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Abstract: The heightened importance of the software process has created a need for process improvement, which
requires methods for process analysis and assessment. The Capability Maturity Model (CMM) categorizes a software
process maturity into five levels- from level 1 to level 5 with an objective of getting more automation in the software
process. This paper quantitatively inter-relates the factors behind those transitions. Moreover the influence of Key
Process Areas (KPAs) and sub-KPAs leading to different level-transitions will be presented with the aid of Bayesian
Belief Networks. Context-specific tendency towards higher CMM level on the basis of different key factors (KPAs) are
illustrated using quantitative assessments.
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1 Introduction:

The Capability Maturity Model (CMM) summarizes the best practices for the software development processes
[2][2][3][4]1[10][11][12][13]. By outlining software devel opment processes and activities and declaring the execution of
repetitive activities, this model aims to efficiently executing organizational missions. Organizations with higher CMM
levels are expected to operate using a more stable, sophisticated, and disciplined approach by making use of automated
tools and the experiences gained from many past successes.

As the understanding of the repeatable processes increases, rules are constructed to avoid certain mistakes and to
promote productivity. When the rules are composed as standard processes, then the automation grows more substantial
as it is enlisted to reduce rework as process maturity increases. This is a type of software process improvement
represented by CMM.

2 Maturity levelsin CMM:

One of the objectives of CMM is to distinguish mature processes from immature or ad hoc processes [3][4]. In a
software organization that follows immature software processes, projects are executed without appropriate guidelines
of controlled and matured processes. However, with the aid of efficient capability of project team & leader.
Consequently the project result is unpredictable & inefficient in most cases. On the contrary, if the processes of an
organization are matured, the outcome of the project is less dependent on the team capability and more controlled by
the processes. The result of the project is more predictable in the later case.

The path to higher maturity includes well-defined steps termed as maturity levels by CMM. Each level specifies certain
characteristics for processes, with higher maturity levels having more advanced characteristics. The CMM framework
describes key elements of software processes at different levels of maturity. The path includes five maturity levels.

In level 1, an organization executes a project in a manner that the team and the project manager are efficient. The
repeatable level (level 2) is applied to an organization in which project management practices are well established,
although organization-wide processes may not exist. Requirement management, project planning and tracking, contract
& configuration management, quality-assurance are its key processes. In the defined level (level 3), periodic process
assessments, necessary training programs, software projects are planned and managed using organization's standard
software process and rules; integrated software management, inter-group coordination and peer reviews are achieved.
In level 4 (managed level), plan for qualitative process management is taken; the performance of the project is
controlled quantitatively. In level 5 (optimized level), plan for managing technology changes is adopted; a documented
procedure for developing and maintaining plans for software process improvement is taken. Measures of defect
prevention are also taken into consideration in this level.

3 Key Process Areas of CMM-levels:



We illustrate key process areas of different levels and highlight their goals according to [1][10][14]. Then we present
our observation of inter-relationship among different goals of KPAs. The basis is subject analysis of goas and their
sequential placement in terms of activities.

3.1Level 1(Initial):

The software process is characterized as a need-basis and sometimes even chaotic. This stage defines few processes and
success depends on individual, mainly team leader’ s effort and pragmatics. There are no KPAs so far defined by SEI in
thislevel.

3.2 Level 2 (Repeatable) KPAs

Project-management perspectives are established to measure cost, track schedule and functionality. The project’'s
process is under the effective control of project management system, following realistic plans based on the performance
of previous projects.

3.2.1 Requirements Management: There are two goals of this KPA.

The first goal focuses on requirements being documented and controlled, and the second focuses on maintaining of
consistency of other documents (e.g., Plans, designs, etc.) with software requirements.

Therefore, goal 1 affects goal 2.

3.2.2 Softwar e Project Planning. There are three goals of this KPA.

Goal 1 requires that estimates are documented, and activities supporting that require that estimates for size, effort,
schedule, and critical resources are derived using a documented procedure.

Goal 2 requires that project activities are planned and documented. The activities require that the plan is controlled and
managed, and identifies risks also.

Goa 3 requires that affected groups and individuals agree to their commitments and its activities require that the
commitments are reviewed by senior management.

So, goal 3 is affected by both goal 1 and 2.

3.2.3 Project Tracking and Oversight. There are three goalsin this KPA.

Goal 1 requires that actual performance is tracked against the plans. Activities require that effort, cost, schedule, and
risks are tracked, and actual measurement datais recorded, and formal reviews are held at milestones.

Goal 2 requiresthat corrective actions are taken when actual performance deviates from planned.

Goal 3 requires that changes to plans and commitments are agreed and reviewed.

So goa 1 affects goal 2 which evidently affects goal 3.

3.2.4 Softwar e Subcontract M anagement..

Goal 1 requiresthat a qualified subcontractor is selected.

Goal 2 requires that there is an agreement with the subcontractor.

Goal 3 saysthat there isaregular communication with the subcontractor.

Goal 4 requires that the performance of the subcontractor is tracked against its commitments.
Sogoal 1 and 2 individually affects goal 3 which then affects goal 4.

3.2.5 Softwar e Quality Assurance:

Goa 1 saysthat Software quality assurance activities are planned

Goal 2 saysthat adherence of software products and activities to the applicable environment are verified objectively.
Goal 3 says that_affected groups and individuals are informed of the quality assurance activities and results are audited
aswell as preserved.

Goa 4 states that senior management addresses Noncompliance issues that cannot be resolved within the project.

Here goal 1 affects goal 2 and goal 2 affects both goal 3 and 4.

3.2.6 Softwar e Configuration Management.
Goal 1 defines that software configuration management activities are planned.
Goadl 2 says that selected software work products are identified & controlled.

Goad 3 saysthat affected groups and individuals are informed of the status and content of software baselines.
Goa 1to0 2, 2 to 3 sequentially affects each other.

3.3 Level 3 (Defined) KPAs



The software process for both management and engineering activities is documented, standardized and integrated into
a standard software process for the organization. All projects use an approved version of the organization’s standard
software process for developing and maintaining software.

3.3.1 Organization Process Focus. There are three goalsin this KPA.

Goal 1 states that software process activities are coordinated across the organization. The activities require that a group
exists for this coordination, a process database is there, tools and processes in limited use are evaluated for possible use
in the rest of the organization (i.e. learning), and training is provided.

Goa 2 requires that the process is assessed periodically and action plans developed based on the report.

Goa 3 requires that organization level process development and improvement activities are planned.

Goad 1 affects 2 and 2 affects 3.

3.3.2 Organization Process Definition. This has two goals.

Goal 1 requires that a standard process for the organization is developed. The activities require that process is
developed according to a documented procedure, and is documented using some standards, and guidelines and criteria
for tailoring of the process for projects exist.

Goal 2 requires that information about process use is collected. Activities require that a process database be established,
and alibrary of process related assets be maintained.

Goal 1 affectsgoal 2.

3.3.3 Training Program. The goal 1 requires that training activities are planned.

Goal 2 isthat training is provided. The activities for this require that procedures for conducting training are needed and
standards for courses are needed.

Goal 3 requires that individuals receive training, and an activity requires that there should be a waiver procedure for
required training.

Here Goal 1 affects 2 and 2 affects 3.

3.3.4 Integrated Software Management. |t requires that the process being used on the project is a tailored version of
the organization process. Project is planned and managed according to the project’s process. The activities require that
lessons are learned from projects and documented, a documented procedure for risk management exists, projects effort
and critical resources are managed, thresholds for deviation from planned are established for effort, schedule, critical
resources, and reviews of the project are periodically done.

3.3.5 Softwar e Product Engineering.

Goal 1 isthat software engineering tasks are defined and performed consistently. CMM requires that rationale for tool
selection is documented.

Goa 2 requires that consistency is maintained across different work products.

Goa 1 affectsgoal 2.

3.3.6 Inter-group Coordination. The Goal of Inter-group Coordination is to establish a means for the software
engineering group to participate actively with the other

engineering groups so the project is better able to satisfy the customer's

needs effectively and efficiently.

3.3.7 Peer Reviews. The Goa of Peer Reviews is to remove defects from the software work products early and
efficiently. Additionally trying to develop a better understanding of the software work products so that defects can be
prevented. The peer review is an important and effective engineering method that can be implemented via inspections,
structured walkthroughs, or a number of other collegial review methods.

3.4 Level 4(Managed) KPAs

Detailled measures of software process and product quality are collected. Both the process and products are
quantitatively understood and controlled.

3.4.1 Quantitative Process Management. This KPA requires that goals for the performance of the process on a
project are established, based on the past performance of the process, and measurements are taken along the process
execution and data used to quantitatively control the project.



3.4.2 Software Quality Management. This KPA requires that quantitative quality goals are set for the software
products, plans are made to achieve the goals, and that the actua progress is monitored and corrections made, if
needed, to ensure that goals are met.

3.5Level 5(Optimizing) KPAs

Continuous process improvement is enabled by quantitative feedback from the process and from directing innovative
ideas and technologies. Although not explicitly mentioned in the goals, the fact that level 5 comes after level 4 implies
that effects of defect prevention, technology, and process change be measured quantitatively at level 5. [1]

3.5.1 Defect prevention: The purpose is to identify the causes of defects and prevent them from recurring. The
software team analyzes errors, defects, identifies reasons of defects and modifiesis defined processes.

3.5.2 Technology Change Management: The objective isto identify useful new technologies (i.e., tools, methods, and
processes) and transfer them into the organization in an orderly manner. The focus of Technology Change Management
is on performing innovation efficiently in an ever-changing world.

3.5.3 Process Change Management: Its purpose is to continually improve the software processes used in the
organization with the intent of improving software quality, increasing productivity, and decreasing the cycle time for
product development.

4 Exploration of Inter-relationship of KPAs

4.1 The Impact of P-CMM on SW-CMM | mplementation:

The main goal of SW-CMM isto create adirection to rise above the chaos arising out of dependence on individuals. To
establish good software processes is not sufficient to take away this dependence. People need as much attention & to be
focused as well as to motivate them to rise above themselves and their projects, thus contributing to organizational
enrichment.

While implementing SW-CMM for any organization, existing people processes can be directed to advantage. People
processes help to obtain the commitment across the organization on innovative ideas. Moreover the investment into
SW-CMM becomes optimal also.

4.1.1 People Capability Maturity Model (P-CMM):

The People Capability Maturity Model (People CMM) [15] is a framework that helps organizations successfully
address their critical people issues. Based on the best current practices in fields such as human resources, knowledge
management (KM), and organizational development, the People CMM directs organizations in improving their
processes for managing and developing their workforces. The People CMM helps organizations characterize the
maturity of their workforce practices, establish a program of continuous workforce development, set priorities for
improvement actions, integrate workforce development with process improvement, and establish a culture of
excellence. [15] Reports the inter-relationship or mapping of P-CMM KPAs into CMM KPAs. It is named as
‘Influence Matrix’ described in next section. But in this report we term it as ‘Relationship matrix’, since we name
derived ‘probabilistic table’ as ‘ Influence matrix’.

4.1.2 Relationship Matrix:
The Relationship Matrix represents which KPA of P-CMM impacts which SW-CMM KPA strongly. While

implementing SW-CMM, organizations would benefit from analyzing what gaps the P-CMM KPA has, and address it
appropriately by either closing the gaps, or improvising the SW-CMM process itself.

Table 1: People CMM to SW-CMM mapping
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4.2 The Impact of SO 9001 on SW-CMM Implementation

4.2.1 Influence Matrix for 1SO 9001:



1SO 9001 is a standard that has 20 clauses, which are meant for service organizations [17]. This standard has been used
for a software organization in 1SO 9000-3 [18], and further guidelines and illustration has been given in TickIT
guidelines [19]. Differences have been done between the ISO9001 model and the CMM [20][21]. However, these tend
to be comparison between the models and tend to be clause-by-clause or KPA-by-KPA (key practice area) analysis like
section 4.1.

There is an inter-relationship or mapping of 1SO key processes with CMM KPAs. [3] reports that inter-relationship in

table 2.

Table 2 1SO 9001 to SW-CMM mapping
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5 Our direction:

According to mark C.Paulk, SEI, Carnegie Mellon University, there is a clear understanding of the relationship
between the KPA inthe CMM and its goals. [2]. Thisrelationship is subjective. He did not provide quantitative aspects
of that relationship. Our objective of investigation isto that direction. We illustrate the subjective relationship of KPAs
according to 1ISO-CMM mapping in Part 1, People CMM-CMM mapping in Part 2 and finaly our own subjective
viewpoint in Part 3.

Part 1: According to commonality of goals of KPAs and mapping those to ISO key processes we can create
relationship using a directed graph. Our convention A-> B means that the ‘B’ affects‘A’. We can use Bayesian Belief
Net (Discussed in section 5.1) to calculate the approximate (‘low’,” high’) influence of ‘B’ on ‘A’. Weterm it as ‘inter-
dependency’ and our goal is to caculate that influence provided that historic data are available in this context. The
figure 1 is based on dependency according to ISO-CMM  mapping.

Part 2: In terms of People CMM, the KPA dependency is all-to-all mapped. It means that all KPAs of level n affect all
KPAs of level (n+1) and higher. So we can conclude that in terms of ‘ People’-effect on CMM, all lower level KPAs
affect al upper level KPAs.

Part 3: Our own subjective analysis based on goals [1] reveals the dependency graph of Figure 4. First we make
assumption of our parameters:
List 1[Parameter chart]:

Level 5:

Process change management C1
Technology Change Management Cc2
Defect prevention C3
Level 4:

Software Quality Management c4
Quantitative Process Management C5
Level 3:

Organizational process focus C6
Organizational process definition C7
Training program C8
Integrated S/W Engineering c9

S/W Product Engineering C10
Inter-group communication Cl1

Peer reviews C12
Level 2:

Requirement Mgmt C13

S/W Project planning C14
S/W project tracking & oversight C15
Subcontract management C16
Quality assurance C17
Configuration management C18

5.1 Bayesian Belief Networks:

Bayesian Belief Networks are a network-based framework for representing and analyzing models involving
uncertainty. BBN comes from the cross disciplines of probability, artificial intelligence, and decision analysis.
Bayesian Belief Networks have established themselves as an effective and principled framework for knowledge



representation and reasoning under uncertainty. Bayesian Belief Networks exploit conditional independence
relationships to create natural and compact domain models, thereby supporting useful reasoning patterns, and providing
effective probabilistic inference and learning algorithms. Because of the development of propagation algorithms
follows by availability of easy to use commercial software and growing number of creative applications, BBN catches
the sudden interest of research in different research fields since early 90's. After ten years researches, BBNs have
succeeded creating models in areas of intelligent decision, safety assessment, medical diagnosis, pattern recognition,
and computer network diagnosis.

The key feature of BBN is that they enable us to model and reason about uncertainty. Typically in BBN modeling, we
assign a Bayesian belief value to each uncertain event, such as the belief value of “It is cloudy” is assigned as 0.55, the
belief value of “John is late” is 0.2, etc. All these probabilities for the uncertain events come from people’s subjective
judgments, which are determined by collecting empirical, historical or statistical data. When we are dealing engineering
projects, these probabilities can be decided by domain experts who can possibly be project managers, lead designers,
senior programmers, and test researchers. In BBN modeling, the probability representations of uncertainties are
assigned as the prior belief valuesto each node in a certain BBN.

5.2 The Formal Definition of Bayesian Belief Networks:

A Bayesian Belief Network consists of the following:

i) A set of variables and a set of directed edges between variables;

ii) Each variable has afinite set of mutually exclusive states;

iii) The variable together with the directed edges from a directed acyclic graph (DAG);
iv) To each variable A with parents B1,....,Bn, thereis attached the conditional table
P(A|B1,.....,.Bn).

In the topology of a particular BBN, nodes depict variables; arcs between variables represent probabilistic dependency;
the Conditional Probability Table associated to each node encode the strength of the dependencies. In Figure 2 and 3,
we describe that dependency table ( Influence matrix) particularly for our case-study.

6 Experiments and findings:
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Figure 1 Dependency graph of KPAs according to CMM-1SO mapping
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Figure 3: Influence matrix of dependency of KPAsbased on [1]



Figure 4 Dependency graph of KPA sof CMM levels
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Figure 5 Influence graph of KPA sof CMM levels
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Figure6: Intra-K PA dependency of Level 2
While performing observation and experimentation, we illustrate dependency graph or influence graph of KPAs
relationship based on CMM-ISO 9001 in Figure 1. In Figure 2, we show influence matrix based on it. The simulation
is done by HUGIN tool [16]. The influence table shows the quantitative measures of KPAs dependencies based on
historic data. Moreover, if we want to figure out the {‘low’, high'} patterns of any KPA based on definite prediction



(like 100% ‘high’ of any KPA), HUGIN also supports corresponding calculations. For example, in Figure 2, we have
made TCM, TP and SQA's influence to 100% of ‘high’ projection. We figure out that the probability of SPTO’'s
influence to become ‘high’ is now 87%, SPE’s influence to become ‘low’ is now 60%, and so on.

Our subjective analysis of KPAS' relationship is based on [1] and is depicted in Figure 3 to 5. In Figure 3, we show the
influence matrix performed by HUGIN. In Figure 4, we highlight the dependency graph and in Figure 5, the influence
graph of abbreviate symbols of KPAs is shown. In Figure 6, we preview the INTRA-KPA dependency, i.e., the goal-
dependency of Level-2 based on subjective analysis of section 3. Similar justification may be applied on other levels.

7. Significance of thework & Conclusion:

The significance of this work is any software company can predict the quantitative measurement or projection of its
achieved CMM level and related KPAs. With the introduction of ‘probabilistic approximation’, the company can
predict how much (%) of any KPA has been achieved and how much (%) does it require further to go up to the next
level. It will open up new possibility of Quantitative Capability Maturity model (QCMM) that will assess the standing
of process engineering maturity rigorously or mathematically.
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