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What did you learn in the first lesson? 

A software measurement framework 

Software measurement program 

Software 
metrics 

selection 

Software 
metrics 
design 

Metrics 
validation 

and 
evaluation 

Implemen 
tation 

Projects Process Products Resources 

Why? 

Measures 

How? 

What? 

Who? 
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The Scope of Software Metrics 

• Cost and effort estimation 

• Productivity measures and models 

• Structural and complexity metrics 

• Quality models and measures 

• Reliability models 

• Performance evaluation and models 

• Capability-maturity assessment 

• Management by metrics 

• Evaluation of methods and tools 

HUNDREDS OF 

METRICS! 



Agenda 

• A model of a measuring device 

• Quality criteria for 

• the design of a measurement method 

• the application of a measurement method 

• the measurement results 
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the design of a 
measurement 

method 

the application of 
a measurement 

method 

the measurement 
results 



What is metrology? 

‘The science of measurement and 
its application’. 

 

 

The international consensus on a common 

and coherent terminology for the set of 

concepts of metrology 

represents 



Introduction to metrology 

The VIM  2007 edition on metrology presents                                           
144 terms classified in 5 categories : 

 
• Quantities and Units (30 terms), 

• Measurements (53 terms), 

• Devices for measurement (12 terms),  

• Properties of measuring devices (31 terms), 

• Measurement Standards (18 terms). 

 

 

http://jcgm.bipm.org/vim/en/index.html  

http://jcgm.bipm.org/vim/en/index.html


Introduction to metrology 
• VIM Conceptual model at high level  

QUANTITY

UNIT

MEASUREMENT

DEVICES PROPERTIES

MEASUREMENT STANDARDS

RESULTS

-Conforms to

1..* 0..*

-Supported by*

-Performance*

-Characterized by

1 1..*

1

-Produce1

-Quantified by

1 1..*

1..*

-Represented in

1..*

30 terms 

12 terms 

53 terms 

31 terms 

18 terms 

Influenced by 

Subject to 



Measurement 

Quantities 
and units 

Properties of 
measuring devices 

Measurement 
standards 
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Control variables 

Measurand Measurement result 

Example: Software size  

Measurement 

Response time 
uncertainty 

C O S M I C  Control variables 

Size of  
Requirements 
Specifications 

34 cfsu +/- 2cfsu 

Particular quantity subject to 
measurement 

Correctness  
Unit: Cfsu 

Quantity is a property of a 
phenomenon, body, or substance, 
where the property has a magnitude 
that can be expressed as a number 
and a reference 



 A measurement process can be entirely automated, partially 

automated, or entirely manual. 
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Examples of Types of Measurement Processes 

• Entirely automated: a measurement process to measure software 

size from requirements specifications.  

• L. Lavazza, A. Agostini. Automated Measurement of UML Models: an open toolset 
approach. Journal of Object Technology, vol. 4, no. 4, May-June 2005 

• Partially automated: completeness of requirements specifications 
• A. Ferrari. Et al. Measuring and Improving the Completeness of Natural 

Language Requirements. REFSQ 2014.  

• Entirely manual:  measuring collaboration in groups 



Agenda 

• Introduction to metrology 

• A model of a measuring device 

• Quality criteria for 

– the design of a measurement method 

– the application of a measurement method 

– the measurement results 
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 The criteria for a ‘good’ design of a software 

measurement method refer to 
concepts: 

3 sets of metrology 

12 



 Measurement Foundation 

• 

Science of Measurement 
and its Application 

Basis of a Measurement 

Generic Description of Operations 
used in a measurement 

Detailed Description of a Measurement 
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              Metrology 

 
Measurement Principle 

 
Measurement Method 

 
Measurement Procedure 

The hierarchy of measurement-related concepts (in Figure) is 
referred to as the measurement foundation 

Level 1 

Level 2 

Level 3 

Level 4 

Criteria 1: Compliance with the measurement foundations 



Level 2: Measurement principle  - is specific to the measurement of a 

particular concept to be measured and represents the phenomenom 
serving as a basis of a measurement. 

Level 3: Measurement method  - is defined in the general sense as a 

logical organization of operations used in a measurement. 

Level 4: Instantiation of the measurement method in a measurement 

procedure as a detailed description of a measurement, and based on 

a measurement model, and including any calculation to obtain a 
measurement result. 

Measurement standards  are used routinely to calibrate or verify 
measuring instruments or measuring systems 

http://jcgm.bipm.org/vim/en/3.1.html
http://jcgm.bipm.org/vim/en/3.2.html


 Quantities and Units 
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The elements of a quantity in metrology 

base unit (e.g. a meter with the symbol ‘m’) 

derived unit (e.g. the meter per second, symbol 

Numerical value 

 
Criteria 2: Meaningfulness(measurement unit, quantity value, quantity calculus) 
 

set of mathematical rules 
and operations applied 

to quantities other than 
ordinal quantities 
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Design 

Measurement 
foundations 

Quantity and 
units 

Measurement 
standards 

Application 

Measurement 
procedure 

Devices for 
measurement 

Operations with 
devices 

Properties of 
such measuring 

devices 

Results 

Criteria 3: Instrumentation support  



 Figure below presents a process representation of a measurement procedure 

with its corresponding elements described in the VIM 

30 

control variables 

250 cfp 250 cfp 
+/- 1cfp 

Measurement 
uncertainty 

Why happen this uncertainty in measurement? 



 The operator 

• For example: when an operator is an inexperienced surveyor and has never 

device, he may make many more mistakes than an experienced surveyor. 

The measurement principle 

• For example: The measurement principle of COSMIC method : 

“Functional size is directly proportional to the number of data movements” 

The measurement method selected  

• For example: there are now 5 ISO-recognized methods for 

A quantity which influences the measurement process 

• For example: the temperature may need to be taken into 

executed a measurement procedure with a laser-guided distance measuring 

 

 

measuring the functional size of software.  

consideration during the measurement of the length of an object. 
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 Measurement procedure 
Description of the measurement elements 
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Measurement 

Measurement 

result 

Measurement 

procedure 

Measuring 

device 

Measurement 

conditions 

Measurement 

error 

• Measured 

quantity value  

• True quantity 

value 

• Conventional 

quantity value 

• Reference 

measurement 

procedure 

• Primary 

reference 

measurement 

procedure 

Measuring 

system 

• Repeatability 

under same 

condition of 

measurement.  

• Reproducibility 

different conditions of 

measurement 

• Systematic 

measurement 

error  

• Measurement 

bias  

• Random 

measurement 

error 

Good accuracy 
Good precision 

Poor accuracy 
Good precision 

Poor accuracy 
Poor precision 



 Measurement procedure 
Description of the measurement elements 

29 

Measurement 

Measurement 

result 

Measurement 

procedure 

Measuring 

device 

Measurement 

conditions 

Measurement 

error 

• Measured 

quantity value  

• True quantity 

value 

• Conventional 

quantity value 

• Reference 

measurement 

procedure 

• Primary 

reference 

measurement 

procedure 

Measuring 

system 

• Repeatability 

condition of 

measurement.  

• Reproducibility 

condition of 

measurement 

• Systematic 

measurement 

error  

• Measurement 

bias  

• Random 

measurement 

error 



 Measurement procedure 
Description of the measurement elements 

29 

Measurement 

Measurement 

result 

Measurement 

procedure 

Measuring 

device 

Measurement 

conditions 

Measurement 

error 

• Measured 

quantity value  

• True quantity 

value 

• Conventional 

quantity value 

• Reference 

measurement 

procedure 

• Primary 

reference 

measurement 

procedure 

Measuring 

system 

• Repeatability 

condition of 

measurement.  

• Reproducibility 

condition of 

measurement 

• Systematic 

measurement 

error  

• Measurement 

bias  

• Random 

measurement 

error 

True quantity value is considered unique and, in practice, unknowable. 

Quantity value attributed by agreement to a quantity for a given purpose. 
 
Example: Effort (E) = a (KLOC)^b                      [ person-months ] 
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Design 

Measurement 
foundations 

Quantity and 
units 

Measurement 
standards 

Application 

Measurement 
procedure 

Devices for 
measurement 

Operations with 
devices such as 

a measuring 
system 

Properties of 
such measuring 

devices 

Results 

Measurement 
precision 

Measurement 
uncertainty 

Calibration 

Metrological 
traceability 

Criteria 4 

Check: http://jcgm.bipm.org/vim/en/2.26.html 

Criteria 5 

Criteria 6 



Metrological traceability 
Property of a measurement result whereby the result can be related to a 
reference through a documented unbroken chain of calibrations, each 
contributing to the measurement uncertainty. 

Measurement result  

 

 

Calibration 

Calibration 

Calibration Measurement 
Result 

Measurand 

Reference 

 

 

 

 

 

 

Measurement 
standard 

Measurement 
procedure 

Measurement 
unit 

Measurement  
uncertainty 

Measured quantity 
value 

& 

document 

document 

document 



Summary 

• Quality Criteria for 

the design of a 
measurement 

method 

the application of a 
measurement 

method 

the measurement 
results 

Criteria 4: measurement precision 
Criteria 5: measurement uncertainty 
Criteria 6: metrological traceability 
  

Criteria 3: Instrumentation support  

Criteria 1: Compliance with the measurement foundations 
 
Criteria 2: Meaningfulness(measurement unit, quantity value, quantity calculus) 
 



Do you have any question? 



Break 

10 
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Agenda 

1. The representational theory of measurement 

2. Measurement scales and scale types 
– Statistical operations on measures 
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Introduction 

– Questions that are relatively easy to answer for non-software entities are 
difficult for software: 

1. How much must we know about an attribute/property before it’s reasonable to consider 
measuring (e.g., program complexity)? 

2. How do we know if we’ve really measured the attribute we want to measure?  Does a 
count of the number of defects found in a system measure its quality? 

3. Using measurement, what meaningful statements can we make about an attribute and 
the entities that possess it (e.g., can we talk about doubling a design’s quality)? 

4. What meaning operations can we perform on measures (e.g., can we compute the 
average productivity of a group of developers, or the average quality of a set of 
modules)? 

 



Measurement Theory: Definition 

• The representation of 
properties by numbers 
– In addition this definition needs to 

articulate how world operations 
map onto numerical operations 

Developed as a classical discipline 
from the physical sciences 
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Empirical and numerical relational 
structure 

Formally, an empirical relational structure  

 

<A, R0,…Rn> 

– A : set of objects 

– R0,…Rn : relations and operations. 
• R0 is the ordering relation and is denoted by >= 

• R1 represents the concatenation operation, and is denoted by 
© . 

 An numerical relational structure consists of: 

– Set of numbers (e.g. lR, N, Z), or structures, such as 
vectors, and  

– Set of numerical relations and operations. 
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Empirical relations 

– Empirical relations are mappings from the empirical, 
real world to a formal mathematical world. 

 

 
Numerical space 

Abstract,  

well-defined 

symbols 

Empirical space 

Source set S 

si 

States,  

phenomena 

Image set I 

ii 

mapping 

Data obtained as measures (measurement result) should 
represent attributes of observed entities (quantity). 



PSY 5018H: Math Models Hum Behavior, Prof. Paul Schrater, 2004 

Measuring Length 

•In the world  

–Rods:   r1, r2, … , rn          
 Rod labels 

–Relations:  

r1 (≤) r2     (≤) denotes comparison 

r1 © r2    © denotes composition by 

concatenation 

•In numbers  

–Numbers: l1, l2, … , ln    
 Real, denoting length 

–Relations:  

l1 ≤ l2 

l1 + l2 Composition expressed by addition 
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Rules of Mapping 

Measurement must also specify the rule for performing the mapping 
 

• Real world is domain of mapping that defines the measurement 
• Mathematical world into which real-world attributes are mapped 

 
– Examples: 

 

• Measuring lines of code 
– Are lines of code reused without change counted? 
– Are non-executable lines counted? 

» Declarations 
» Compiler Directives 
» Comments 
» Blank lines 
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Empirical relations 

Mappings between a empirical structure 
and a numerical structure 
Homomorphism   

  
Thus this definition allows for the possibility that there 
are different operations in the world that will lead to 
the same measurement. 
 

 
The mappings are constrained by two types of theorems: 
 

1) Representation theorem (Representation condition) 
2) Uniqueness theorem (Uniqueness condition) 
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The representation condition 

– Formally, a measurement mapping M must map 
entities into numbers and empirical relations into 
numerical relations in such a way that: 

• Empirical relations preserve numerical relations 

• Empirical relations are preserved by numerical relations 

The conditions are imposed by the structure of the numerical system to which you 
are trying to map your empirical structure.  
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The representation condition: 
Example 

• Software failures criticality 

– Three types of failures examined: 
• Delayed response 

• Incorrect output 

• Data loss 

 

At this point, we have a relation system consisting of              3 
unary relations 

– R1 for delayed response 

– R2 for incorrect output 

– R3 for data loss 
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We can find a representation in the set of real numbers by choosing three 
distinct numbers: 

• M(delayed response) = 6 

• M(incorrect output)=4 

• M(data loss)=50 

 

The representation condition: 
Example 

Numerical space 

6 

4 

50 

Empirical space 

Source set S 

si 

Delayed response 

Incorrect output 

Data loss 

set I 

ii 

M(delayed response) 
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Further investigation of criticality reveals that:  

 

–  data loss is more critical than incorrect output,  

– incorrect output is more critical than a delayed response. 

 

To develop a real-number representation for this enriched 
relation, we must be more careful in assigning numbers. 

 

Using “>” to mean “more critical than”: 

 

– data-loss failures must be mapped to a higher number than 
incorrect output failures, which in turn must mapped to a 
higher number than delayed responses. 

The representation condition: 
Example 
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Agenda 

1. The representational theory of measurement 

2. Measurement scales and scale types 
• Statistical operations on measures 
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Measurement scales 

– A measurement scale is : <E,N,M> 
• the empirical system (E) 
• numerical system (N) 
• mapping, M, between them  

 
 

– Two important questions concerning representations and 
scales 

 

Representation and uniqueness problems 
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Measurement scales 

1. How do we know if a particular empirical relation system has a 
representation in a given numerical relation system? 

• Answer: This is known as the representation problem, one of 
the basic problems of measurement theory.  
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Measurement scales 

2.  What do we do when we have several different possible 
representations in the same numerical relation system? 

 

– Answer: This is the uniqueness problem.   

Following slides address this question. 

1. the representation theorem constraints 
the mapping itself, which controls the 
relationship between the structures 
(systems/space).  

2. the uniqueness theorem controls the 
relationship between the mappings 
(transformations). 

 
The set of transformations permitted by the 
uniqueness theorem determines the scale’s 
type.  
 



55 

Measurement scale types 

 

 

 

 

 

 

 

 
• One relational system is richer than another if all 

relationships in the second system are contained in the 
first. 

 

rich
n

e
ss 

Mapping from one acceptable 
measure to another is called an 
admissible transformation. 
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Measurement scale types  

• Why is this important? 
– If we have a satisfactory measure for an attribute with 

respect to an empirical relation system, we want to 
know what other measures exist that are acceptable. 

 

Mapping from one acceptable measure to another is 
called an admissible transformation. 

 
• Example – when considering length, admissible 

transformations are of the form M’=aM.   

Transformations of the form M’=b+aM, or M’=aMb are not 
acceptable when b <> 0. 
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Measurement scale types  

– Nominal scale: Example  

 

 

 

 

 

• Software faults can belong to one of the following classes, 
according to where they were first introduced during 
development: 

– Specification 

– Design 

– Code 
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Measurement scale types  

– Nominal scale 
 

• Most primitive form of measurement – define classes or categories, 
and place each category in a particular class or category 

• Two major characteristics: 
– Empirical relation consists only of different classes – no notion of 

ordering 
– Any distinct number or symbolic representation is an acceptable 

measure – no notion of magnitude associated with numbers or 
symbols. 
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Measurement scale types 

– Ordinal scale 
 
 
 
 
 
 
 
 
 

• Example – software “complexity” 
 
 

Value Meaning 

1 Trivial 

2 Simple 

3 Moderate 

4 Complex 

Happiness scale 
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Measurement scale types 

– Ordinal scale 
 

• Augments nominal scale with ordering information. 

• Three major characteristics 

– Empirical relation system consists of classes that are ordered 
with respect to the attribute 

– Any mapping preserving the ordering is acceptable 

– Numbers represent ranking only, so arithmetic operations have 
no meaning 

Empirical ordering relation  Weak order 
 
a>= b o b>=a (connected) 
a>=b y b>=c  a>=c (transitive) 
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Measurement scale types 

– Interval scale 
• Captures information about size of intervals that separate classes. 

• Three characteristics 

– Preserves order 

– Preserves differences, but not ratios 

– Addition and subtraction are acceptable, but not multiplication 
and division 

• Class of admissible transformations is the set of affine 
transformations: M’=aM+b, where a>0. 
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Measurement scale types 

– Interval scale 

• Example – software complexity – suppose the difference in 
complexity between a trivial and a simple system is the same as 
that between a simple and a moderate system.  Where this equal 
step applies to each class, we have an attribute measurable on  an 
interval scale. 

Value Meaning 

1 Trivial 

2 Simple 

3 Moderate 

4 Complex 

5 Incomprehensible 

Value Meaning 

0 Trivial 

2 Simple 

4 Moderate 

6 Complex 

8 Incomprehensible 
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– Ratio scale 
• Most useful scale, common in physical sciences – captures 

information about ratios 
• 4 characteristics 

– Preserves ordering, size of intervals between entities, and ratios 
between entities 

– There is a zero element, representing total lack of the attribute 
– Measurement mapping must start at 0 and increase at equal intervals 

(units) 
– All arithmetic can be meaningfully applied to classes in the range of the 

mapping. 

• Acceptable transformations are ratio transformations – M’=aM, 
where a is a scalar. 
 

Measurement scale types 

Example – program  length can be measured by 
lines of code, number of characters, etc.   
   
Number of characters may be obtained by 
multiplying the number of lines by the average 
number of characters per line. 
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– Absolute scale 
 

• 4 characteristics 
– Measurement is made simply by counting the number of elements in 

the entity set. 

– Attribute always takes the form of “number of occurrences of x in the 
entity” 

– Only one possible measurement mapping, namely the actual count 

– All arithmetic analysis of the resulting count is meaningful. 

 

• Example – lines of code in a module is an absolute scale measure. 

Measurement scale types 
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Statistical operations on measures 

– Analyses don’t have to be sophisticated, but we want to know 
something about how a set of data is distributed. 

– What types of statistical analysis are relevant to a given 
measurement scale? 

Scale type Defining relations Examples of appropriate statistics 

Nominal Equivalence Mode, Frequency 

Ordinal Equivalence, 

Greater than 

Median, Percentile, Spearman r, Kendall r, 

Kendall W 

Interval Equivalence, 

Greater than, 

Known ratio of any intervals 

Mean, Standard deviation, Pearson 

product-moment correlation, Multiple 

product-moment correlation 

Ratio Equivalence, 

Greater than, 

Known ratio of any intervals, 

Known ratio of any two scale values 

Geometric mean, 

Coefficient of variation 

Parametric and nonparametric tests 



Do you have any question? 



Activity 
• Which scale type would you use for the quality Criteria of 

measurement methods?  Choose one and define the scale 

the design of a 
measurement 

method 

the application of a 
measurement 

method 

the measurement 
results 

Criteria 4: measurement precision 
Criteria 5: measurement uncertainty 
Criteria 6: metrological traceability 
  

Criteria 3: Instrumentation support  

Criteria 1: Compliance with the measurement foundations 
 
Criteria 2: Meaningfulness(measurement unit, quantity value, quantity calculus) 
 



n.condori-fernandez@vu.nl 

Room T438 

mailto:n.condori-fernandez@vu.nl
mailto:n.condori-fernandez@vu.nl
mailto:n.condori-fernandez@vu.nl


Example: Functional Software Size 

 



Measurement Theory 

• Why should we care about Measurement 
Theory? 

– Correspondence between data and reality 

– Meaningfulness of numbers 

– Provides ways to test assumptions of theory 

– Holds for all scientific data, not just psychological 



Measuring Force with a Force Table

A,,*,~

A =  Configuration of weight angles

 =  physical concatenation

~  =  Comparison procedure

*   =  Weight scaling


