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Abstract

This thesis defines metrics that signal the need for preventive refactoring of
statement list components (STL components). These metrics can be used to
keep an STL component reusable and maintainable by warning when the inter-
nal structure of that component becomes to complex.

It appears that no research had been conducted on STL metrics before and that
no tools were available for the collection of metrics either. Therefore, metrics
used on other programming languages were analyzed and used to define a suit-
able metrics set for STL.

In order to test the useability of certain metrics, a tool called AWL Analyzer was
developed using rapid prototyping. This tool extracts, stores, and orders numer-
ous metrics from STL components and visualizes the communication structures
used between those components. AWL Analyzer was constructed iteratively
based on feedback of the PLC programmers on prototypes of the tool.

Via a questionnaire, the perceived complexities of a number of STL components
were retrieved from the PLC programmers. These were used to compare to a
number of metrics extracted by the AWL Analyzer. Based on this comparison,
we concluded that there are two types of complexity for an STL component: in-
ternal complexity and interaction complexity. The best way to measure internal
complexity is with the McCabe complexity measure; Whereas the best way to
measure interaction complexity is with information flow metrics. Both metrics
can help in defining STL components with a high potential for refactoring.

Finally, complexity trends in STL code were addressed. These show that some
components have steady complexity levels while others have increasing complex-
ity levels over time. This makes identifying error-prone components (with the
highest priorities for refactoring) more accurate than only measuring current
complexity levels.
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1 Introduction

1.1 Background

The background for this assignment was presented on the website of Vanderlande
http://www.vanderlande.nl:

The software layer that directly controls our systems in real time is
often implemented on Programmable Logic Controllers (PLCs). The
complexity and functionality of this software is growing, so we de-
cided to develop and maintain a re-usable software platform for our
PLC-based equipment control. Many projects and engineers con-
tribute to this software platform, while a core team of specialists,
headed by a lead-architect, guards its quality and architecture.

One of the risks of any software platform with a long intended life-
time is erosion of its internal structure. This causes maintainability
and reliability problems, leading to more effort and longer lead-times
to realize our systems.

We want to fight software erosion by regular preventive refactoring.
To support this process, we need metrics that signal the need for
preventive refactoring. We want to continuously measure the quality
of our software platform with these metrics, and define ’thresholds’
for refactoring based on experiences with these metrics.

Another possibility is to use these metrics to verify the quality of
new contributions or changes to the software platform.

1.2 Research question and objectives

Vanderlande wants to fight software erosion of the internal structure of the PLC
software platform by regular preventive refactoring.

The main objective for this assignment therefore is to define metrics that signal
the need for preventive refactoring. This objective can be split up in three major
sub-tasks and -objectives:

e To study earlier research in the field of maintainability of PLC
code and related metrics. And, if research was conducted, can
this be used to improve the maintainability of PLC code at Van-
derlande?

e To study the architecture of the PLC software platform, learn
what determines its maintainability, and define metrics based on
these insights.

e To specify tools to collect these metrics automatically (these are
to be implemented in later student assignments).

The third task or objective was addressed more thoroughly in this assignment.
A tool to collect the metrics was written from scratch.
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1.3 Deliverables

Initially, the end product in this assignment would only be a report analyzing
and answering the questions and objectives from section 1.2. The tool written
during this assignment became very useful however. Therefore, the final version
of the tool including its source code and documentation also became deliverables.

In detail, the deliverables are:
e Report analyzing and answering questions and objectives from section 1.2.
e AWL Analyzer v1.0 (tool to collect metrics from STL code)

e Source code AWL Analyzer v1.0

Architectural design AWL Analyzer v1.0
e Detailed design AWL Analyzer v1.0

Software user manual AWL Analyzer v1.0

1.4 Outline

Chapter 2 addresses the literature research conducted in this assignment. It
includes the question whether research has been conducted on maintainability of
PLC code as well as metrics used on other (non-PLC) code. Chapter 3 explains
the language STL (PLC-code) such as used by Vanderlande and defines usable
metrics for the STL language in order to determine maintainability. Chapter
4 discusses the AWL Analyzer, a tool developed in this assignment to collect
metrics for STL. Chapter 5 contains the questionnaire used to verify the results
(metrics) produced by the AWL Analyzer with the perceptions of the PLC-
programmers. Chapter 6 explains the process of expanding STL maintainability
analysis by analyzing complexity trends of code metrics. Finally, chapters 7,
8, and 9 contain the conclusions, recommendations, and evaluation for this
assignment,.
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and on the ideas for collecting certain metrics. All four were usually able to fit
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For me this was a very pleasant way of communication which led to a high
productivity. Finally, I would like to thank all PLC programmers who took the
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2 Literature research

This section gives an overview of the relevant literature on software maintenance
and on code metrics. The definition of software maintenance will be addressed
first, including different categories of maintenance and the usage of these cate-
gories at Vanderlande. Afterwards, the question what kind of research on STL
metrics has already been done will be addressed. Finally, general code metrics
will be presented.

2.1 Software maintenance

IEEE defines software maintenance as:

“The modification of a software product after delivery to correct
faults, to improve performance or other attributes, or to adapt the
product to a modified environment.” [IEEE93]

This definition explicitly incorporates three major categories of software main-
tenance: corrective maintenance, adaptive maintenance, and perfective mainte-
nance. Another major category (proposed by IEEE as well [[EEE93]) is preven-
tive maintenance. A short description/explanation for each of those four major
categories will be presented now.

e Corrective maintenance: fixing actual errors in a software product.

e Adaptive maintenance: alterations made to the software product as a
result of changes in the environment of the software product.

e Perfective maintenance: alterations made to a software product to meet
the evolving and/or expanding needs of the user.

e Preventive maintenance: alterations made to a software product to make
it easier to conduct other types of maintenance (corrective, adaptive, and
perfective) in the future.

For STL components at Vanderlande, the first three categories (corrective, adap-
tive, and perfective) of maintenance are used. The dominant maintenance cate-
gory differs from component to component. For components that are frequently
reused, the dominant category will usually be adaptive maintenance or perfec-
tive maintenance. New and/or complex components usually need more correc-
tive maintenance.

At the moment of writing, no preventive maintenance takes place for the STL
platform at Vanderlande. This is the reason for this assignment, to help incor-
porate this type of maintenance in the maintenance process at Vanderlande.
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2.2 Research conducted by others on metrics for STL
Based on thorough searches in

e IEEE-IEE Electronic Library (IEL) (http://iceexplore.ieee.org)

CiteSeer.IST Scientific Literature Digital Library (http://citeseer.ist.psu.edu)

PLC community fora like PLCS.net (http://www.plctalk.net/qanda)

e Siemens product support (http://support.automation.siemens.com)

Google (http://www.google.com)

no indication was found that anything of value has been done in the field of
complexity-metrics on PLC-code (STL in particular) yet.

One of the main reasons probably is that the STL community is relatively small
compared to communities of programming languages like C, C++, C#, Java,
Fortran, Pascal, etcetera.

The metrics set therefore had to be built from scratch in this assignment. Some
existing complexity metrics used in other programming languages could nev-
ertheless be used as starting points. Furthermore, input and validation of the
proposed metrics by PLC programmers (at Vanderlande) were very useful in
defining ‘points of interest’ in STL-code.

2.3 Code metrics available in literature

The basis for software measures and software measurement was established in
the sixties and mainly in the seventies [RH68]. Based on this work, more and
more sophisticated measures emerged in the following decennia [Zuse06].

Today, a wide range of software metrics can be found in literature. Some met-
rics are more sophisticated than others. Some can be used for basically any
programming language/project while others are more language-specific.

Software metrics can be divided in two main groups: process metrics and code
metrics [P193]. Process metrics include metrics on for example costs and sched-
ules for a project. These metrics are very important, but go beyond the scope
of this assignment. Code metrics include metrics like: file size/lines of code,
comment ratio, revision metrics, cyclomatic complexity, information flow met-
rics (Henry & Kafura), Halstead complexity, Bowles metrics, Ligier metrics,
Troy & Zweben metrics, and ABC metrics [RD05], [Kit88], [Jon94], [Dav05].
Code metrics are the type of metrics Vanderlande was looking for. The metrics
used in this assignment (file size/lines of code, comment ratio, revision metrics,
cyclomatic complexity, and information flow metrics) will be addressed in more
detail now.

File size/LOC

A common basis for estimation in a software project (effort to construct /maintain)
is the LOC or lines of code metric [RSM06]. More and more complex function-
ality usually requires more lines of code. It is relatively easy to count the lines
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of code for a file or project, the process is easy to automate and the lines of code
metric is intuitive [WikLO06]. There are some disadvantages to the lines of code
metric. There is a lack of cohesion with the functionality of a piece of code, the
number of lines of code for a given functionality can differ from programmer to
programmer and there are numerous ways to count!. A metric like cyclomatic
complexity (addressed later) has less of these disadvantages.

Amount of comment

A NASA software study suggests that modules with higher comment ratios are,
on average, more reusable than others [MALOQ5]. It is easier to understand what
a piece of code is doing when it is well documented. As with the lines of code
metric, there are numerous ways to define comment ratio. Some examples are:
total lines of code/total lines of comments, the characters of code/characters
of comments and lines containing code/lines containing comments. The one is
more detailed, but usually slightly more complex to collect than the other.

Metrics on Revisions

A number of metrics can be collected on revisions. Some examples are amount
of revisions, frequency (and distribution) of revisions, total amount of program-
mers for a module and size of the revisions. A high amount and high frequency
of revisions can indicate an error-prone module. A high amount of programmers
(a lot of different programming styles) can make the module more complex and
harder to understand.

Cyclomatic (McCabe) complexity

One of the most widely used and accepted software metrics is Cyclomatic Com-
plexity (CC) [RDO05]. This metric was introduced by McCabe in 1976 and is
therefore often called McCabe complexity. The metric ‘measures’ the amount of
linearly independent paths trough a piece of code (function, module, etcetera).
It represents the number of test cases needed to unit test a piece of code
[CMUO06].

Cyclomatic complexity is defined by [McC76]:
CC=e-n+2p

where E is the number of edges, N the number of nodes and P the number
of connected components in a flow graph. It is further demonstrated that the
amount of linearly independent paths through a piece of code (CC) is the amount
of decision points in that piece of code + 1. So, CC = NDP + 1, where NDP is
the number of decision points [Wey88].

The higher the cyclomatic complexity, the more likely that keeping track of the
behavior of the piece of code is difficult.

Information flow (FanIO) metrics
Information flow metrics, developed by Henry and Kafura, measure the links
among functions/procedures/components by ‘measuring’ the information flow

lincluding/excluding comment lines/empty lines, count one statement over multiple lines
as one line, etcetera
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between them [HK84]. Henry and Kafura defined that errors in procedures with
a high information flow are more likely to occur. Furthermore, these procedures
usually are more complex and more difficult to maintain. A high information
flow can therefore indicate a change-prone and error-prone procedure [Kit88].

The IEEE 982.2 formula for informational complexity (IFC) is [[EEESS]:

IFC = (fanin * fanout)? with:

fanin = local flows into a procedure 4+ number of data structures from which the
procedure retrieves data.

fanout = local flows from a procedure 4+ number of data structures that the procedure
updates.

IFC basically represents the number of paths that can go through the pro-
cedure/function/component in question (or at least an upper bound for that).

2.4 Conclusions

McCabe complexity and information flow metrics are usually better indicators
for complexity than Halstead complexity and Lines Of Code [Jon94]. Tt would
therefore be useful if both McCabe and information flow metrics would be col-
lected for STL components.
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3 STL usage at Vanderlande

This section starts with the definitions of Programmable Logic Controllers
(PLCs) and Statement Lists (STL) as well as how PLCs and STL are used
at Vanderlande Industries. Furthermore, it addresses the software architecture
used for the STL code at Vanderlande and the implementation of this architec-
ture.

3.1 Definitions PLC and STL

A Programmable Logic Controller (PLC) is a small computer used for the
automation of processes like control of machinery or factory production lines
[WikP06]. The PLC usually consists of a microprocessor, static memory to
store the program to be executed on the PLC (for example written in statement
list), work memory used during execution of the program and a number of inputs
and outputs. The inputs and outputs are used to connect a number of sensors
and actuators to the PLC in order to ‘read’ and ‘control’ the process. PLC’s
are usually packaged and designed for extensive temperature ranges, dirty or
dusty conditions, immunity to electrical noise, mechanically more rugged and
resistant to vibration and impact and their Mean Time To Repair (MTTR) is
usually extremely low. This makes them more suitable for controlling a certain
process than a ‘regular’ computer [WikP06].

At Vanderlande, SIMATIC S7-300 and SIMATIC S7-400 PLCs are used, de-
pending on the size of a project. The programming language used for these
PLCs is “Statement List”.

“Statement List” (STL) (or “anweisungs liste” (AWL) in German) is a textual
programming language developed by Siemens. STL corresponds to the Instruc-
tion List (IL) language defined in the International Electrotechnical Commis-
sion’s standard IEC 61131-3. Instruction list uses very simple instructions sim-
ilar to the instructions of mnemonics programming languages. The syntax for
statements in STL is similar to the syntax of assembler languages. It consists
of instructions followed by addresses on which the instructions act. There are
more than 130 basic instructions and a wide range of addresses available [Sie98].
For a more detailed overview of instructions and addresses in STL, please see
the SIMATIC S7 Reference manual [Sie98].

At Vanderlande, the programming software package STEP 7 (S7) is used for pro-
gramming in STL. This package provides editing, compiling, testing/debugging,
and repository functionality for STL. The package saves all components coded
in STL as plain text in files with extensions ‘.awl’. Furthermore, S7 adds in-
formation like component type, component name, amount of revisions, revision
history, author and component family as comment in the header of these files.
This is useful for extracting information from these files later on.

3.2 Standard software architecture

In July 2003, Vanderlande Industries started the Standard Software Structure
(SSS) project, defined and guarded by the S7 teamn. This project aims at build-

10
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ing software using a standard architecture (decomposition, functions, and in-

terfaces), standard rules, concepts, tools, and documentation according to the
SSS.

Vanderlande Industries achieves this by building their PLC software as reusable
components [SST05]. These components are stored in separate files, containing
strongly related functionality and communicate via well-defined interfaces. The
structure of an application is built according the architecture presented in Figure
3.1. The meaning of this figure will be described in the rest of this section.

(Sub-)System
System
————— i Manager T —
Data Block Settings — " gy, _Collect_, " bata Block Info
‘Area 1 Area 2
Report
Area Area
Manager T Manager
Zone 1 Zone 2 Hierarchical | ( Zone 3 Zone 4
interfacing
Zone
l Manager
Control
Section Section Section Section Section Section

Figure 3.1: Software structure overview

As can be seen, several software layers are present in this architecture:

e System layer

e Area layer

Zone layer

Section layer

Object layer

Each of these layers consist of one or more (reusable) components and one
or more manager components. A manager component controls one or more
components in the layer below and therefore combines these components into a
certain functionality.

In order to clarify the scope of each layer, the definitions of the layers will be
explained first. This is done based on an example. Afterwards, the interfacing
between the layers and the interfacing between the components in the same
layer will be addressed.

Layer definitions
The scope of each layer will be addressed based on an example of a luggage

11
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check-in system at an airport. The layout of such a system is presented in Fig-
ure 3.2.

Soring Avea (uggage to the right carousel)

Figure 3.2: Example of the layering structure for the check-in at an airport

The system consists of two check-in islands with a number of check-in counters
each, and x-ray machines to scan the luggage. Furthermore, there is a sorting
area (with a sorting carousel) and a loading area (with a number of carousels
for luggage for different planes). A check-in counter contains three small belts
(to transport the luggage onto the takeaway belt), and a number of sensors and
motors. This is a pretty basic view of such a system, but it will be sufficient to
explain the layer model.

The system layer consists of the entire check-in system in this example. It
contains components, which handle system functions. An example of such a
function is Starting and stopping of the entire or part of the system

An area is that (geographical) part of a system that fulfils one or more primary
system functions. In the check-in example, check-in island 1 (4 x-ray machine),
check-in island 2, the sorting carousel, and the loading carousels could be areas?.
A zone fulfils one system function. In the check-in example, the check-in islands
could be split up in a number of check-in zones (the counters), a takeaway zone?,
a transport zone and an x-ray zone.

2All carousels can be different areas or can be combined into one area
3Transport luggage from the check-in counters to the ‘transport’ zone

12
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A section is the smallest mechanical/software system building block fulfilling
an elementary system function. In the check-in example, a check-in counter
(zone) contains sections for each of the three belts. Such a belt section contains
all controls (objects) for that belt: motor, and sensors.

Objects are electromechanical sensors and actuators installed on the mechan-
ical object, which are necessary to control this mechanical section. Some of the
objects are Photo Electric Cells, weight sensors and motors.

Interfacing

Figure 3.1 already showed some interfacing used by the components (hierarchi-
cal or vertical interfacing: report-control, and global interfacing: settings-info).
Figure 3.3 shows this interfacing in more detail, including horizontal interfac-
ing (interfacing between sections, zones and areas to handle the product flow
through the system).

DB_Seting
DB_Status

DB_ID DB_Statisics

FIF_Upstream FIF_Downstream

‘AUX interface “AUX interface

Figure 3.3: Standard component with its standard interfaces

Vertical interfacing is the term used for communication between a manager and
its components below. It consists of:

e The control interface, from manager to component(s).

e The report interface, from component(s) to manager.
The second type of interfacing is horizontal interfacing. This type of interfacing

is used between the sections, zones and areas and is necessary to handle the
product flow through the system. These interfaces include:

13
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e Flow interfaces (FIF_Upstream, FIF_Downstream), to hand a physical
product from one component to another.

e AUX interfaces, for optional additional information to exchange between
components.

The last type of interfacing is global interfacing. Some settings for components
influence the system behavior and certain information produced by components
needs to be available for the whole system (information that can influence other
parts of the system for example). Global interfacing is used for communication
with data stores which contain this information and can be accessed by the
whole system (all components). This type of interfacing consists of:

e Settings interfaces, to collect settings for the component (from DB_Settings
or DB_ID).

e Info interfaces, to store information (in DB_Status or DB_Statistics) which
must be made available for the rest of the system.

3.3 Enabling the reuse of components by using blocks

In order to ease the process of reusing components, the implementation of the
reusable components is based on backbone blocks and circle blocks. The mean-
ing of these blocks will be explained in the following paragraphs.

Backbone blocks

Backbone blocks are components for controlling one or more objects. Usually,
these blocks can be found in the object layer of the standard software architec-
ture. There are two types of backbone blocks. Base backbone blocks and add-on
backbone blocks. The difference between these two types will be addressed in
the circle blocks paragraph below.

Circle blocks

Circle blocks are components who couple a number of backbone blocks in order
to control a complete function. These blocks usually reside on the section level.
Circle blocks only control backbone blocks on the same or on a lower level
(system, area, zone, section, object) in the architecture. If a slightly different
functionality is required, a circle block can easily be adapted by adding or
removing backbone blocks to or from it respectively. A circle block always
contains a base backbone block. Add-on backbone blocks are optional and add
functionality to a base backbone block. The add-on backbone blocks cannot be
used stand-alone.

In order to couple the backbone blocks, a circle block provides a backbone inter-
face. The base backbone block functions as a master on the backbone interface.
The backbone principle and the data exchange via this backbone will be ad-
dressed in the following paragraphs.

Backbone principle
A circle block provides functionality on the section level by stacking backbone

14
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blocks. The stacked backbone blocks communicate via the backbone interface
provided by the circle block. Figure 3.4 shows an example of a basic conveyor
circle block.

Displacement
PEC Paosition STATUS

SETTING

Figure 3.4: Basic conveyor circle block

Here, the circle block constructs the functionality to control a transporting con-
veyor with flow control.

Data exchange via backbone

The backbone interface provided by a circle block is declared in memory bits.
These are used as locals by the circle blocks and as globals by the backbone
blocks. The interface consists of the following sub interfaces:

e Control interface — This is the interface for signals from the upper level
(system, area or zone level).

e Report interface — This is the interface for signals to the upper level.
e Auxiliary interface — This is the interface to auxiliary signals.

e Flow interface — This is the flow interface to adjacent upstream and down-
stream objects.

e Stack interface — This is the interface where the stacked backbone blocks
can store data.

e Transfer stack interface — This is the interface where the stacked backbone
blocks for transfers can store data and exchange with a sorter.

3.4 Structure components

At Vanderlande, the S7 product package is used to generate the STL code.
This package enforces a certain structure of a component (file). This section

15
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addresses this structure. Furthermore, the naming convention for the different
types of variables and types of communication will be addressed.

The piece of code shown in Figure 3.5 shows a stripped example of an STL
component at Vanderlande:

FUNCTION_BLOCK "FB_BA_Flow_Basic"
TITLE =$Revision: 1.1 $CN: 40
//Function:

/...

AUTHOR : MvK

FAMILY : General

NAME : FlowBas

VERSION : 0.0

VAR_INPUT
i_Var_1 : BOOL := TRUE;
END_VAR
VAR_OUTPUT
o_Var_1 : BOOL ;
END_VAR
VAR_IN_OUT
io_Var_1 : DWORD ;
END_VAR
VAR
s_Var_1 : BOOL ;
END_VAR
VAR_TEMP
t_Var_1 : DWORD ;
END_VAR
BEGIN
NETWORK TITLE =AA: Description 1
NETWORK TITLE =BA: Description 2

END_FUNCTION_BLOCK

Figure 3.5: Stripped example an STL component

Three main sections can be distinguished in such a component:

e Header information
e Variable declarations

e Actual code

The header information contains information about the type of the component,
the name, the family it belongs to and the author. Also, the revision history of
the component is logged here. This header is constructed by the S7 package.

The variable declarations are split in (up to) five parts. One for input variables
of the component (interface signals, i_), one for output variables (0.), one for
in- and output variables (io_) and two for local variables of the component
(s and t_). Usually, not all these parts are used. It depends on the type of
variables used in the component of course. The ‘instantiations’ (input, output
and in- and output variables) use the interfacing conventions addressed in the
interfacing paragraph in Section 3.2 to communicate with other components.

16
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The actual code of a component can be split in multiple networks. This is to
improve the readability of the component. Introduction of a network does not
influence code execution however. In Figure 3.5, network AA ‘falls through’ to
network BA for example (unless an explicit jump to somewhere else is introduced
in network AA).

Besides the variables declared in the variable declarations, global memory can
be addressed directly as well. This goes in the form of so-called ‘merkers’.
Merkers are memory locations (bits, words, doubles) in a PLC which can be
read and written by all components on the PLC. These merkers conform to the
same interfacing conventions as instantiations (i, o-, io_). This means there are
special chunks of memory available for the different types of interfaces.

3.5 Structure STL instructions

In this section, a number of constructions and operators of STL are addressed
(in more detail) and illustrated by examples.

Header information

Figure 3.6 shows an example of the header information of a component in detail.

FUNCTION_BLOCK "FB_BA_Flow_Basic"
TITLE =$Revision: 1.1 $CN: 40

//Function:

//Backbone block for basic flow control

/7

//Description:

//The basic flow control consists of the functions gap control and head to head\\
//control.

//

// Hommm— + Fomm +

//==> 1 2 | | 1 | --> flow direction
// Ao + Fommmmm— o +

// |<- gap ->|

// |<- head to head ->|

//

//History:

//$Log: FB_BA_Flow_Basic.AWL,v $

//Revision 1.1 2004-02-04 16:59:26+01 nlgm
//Several modifications during SSS implementation phase ’B’.
//

//Revision 1.0 2003-12-24 12:15:26+01 nlgm
//Initial revision

//

//

AUTHOR : MvK

FAMILY : General

NAME : FlowBas

VERSION : 0.0

Figure 3.6: Header information of FB_BA_FB_Basic

Most of this information is presented as comment (behind ‘//’). As can be
seen, the component name (FB_BA Flow_Basic) and component type (FUNC-
TION_BLOCK) can be found on the first line. The amount of revisions (1) can
be extracted from the second line and the component family (General) from the
line starting with ‘FAMILY’. Date and time of a given revision as well as the
programmer /submitter of that revision can be found in the lines starting with
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//Revision.

Decisions
STL has numerous instructions that are (part of) a decision. These instruc-
tions include boolean operations (BoolOp, TerBoolOp), mathematical opera-
tions (MathOp), numerous types of jumps (JumpOp) and a loop-instruction
(LoopOp).

BoolOp A, AD, AN, AW, O, OD, ON, OW, X, XN, XOD, XOW, A(, AN(, O(, ON(, X(,
XN(
TerBoolOp S, R, =

Table 3.1: Boolean operators in STL

The boolean operations are summed up in Table 3.1. These operations are used
for logic operations on signals, and to set certain bits (A, AN, O, ON, X, XN;,
A(, AN(, O(, ON(, X(, and XN(), words (AW, OW, and XOW), or doubles
(AD, OD, and XOD) in memory.

The operations work with bits in the status word of a PLC. This status word
contains bits that can store parts of a calculation or boolean operation. The
most important bits are called the first check (F'C), and result of logic operation
(RLO) bits. If the FC bit is 0, this indicates that the next boolean operation
begins a new boolean string. In this case, the signal state (parameter of that
boolean operation) is stored directly in the RLO bit (and the FC-bit will be set
to 1).

If the F'C-bit is 1, the RLO bit is used directly as (one of the two) input(s) of
the boolean operation (the other input is the signal state). The result of the
boolean operation is stored in the RLO bit again. The boolean operations often
lead to if-then and if-then-else constructs in STL code as can be seen in the
following example.

// If-then/If-then-else example
FAO1: A #i_instl; // If the signal state at input #0_instl is 1.
// (FC, and RLO initially O, #0_instl is 1 ->
// RLD=1, FC=1)
AN #i_inst2; // AND the signal state at input #0_inst2 is 0.
// (FC=1, RLO=1, #0_inst2 is 0 -> RLO=1)
= #io_inst3; // THEN set #io_inst3 to 1. ELSE set #io_inst3 to O.
// (#io_inst3=1 (or 0), FC=0, RL0=0)

The mathematical- and jump operations are summed up in Table 3.2.

MathOp | ==I, <>I, <I, <=1, >I, >=I, ==D, <>D, <D, <=D, >D, >=D, ==R, <>R,
<R, <=R, >R, >=R
JumpOp | JZ, JNBI, JBI, JM, JMZ, JN, JOS, JO, JP, JPZ, JCN, JNB, JC, JCB, JUO

Table 3.2: Mathematical- and jump operators in STL
These operations are often used together in comparing values and jumping ac-

cordingly in the code. Usage of some mathematical and jump operations is
shown in the following example.
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// Jump example

FAO3: L 10; // Load integer 10 into accumulator 1 low as lower limit.
L MWil; // Load the value in merker word MWil into accumulator 1 low,
// transferring the integer value 10 into accumulator 2 low.
<=I // Is 10 less than or equal to the value in MW11? If so, then set

Result of Logic Operation (RLO) to 1; otherwise reset the RLO to O.
JC FAO4; // IF RLO = 1 THEN jump to FAO4.
// ELSE perform instructions
.. // on these lines.
FAO4: ...

Finally, there is the LOOP operator used for loops.

[ LoopOp [ LOOP |

Table 3.3: LOOP operator in STL

An example of the usage of a loop operator is shown in the following example.

// Loop example
L +5; // Initialize Loop Counter.
FAO03: T MB10; // AND the signal state at input #0_inst2 is 1.
. // Do something
L MB10;
LOOP FAO3; // Decrease loop counter (in accumulator) and
// return to FAO3 if the counter is higher than 0.

For more details on all operators, see the Simatic S7 reference manual [Sie98].

Calls
In STL, there are three types of calls and they can be to functions (1 type) and
to function blocks (2 types). A call to a function has the following form:

CALL “FC_Make_CS” (
Where FC_Make_CS is the function that is being called. For a ‘standard’ call

to a function block, it is slightly more difficult to find the physical name of the
function block that is being called. The following call is to a function block:

CALL #s_FB_Displacement (
The name in the call-line (s_.FB_Displacement) is a local name for function block
(FB_BA Displacement). Using this local name, the physical name (FB_BA Displacement)

can be extracted from the variable declaration at the beginning of the STL-file
however.

s_FB_Displacement : “FB_BA_Displacement”;

The second type of call to a function block is by making use of a data instance
block:

CALL “FB_Area” , “DI_Area” (

Data instance blocks contain information or parameters that can be used during
execution of the function block called.

Naming convention merkers at Vanderlande
The naming convention for merkers in the General library at Vanderlande con-
sists of:
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M_SI_<unique name> and MW_SI_<unique name> for Stack Interfaces
M_R_<unique name> and MW_R_<unique name> for Reporting
M_C_<unique name> and MW_C_<unique name> for Controlling
M_AUX_<unique name> and MW_AUX_<unique name> for Auxiliary
M_FU_<unique name> and MW _FU_<unique name> for Flow interfaces Up-
stream

M_FD_<unique name> and MW _FD_<unique name> for Flow interfaces Down-
stream

The Warehouse and Distribution (W&D) library can use slightly different names
for the flow- and stack interfaces:

M_FIF_1_<unique name> and MW_FIF_1_<unique name> for Flow Interface

transfer Side 1

M_FIF_2_<unique name> and MW_FIF_2_<unique name> for Flow Interface

transfer Side 2

M_TSI_<unique name>, MW _TSI_<unique name>, MD_TSI_Location and MD_TSI_Location_2
for Transfer stack interface

Using this naming convention, it is possible to identify a merker in a component.
merkers can occur on every location where a memory location can be used in
STL (behind BoolOps and TerBoolOps).

Naming convention instances at Vanderlande
The naming convention for instances at Vanderlande consists of:

#i_<unique name> for input instances in a given component
#o_<unique name> for output instances in a given component
#io_<unique name> for in- and output instances in a given component

As with merkers, instantiations can occur on every location where a memory
location can be used in STL.

3.6 Metrics to use for STL

As stated in Section 2.4, it would therefore be useful if both McCabe and in-
formation flow metrics would be collected for STL components. The structures
used in decisions and in the interaction of components are known. This makes
the collection of these metrics possible.

Lines of code are far more easy to count/collect however, so this metric could
still be a good starting point for the collection process. The same holds for
amount of comment (or comment ratio) and amount of revisions.

Finally, a number of metrics on revisions (amount of revisions for a compo-
nent, date+time, amount of coders, etcetera) can be retrieved from the header
information.

3.7 Availability of tools who can be used for the collection
of metrics

As stated in Section 2.2, basically nothing has been done in the field of metrics
on STL. Therefore there are no specific tools available to collect metrics for
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STL either. With Step7 it is possible to retrieve the size of a single component
(in bytes), but since this basically is the only metric it can collect, it is rather
limited for our purpose.

Therefore, the suggestion was made to write a simple parser for this project in
order to collect the necessary metrics from the .awl-files. By doing this it will
also be possible to build prototypes in an iterative way. These can be used to
show possibilities of metrics to collect to Vanderlande. This delivers feedback
and helps in defining the requirements for the complexity metrics set. The tool
or parser written (AWL Analyzer) will be explained in detail in Section 4.
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4 AWL Analyzer

AWL Analyzer is a tool to analyze and visualize (a collection of) Anweisungs
Liste (.awl) files. It was developed iteratively via rapid prototyping. The tool
extracts numerous metrics from .awl-files, stores them in a database, and returns
this information in the form of sortable tables. Furthermore, the three types
of communication between .awl-components (calling, merker interaction, and
instantiation interaction) are visualized in a selection of graphs. The tables on
the one side and the graphs on the other side form the two main sections of the
tool. The way AWL Analyzer scans and parses STL code, the collection (and
presentation) of the metrics, and the graph representations will be addressed in
the sections below.

4.1 Scanning and parsing STL

Since STL contains (a maximum of) one statement per line, the decision was
made to scan an .awl-file line per line. All .awl-files selected are therefore stored
line per line in a list of strings. For all tables in the database (metrics, calls,
merkers, instantiations, and revisions), this list is processed once. This way, the
AWL Analyzer can be constructed in a more component wise way.

AWL Analyzer is developed in Java, and thus uses Java constructs to analyze
each line for occurrences of strings and characters. The constructs used include:

e line.startsWith(“<this string>"); To check if string ‘line’ starts with
string “<this string>" (at position 0). TRUE if so, FALSE otherwise.

e line.startsWith(“<this string>", x); To check if string ‘line’ starts
with string “<this string>" at position x. TRUE if so, FALSE otherwise.

e line.indexOf(“<this string>"); To find the index of the first occur-
rence of “<this string>" in ‘line’. Integer with position of occurrence if
‘line’ contains “<this string>", -1 otherwise.

e line.charAt(i); Return the character at position i of string ‘line’.

e line.substring(y, z); Return the string between position y and z of string
‘line’.

As explained in Section 3.4, S7 enforces or creates a certain layout for STL files.
This holds for the header information as well as for the variable declarations
and the actual code. Component name, component type, revision number and
component family in the header information always start at a fixed position of
a line.

In the actual code, the standard layout (statements always start at position 6
and addresses at position 12 of a line) is used to detect calls, merker operations,
and instantiation operations. Occasionally, merkers and instantiations start at
position 36 of a line.

This means that most detection or line analysis is performed with the startsWith
commands. It would be possible (and even easy) to perform the analysis with

22



<confidential>

indexOf commands, but at the moment this is useless. With indexOf commands,
no extra calls, merker operations, and instantiation operations will be found
(except from operations behind comment slashes “//”).

If a line starts with comment slashes “//”, this means that an eventual occur-
rence of a call, merker, or instantiation in that line should not be counted. In
combination with the forced layout structure by STL, this check guarantees that
all calls, merkers, and instantiations are detected, but only if they occur outside
the comment.

4.2 Collecting metrics from .awl-files

Figure 4.1 shows a capture of AWL Analyzer in the database/tables view after
opening a library of .awl-files*.

=
| petete current Database || open aw miets) |
[[Motrics | Merkers | Signals | Calls | Rewsions | ‘
mponent Name |McGab. [ Interact [Fan Co..] Merker .| Signal mber..|Revisio..] Fan-in|Fan-ouf]_Merker [Merkw] Merct-rlMerket [ Sigr [ Sig-w [Comment.]  Famis Compone..]Building BL.] |
_Command 1 41095... General ATA_BL.. no -
_ConvaDir_Type 4 WeD' ATA_BL.. no
_Conveyor_Type 4 WED" ATA_BL.. no
aonose_ASL 141 10101 .. General ATA_BL.. no
aonose_DP 266 General ATA_BL.. no
agnose_HIA 54 General ATA_BL.. no
vert_Type 4 80" ATA_BL.. no
_Burnmy 1 40601 .. General ATA_BL.. no
urnmy_Tyne + eneral ATA_BL.. no
E_Stop_Type 2neral ATA_BL.. no
Event 2 31386, eneral ATA_BL.. no
IFO 25 eneral ATA_BL.. no
_Gen_status 1 49206... General ATA_BL.. no
roup_gr_Type eneral ATA_BL.. no
D 79310... General ATA BL.. no
0_Available 36820, eneral ATA_BL.. no
0g_Event 34502 Eeneral ATA_BL.. no
gging eneral ATA_BL.. no
0P IF eneral ATA_BL.. no
77_IF & 01494, eneral ATA_BL.. no
IC_List 63291 eneral ATA_BL.. no
_PIC_Ranges eneral ATA_BL.. no
usher_Tyne 80" ATA_BL.. no
DE_Record_Handing 1 95336... General ATA_BL.. no
ResFIFO_Temp. 2 30541 eneral ATA_BL.. no
_Scni_Rov_Buf_ 8 WeD' ATA_BL.. no
_Senr_Tupe 4 30" ATA_BL.. no
eiting 1 285714... General ATA_BL.. no
tatistics 1 46456... General ATA BL.. no
_Status 1 54838, eneral ATA_BL.. no
sty _Mar_Type 4 eneral ATA_BL.. no
DE_Sys_Error_Tyne 2 eneral ATA_BL.. no
_TR_Tyne + 80" ATA_BL.. no
Track_Template 10991... General ATA_BL.. no
_Area eneral ATA_BL.. no
|_Copy_All_t Eeneral ATA_BL.. no
_Copy_Al eneral ATA_BL
_Copy_Al 2neral ATA_BL.
K 1 l [ i |General DATA_BL
o eneral ATA,
o eneral AT,

Figure 4.1: Metrics table after opening a collection of .awl files

As can be seen in Figure 4.1, the database section of the tool consists of five
tables: metrics, merkers, instantiations, calls, and revisions.

The metrics table contains a number of metrics for each component. The merk-
ers, instantiations and calls tables contain information about the interaction
between the components (all data exchanges are logged here). The revisions
table contains information on the revisions of the components (extracted from
the header information of the components).

41t is possible to open a single .awl-file or a whole library of .awl-files via ‘Open AWL file(s)’.
An entry is added to the database/table(s) for every distinct component, call, etcetera in these
files.
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The actual detection, collection and construction of all metrics and information
presented in the tables will be addressed in the following sections. The first
section will cover the non-interaction metrics from the metrics table as well
as the contents of the revisions table. The second section is dedicated to the
interaction metrics from the metrics table as well as the merker-, instance- and
call tables.

Finally, a small section will be dedicated to the sorting functionality integrated
in the tables.

4.2.1 Non-interaction metrics and revision detection

This section contains details on how to detect, collect and construct the non-
interaction metrics from the metrics table of AWL Analyzer as well as the
contents of the revision table.

Component Name, Type, Family and Revisions

These metrics and pieces of information can be collected from the header in-
formation of a component as can be seen in Section 3.5. Step7 constructs and
lays out the structure for the header information of a component for a big part.
This makes it relatively easy to collect those metrics.

Component name, component type, and component family are stored in the
metrics table of the database for every component found. Component name,
revision number, date+time revision, and submitter are stored in the revision
table of the database for all revisions found.

Information like component type and component family can be useful for mak-
ing selections based on subsets of the code library. This is the reason they are
collected.

Number of lines of code and comment ratio

As stated in Section 2.3, there are numerous ways to count the number of lines
of code and the comment ratio. For the amount of lines, the choice was made
to include comment lines, but to exclude totally empty lines. For the comment
ratio, the amount of characters behind comment slashes (‘//’) is divided by the
amount of characters before comment slashes. This gives the highest accuracy
for comment ratio.

McCabe complexity (Decision points)
In order to count decision points in STL, a definition is needed for what we
count as a decision point in STL.

Each of the jump operations and the loop operation addressed in Section 3.5
form a decision point on themselves and thus should be counted. There is a
slight dilemma with the BoolOp, TerBoolOp and MathOp instructions however.
They all form part of ‘if then/if then else’ constructions in order to check and
set (controlling) bits, but they do not really influence the information flow in a
component. They only influence the information flow in combination with jump
or loop operations who are already counted.
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This is the reason the decision was made to only count the amount of JumpOps
and LoopOps in a component. As stated in Section 2.3, the McCabe (or cyclo-
matic) complexity is the amount of decision points + 1. In pseudo code:

Decide_Count = 0;
for line 1 to last line of component
if the line contains an operator (JumpOp/LoopOp) then
Decide_Count = Decide_Count + 1;
fi
rof
McCabe Complexity = Decide_Count + 1;

Of course, only operations before comment slashes ‘//’ on a line should be
counted.

4.2.2 Interaction detection

Calls, merker- and instantiation operations form the interaction between STL
components. In AWL Analyzer, these three types of operations are logged in
separate tables of a database. Furthermore, a number of metrics in the metrics-
table are constructed based on the tables with these three types. The collection
and construction of the call table, merker table and instantiation table including
related metrics will be addressed in the sections below. Finally, all interaction
metrics will be combined in the interaction complexity section.

Call table and fanlIO metrics
Section 3.5 mentioned the structures and occurrences of calls in STL. Based on
these structures, it is possible to collect a number of data items for a call.

For every call, an entry is stored in the call-table of the database. This table
contains columns for:

e Component: Component name of the calling component
e Comp Fam: Component family

e Calls: Component name of the component called

e (Call Fam: Family of component called

e Data Instance: Data instance used in the call if available®

Based on this information, fan-in, fan-out and fan-complexity (fan-in*fan-out)
can be calculated as well.

Merker table and MerkerIO metrics

As stated in Section 3.4, merkers are common memory locations. They are used
by components as a way of communicating with the rest of the PLC system
(components, managers). The memory locations can be single bits, words or

“.”

5If no data instance is used, this entry contains a
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doubles®. Section 3.5 already addressed the identification of merkers (naming
convention and occurrence).

Furthermore, two types of operation can be performed on a merker, namely
reading and writing. Based on the STL manual [Sie98] and the STL libraries
available, the following could be concluded on the operations:

If a BoolOp (see Table 3.1 in Section 3.5) is performed on a merker or if the
merker is Loaded from memory ‘L merker’, a reading operation takes place. If
a TerBoolOp is performed on a merker or if the merker is Transferred to the
memory (‘T merker’), a write operation takes place.

Based on the identification of merkers and the type of operation on them, the
merker table can be constructed. This table contains an entry for every (com-
ponent, merker, operation)-combination in the components analyzed. There are
columns for component name, merker name, type of operation and amount of
identical operations.

Based on this table, distinct merker reads, distinct merker writes, total merker
reads, total merker writes and merker complexity (distinct merker reads * dis-
tinct merker writes) can be constructed for a given component.

Instantiation table and InstantiationIO metrics

As stated in Section 3.4, instances are very similar to merkers. The occurrence
and detection are pretty much the same. As can be seen in Section 3.5, the
difference resides in the names of the variables (the naming convention).

Formally, input instances (#i_) should only be read and output instances (#o.)
should only be written in a component. In practice however, this sometimes is
not the case. This lead to the decision to use the same procedures for operation
detection (read/write) as for the merkers. The instantiation table is similar to
the merker table: component name, instantiation name, type of operation and
amount of identical operations.

The calculation of distinct instantiation reads, distinct instantiation writes and
instantiation complexity can be done based on the information in this table.

Interaction complexity

Fan-in, fan-out, merkers read, merkers written, instances read and instances
written can be extracted and counted for a given component. This gives the
input for an ‘interaction metric’. The question is how to form an overall metric
based on these separate metrics however.

Based on numerous conversations and discussions on this issue with the PLC
programmers, it was concluded that merker reads and merker writes were more
important than calls and therefore should have a higher impact on the overall
metrics set. Furthermore, instances could be treated the same way as merk-
ers. An instance read/write had approximately the same impact as a merker
read/write according to the PLC programmers.

6The double merkers/signals are only used virtually in order to identify what memory
intervals are used for what purposes. They are thus not important to track or count here and
are therefore not addressed.
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The IEEE 982.2 formula for informational complexity (IFC) is IEEESS]:

IFC = (fanin * fanout)? with:

fanin = local flows into a procedure 4+ number of data structures from which the
procedure retrieves data

fanout = local flows from a procedure 4+ number of data structures that the procedure
updates

IFC basically represents the number of paths that can go through the pro-
cedure/function/component in question (or at least an upper bound for that).

Initially, the idea was to alter this formula in order to incorporate the difference
in importance between calls and merkers/instances, but later we discovered that
the difference in importance was already integrated in the formula. On average,
there are a lot more merkers operations than calls in a component.

This initiated the decision to use this formula with only a slight moderation. The
square was eliminated, since this basically only multiplies the figure and delivers
higher numbers. The formula used for calculating the interaction complexity
(IC) of a component therefore became:

IC = (fan-in + merker-reads + instance-reads) * (fan-out +
merker-writes + instance-writes)

4.2.3 Sorting tables

All tables have sorting functionality and the possibility to swap columns. This
can be done by clicking (and dragging) column headers. This makes it easier
to find and analyze specific components. For example based on component
name, McCabe complexity or interaction complexity. An example of a library
of components sorted on McCabe complexity (descending) is shown in Figure
4.2,
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mid
‘ Delete Current Database | ‘ Open AL ilegs) |
Database
Metrics
ComponentName | Mc} + [Interact.JFan Co..| Merker .| Signal .. |Numher. | Revisio..] Fan-in|Fan-out]_herkr | Merkw] Merkct-r[Merkct. | Sig-r | Sig-w [Comment.] _ Famil ompone. [Bullding 8. |
B_BA_Update_Track |60 | (483 3 [ 04 ] ER f 3 7931...[General UNCTI -
B8_GP_Contraller 53| 12 ) 209..[Genera UNCTIO...no
B_OP77_Controller | |51 | |32 5 4 o 469...|General UNC no
C_Record_Index (141 3 036...|General UNCTION no
B_BA_PEC_Position | (37 | |672 5 7 0 18 5 7 3 6 ] a 480..[Genera UNCTIO...no
B_Diagnose AS|PF | 31 | 40 2 699 2 71..|General UNCTIO...|n
B_BA_PPI Displacenft 31 | |160 ] i 78 El 0 El o 99..|General UNCTIO.. )ne
FIFO JRESR 8 ) 194444.. |General UNCTION|no
_BA_PEC_Trigger | |30 78 6 4 0 4 7 [ 1 3 [ T04271..|Genera UNCTIO...no
FE_DP_DP_Send Rey |26 E 15..|General UNCTIO...no
FB_Make G5 7 45 eneral UNCTIO...|no
_BA_Induct_Seq 2 560 195 7 [ 5 E] f] 5 ] 507..[WaD' UNCTIO.. jne
_BA_Induct_Ser_1 502 08 7 [ 2 6 3 I 5 a 7a2.. [ WD’ UNCTIO...no
_BA_D 180 4 3 4 1 [ 381..[General UNCTIO...|no
FC_Logaing 4 7 o 70526.. | General UNCTION jno
FC_Any_ASCII_To_Dli 460 1 0 308495. [General UNCTION no
FB_BB_Scanner 76 ] 4 B 7 2 8 1 D' UNCTIO...|no
_Induct_On_ReesLi 62 108 4 [ 7 2 0 E E 3 General UNCTIO...)ne
FE_Copy_Records 1 General UNCTIO...no
FE_BB_Diver_Pushe] 920 70 51 g 5 4 7 a 7 4D UNCTIO...|no
_Wiite_Track_Unc 0 1 1 eneral UNCTION jno
_Amy_ASCI_To_Int 2 380 200268..[Genera UNCTION o
_Mailbox_ASI_PF a0 ] 1 931013..[Genera UNCTIO.. jne
FB_Gen_Win_FIFO_Lifk 24 4 s TEB0G2..[Genera UNCTIO...no
_BE_Corv_adir 4200 30|00 @ 5] 4 5 H 16 6 & 676158..[Genera UNCTIO...no
_BiA_Diverl_Seq_2 432 4 i f] 1 3 4 4 3 [ 448477, [WAD' UNCTIO...no
_BA_Divert_Seq_1 496 24 i 380 3 4 4 3 ] 438630..[WaD' UNCTIO...|no
int_To_Any_ASCI 2 268666...[Genera UNCTION ng
Int_To_ny_ASC 2 26060..| General UNCTION e
tariSiop_Manage 71 £ 2 46981 |General UNCTIO... yes
_Induct_On_Reser 340 08 5] 1 0 3 1 1229..|General UNCTIO...no
iagnose_DP | i 5274..|General UNG no
stern_F acilities | 10 510._|Genara UNG no
_Gen_Win_Flow_FIFO! [IRED 2 642..|General UNG ho
FB_BA_PEC_Stop [ 210 E 0 1 [ i £29787..|Genera UNCTIO...no
FB_AG_LSEND_LRCY.| i 1 340380.. |General UNC no
_Gen_Win_Pre_A | | E 8 1 610576...|General UNC no
_BA_PEC_Fill_Level [[12 | (80 8 4 1 10 [ 7z 530857..[Genera UNCTIO...no
FB_BA_Multi_Spd ] 15 1 1 5 429242, [Genera UNCTIO...|n
FB_AGSEND_AGRCY_. [ o o 2 1 2z a7109 eneral UNG no
._PIC_Generatar 1) |18 1 B 10 1 10846 eneral UNCTION|no =
—

Figure 4.2: Metrics sorted on McCabe complexity in descending order

4.3 Representing communication structure in graphs

The communication graph tabular is one of the two main sections in AWL
Analyzer. It can be used to visualize call, merker, and instantiation graphs.
Furthermore, numerous filtering actions can be performed on those graphs in
order to increase their understandability. Information to construct the graph
is retrieved from the metrics database. The construction of this database was
addressed in Section 4.2. Standard graph drawing and available options to filter
the graph for increased understandability will be addressed in the following
sections.

4.3.1 Standard graph drawing

The communication graph tabular consists of two main sections. The graph
control panel on the left and the graph itself on the right. The graph control
panel consists of:

e Checkbox ‘Eliminate Individuals’: if this checkbox is checked, individual
nodes (no incoming and outgoing edges) are filtered out.

e Radiobuttongroup ‘Edge/Node Selection’: what edges and nodes to draw.
At the moment, there are 5 options:

— MerkerRead: Draw all components reading merkers (rectangles) and
the merkers read (purple diamonds) as nodes and draw an arrow
(edge) from a merker to a component if this merker is read by the
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component. Figure 4.3 shows an example of (part of) such a Merk-
erRead graph for an .awl-library.

— MerkerWrite: Draw all components writing merkers (rectangles) and
all merkers written by components (purple diamonds) as nodes and
draw an arrow (edge) from a component to a merker if this component
writes to this merker.

— MerkerReadWrite: Draw both MerkerReads and MerkerWrites in one
graph. The reason for separate options for MerkerRead, Merker Write
and MerkerReadWrite is performance. This issue is addressed in a
separate section.

— Instance: Draw the interaction between components (squares) and
signals (purple diamonds). An arrow from a component to an in-
stance if the instance is written by the component. An arrow from
an instance to a component if the instance is read by the component.

— Call: Draw the interaction (calls) between components.

_iolxi
Delete Current Datahase H Open AL filegs) |
[ Eliminate Individuals -
EdgeiNode Selection H
® MerkerRead FB_BC_2Dir_Inel :
[ A
() MerkerReadwirite FB_BC_2Din|
gzi:um — \ FB_BC_2Dix_Track_PHI
Nade Coloring S ‘\\
® McCabe \\\\‘\\
) FaninOut \‘\\\\\\N\
N R e
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“\" s o st}
=% i
oom — .
— e
Y ] o
S
SN AL S5 FE_Inbat_On_Gag
S0
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Figure 4.3: MerkerRead graph, McCabe complexity node coloring

e Radiobuttongroup ‘Node coloring’: Based on the type of complexity, a
different coloring for the nodes is used. At this moment, there are 2
options:

— McCabe: Color nodes based on their McCabe complexity. There are
4 levels of coloring.

*x McCabe complexity 0-10: Beige (background color) or grey (if
this component is not a member of the .awl-selection. Standard
Siemens components for example).

x McCabe complexity 11-20: Orange
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£ AWL_Analyzer

ase | Communication Graph |

x McCabe complexity 21-50: Red

x McCabe complexity >50: Dark Red
FanInOut: Color nodes based on their FanInOut complexity. There
are 4 levels of coloring.

* FanInOut complexity 0-5: Beige (background color) or grey (if
this component is not a member of the .awl-selection. Standard
Siemens components for example).

* FanInOut complexity 6-10: Orange

* FanInOut complexity 11-20: Red

* FanInOut complexity >20: Dark Red

Figure 4.4 shows an example of (part of) a callgraph using FanIn-
Out coloring. One can see that components FC_PIC_Generator,
FC_Write_ BOOL_Record and FC_Log_Event_Track have a FanInOut

complexity between 6 and 10 and that FC_Log_Event has a FanInOut
complexity of higher than 20.

‘ Delete Current Database H Open AWL file(s) ‘

Eliminate Individuals

Etige/Node Selection

) MerkerRead
&) Merkerwirite

) MerkerReadWrite

O Signal
@ Call

Node Coloring
) Mecabe
® FaninOut

141

Figure 4.4: Call graph, FanInOut complexity node coloring

e Zoom slider: To zoom in or out in the graph.

4.3.2 Performance problems for graph drawing

There are separate options (graphs) for MerkerRead, MerkerWrite, and Merk-
erReadWrite. As stated before, this is due to performance issues. Calculating
the layout for the MerkerReadWrite graph of a complete .awl-library can take
up to a couple of minutes on a 2.66 GHz Intel Pentium. This is due to the use
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of ‘dot’ as layout algorithm. Dot delivers the clearest and most neat graphs
from the graph layout algorithms we considered. Since clarity of the graph was
considered more important than performance, the dot algorithm was chosen.

Applying a layout algorithm to the instantiation graph has the same perfor-
mance problems as applying the algorithm to the MerkerRead Write graph. This
impact is far less than for the MerkerRead Write graph however. It takes 20 sec-
onds or less to apply the algorithm to the instantiation graph of a whole library.
This means no separate graphs are needed for instantiation reads and instanti-
ation writes.

4.3.3 Coloring dependencies and drawing subgraphs

The layout algorithm used by AWL Analyzer (Dot) in general produces neat
graphs. Sometimes however it is still hard to follow the information flow through
the graph. To help in coping with this matter, two options are built in. The
first option consists of coloring the direct neighbors” of a node when click-
ing it. Components calling (or merkers/instances read by) the clicked compo-
nent are colored blue. Components called (or merkers/instances written) by

the component are colored yellow. Figure 4.5 shows an example where node
FB_BA _ShiftUpd_Track is clicked.

£ AWL_Analyzer =100x|
| Delete Current Database || Open AWL filets) |
[ Eliminate Indivicuals FB_Gon_in_Fio 70| 54 =]
1
Edge/Node Selection \ TB_BA_Updste_Trac "4;
) MerkerRead '.\éAgL
) Merkenwrite ““‘”
) MerkerReadwrite @;4\
© Signal Vi
- »x\;
@® McCabe FB_BC_ilave_NoFer yd T
7 A\
——Z = 74 | Fo-BB.Conn
73 =
i’/iﬁ 7 ,’Q“x_ L T
= AN
e /4//‘“/ 7
=/
%"’ﬂh
7

Figure 4.5: FB_BA_ShiftUpd_Track clicked and direct neighbors colored

Especially with larger graphs, it can still be hard to get a good overview of all
dependants and dependencies of a node. It is possible to zoom out, but it is prob-

It is possible to set another depth (standard 1 level for head and 1 level for tail coloring,
thus only coloring direct neighbors) for coloring dependants and dependencies in ColorDepen-
dencies.java of AWL Analyzer.
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ably better to create a subgraph for a node and its dependants/dependencies
by double clicking the node. Besides the elimination of ‘uninteresting’ nodes,
it also applies the layout algorithm on the new graph again. An example of a
subgraph for FB_BA _ShiftUpd_Track is shown in Figure 4.6

‘ Delete Current Datahase ‘ ‘ Open AL file(s) ‘

((Daabass | Commmaion Gramm | ~I5ix]

[¥] Eliminate Indivicuals

Edge:Node Selection
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n
g
g
3

Node Coloring
@ McCabe
) FaninOut

FB_BC_Truk_¥PL

mBEE W

]
S

all

Zoom

—
Y l—'

g
//

Figure 4.6: Subgraph for FB_BA _ShiftUpd_Track and dependencies

4.3.4 Draw all interactions with node

It can be useful to see all merker-reads and merker-writes for a given component
or merker. As stated in Section 4.3, requesting the MerkerRead Write graph can
take quite some time. This is the reason that an extra option was built into
AWL Analyzer to draw both merker-reads and merker-writes in the MerkerRead
or MerkerWrite graph. To do so, select a component or merker in the graph by
clicking it. Rightclick —> ‘draw all interactions with node’. AWL Analyzer now
adds missing edges and applies the layout algorithm on the new graph.
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5 Questionnaire

Numerous metrics and rankings can be extracted from STL components using
AWL Analyzer, but what metrics are most useful to identify complex STL
components? Is interaction complexity (merker operations in particular) really
the most important indicator?

In order to find answers to these questions, a questionnaire was set up and sent
to the STL programmers at Vanderlande. This questionnaire consisted of a
number of questions that covered the main question from different viewpoints.
The programmers had not seen the results of the ranking of AWL Analyzer, so
objectivity was guaranteed.

The questions and their scope will be addressed in the following section. A sum-
mary of the results of the returned questionnaires will be presented afterwards.
Finally, attempts are made to correlate those results with the metrics produced
by the AWL Analyzer.

5.1 Questions

The questionnaire consisted of four questions. These covered coding experience
of the programmer, rating of components based on their perceived complexity,
and rating of metrics based on their perceived usefulness.

The first question was intended to identify the coding experience of a program-
mer:

Q1)

Amount of years of coding experience: ...........ccccoeeeeeiiiiiiiieeeieiiiiineeneeennn.
Amount of years of coding experience with STL (or alike): .........c.......
Amount of years of coding experience with STL at Vanderlande: ........

In case experienced programmers base their perception of complexity on other
metrics than less experienced programmers, this can be identified.

The second question was intended to identify which components of the W&D
library of Vanderlande® were perceived as complex by the STL programmers.
The question consists of two parts. Question 2a requests to rate a number of
components based on perceived complexity:

Using the following rating scheme from 1 to 10 for the complexity and interaction
of components:

837th revision, 397 components
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1

2

3 = Easy Easy and fast to understand by an STL-programmer who

4 did not work on this component before.
Chance that problems (errors) occur in this or other
components when updating this component is very small

6 = Moderate Average component. Not very complex or not much
interaction with other components, but a small possibility
that problems (errors) occur when updating this component.

7

8 = Complex More complex component or component with relatively
high interaction.
Chance and impact of errors during updates to this
component are higher than average.

9

10 = Very complex The say 3 percent most complex and most used

components.

Q2a) Can you rate these 16 components from 1 to 10 please? If you don’t know
the component, you can leave it blank.

FC_Record_Index: ..........ceceee.
FC_Log-Event: ......c.cccccccceeennn.
FC_FIFO: ..............
FB_OP77_Controller: ..
FB_Induct_On_Reserve
FB_DP_DP_Send_Rcv: ............
FB_BC_.TR_I_Win: .......ccouunn...
FB_BB_Slave_Junction: ...........
FB_BB_Scanner: ......................
FB_BB_Divert_PTO:
FB_BB_Conv_ldir: ..........cccc..
FB_BA _Update_Track: .............
FB_BA _ShiftUpd_Track: ..........
FB_BA _PPI_Displacemt: .........
FB_BA _PEC_Position: .....
FB_BA Divert_Seq_1: ....

The components requested to rate here basically all had a top-3 position on a
given metric (McCabe complexity, call- and merker-interaction®; lines of code,
amount of revisions, comment ratio).

Question 2b requests to give a number of components on the different suggested
complexity levels:

Q2b) Can you give (at least) 2 Easy, 2 Moderate, 3 Complex and 3 Very complex
components who are not in the list above? That is if you think that at least the
given amount of components belongs to that category.

Easy:

Moderate:

Complex:

Very complex:

9At the moment the questionnaire was constructed, instantiation interaction was not con-
sidered yet
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If a number of programmers identify a given component as very complex while
it does not score high on any (‘interesting’) metric, this can indicate missing or
incomplete metrics.

The third question was meant to find out what the STL programmers thought
were the most important metrics to use in a metrics set:

There is a number of metrics that can be collected on STL code in order to say
something about the complexity, importance and maintainability of a compo-
nent. Some will be more useful than others. Using the following rating:

1 = totally not useful

2 = may be useful, but low importance

3 = probably useful and moderate importance
4 = useful and important

5 = definitely very useful and important

Q3) Can you rate the following metrics from 1 to 5 based on your perceived
value of usefulness in a metrics set?

Size of component (lines of code): ......ccceviiiiiiiiiiiiiii
Amount of decision points!® in this component: ..........c.cccoeveevveeeeennn..
Amount of calls from this component to other components: ...............
Amount of calls from other components to this component: ...............
Amount of revisions of this component: .........c..cccoevviiieeeiiiiiiiieeeeeninnnn..
Amount of distinct programmers for this component: ........cc...............
Rate of comment (lines of comment/lines of code): ...
Amount of merkers read by component: ...............
Amount of merkers written by component: ............ccccceeeieeeiiiiiiieeeeinnnnn.

The fourth question finally requested some general remarks on the matter:

Q4) If you have more ideas on metrics to collect or more comments on what
determines complexity and maintainability of a component, please write them
here or mail them to me on b.seghers@student.tue.nl

5.2 Results questionnaire

Eventually, 7 programmers filled out the questionnaire and returned it. The
results are presented in the tables below:

Results Question 1

Question P1 P2 P3 P4 P5 P6 P7
Amount of years of coding experience 3 15 15 9 7 8 5,5
Amount of years of coding experience with STL (or alike) 3 15 15 9 2,5 8 3,5
Amount of years of coding experience with STL at Vanderlande 2,5 15 5 0 2,5 8 3

P1-P7: PLC programmers 1-7

10The amount of different ’paths’ that can be taken in a piece of code. For example by
if-then, if-then-else, do-while, jump-statements. The higher this amount, the more likely that
it is difficult to keep track of the behavior of the piece of code.
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Results Question 2a

PLC Programmers

Component MC F-10 LOC Rev Mer-10 CR, 110 1C 1 2 3 4 5 6 7 Avg
FC_Record_Index 41 0 895 3 0 1,36 0 0 8 8 9 7 7 8 6 7,57
FC_Log-Event 4 32400 129 2 0 1,27 10 170 4 3 4 7 5 3 6 4,57
FC_FIFO 30 0 558 19 0 1,19 3 9 7 8 10 7 6 10 7 7,86
FB_OP77_Controller 51 459 1434 0 0 1,87 15 24 9 10 7 8 8 8 8,33
FB_.Induct_-On_-Reserve 14 0 371 12 163296 1,39 22 340 6 3 5 7 6 4 5 5,14
FB_DP_DP_Send_-Rcv 28 0 562 18 0 0,90 6 6 8 8 8 7 7 10 10 8,29
FB_BC.TR_I.-Win 2 0 256 17 648 0,97 18 176 5 7 3 5
FB_BB_Slave_Junction 6 0 365 13 2160000 1,62 126 1350 6 6 7 6 5 4 2 5,14
FB_BB_Scanner 19 684 451 5 45619 1,15 144 476 5 6 6 4 5,25
FB_BB_Divert_PTO 7 0 253 9 984375 1,29 22 646 6 6 4 5,33
FB_BB_Conv_1dir 11 0 604 50 52468416 1,95 140 4214 8 7 8 7 5 6 2 6,14
FB_BA_Update_Track 60 10140 1330 -1 11760 1,30 104 462 9 10 9 8 8 10 5 8,43
FB_-BA_ShiftUpd-Track 11 19404 337 -1 2816 2,08 0 220 6 8 9 8 7 8 4 7,14
FB_BA_PPI_Displacemt 31 0 476 13 74431 1,21 7 160 8 6 6 8 7 8 4 6,71
FB_BA_PEC_Position 37 8325 742 15 1807117 1,53 20 672 9 10 9 7 6 10 9 8,33
FB_BA_Divert_Seq-1 15 0 354 7 486000 0,14 20 496 7 6 5 6

Component: Component name

MC: McCabe complexity CR: Comment Ratio

F-10: Fan-In/Out complexity 110: Instantiation-In/Out complexity

LOC: Lines Of Code I1C: Interaction complexity

Rev: Amount of revisions Avg: Average grade

Mer-10: Merker-In/Out complexity

Results Question 2b
PLC Programmers

Component MC F-10 LOC Rev Mer-10 CR 110 1C 1 2 3 4 5 6 7 Avg
FB_BA_PEC_Trigger 30 7680 547 16 17280 1,70 24 228 10 8 9
FB_OP_Controller 53 477 1261 14 0 1,40 0 12 10 10 10 10
FB_Diagnose-ASI_PF 31 0 697 5 0 0,87 0 40 10 10 10
FB_-ODP 10 10
FB_Decision-Points 10 8 9
FB_Diagnose.HW 11 0 377 1 0 1,60 0 4 10 10
FB_Copy-Records 18 288 460 3 0 1,19 0 7 8 8
FB_Diagnose_.DP 14 0 294 2 0 1,38 0 12 8 8
FB_BA_Shift_Track 9 2025 201 15 20736 1,08 16 84 8 8
FB-Mailbox-ASI_-PF 15 135 314 5 0 0,93 0 80 8 6 7
FB-Induct-On-ResLink 18 3528 461 14 209952 1,34 108 462 8 8 8
FB_-BA_SDS_Seq 8 8
FB_VertiSorter 8 8
FB_BA_Displacement 22 0 271 6 12672 1,07 24 180 8 8
FB_BA_Flow_Basic 6 0 158 6 150 2,63 6 22 6 6 6 6
FB_BA_Cascade 4 0 93 10 64 2,02 4 6 6 3 6 5
FC_Read_Track 8 0 138 4 0 2,04 0 48 6 6
FB_BC_Basic-Conveyor 2 800 227 7 0 0,99 0 117 6 6
FB_BA_PEC_Stop 13 0 214 7 51597 1,83 63 210 6 6
FB_-BC-2Dir 6 6
FB-Area_StSt-Mgr 6 6
FB_VZS 6 6
FB_Host_Send/Receive 6 6
FB_System_Facilities 13 117 397 10 0 0,00 0 3 6 6
FC_ANY_to-ANY 1 0 38 3 0 0,95 0 0 3 3
FC.INT-To-4_.CHARs 2 8 83 2 0 1,61 0 12 3 3
FC_4_.CHARs-To.INT 2 0 84 3 0 1,31 0 8 3 3
FB_Generate-Window 4 0 112 6 0 2,12 9 3 3 3
FB_Detect-E_Stops 2 0 128 4 0 1,25 0 10 3 3
FC_On_Off_Dly_Timer 7 0 185 4 0 3,20 0 6 3 3
FC_Writ_ID_to_PIC_DB 3 3
FB_Cabinet_Manager 3 3
FB_BC_Conveyor 3 3
FB_BC_Track 2 288 266 10 0 0,83 0 126 3 3
FB_Delay-On-Off 6 0 73 3 0 1,59 0 0 3 3

Component: Component name CR: Comment Ratio

MC: McCabe complexity e .

F-10: Fan-In/Out complexity 110: Instantl.atlox\-In/OuF complexity

LOC Lines Of Code I1C: Interaction complexity

. 1-7: PLC programmers 1-7
Rev: Amount of revisions Ave: Aver rad
Mer-10: Merker-In/Out complexity ve: verage grade

36




<confidential>

Results Question 3

Metric
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Size of component (lines of code):

Amount of decision points in this component:

Amount of calls from this component to other components:
Amount of calls from other components to this component:
Amount of revisions of this component:

Amount of distinct programmers for this component:

Rate of comment (lines of comment/lines of code):
Amount of merkers read by component:

Amount of merkers written by component:
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Avg: Average
P1-P7:  PLC programmers 1-7

Results Question 4

In component FB_BA _Update_Track:

Network KA: Search for data in open window offset + Remove Double Data is
very complex

Network LA: Determine update data is very complex

Variables with t_Data, s_Data, s_Update_Data are passed from network to net-
work and at a given moment you are lost (but not in tracking).

Block changed to often which makes it loose its grip.

In component FB_BA_PEC_Position:

shift function is very complex
hand over offset is very complex
Block changed to often which makes it loose its grip.

Maybe useful to check the number of used pointers. In general, the use of
pointers is difficult for a lot of programmers.

Differences in perceived complexity of a given component exist amongst pro-
grammers (Question 2). On average however, most perceived complexities do
not differ more than one grade from the average. This indicates that most
programmers find the same (type of) components complex or easy. The same
holds for the importance of metrics in question 3. This led to the decision to
define perceived complexity for a component as the average of the perceived
complexities of the programmers.

Perceived Complexity Component_i = Average(Perceived complexities
programmers for component_i)

And perceived importance of a metric as the average of the perceived importance
by the programmers.

Perceived Importance Metric.j = Average(Perceived importance pro-
grammers for metric_j)

Perceived complexity and perceived importance will be used in attempts to
correlate the results from the questionnaire with the metrics produced by AWL
Analyzer. These attempts are addressed in the following section.
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5.3 Correlation results AWL-Analyzer and questionnaire

The questionnaire was set up to identify what metrics would be most useful
in identifying complex STL components. Actually, to find out if metrics con-
structed by AWL Analyzer could be used to identify potentially complex and
error-prone components. If this was the case, then those (combinations of)
metric-values for the components should correlate with the perceived complex-
ities for the components (reported by the STL programmers).

Initially, the thought was that interaction complexity (merker interaction in
particular) would probably be a good measure for identifying complex STL
components. As will be explained in this section however, this seems not the
case. McCabe complexity on the other hand works very well.

The correlation test used (hypothesis test simple linear regression) will be ex-
plained first. The correlation of numerous metric-values for components with
the perceived complexity by the STL programmers for the components will be
addressed in the section afterwards. Finally, the conclusions drawn (as men-
tioned above) will be explained.

5.3.1 Hypothesis test simple linear regression

Regression analysis is a statistical technique for modeling and investigating the
relationship between two ore more variables. In this case, an attempt is made to
investigate the relationship between two variables. Perceived complexity on the
one hand and a metric (produced by AWL Analyzer) on the other hand. If these
two variables are used as x- and y-coordinates for the points in an xy-scatter
plot, then how are these points scattered around a straight line?

Mathematically, this means ‘how do these points fit in the so-called simple linear
regression model?’:
Y =00+ Bix+e (1)

Y is the y-coordinate of the (straight) line for a given x, By and (; are the
so-called regression coeflicients, and e is the random error term.

The best estimates for the regression coefficients (Gy and 81) can be computed
with the method of least squares. With this method, the sum of the squares of
the vertical deviations (points-line) is minimal. For details on this method, see
[MR99].

In order to test how well the points fit in the simple linear regression model, sta-
tistical hypotheses need to be tested about the model parameters. Furthermore,
confidence intervals should be constructed. The coefficients and parameters used
and presented in the following sections will be addressed briefly. For details on
the computation, see [MR99].

Statistically significant relationship at  Test if a straight line model is adequate to relate varl

the xx% confidence level: and var2 with xx% confidence. What is the chance
that the observations were not pure ‘luck’?
Standard error of estimates: The standard deviation o of the sample mean.

The parameters and hypotheses tests presented in the following sections can all
be calculated by StatGraphics [StatGr] for a given data set. This package was
therefore used for the tests in the following sections.
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5.3.2 Correlation

Metrics can be collected for all components in the W&D library of Vanderlande
(with AWL Analyzer), and perceived complexity is available for a number of
components. The perceived complexity of components ranked in question 2a of
the questionnaire are more accurate than those in question 2b however. Simply
because they are ranked by all (or at least most of the) STL programmers.
Therefore it was useful to try to correlate the components from question 2a and
question 2b separately. These correlation attempts lead to basically the same
results for question 2a and 2b (although the standard error of the estimates is
lower for question 2a than for question 2b). This is why only the results of
components in question 2a are presented here.

The metrics used to try to correlate with perceived complexity are McCabe
complexity, lines of code, amount of revisions, comment ratio, merker-10, fan-
10, instantiation-10 and interaction complexity. McCabe and lines of code seem
to have a strong correlation with perceived complexity and will be addressed
first. The other metrics do not seem to have a strong correlation and will be
addressed in the two sections afterwards.

Perceived Complexity — McCabe Complexity and LOC

Figures 5.1 and 5.2 show the XY scatter plots of McCabe complexity and lines
of code against perceived complexity respectively. The 16 dots represent the
16 components from question 2a. As can be seen, a correlation seems to exist
between McCabe complexity and perceived complexity on the one hand, and
lines of code and perceived complexity on the other hand.

ived complex
eived complex

Perc

0 10 20 30 a0 50 60 70 o 200 400 600 800 1000 1200 1400 1600
McCabe Loc

Figure 5.1: XY Scatter of Perceived- and ~ Figure 5.2: XY Scatter of Perceived
McCabe Complexity Complexity and Lines of code

In order to check these hypotheses, both data tables (McCabe—Perceived Com-
plexity and Lines Of Code-Perceived Complexity) were fitted in StatGraphics
[StatGr]. The results of these fits can be found in Appendices A.1 and A.2.
The result in Appendix A.1 indicates that there is a statistically significant
relationship between perceived complexity and McCabe complexity (Perceived
Complexity = 5,02737 + 0,0670596*McCabe Complexity) at the 99% confidence
level. The result in Appendix A.2 indicates that there is a statistically signif-
icant relationship between perceived complexity and lines of code (4,91211 +
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0,00288925*Lines Of Code) at the 99% confidence level. The Standard Error
of Estimates (0,775679 versus 0,947149) is lower for McCabe-perceived than for
LOC-perceived however. This indicates that McCabe complexity is a better
indicator for perceived complexity than lines of code. Thus:

Perceived Complexity = 5,02737 + 0,0670596*McCabe Complexity

Standard Error of Estimates = 0,775679

This means that components with McCabe complexities of 14, 44, and 74 will
on average be identified as moderate, complex, and very complex respectively!!.

Perceived Complexity — Amount of revisions and Comment Ratio

Figures 5.3 and 5.4 show the XY scatter plots of amount of revisions and com-
ment ratio against perceived complexity respectively. Opposed to the plots of
McCabe and LOC, there does not seem to exist a correlation between amount
of revisions and perceived complexity nor comment ratio and perceived com-
plexity.

ived complex
a8 o o 4 o,

erceived complex
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Revisions Comment Ratio

Figure 5.3: XY Scatter of Perceived Figure 5.4: XY Scatter of Perceived
Complexity and Revisions Complexity and Comment ratio

The results from fitting both data sets in StatGraphics [StatGr] (Appendices
A.3 and A.4) indeed indicate that there is no statistically significant relationship
at the 90% confidence level in both data sets.

Perceived Complexity — Merker-10, Fan-10, Instantiation-IO and In-
teraction Complexity

The interaction metrics were expected to be good indicators for perceived com-
plexity. The XY scatter plots of merkerlO, fanlIO, instantiationIO and interac-
tion complexity against perceived complexity (Figures 5.5, 5.6, 5.7 and 5.8) did
not seem to support this hypothesis however.

1 Based on the perceived complexity rating used in the questionnaire: 6=moderate, 8=com-
plex, 10=very complex
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The results from fitting all four data sets in StatGraphics [StatGr] (Appendices
A5, A6, A.7 and A.8) indeed all indicate that there is no statistically signifi-
cant relationship at the 90% confidence level in the data sets.

5.3.3 Conclusions correlation results

Lines of code, but particulary McCabe complexity gave a pretty good estimation
of the perceived complexity of a component. Interaction complexity (or any
other interaction complexity measure) on the other hand however did not show
a high correlation with perceived complexity. This was not what we expected.
Interaction complexity was thought to be much more important in indicating a

complex component. This could mean two things:

e The programmers had addressed the internal complexity of the compo-
nents only and had not really incorporated the interaction of the compo-

nents.
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e Maybe, interaction was not as important as thought.

After presenting the results to the STL programmers, it became clear that they
had indeed basically all addressed the internal complexity of the components.
It was just extremely difficult if not impossible to also address the interaction
of components in this grading. They found it very difficult to mix ‘internal’
and ‘external’ complexity into one figure. According to the programmers, both
internal and external complexity could help in defining components with a high
potential for refactoring however.

McCabe complexity and Interaction complexity can help in defining compo-
nents with a high potential for refactoring.

Based on this, the decision was made to construct the metrics set based on two
main metrics. The one would be McCabe complexity for the internal complexity.
The other one would be Interaction complexity for the external complexity.
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6 Trends complexity in code

The goal of this (and follow-up) project(s) is to be able to identify STL com-
ponents with a need for preventive refactoring. This can be done by retrieving
metrics from those components and defining thresholds for the metrics. The
AWL Analyzer can be used to collect the metrics for a given revision (usually
the last one). It would however be useful to see the complexity trends of com-
ponents and not only the current complexity levels. Some components just are
complex (and stay complex after refactoring). If those components maintain a
certain complexity level, they are usually manageable. If on the other hand, the
complexity of a component is increasing continuously over time (and reaches a
certain complexity level), this component might need some attention.

This section analyzes the McCabe complexity and interaction complexity trends
for 19 components from the W&D library of Vanderlande. The 10 components
with (currently'?) the highest McCabe complexity and the 10 components!'3
with the highest interaction complexity. Those trends indeed show that some
components have steady complexity levels and others have increasing complexity
levels over time. Furthermore, it became clear that AWL Analyzer could provide
a visual insight in interaction structure changes of a component over time.

6.1 McCabe and interaction trend graphs 19 components

For 19 components, all revisions were extracted from the repository and fed
to AWL Analyzer (component per component). Both McCabe complexity and
interaction complexity were plotted against time for all those components.

Figure 6.1 shows the McCabe complexity over time for the 10 components with
the highest (current) McCabe complexities (between 28 and 60).

12Release 3.7 of the W&D library
I3FB_BA_PEC_Position occurs in both top10 lists (McCabe and interaction)
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Figure 6.1: McCabe complexity trends of 10 components with highest McCabe complexity
in release 3.7 of the W&D library at Vanderlande

It can be seen that components like FB_OP_Controller, FC_Record_Index and
FC_FIFO have high McCabe complexities, but seem stable. Most other com-
ponents however show increases in McCabe complexity over time. This could
be alarming. Especially since some of these components also show (extreme)
increases in interaction complexity lately, as can be seen in Figure 6.2.
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Trends Interaction Complexity (Top10 McCabe)
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Figure 6.2: Interaction complexity trends of 10 components with highest McCabe complexity
in release 3.7 of the W&D library at Vanderlande

Also the 10 components with the highest (current) interaction complexities (be-
tween 592 and 4214) show trends upwards. Figure 6.3 shows the McCabe com-
plexity over time for those 10 components.
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Figure 6.3: Interaction complexity trends of 10 components with highest interaction com-
plexity in release 3.7 of the W&D library at Vanderlande

All the McCabe complexities of the 10 components with the highest (current)
interaction complexities increase over time. Most alarming for these components
however are their interaction complexities as can be seen in Figure 6.4.
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Trends Interaction Complexity (Top10 Interaction)
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Figure 6.4: Interaction complexity trends of 10 components with highest interaction com-
plexity in release 3.7 of the W&D library at Vanderlande

Especially FB_BB_Conv_2dir, FB_BB_Conv_1dir, and FB_BA _Update_Track have
rapidly increasing interaction complexities. Even apart from having the highest
current interaction complexities. Components like these probably are or will
soon become high risk components and are potential candidates for refactoring.

Another remark to be made based on Figure 6.4 is that FB_BB_Conv_2dir,
FB_BB_Conv_1dir, and FB_BA _Update_Track seem highly correlated. This
might be useful for refactoring. Refactorings of these three components might
be the same or alike which can save time and money. By only loading FB_BB_
Conv_2dir, FB_BB_Conv_l1dir, and FB_BA _Update_Track into AWL Analyzer,
it was very easy to see that their interaction structures indeed were alike. This
means they call the same components, and use the same merkers and instanti-
ations for a very large part.

6.2 Use AWL Analyzer to visualize structure changes in
component

An interesting and non accounted for side-effect of the trend analysis was the
insight it gave in structure changes in components analyzed. After importing all
revisions of a given component into AWL Analyzer, the graph tab visualized all
interaction for the different revisions. Changes in interaction structure between
different revisions could therefore be identified very easily. An example of such
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a change (which led to an increase in interaction complexity) can be seen in
Figures 6.5 and 6.6.
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Figure 6.5: Merker writes FB_.BB_Conv_  Figure 6.6: Merker writes FB_BB_Conv_
1dir version 49 1dir version 50

This example shows (part of) the difference in merker writes of this component
between revision 49 and 50. Version 50 reads 3 merkers more than version 49
(M_AUX_Req-Disable_Recv, M_AUX_Req_Disable_Send and M_AUX_Req_2nd_
Speed). Not only is it possible to see an increase in interaction complexity
through revisions in a component. Also the sources of these increases can be
identified rapidly and easily.

6.3 Conclusions

The complexity trends indeed show that some components have steady complex-
ity levels while others have increasing complexity levels over time. This makes
identifying error-prone components (with the highest priorities for refactoring)
more accurate.

Furthermore, AWL Analyzer can provide a visual insight in interaction struc-
ture changes of a component over time. This makes identifying the sources of
(extreme) increases in interaction complexity a lot easier.
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7 Conclusions

The main objective for this assignment is to define metrics that signal the need
for preventive refactoring. This objective was split up in three major sub-tasks
and objectives.

The first task consisted of studying earlier research in the field of maintainability
of PLC code and related metrics. And, if research was conducted, can this be
used to improve the maintainability of PLC code at Vanderlande?

Based on literature research in section 2.2, it can be concluded that there is
no indication that anything of value has been done in the field of complexity-
metrics on PLC-code (STL in particular) yet.

The second task was to study the architecture of the PLC software platform,
to learn what determines its maintainability, and define metrics based on these
insights.

The complexity of a software component determines its maintainability for a
large part. Section 2.3 addressed a number of metrics to measure the com-
plexity of a component: file size/LOC, amount of comment, numerous metrics
on revisions, McCabe complexity, and information flow metrics. Section 5.3.3
showed that McCabe complexity and information flow metrics are the most
important complexity indicators for STL. McCabe complexity for the ‘inter-
nal complexity’, and information flow metrics for the ‘interaction complexity’.
Sections 4.2.1 and 4.2.2 presented details on how to calculate or retrieve these
metrics from STL:

Pseudo code McCabe complexity in STL:

Decide_Count = 0;
for line 1 to last line of component
if the line contains an operator (JumpOp/LoopOp) then
Decide_Count = Decide_Count + 1;
fi
rof
McCabe Complexity = Decide_Count + 1;

and

Interaction Complexity = (fan-in + merker-reads + instance-reads) * (fan-out +
merker-writes + instance-writes)

Thresholds for McCabe complexity can be calculated with the formula presented
in Section 5. This formula is based on the results of a questionnaire held under
a number of PLC programmers:

Perceived Complexity = 5,02737 + 0,0670596*McCabe Complexity

Standard Error of Estimates = 0,775679
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This means that components with McCabe complexities of 14, 44, and 74 will
on average be identified as moderate, complex, and very complex respectively'4.

Besides ‘current’ complexity levels, complexity trends were analyzed in order
to make the identification of error-prone components (with the highest priori-
ties for refactoring) more accurate. These trends show that some components
have steady complexity levels (McCabe, interaction) while others have increas-
ing complexity levels over time.

The third and last task was to specify tools to collect the metrics found in the
second task/objective automatically. These tools were to be implemented in
later student assignments.

Section 3.7 showed that no specific tools were available to collect metrics for
STL. This is the reason the choice was made to build a simple parser from
scratch in this assignment. This led to the construction of AWL Analyzer v 1.0.

AWL Analyzer can be used to collect numerous metrics (including McCabe and
interaction complexity) on STL components. AWL Analyzer has sorting and
selection functionality, and can visualize the interaction structures. Useful for a
better insight in the code structure and to define components with the highest
potential for refactoring.

Furthermore, AWL analyzer can provide a visual insight in interaction struc-
ture changes of a component over time. This makes identifying the sources of
(extreme) increases in interaction complexity a lot easier.

The completion of the three subtasks led to the fulfillment of the main objec-
tive for this assignment: “To define metrics that signal the need for preventive
refactoring”. Furthermore, a tool was produced that can actually collect and
visualize these metrics.

14Based on the perceived complexity rating used in the questionnaire: 6=moderate, 8=com-
plex, 10=very complex
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8 Recommendations

In this section, recommendations are given for the integration of AWL Analyzer
at Vanderlande, as well as further research and improvements that can be done
based on the research conducted during this assignment.

Usage and integration of AWL Analyzer

Analyzing the complexities of components is a new and extra task for Vander-
lande, and will not always pay back right away. For a successful integration in
the processes of Vanderlande, this task should be easy to perform, not much
(extra) time should be required, and no other processes should be disturbed.
Besides that, it is advisable to check the complexities of components at given
moments (to make the analysis part of the protocol). This way, the analysis
will not be skipped.

It would therefore be useful to analyze a whole library using AWL An-
alyzer every time a new version is released of that library. In this
analysis, changes in the topl0 for McCabe complexity and interaction complex-
ity should definitely be addressed. Do complexities increase compared to the
last release? Do new components pass a certain threshold?

It might also be advisable to perform a quick analysis of the other metrics and of
the interaction structures to see if large changes occur compared to the previous
release.

Further research and improvements

This assignment led to a number of new questions and ideas. These will be
addressed shortly in this paragraph.

Perform research on thresholds interaction complexity: more research
on the importance of interaction complexity is required as well as how it is
perceived by the PLC programmers in order to define these thresholds.

Analyze complexity trends in more detail and automate process of
retrieving: only a short amount of time was available to analyze complexity
trends and it still required a certain amount of handwork. Complexity trends
seem very useful however and give a more accurate view on what components
are inerrant complex and what components are becoming complex. It could
therefore be an idea to automate the process of retrieving all revisions for a
component from the repository and loading them into AWL Analyzer.

Address complexity distribution within components: does a high com-
plexity metric come from a very small and specific part of the code? In other
words, is the complexity concentrated? If so, it might be relatively easy to lower
the overall complexity of the component.

Address complexity migration within components: this research com-
bines the complexity distribution with trends. Does the complexity migrate
through the code in different revisions, or does it come from a specific part all
the time?

Resolve performance problems: as addressed in Section 4.3.2, there are
some performance problems when it comes to the layout algorithm. Research
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could be done in this area. Also the interaction with the database can probably
be optimized or another database engine could be used to speed up things.

AWL Analyzer can be used for most of the ideas mentioned in this paragraph.
This is the reason AWL Analyzer was transferred to Vanderlande Industries
including all necessary documentation for further development.
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9 Evaluation

In this section, this assignment will be evaluated. First, the slight assignment
change will be addressed. Then, something will be written about the usefulness
of the rapid prototyping process used. Finally, the usability of the results from
this assignment will be addressed.

9.1 Change in assignment

The main objective for this assignment is to define metrics that signal the need
for preventive refactoring. During the rapid prototyping process, it became
clear that a good insight in the (current) interaction structure of the PLC plat-
form maybe was even more important however. Most feedback and requests on
prototypes of AWL Analyzer were directed at more and better insights in this
structure. This is the reason interaction metrics and interaction structure are
addressed in quite some detail in this paper. Luckily it was possible to combine
both objectives in such a way that they could both be met.

9.2 Rapid prototyping process

An iterative process called rapid prototyping was used in this assignment. It
consists of building a prototype, show it to your client, get feedback, and build
a new prototype based on this feedback. This process was used to show Van-
derlande what possibilities there were for the collection of metrics on STL code.
They could then give indications about what type of metrics and information
were most useful for them.

Not only did this process lead to AWL Analyzer, it also revealed that a good in-
sight in the interaction structure of the PLC platform was even more important
than retrieving metrics for preventive refactoring.

Rapid prototyping led to a better involvement of all parties since the metrics
and the information became more tangible. Not only were we talking about
a certain type of metric, we could extract actual values for this metric from
STL-components of Vanderlande.

9.3 Usability results

The developers at Vanderlande are very enthusiastic about the information they
can collect on their STL libraries now. AWL Analyzer can become a very useful
tool for analyzing the PLC platform on a regular basis.

Furthermore, the results on how to extract metrics from STL code are totally
new and can become very useful. Definitely the McCabe complexity for an STL
component, since there seems to be a high correlation between this complexity
and the actual complexity perceived by the programmers.
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A Regression analysis on perceived complexity

A.1 Perceived complexity - McCabe

Regression Analysis - Linear model: Y = a + b*X

Dependent variable: Perceived Complexity
Independent variable: McCabe

Standard T
Parameter Estimate Error Statistic P-Value
Intercept 5,02737 0,323829 15,5248 0,0000
Slope 0,0670596 0,011215 5,97947 0,0000

Analysis of Variance

Source Sum of Squares Df Mean Square F-Ratio P-Value
Model 21,5124 1 21,5124 35,75 0,0000
Residual 8,42349 14 0,601678

Total (Corr.) 29,9359 15

Correlation Coefficient = 0,847712

R-squared = 71,8616 percent

R-squared (adjusted for d.f.) = 69,8517 percent
Standard Error of Est. = 0,775679

Mean absolute error = 0,597384

Durbin-Watson statistic = 2,78479 (P=0,0529)
Lag 1 residual autocorrelation = -0,394964

The StatAdvisor

The output shows the results of fitting a linear model to describe
the relationship between Perceived Complexity and McCabe. The
equation of the fitted model is

Perceived_Complexity = 5,02737 + 0,0670596*McCabe

Since the P-value in the ANOVA table is less than 0.01, there is a
statistically significant relationship between Perceived Complexity
and McCabe at the 99, confidence level.

The R-Squared statistic indicates that the model as fitted explains
71,8616% of the variability in Perceived_Complexity. The correlation
coefficient equals 0,847712, indicating a moderately strong
relationship between the variables. The standard error of the
estimate shows the standard deviation of the residuals to be 0,775679.
This value can be used to construct prediction limits for new
observations by selecting the Forecasts option from the text menu.

The mean absolute error (MAE) of 0,597384 is the average value of
the residuals. The Durbin-Watson (DW) statistic tests the residuals
to determine if there is any significant correlation based on the
order in which they occur in your data file. Since the P-value is
greater than 0.05, there is no indication of serial autocorrelation in
the residuals.
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A.2 Perceived complexity - Lines Of Code

Regression Analysis - Linear model: Y = a + b*X

Dependent variable: Perceived Complexity
Independent variable: LOC

Standard T
Parameter Estimate Error Statistic P-Value
Intercept 4,91211 0,446499 11,0014 0,0000
Slope 0,00288925 0,000656477 4,40114 0,0006

Analysis of Variance

Source Sum of Squares Df Mean Square F-Ratio P-Value
Model 17,3767 1 17,3767 19,37 0,0006
Residual 12,5593 14 0,897091

Total (Corr.) 29,9359 15

Correlation Coefficient = 0,76188

R-squared = 58,0462 percent

R-squared (adjusted for d.f.) = 55,0495 percent
Standard Error of Est. = 0,947149

Mean absolute error = 0,7571

Durbin-Watson statistic = 2,21659 (P=0,3484)
Lag 1 residual autocorrelation = -0,108515

The StatAdvisor

The output shows the results of fitting a linear model to describe
the relationship between Perceived Complexity and LOC. The equation
of the fitted model is

Perceived Complexity = 4,91211 + 0,00288925*L0C

Since the P-value in the ANOVA table is less than 0.01, there is a
statistically significant relationship between Perceived Complexity
and LOC at the 99% confidence level.

The R-Squared statistic indicates that the model as fitted explains
58,0462}, of the variability in Perceived Complexity. The correlation
coefficient equals 0,76188, indicating a moderately strong
relationship between the variables. The standard error of the
estimate shows the standard deviation of the residuals to be 0,947149.
This value can be used to construct prediction limits for new
observations by selecting the Forecasts option from the text menu.

The mean absolute error (MAE) of 0,7571 is the average value of the
residuals. The Durbin-Watson (DW) statistic tests the residuals to
determine if there is any significant correlation based on the order
in which they occur in your data file. Since the P-value is greater
than 0.05, there is no indication of serial autocorrelation in the
residuals.
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A.3 Perceived complexity - Revisions

Regression Analysis - Linear model: Y = a + b*X

Dependent variable: Perceived Complexity
Independent variable: Revisions

Standard T
Parameter Estimate Error Statistic P-Value
Intercept 6,71966 0,506764 13,2599 0,0000
Slope -0,0116129 0,0289727 -0,400821 0,6946

Analysis of Variance

Source Sum of Squares Df Mean Square F-Ratio P-Value
Model 0,339633 1 0,339633 0,16 0,6946
Residual 29,5963 14 2,11402

Total (Corr.) 29,9359 15

Correlation Coefficient = -0,106514

R-squared = 1,13453 percent

R-squared (adjusted for d.f.) = -5,92729 percent
Standard Error of Est. = 1,45397

Mean absolute error = 1,22012

Durbin-Watson statistic = 2,24968 (P=0,3257)

Lag 1 residual autocorrelation = -0,144512

The StatAdvisor

The output shows the results of fitting a linear model to describe
the relationship between Perceived_ Complexity and Revisions. The
equation of the fitted model is

Perceived_Complexity = 6,71966 - 0,0116129*Revisions

Since the P-value in the ANOVA table is greater or equal to 0.10,
there is not a statistically significant relationship between
Perceived_Complexity and Revisions at the 90% or higher confidence
level.

The R-Squared statistic indicates that the model as fitted explains
1,13453% of the variability in Perceived Complexity. The correlation
coefficient equals -0,106514, indicating a relatively weak
relationship between the variables. The standard error of the
estimate shows the standard deviation of the residuals to be 1,45397.
This value can be used to construct prediction limits for new
observations by selecting the Forecasts option from the text menu.

The mean absolute error (MAE) of 1,22012 is the average value of
the residuals. The Durbin-Watson (DW) statistic tests the residuals
to determine if there is any significant correlation based on the
order in which they occur in your data file. Since the P-value is
greater than 0.05, there is no indication of serial autocorrelation in
the residuals.
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A.4 Perceived complexity - Comment ratio

Regression Analysis - Linear model: Y = a + b*X

Dependent variable: Perceived Complexity
Independent variable: Comment Ratio

Standard T
Parameter Estimate Error Statistic P-Value
Intercept 5,88355 1,13216 5,19676 0,0001
Slope 0,523715 0,80929 0,647129 0,5280

Analysis of Variance

Source Sum of Squares Df Mean Square F-Ratio P-Value
Model 0,869453 1 0,869453 0,42 0,5280
Residual 29,0665 14 2,07618

Total (Corr.) 29,9359 15

Correlation Coefficient = 0,170422

R-squared = 2,90438 percent

R-squared (adjusted for d.f.) = -4,03102 percent
Standard Error of Est. = 1,44089

Mean absolute error = 1,20626

Durbin-Watson statistic = 2,2662 (P=0,2819)

Lag 1 residual autocorrelation = -0,149505

The StatAdvisor

The output shows the results of fitting a linear model to describe
the relationship between Perceived Complexity and Comment Ratio. The
equation of the fitted model is

Perceived Complexity = 5,88355 + 0,523715*Comment Ratio

Since the P-value in the ANOVA table is greater or equal to 0.10,
there is not a statistically significant relationship between
Perceived Complexity and Comment Ratio at the 907% or higher confidence
level.

The R-Squared statistic indicates that the model as fitted explains
2,90438), of the variability in Perceived Complexity. The correlation
coefficient equals 0,170422, indicating a relatively weak relationship
between the variables. The standard error of the estimate shows the
standard deviation of the residuals to be 1,44089. This value can be
used to construct prediction limits for new observations by selecting
the Forecasts option from the text menu.

The mean absolute error (MAE) of 1,20626 is the average value of
the residuals. The Durbin-Watson (DW) statistic tests the residuals
to determine if there is any significant correlation based on the
order in which they occur in your data file. Since the P-value is
greater than 0.05, there is no indication of serial autocorrelation in
the residuals.
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A.5 Perceived complexity - MerkerlO

Regression Analysis - Linear model: Y = a + b*X

Dependent variable: Perceived Complexity
Independent variable: MerkerIO

Standard T
Parameter Estimate Error Statistic P-Value
Intercept 6,699 0,39515 16,9531 0,0000
Slope -0,000497181 0,000680889 -0,730193 0,4773

Analysis of Variance

Source Sum of Squares Df Mean Square F-Ratio P-Value
Model 1,09827 1 1,09827 0,53 0,4773
Residual 28,8377 14 2,05983

Total (Corr.) 29,9359 15

Correlation Coefficient = -0,191539

R-squared = 3,66872 percent

R-squared (adjusted for d.f.) = -3,21208 percent
Standard Error of Est. = 1,43521

Mean absolute error = 1,22118

Durbin-Watson statistic = 2,25157 (P=0,3007)

Lag 1 residual autocorrelation = -0,144969

The StatAdvisor

The output shows the results of fitting a linear model to describe
the relationship between Perceived Complexity and MerkerIO. The
equation of the fitted model is

Perceived Complexity = 6,699 - 0,000497181*MerkerIO

Since the P-value in the ANOVA table is greater or equal to 0.10,
there is not a statistically significant relationship between
Perceived Complexity and MerkerIO at the 90% or higher confidence
level.

The R-Squared statistic indicates that the model as fitted explains
3,66872)% of the variability in Perceived Complexity. The correlation
coefficient equals -0,191539, indicating a relatively weak
relationship between the variables. The standard error of the
estimate shows the standard deviation of the residuals to be 1,43521.
This value can be used to construct prediction limits for new
observations by selecting the Forecasts option from the text menu.

The mean absolute error (MAE) of 1,22118 is the average value of
the residuals. The Durbin-Watson (DW) statistic tests the residuals
to determine if there is any significant correlation based on the
order in which they occur in your data file. Since the P-value is
greater than 0.05, there is no indication of serial autocorrelation in
the residuals.

60



<confidential>

A.6 Perceived complexity - FanlO

Regression Analysis - Linear model: Y = a + b*X

Dependent variable: Perceived Complexity
Independent variable: FanIO

Standard T
Parameter Estimate Error Statistic P-Value
Intercept 6,71604 0,390701 17,1897 0,0000
Slope -0,013621 0,0158369 -0,860079 0,4042

Analysis of Variance

Source Sum of Squares Df Mean Square F-Ratio P-Value
Model 1,50238 1 1,50238 0,74 0,4042
Residual 28,4336 14 2,03097

Total (Corr.) 29,9359 15

Correlation Coefficient = -0,224023

R-squared = 5,01865 percent

R-squared (adjusted for d.f.) = -1,76573 percent
Standard Error of Est. = 1,42512

Mean absolute error = 1,235

Durbin-Watson statistic = 2,00577 (P=0,4877)

Lag 1 residual autocorrelation = -0,0247668

The StatAdvisor

The output shows the results of fitting a linear model to describe
the relationship between Perceived Complexity and FanIO. The equation
of the fitted model is

Perceived Complexity = 6,71604 - 0,013621*FanIO

Since the P-value in the ANOVA table is greater or equal to 0.10,
there is not a statistically significant relationship between
Perceived Complexity and FanIO at the 90% or higher confidence level.

The R-Squared statistic indicates that the model as fitted explains
5,01865) of the variability in Perceived Complexity. The correlation
coefficient equals -0,224023, indicating a relatively weak
relationship between the variables. The standard error of the
estimate shows the standard deviation of the residuals to be 1,42512.
This value can be used to construct prediction limits for new
observations by selecting the Forecasts option from the text menu.

The mean absolute error (MAE) of 1,235 is the average value of the
residuals. The Durbin-Watson (DW) statistic tests the residuals to
determine if there is any significant correlation based on the order
in which they occur in your data file. Since the P-value is greater
than 0.05, there is no indication of serial autocorrelation in the
residuals.
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A.7 Perceived complexity - Instantiations

Regression Analysis - Linear model: Y = a + b*X

Dependent variable: Perceived
Independent variable: Instantiations

Standard T
Parameter Estimate Error Statistic P-Value
Intercept 6,85127 0,452347 15,1461 0,0000
Slope -0,00665196 0,00686147 -0,969466 0,3488

Analysis of Variance

Source Sum of Squares Df Mean Square F-Ratio P-Value
Model 1,88326 1 1,88326 0,94 0,3488
Residual 28,0527 14 2,00376

Total (Corr.) 29,9359 15

Correlation Coefficient = -0,250818

R-squared = 6,29098 percent

R-squared (adjusted for d.f.) = -0,402523 percent
Standard Error of Est. = 1,41554

Mean absolute error = 1,1501

Durbin-Watson statistic = 2,46861 (P=0,1371)

Lag 1 residual autocorrelation = -0,252743

The StatAdvisor

The output shows the results of fitting a linear model to describe
the relationship between Perceived and Instantiations. The equation
of the fitted model is

Perceived = 6,85127 - 0,00665196*Instantiations

Since the P-value in the ANOVA table is greater or equal to 0.10,
there is not a statistically significant relationship between
Perceived and Instantiations at the 90% or higher confidence level.

The R-Squared statistic indicates that the model as fitted explains
6,29098), of the variability in Perceived. The correlation coefficient
equals -0,250818, indicating a relatively weak relationship between
the variables. The standard error of the estimate shows the standard
deviation of the residuals to be 1,41554. This value can be used to
construct prediction limits for new observations by selecting the
Forecasts option from the text menu.

The mean absolute error (MAE) of 1,1501 is the average value of the
residuals. The Durbin-Watson (DW) statistic tests the residuals to
determine if there is any significant correlation based on the order
in which they occur in your data file. Since the P-value is greater
than 0.05, there is no indication of serial autocorrelation in the
residuals.
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A.8 Perceived complexity - Interaction

Regression Analysis - Linear model: Y = a + b*X

Dependent variable: Perceived
Independent variable: Instantiations

Standard T
Parameter Estimate Error Statistic P-Value
Intercept 6,74012 0,416201 16,1944 0,0000
Slope -0,000275124 0,000360002 -0,76423 0,4574

Analysis of Variance

Source Sum of Squares Df Mean Square F-Ratio P-Value
Model 1,19884 1 1,19884 0,58 0,4574
Residual 28,7371 14 2,05265

Total (Corr.) 29,9359 15

Correlation Coefficient = -0,200117

R-squared = 4,0047 percent

R-squared (adjusted for d.f.) = -2,85211 percent
Standard Error of Est. = 1,43271

Mean absolute error = 1,21688

Durbin-Watson statistic = 2,25208 (P=0,2939)

Lag 1 residual autocorrelation = -0,144403

The StatAdvisor

The output shows the results of fitting a linear model to describe
the relationship between Perceived and Instantiations. The equation
of the fitted model is

Perceived = 6,74012 - 0,000275124*Instantiations

Since the P-value in the ANOVA table is greater or equal to 0.10,
there is not a statistically significant relationship between
Perceived and Instantiations at the 90% or higher confidence level.

The R-Squared statistic indicates that the model as fitted explains
4,0047% of the variability in Perceived. The correlation coefficient
equals -0,200117, indicating a relatively weak relationship between
the variables. The standard error of the estimate shows the standard
deviation of the residuals to be 1,43271. This value can be used to
construct prediction limits for new observations by selecting the
Forecasts option from the text menu.

The mean absolute error (MAE) of 1,21688 is the average value of
the residuals. The Durbin-Watson (DW) statistic tests the residuals
to determine if there is any significant correlation based on the
order in which they occur in your data file. Since the P-value is
greater than 0.05, there is no indication of serial autocorrelation in
the residuals.
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