which indicates large and
complex subsystems. But as fan-in is not an important complexity indicator, we
concentrate on the fan-out, which are in fact representing the connections between
subsystems and influence the structural complexity. In Kiikku‟07 the fan-out decreased
on the Abstract Level, but did not change on the Search Space level or in the Cost
Function and Optimal Control level. This means general decrease of the fan-out for the
new version, and this in turn denotes better system design and correct decomposition.
The data complexity is directly dependent on the number of input and output
variables. Therefore, the increase of the number of input parameters on the Abstract
Level in Kiikku‟07, average increase of the number of the outputs on this level.
Moreover, the increase of both input and output parameters on the Search Space level
and Cost Function and Optimal Control level lead to the conclusion that more
functionality needs to be accomplished by the subsystem and therefore the internal
(data) complexity is higher.
The data complexity is inversely dependent on the number of fan-out in the
subsystem. If the number of fan-out is higher, the functionality is deferred to
subsystems at lower levels; therefore the internal (data) complexity of a system is
reduced. In our case the number of fan-out decreases in the new version, so at the same
time the data complexity grows.
As the defects for the systems were not measured during the systems development,
we cannot state about the correlation between fan-in, fan-out and defects. Therefore we
cannot specify the quality of the systems and the relation between the versions from the
defects perspective.
The Card and Glass complexity model can be used as guidelines on achieving a low
complexity design. In our case it was used as a methodology to study how the
complexity of the system changes while comparing Kiikku‟05 (old version of the
system) with Kiikku‟07 (new version of the system), that preserves the same general
purpose, with more composite functionality and ordered, layered structure.

6. Conclusions
Since the software industry is plagued with quality issues, software engineers and
managers recognise the need to better understand and, hence, better manage the
software development and be able to make the necessary changes to improve quality
[15]. In order to perform this, metrics relevant to software engineering products have to
be collected and analysed. Although some evidence in support of metrics do exist, many
industrial representatives and researchers still find software measurement to be a
complex and difficult undertaking. That is why this domain is intensely being developed
and finding a good measurement program is so demanded and valuable.
In our paper we performed the quality measurement program for Kiikku‟05 and
Kiikku‟07 systems taking into account the quality features such as product metrics (size
measurements, structural measurements and compilation statistics) and systems‟
complexity. Obtained information served for the comparison of the systems and derived
characteristics that helped the system to evolve. The evaluation of the systems and their
development was based on previously gained data and the results inferred. It has to be
emphasised that we base our work on the measurements of the final products and the
data obtained from the developers in the retrospective or estimated manner.
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As the systems were implemented in a Simulink/Matlab environment, where the
lines of code are generated, they cannot be evaluated as directly coded by the
programmer. Therefore, we could not simply apply the Card and Glass complexity
metric immediately. We adjusted the metric to our needs, applying the fan-in and fanout according to the structures given by the tool. Ambiguous and general statements
indicated that the complexity of the system had increased or decreased, but without
giving concrete arguments to verify such theories. Hence, we have introduced
complexity metrics for implementation in Simulink / Matlab that would enable us to
reason about the complexity in a clear and equation-based manner.
Introducing Formal Methods into the development cycle of Kiikku‟07 resulted in
detailed and thorough specification. This, in consequence, made a major impact on the
creation of the system in all its development phases. The benefits from the formal
approach were not only the specification, which can be used as a documentation of the
system on its more general level, but also from an implementation of the system done in
conformance to this specification. For the complex system like Kiikku the stepwise
development approach given within formal methods ensures the correctness of the
produced software. This top-down methodology helps to master the complexity of the
project and the properties of the system, ensuring more reliable and dependable
software. The profits from formal approach are noticeable from the results presented in
this report.
In our future work we would like to focus more on the up to date (simultaneously
with the system development) data assembling in order to be able to correctly and
accurately perform the quality measurement program. Having more data means that the
measurement program will be more comprehensive and will picture the software quality
in a broader manner. Furthermore, we would like to strengthen the proposed complexity
measurement by adding other system features as supplementary factors into the
proposed equation. Additionally we would like to consider block structures other than
subsystems in our complexity metric, e.g. the blocks that are intended to perform
numerical or logical operations not being subsystem blocks.
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