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a b s t r a c t

Software Process Improvement (SPI) has become the key to the survival of many software development
organizations. As a follow-up of a previous paper on SPI for the CMM using Quality Function Deployment
(QFD), a new SPI framework integrating QFD with the CMMI is developed. Similar to the earlier SPI frame-
work for the CMM, the proposed SPI framework based on the CMMI using QFD aims to achieve three
objectives: (1) to map process requirements, including business requirements, to the CMMI with the help
of QFD; (2) to develop a method based on QFD for the integration and prioritization of requirements from
multiple perspectives (groups); and (3) to be able to prioritize software process improvement actions
based on process requirements.

Process requirements from multiples groups of stakeholders (perspectives), including business goals,
are integrated and prioritized. SPI actions are linked to these process requirements using QFD. Thus,
the priorities of actions reflect the priorities of process requirements. By executing the actions with
the highest priorities, the highest satisfaction level of process requirements can be achieved. One unique
feature of the framework for the CMMI Continuous representation is that the priority values of these
actions can be compared across PAs, even when the PAs attempt to reach different capability levels.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Many software companies rely on the continuous improvement
of its process. When talking about Software Process Improvement
(SPI), many of the software development organizations think about
existing models and standards, such as ISO 9000 series of stan-
dards [1,20], ISO 15504 [2,19], the Capability Maturity Model
(CMM) [3,4] and the Capability Maturity Model Integrated (CMMI)
[5,15,23] from the Software Engineering Institute (SEI). However,
during process improvement, standards and models should not
be used independently from business and other requirements in
an organization.

These models and standards share some common concerns in
terms of quality and process improvement. However, their empha-
ses are different. For instance, ISO standard addresses the mini-
mum criteria for a quality system while the CMM and the CMMI
emphasize continuous improvement. It is unfair to make a judg-
ment on which one is better [1,6]. However, because of the level
of details and breadth covered, the CMM and the CMMI have be-
come very popular worldwide.

Like all the other standards and models on software process
improvement, the CMM and the CMMI address the question of
‘‘what to do” or improvement approaches while leaving ‘‘how to
do it” or specific best practices to organizations [21]. Therefore,
ll rights reserved.

: +1 573 341 4501.
some methodology is needed to transform the CMM and the CMMI
activities into a set of actions which are detailed enough to be fol-
lowed by software engineers. Our previous study has proposed a
CMM-based SPI framework, which uses QFD to map process
requirements to a list of prioritized detailed actions through the
CMM [7,8]. However, SEI has stopped its support to the CMM
and recommended the CMMI instead. Thus, in this paper, the
CMM-based SPI framework is extended to support the CMMI, espe-
cially the CMMI Continuous representation. Following the same
general flow, business and other process requirements of an orga-
nization are mapped to the CMMI and activities, and action plans
are developed to satisfy those requirements and the CMMI with
the help of Quality Function Deployment (QFD).

As mentioned by Serrano, SPI is a relatively new area and many
of the SPI ideas originated from the theories and methodologies in
the manufacturing world [18]. QFD is one of the tools originally
used by manufacturing and can be potentially helpful to SPI. Since
1966, Quality Function Deployment (QFD) has been used world-
wide in many industry and sector to prioritize spoken and
unspoken customer needs; to translate these needs into actions
and designs such as technical characteristics and specifications;
and to build and deliver a quality product or service by focusing
on achieving a common goal of customer satisfaction.

In this framework, QFD is used to help an organization achieve
three objectives. First, business and other requirements within an
organization are mapped to the CMMI Process Areas (PAs) and
Practices. A connection is established so that the organization
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can see clearly how the CMMI helps with its business. Second,
business needs and software process requirements from various
sources are integrated and prioritized. Third, QFD helps transform
requirements of the organization into process actions through PAs.
This directly results in the improvement of the organization
process.

1.1. Related work

Several attempts have been made to integrate QFD into SPI. Ita
Richardson proposed a four-stage model for software process
improvement in small companies [9,10]. The measurements in this
generic model are based on self assessment of the software pro-
cess. Therefore, this model can be adopted by small businesses
without extra efforts and investments. In larger companies, how-
ever, the organizational structures become more complex, which
makes self assessment in this model more difficult. Thus, there is
a need for methods developed specifically for larger organizations
with more complex structures.

Zultner’s Business Process Reengineering model with QFD di-
vided the Business Process Reengineering into four major phases:
analysis of the current development process, generation of new
process concepts (alternatives), selection of the best new develop-
ment process, and implementation of the selected new process
[11–13]. Zulter’s approach uses either the major competitor’s per-
formance or creative thoughts of employees, but not existing pro-
cess standards that are widely used in the industry, as the source of
process improvement. Although this approach may help address
specific issues in an organization, it is difficult to apply it in differ-
ent situations or environments to produce consistent process
improvement results based on creative thoughts as suggested by
the approach when compared with a method using a popular ref-
erence model.

SAP also uses QFD in SPI [14]. Although this approach considers
the participation of multiple stakeholders, it treats requirements
from all stakeholders as equally important and does not consider
the relationships among multiple perspectives. In addition, the
process improvement actions are directly related to process
requirements. No standards, such as ISO or the CMM, are consid-
ered throughout the workflow. Therefore, although the action plan
is prioritized, the priorities may be unreliable.

There have been a few studies using QFD together with CMMI
[24,25]. They provides theoretical basis for the validity of this
approach. But they either lack details on how to use QFD on CMMI
or need more empirical case study for support.

In a previous study, we have introduced a SPI framework based
on the CMM using QFD as a tool to connect process requirements
and actions [7,8]. Considering the fact that SEI has stopped its sup-
port to the CMM and recommended the CMMI model [5,15] in-
stead, a SPI framework based on the CMMI is needed. The CMMI
was developed to solve the problem of using multiple CMM models
for different areas of application [3,4]. The new integrated model
(the CMMI-SE/SW) uses Process Areas (known as PAs), which is dif-
ferent from the previous model (CMM), and covers both system
engineering and software engineering, rather than only software
engineering in the SW-CMM.

1.2. Our research approach

In this paper, a SPI framework is developed to derive action
plans based on software process requirements with the help of
QFD and in accordance with the CMMI. It integrates the best fea-
tures of the existing methodologies, such as using QFD to translate
process requirements into the action plan and integrating the pro-
cess requirements from multiple groups of stakeholders, and ad-
dresses the limitation of the previous studies, such as omitting
the differences among different groups of stakeholders and lack
of conformance to reference models.

The CMMI is chosen in this framework because of its popularity
in the industry and proven effectiveness. SEI has reported the
effectiveness of the CMMI by comparing data from 35 organiza-
tions. Tangible benefits such as cost, schedule, productivity, qual-
ity, customer satisfaction, and return on investment (ROI) were
obvious [16].

With the CMMI used in the framework, the SPI can be sketched
from a high level as shown in Fig. 1 below. The action plan is gen-
erated based on the process requirements through the CMMI using
QFD. This guarantees that the actions are in accordance with the
CMMI and, at the same time, satisfy the process requirements from
organization.

2. Framework for software process improvement using QFD

In the framework, QFD is used to help with the SPI based on the
CMMI. Three objectives can be achieved. First, business and other
requirements within an organization are mapped to the CMMI Pro-
cess Areas and Practices. There have been studies showing that it is
important to link business goals to process improvement goals
[22]. A connection is established so that the organization can
clearly see how the CMMI helps with its business goals. Second,
software process requirements from multiples perspectives are
prioritized so that requirements with more and stronger impacts
on other requirements can receive higher priority values. Third,
QFD helps transform requirements of the organization into process
actions through Process Areas (PAs) and Practices in the CMMI.
Therefore, the ordering of the actions taken is based on how they
are related to both the software process requirements and the cor-
responding Practices in the CMMI. For instance, an action (A1) de-
rived using this approach is strongly related to Practice 1 in the
CMMI, while another action (A2) is strongly related to Practice 2.
Suppose that according to the mapping developed from this frame-
work, it is found that Practices 1 reflects the requirements more
than Practice 2 does. As a result, A1 should have priority over A2.
This guarantees that the actions are in accordance with the CMMI
and, at the same time, the execution order of these actions better
satisfy the process requirements from the organization. This di-
rectly results in the improvement of the organizational process.

The framework is designed in such a way that the process
requirements can be reflected through our framework all the
way down to the action plans. The requirements from multiple
perspectives are correlated with each other using the priority
assessment technique in [17]. As a result, the priority value of each
requirement is adjusted after the impacts from the other require-
ments are assessed.

One important point that needs to be noted is that the matrices
used for the mappings among requirements, from requirements to
PAs/Practices, as well as from Practices to actions can be very large.
In order to ensure that the mappings and values assigned to the
mappings make sense, all stakeholders (or representatives of
stakeholders) need to work together and reach consensus. A house
of quality represented by a matrix establishes a connection be-
tween two perspectives from ‘‘what to do” to ‘‘how to do”. Stake-
holders must be identified from these two perspectives to
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identify and assess mapping relationships in the matrix. For exam-
ple, stakeholders from business requirements perspective are
usually business executives and managers. Stakeholders from
PAs/Practices are CMMI process improvement specialists. They
work together to assess impact of PAs/Practices on business
requirements. This is a classical issue in QFD applications and it
has been successfully addressed in this manner in many QFD appli-
cations [8,9,13,26]. It needs to be pointed out that the whole map-
ping process can be time-consuming. This is the cost of overhead
introduced to the whole process improvement. However, this will
also help prioritize and identify key actions in process improve-
ment and lead to better final result.

In order to incorporate both the Continuous representation and
the Staged representation in the CMMI, the SPI framework based
on the CMMI contains two portions: (1) SPI framework for the
CMMI Continuous representation and (2) SPI framework for the
CMMI Staged representation.

2.1. SPI framework for CMMI Continuous representation

The SPI framework for the CMMI Continuous representation dif-
fers a lot from the CMM framework [7,8]. However, the same tech-
niques of correlation-based prioritization with the help of QFD are
used in the framework. In the Continuous representation of the
CMMI, the capability levels are assigned to individual PAs. Differ-
ent PAs can be at different capability levels. Each PA has two types
of goal: (1) Generic Goals and (2) Specific Goals. Generic Goals try
to institutionalize the capability levels in the CMMI, with one Gen-
eric Goal for each level. Specific Goals describe the Practices that
must be implemented to satisfy the process area. These goals are
satisfied by including Generic Practices and Specific Practices.
Fig. 2 illustrates how the Practices and the actions are prioritized
in the SPI framework for the CMMI Continuous representation
using QFD. The process requirements are used to in the prioritiza-
tion of both PAs and Practices (as shown as Step 1 and Step 2 in
Fig. 2). The first step is to calculate the priority values of PAs. Then
the Practices are prioritized from both the process requirements
and PAs. Therefore, there are two lines in Fig. 2 for Step 2. Depend-
ing on which PA a Practice is from, the priority value of that Prac-
tice, which is calculated from the requirements (Step 2 with solid
line), is multiplied by the PA priority (Step 2 with dotted line). Fi-
nally, the action priority values are calculated from the Practice
priority values (Step 3 in Fig. 2).

As shown in Fig. 2, the PAs are prioritized based on those pro-
cess requirements (1). Thus, the PAs that help achieve higher over-
all satisfaction of process requirements get higher importance.
When resources are limited such that it is impossible to improve
all PAs, the most important ones can be selected for improvement.

In order to make improvements on the PAs, Generic Practices
for Generic Goals and Specific Practices for Specific Goals at various
capability levels are prioritized at the next phase (2). The priorities
of Practices at different capability levels are determined by their
correlations with the same set of process requirements. Because
in the CMMI Continuous representation, different PAs can have
different of capability levels, the prioritization of Practices should
be done for individual PAs. Thus, in this framework for the CMMI
Process 
Requirements

Process 
Areas (PAs)(1)

(2)

Fig. 2. Priority calculation in SPI framework based o
Continuous representation, the Practices in each level of individual
PAs are prioritized separately. The Practices that aim to achieve
higher overall satisfaction of key goals receive higher importance
values. The priority values for each PA calculated in the previous
phase (1) are used in the calculation of priorities of Practices. In
the last phase (3), separate sets of action plans are derived from
Practices in each of the PAs for different capability levels. The
actions that help to support more important Practices receive
higher priorities.

As a result, the process requirements are reflected in PAs, Prac-
tices, and the actions. The actions both follow the process capabil-
ity standards in the CMMI and satisfy the process requirements.
Those actions with higher importance values help to achieve high-
er process requirements satisfaction.

Fig. 3 shows a more detailed SPI framework based on the CMMI
Continuous representation. Phase 1, which is based on the require-
ments prioritization method from multiple perspectives [17], is ex-
actly the same with the SPI framework based on the CMM [8].
Various perspectives are represented as P1 through Pn. Each per-
spective contains multiple requirements. The software process
requirements in perspective 1 are represented as R1–1, R1–2, etc.
These perspectives of software process requirements can then be
prioritized based on their relative importance within the organiza-
tion and integrated into one single set of requirements.

For instance, requirements from three (3) perspectives are to be
prioritized and integrated. All requirements from Perspective 1 are
mapped with all requirements from Perspective 2 using a matrix.
The correlation between each requirements-pair is identified and
used in the calculation of priority values. Similarly, the same map-
ping and calculation is done between all requirements from per-
spectives 1 and 3, perspectives 2 and 3. Each requirement from
these three perspectives now has two priority values, obtained
from the mapping to the requirements from the other two perspec-
tives. Some normalization method can be applied and each
requirement will receive a final priority value. These final priority
values of the requirements are comparable across different per-
spectives. Thus, the requirements can be integrated into one single
set and used in the rest of the SPI framework. Based on the priority
values, some requirements are more important than others. For
more details of the requirements prioritization across perspectives,
please refer to our previous study [17].

In Fig. 3, these integrated requirements are represented as R1

through Rm, where m is the total number of software process
requirements from all perspectives. The prioritization ensures that
requirements from different perspectives are comparable with
each other, and the integration reflects the correlations among
requirements from different perspectives. The deliverable of this
phase is a set of prioritized and integrated software process
requirements, which serves as the input to Phase 2.

The second through fourth phases of this framework are applied
to the PAs in the CMMI Continuous representation. In the CMMI
Continuous representation, different capability levels are applied
to different PAs, therefore, the framework for the CMM model [8]
cannot be applied. Instead of mapping the prioritized and inte-
grated requirements from Phase 1 to all the goals in a particular
maturity level, they are linked to each of the PAs in Phase 2 and,
Practices Actions

(3)

(2)
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depending on the target capability level, linked to each of the Prac-
tices in that level in Phase 3 using relationship matrices. In addi-
tion to the correlation values between process requirements and
Practices, the priority value for each PA also participates in the cal-
culation of the prioritization of Practices in that PA for a particular
capability level. Finally, the prioritized Practices are transformed
into prioritized action plans using House of Quality (HoQ).

In Phase 2, which is ‘‘CMMI PA prioritization,” all PAs are se-
lected and prioritized based on the requirement priorities derived
from Phase 1. For instance, there are a total of m requirements
from Phase 1 and a total of n PAs in the CMMI Continuous repre-
sentation to be considered. These requirements and PAs are en-
tered into a matrix and their correlations are identified. The
priorities of the PAs are then calculated based on (1) their correla-
tions with the requirements, and (2) the priority values of the
requirements. Some PAs will be more important than others. If a
PAi is more closely related to the requirements with high priorities,
it should be more important than other PAs and deserve more
attention.

This phase helps achieve three important objectives. First, the
organization needs to comply with the CMMI standard. At the
same time, the organization needs to ensure that by improving
process areas to higher capability levels, the process is also satisfy-
ing the business and other requirements within the organization.
In Phase 2, relationship matrices are used to establish connections
between the requirements from the organization and each of the
PAs. This matrix demonstrates that complying with the CMMI
standard also helps satisfy the business and other requirements
in the organization. Second, the PAs are prioritized so that only
the most critical ones will be selected to improve if resources are
limited. Third, the final set of action plans needs to be prioritized
based on the priorities of requirements so that more important ac-
tions receive more resources. The PAs serve as the bridge between
requirements and the action plan. By prioritizing the PAs, require-
ments from the organization can be transformed to the Practices in
Phase 3, and finally to the action plans in Phase 4. In this way, a set
of actions can be executed not only to reach higher capability lev-
els in various PAs, but also to satisfy organizational process
requirements.

Phase 3 of our framework, which is ‘‘practice prioritization,” in-
volves the prioritization of Practices for a particular capability level
within each PA. The prioritization is carried out on the basis of the
deliverables from Phase 2. According to the CMMI specifications,
all these Practices for a capability level within a PA have to be per-
formed in order for that PA to reach that particular capability level.
However, they do not necessarily require the same amount of re-
sources. These Practices serve as a bridge between the require-
ments and the final actions, and it is necessary to know how
these Practices reflect the software process requirements. In order
to show the connections between the requirements and the final
action plans, these Practices have to be prioritized based on their
correlations with requirements as well as the priority values of
the PAs they belong to, which are now also reflecting requirements
priorities.

Similar to the previous phases, a matrix is used to map Practices
from a PA to all the requirements obtained in Phase 1. Their corre-
lations are identified and the priority values are calculated from
the requirement priorities and the correlations. Because in this
phase we are looking at the Practices from different PAs, we need
to include the PA priorities into consideration. Thus, the priority
value of a Practice needs to be adjusted by the priority value of
the PA it comes from. For instance, all Practices from PAi are
mapped to all the requirements from Phase 1 using a matrix. The
priority values of the Practices are calculated. If a Practicej has cor-
relations with all the important requirements, it should have a
higher priority value. This priority value is then adjusted by the
priority value of PAi, which is the highest among all PAs. The final
value, which reflects both requirements importance and PA impor-
tance, will again be the highest among all Practices.

In Phase 4 of the framework, which is ‘‘action plan development
and prioritization,” sets of actions are derived from the prioritized
Practices for the desired capability levels of various PAs. These ac-
tions are mapped to Practices using a matrix. Their priority values
can be calculated based on the priority values of the Practices as
well as their correlations with these Practices. These actions should
reflect the requirements integrated in Phase 1. Meanwhile, they
also state what needs to be executed in order to reach a particular
capability level of a particular PA. These actions guide the process
improvement.

For instance, an actionk has correlations with many of the
important Practices such as Practicej. This action should also re-
ceive a high priority value. Thus, more resources should be as-
signed to actions with high priorities like actionk because these
actions are indirectly correlated to the important PAs such as PAi,
and also indirectly correlated to the important requirements.

As shown in the above framework, by incorporating require-
ments from the organization into action plans through the goals
and the Practices, the connection between the objectives of the
organization and PA capability levels becomes clear. Furthermore,
because the priority values of actions are calculated from the Prac-
tice priorities, which in turn reflects requirements importance and
PA importance, the actions can be compared globally across PAs,



Y. Sun, X. (Frank) Liu / Information and Software Technology 52 (2010) 79–91 83
even when different PAs are aiming to reach different capability
levels.

2.2. SPI framework for CMMI Staged representation

Because of the resemblance between the CMMI Staged repre-
sentation and the CMM, the SPI framework for the CMMI Staged
representation, as shown in Fig. 4, is almost identical to the SPI
model based on the CMM [7,8].

For each of the four maturity levels, the set of requirements
with adjusted priorities are related to the goals. The goals are pri-
oritized based on those process requirements. Thus, the goals that
achieve higher overall satisfaction of process requirements get
higher importance.

The CMMI Staged representation has Generic Practices catego-
rized into four Common Features as well as the Specific Practices
which correspond to the ‘‘Activities Performed” Common Feature
in the CMM. The priorities of Practices are determined by their cor-
relations with goals. In this SPI framework, the Generic Practices in
each Common Feature and the Specific Practices are prioritized
separately based on the priorities of the goals. Practices that aim
to achieve higher overall satisfaction of goals receive higher impor-
tance values. Separate sets of action plans are derived from the
Generic Practices in each of the Common Features as well as from
the Specific Practices. The actions that help to support more impor-
tant Practices receive higher priorities.

As a result, the process requirements are reflected in PA goals,
Practices, and the actions. The actions both follow the process
maturity standards in the CMMI Staged representation and satisfy
the process requirements. Those actions with higher importance
values help to achieve higher process requirements satisfaction.

In Fig. 2, Phase 1 is exactly the same with the SPI framework
based on the CMM [8]. Various perspectives are represented as
P1 through Pn. Each perspective contains multiple requirements.
Fig. 4. Software Process Improvement through t
The software process requirements in perspective 1 are repre-
sented as R1–1, R1–2, etc. These perspectives of software process
requirements can then be prioritized based on their relative impor-
tance within the organization and integrated into one single set of
requirements. A simple example has been given in Section 2.1.

In Phase 2, which is ‘‘CMMI goal prioritization,” the goals of all
PAs in a particular maturity level are selected and prioritized based
on the requirements from Phase 1. All goals are mapped to all
requirements using a matrix. For instance, Goali has correlation
with all the important requirements. Based on the correlations,
Goali should receive a high priority value. By prioritizing the goals,
requirements from the organization can be transformed to the
Practices in Phase 3, and finally to the action plans in Phase 4. In
this way, a set of actions can be executed not only to achieve a spe-
cific maturity level in the CMMI, but also to satisfy organizational
process requirements.

Phase 3 of the framework, which is ‘‘practice prioritization,” in-
volves the prioritization of Practices within all PAs of a specific le-
vel. The prioritization is carried out on the basis of the deliverables
from Phase 2. According to the CMMI specifications, all these Prac-
tices have to be performed in order to reach that particular matu-
rity level. These Practices serve as a bridge between the
requirements and the final actions, and it is necessary to know
how these Practices reflect the software process requirements. In
order to show the connections between the requirements and
the final action plans, these Practices have to be prioritized based
on the goals, which are now reflecting requirements priorities.
The mapping between the goals and Practices has been has been
clearly shown in the CMMI documentation [15]. These mappings
as well as the priority values of goals are used in the calculation
of Practices. If a Practicej has strong correlations with important
goals such as Goali, it should receive a high priority value, too.

In Phase 4 of the framework, which is ‘‘action plan development
and prioritization,” a set of actions is derived from the prioritized
he CMMI Staged representation using QFD.
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Practices. A matrix is used to correlate Practices with actions. If an
actionk is strongly correlated to the important Practices such as
Practicej, it will receive a high priority value.

From the sequence of correlations, the final set of actions should
reflect the requirements integrated in Phase 1. Actionk has a high
priority value because it is indirectly correlated to the important
goals such as Goali and the important requirements. Meanwhile,
they also state what needs to be executed in order to reach a par-
ticular CMMI maturity level. These actions guide the process
improvement. Thus, more resources should be assigned to those
actions with high priorities.

By incorporating requirements from the organization into ac-
tion plans through goals and Practices, the connection between
the objectives of the organization and the CMMI maturity levels
becomes clear.

Because of the similarity between this framework for the CMMI
Staged representation and the SPI framework based on the CMM in
the previous paper [8], the detailed matrices are not repeated.
More emphasis is given to the CMMI Continuous representation
in this paper.
1 QFD uses the weights of 9, 3, and 1 to represent strong, medium, and weak
correlations. This framework follows the same way to determine correlations in all
matrices introduced in this study. In the matrices, these weight values are
represented as symbols. Please refer to the legend of Fig. 5 for the mapping between
symbols and numerical weight values.
3. Matrices in our framework based on CMMI Continuous
representation

Due to the similarity between the CMMI Staged representation
and the CMM, the matrices used in the SPI framework based on the
CMMI Staged representation are identical to those used in the
framework based on the CMM and thus skipped in this paper. In
this section, four similar but different matrices used in the frame-
work based on the CMMI Continuous representation are
introduced.

Our working examples discussed hereafter are developed par-
tially based on an application developed in a sponsored project
with an industrial company presented in our previous paper [8].
Mapping relationships in new matrices developed in this paper
are identified by authors through playing roles of stakeholders
and assessing impact of PAs/Practices on requirements, as well as
impact of actions on Practices based on our experience in assessing
these kinds of relationships in the previous application developed
with our industrial partner.

3.1. Requirements impact matrix (RI Matrix) in Phase 1

In the SPI framework for the CMMI, the requirements prioritiza-
tion still uses the method as introduced in the paper of priority
assessment from multiple perspectives [17]. Before the integration
of requirements using RI Matrix, every perspective receives a per-
spective weight based on its relative importance to the organiza-
tion; at the same time, each requirement can be assigned a local
priority value within the perspective it belongs to. The local prior-
ities and perspective weights are assigned.

After all requirements receive their normalized global priorities,
RI Matrix is used to integrate and prioritize these requirements.
Because at the requirements integration and prioritization phase,
there is no difference between the SPI frameworks for the CMM
and the CMMI, we can still use the examples in the CMM paper [8].

3.2. Requirements-process areas impact matrix (RPA Matrix) in Phase 2

In this phase, the Requirements-Process Areas Impact Matrix
(RPA Matrix) is used to prioritize goals on the basis of the adjusted
priorities (APs) of requirements that come from Phase 1. The corre-
lations between the requirements and the PAs are reflected in the
matrix, and a value indicating the relative importance for each PA
is calculated.
Fig. 5 shows an example of the RPA Matrix using the CMMI Con-
tinuous representation. The following five steps guide through the
process of building the Requirements-Goals Impact (RG) Matrix:

1. Enter the integrated requirements (deliverables from Phase 1)
along with their adjusted priorities (noted as Requirements
Importance in the table) into the rows.

2. Enter all PAs in the CMMI of a particular maturity (for Staged
representation)/capability (for Continuous representation) level
into the columns. Considering the fact that one matrix contain-
ing too many items is hard to read, one big matrix can be bro-
ken into multiple smaller matrices, each of which contains a
group of PAs.

3. Determine the correlation between each requirement and each
PA. The same set of symbols representing the weights of 9, 3,
and 11 in the paper for SPI based on the CMM [8] is used in this
matrix. It should be noted that we play roles of stakeholders and
determine the appropriate values to enter in the matrix in this
hypothetic application example. In practice, stakeholders or their
representatives should work together to determine the correla-
tion values.

4. Calculate the weighted importance values for PAs (FPA) using
Eq. (1):

FPAi ¼
XM

j¼1

AP�j IR PAi;Rj
� �

; ð1Þ

where: FPAi is the weighted priority value of PAi.

APj is the adjusted priority value of requirement j calculated
in Phase 1. IR is the impact correlation value between a
requirement-PA pair.

5. Normalize the weighted importance values.

In order to illustrate the above steps using an example, the eigh-
teen requirements with adjusted priorities from Phase 1 were cho-
sen and entered into the rows of Fig. 5.

Eight (8) PAs are used in this example. After determining and
entering the correlations between the requirements and PAs into
the matrix, the weighted importance of each PA can be calculated
using Eq. (1). For instance, in Fig. 5, the PA ‘‘Integrated Teaming”
has correlations with three requirements. Thus, its weighted
importance value is calculated as follows:

FPA1 ¼
X18

j¼1

AP�j IR PA1;R
�
j

� �
¼ 0:0559 � 9þ 0:0418 � 3þ 0:0233 � 3

¼ 0:6984:

After all three weighted importance values are calculated, these
values are normalized to obtain the normalized weighted impor-
tance. The goals used in this matrix together with their normalized
importance values (NPA) serve as the input to Phase 3.
3.3. Requirements-Practices Impact Matrix (RPr Matrix) in Phase 3

In Phase 3 of the framework, the Requirements-Practices Im-
pact Matrix (RPr Matrix) decides the importance of Practices in a
particular capability level of a PA based on their relationships with
the prioritized requirements as well as the priority value of the PA
they belong to. The Practices from the target capability level of a PA



Fig. 5. Requirements-Process Areas Impact (RPA) Matrix for CMMI Continuous representation.
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are put into the same matrix with the prioritized requirements de-
rived in Phase 1.

Because the goals reflect the process requirements, by relating
Practices with the goals, the priorities of Practices should also re-
flect the requirements priorities. An example of the RPr Matrix
based on the CMMI Continuous representation is shown in Fig. 6.

The following six steps are followed in order to develop an RPr
Matrix:

1. Enter the integrated requirements (deliverables from Phase 2)
along with their adjusted priorities into the rows.

2. List the Practices in the CMMI into the columns of the matrix.
3. Determine the correlation between each requirement and each

PA. The same set of symbols representing the weights of 9, 3,
and 1 is used in this matrix. Again, stakeholders or their repre-
sentatives should determine the correlation values in practice.

4. Calculate the weighted importance value for Practices using Eq.
(2):

FPri ¼
XN

j¼1

AP�j IR Pri;Rj
� �

; ð2Þ

where: FPri is the weighted priority value of Practice I,
APj is the adjusted priority value of requirement j calculated in
Phase 1.
IR is the impact correlation value between a requirement-Prac-
tice pair.

5. Normalize all weighted importance values of Practices to obtain
normalized priority values (NPr).



Fig. 6. Requirements-Practices Impact (RPr) Matrix for PA ‘‘Project Monitoring and Control” in CMMI Continuous representation.
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6. Multiply the normalized priority value of the PA with each of
the NPr values to obtain the global importance value (GPr) of
each Practice.

In Fig. 6, the same eighteen requirements from Fig. 5 are en-
tered in the rows. The corresponding capability level 2 Practices
from the second PA in Fig. 5, which is ‘‘project monitoring and con-
trol”, are entered in the columns. The correlations are determined
and entered in the matrix. Based on these correlations, the
weighted importance value for each of the Practices can be calcu-
lated using Eq. (2). For example, the Specific Practice (SP1.5),
‘‘Monitor Stakeholder Involvement” in Fig. 8 has strong correla-
tions with process requirements R9 and R16, medium correlations
with R4, R8, and R11, and a weak correlation with R12. Thus, the
weighted importance of 1.5 can be calculated using Eq. (2) as
following:

FPr1:5 ¼
X18

j¼1

AP�j IRðPr1:5;RjÞ

¼ 0:0740 � 3þ 0:1935 � 3þ 0:1493 � 9þ 0:0418 � 3

þ 0:0233 � 1þ 0:0585 � 9

¼ 2:8214:

After all the weighted importance values are calculated, the
weighted priority (FPr) values are normalized to obtain the nor-



Fig. 7. Action Plan House of Quality Matrix (AP-HoQ Matrix) for PA ‘‘Project Monitoring and Control” in CMMI Continuous representation.
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malized importance (NPr) and these NPr’s are multiplied by
2.0289, which is the Normalized Importance value for the PA ‘‘Pro-
ject Monitoring and Control,” to obtain the global importance val-
ues (GPr).
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3.4. Action plan house of quality matrix (AP-HoQ) in Phase 4

Action plans are developed on the basis of Practices, and their
correlations are determined using an AP-HoQ matrix. Actions are
steps to be followed in software development. Actions tell what
steps should be taken in order to achieve the goals. In an AP-HoQ
matrix, Practices and actions are related to each other, and the de-
grees of correlations are calculated. From these correlations, prior-
ities of actions are determined. The deliverable of this matrix tells
which actions should be given more and better resources for the
Fig. 8. Requirements-Practices Impact (RPr) Matrix for PA ‘‘R
fulfillment of goals and the institutionalization of the improved
process. At the same time, these actions with higher priorities help
achieve higher satisfaction of the process requirements. The im-
pacts of actions on each other are also determined and represented
in the roof of the house of quality. Although the roof is not involved
in the calculation of priorities, it can help the process improvement
team to decide which set of actions should be executed when
choices are to be made. Obviously the actions that contribute more
positively to the other actions should be selected over those con-
flicting with the others.
isk Management” in CMMI Continuous representation.
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An example of the AP-HoQ matrix based on the CMMI Continu-
ous representation is shown in Fig. 7. The following five steps are
followed in order to develop an AP-HoQ matrix:

1. Enter the Practices together with their global importance values
(GPr) into the rows of the AP-HoQ matrix.

2. Derive a set of actions from the Practices, and enter them into
the columns. These actions represent the steps to be followed
to execute the Practices. Various sets of actions are derived sep-
arately for different Common Features.

3. Determine the correlation between each Practice and each
action. The same set of symbols representing 9, 3, and 1 is used
in this matrix.

4. Calculate the weighted importance of actions using Eq. (3):
Fig. 9. Action Plan House of Quality Matrix (AP-HoQ Matrix) for PA ‘
FAi ¼
XZ

j¼1

GPr�j IR Ai; Prj
� �

; ð3Þ

where: FAi is the weighted importance value of Action i,
GPrj is the global importance value of Practice j,
and IR is the impact correlation between an action-Practice
pair.
5. Determine the correlations between pairs of actions in the roof.
If the deployment of one action helps another, then these two
actions are said to be positively correlated. In case the deploy-
ment of an action is detrimental to another, then a negative cor-
relation is said to exist. A plus sign (+) is used to indicate the
existence of a positive correlation between a pair of actions,
‘Risk Management” in CMMI Continuous representation.



Table 1
Prioritized actions from ‘‘Project Monitoring and Control” and ‘‘Risk Management”.

Actions Weighted
importance

A1: Monitor project progress against schedule weekly 12.6712
A9: Review project progress with stakeholders weekly 8.6816
A11: Periodically collect performance measures 8.4512
A12: Track review issues until resolved 7.2087
A3: Review project performance at milestones 7.1155
A2: Monitor project cost against plan monthly 6.9398
A3: Assess each risk using the parameters 6.8016
A5: Define risk measures 6.3777
A6: Report significant risks to stakeholders immediately 6.2016
A11: Document review results 6.0603
A21: Include the project monitoring and control actions in

organizational policy
5.8545

A13: Submit milestone review results to stakeholders 5.6499
A10: Develop contingency plans to mitigate risks 5.3394
A9: Prioritize risks against assessment parameters 5.2011
A2: Set risk assessment parameters 4.6135
A25: Specify and document details (dates, numbers) in

project monitoring and control
4.5927

A16: Determine actions to address issues based on analysis 4.5679
A18: Monitor issue resolution actions till completion 4.5679
A8: Associate each risk with stakeholder 4.5502
A5: Monitor project against risk documentation monthly 4.4034
A15: Document analysis results 4.3869
A4: Document and institutionalize risk assessment

parameters
4.3449

A14: Analyze issues found in review no later than a week 4.2483
A6: institutionalize risk monitoring interval 4.0963
A19: Analyze resolved results 3.9085
A7: Review and document risks 3.6423
A4: Review staff performance annually 3.1181
A1: Generate a list of all risks 2.7359
A7: Review data management against documentation

weekly
2.6217

A10: Document stakeholder involvements 2.527
A8: Report significant data management issues to

stakeholders immediately
2.3489

A22: Include the project monitoring and control plan into
overall project plan

2.3358

A17: Negotiate with involved stakeholders to resolve issues 1.887
A20: Document corrective actions 1.1982
A23: Prepare personnel, systems, and budgets for the

monitoring and control actions
0.9459

A26: Report project review results to higher level
management

0.6426

A24: Provide configuration management system for project
monitoring and control actions

0.1566
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while a negative sign (�) is used to indicate a negative
correlation.

The same set of Practices from capability level 2 in PA ‘‘Project
Monitoring and Control” in Fig. 6 are entered in the rows of Fig. 7,
and a number of actions derived from these Practices are entered
in the columns. The correlation between each Practice-action pair
is determined and entered in the matrix. Based on these correla-
tions and the normalized importance values of Practices, the
weighted importance can be calculated for each action using Eq.
(3). For instance, the action A8, ‘‘Report significant data manage-
ment issues to stakeholders immediately,” has a strong correlation
with Specific Practice SP1.4, medium correlations with SP1.1,
SP1.6, SP1.7, and Generic Practice GP2.4, and a weak correlation
with GP2.5. The weighted importance of A8 can be calculated using
Eq. (3) as following:

FA8 ¼
X20

j¼1

NKP�j IR A8;KPj
� �

¼ 0:0417 � 3þ 0:0617 � 9þ 0:4924 � 3þ 0:4924 � 3þ 0:0692

� 3þ 0:1042 � 1

¼ 3:9466:

After all the weighted importance values are calculated, the ac-
tion plans can be sorted based on their weighted importance. More
important actions should receive more resources and attention be-
cause they help achieve higher levels of process requirements
satisfaction.

4. Application example

In this section, the SPI framework based on the CMMI Continu-
ous representation using QFD is illustrated. This framework starts
from the same set of 18 process requirements from the paper on
SPI for the CMM [8]. RI Matrices are skipped in the paper because
they are exactly the same as the ones in the original paper.

Figs. 5–7 have shown the mapping from 18 process require-
ments to nine (9) Process Areas and 20 capability level 2 Practices,
and from the Practices to final actions. The weighted importance
values and the normalized importance values at each phase are
calculated based on the correlations. The final set of actions help
reaching capability level 2 in the PA of ‘‘Project Monitoring and
Control” and at the same time help satisfying the business
requirements.

In the CMMI Continuous representation, various PAs can have
different capability levels. In this section, the SPI of another PA at
capability level 3 is used, together with the matrices in Section 3,
as an example to illustrate the framework. Fig. 5 has illustrated
the PA prioritization using RPA Matrix and Fig. 6 shows the Prac-
tices prioritization in the PA of ‘‘Project Monitoring and Control,”
aiming at capability level 2. The Normalized Practice priorities
are multiplied by the PA priority value to obtain global importance
values. These prioritized Practices are then mapped to actions in
Fig. 7.

The same calculations are applied to another PA, ‘‘Risk Manage-
ment,” which is aiming to reach capability level 3. After the same
PA prioritization steps in Fig. 5, the capability level 3 Practices in
‘‘Risk Management” PA are prioritized in the RPr Matrix as shown
in Fig. 8.

The 18 process requirements are entered in the rows of the ma-
trix while the Practices in the PA are entered in the columns. The
correlation between each Requirement-Practice pair using the 9–
3–1 values is entered in the appropriate place in the matrix. For
each Practice in the matrix, based on the requirement importance
values and the correlation values, the weighted importance value
is calculated using Eq. (2). For instance, in Fig. 8, the Weighted
Importance value for the Practice SP1.1 is calculated as:

FPr1:1 ¼
X18

j¼1

AP�j IR Pr1:1;Rj
� �

¼ 0:0401 � 9þ 0:0418 � 1þ 0:0978 � 9
þ 0:0664 � 9þ 0:0499 � 9
¼ 2:3296:

After all Weighted Importance values in the matrix are calcu-
lated, they are normalized and then multiplied by the Normalized
Importance value of ‘‘Risk Management” PA, which is 1.5431, to
obtain the final Global Importance values. The Global Importance
value of SP1.4 in this example is 0.1646.

Following the prioritization of the Practices in ‘‘Risk Manage-
ment” PA, actions are developed from the Practices and they are
prioritized using the AP-HoQ as shown in Fig. 9. The Practices in
‘‘Risk Management” PA and their Global Importance (GPr) values
from Fig. 8 are entered in the rows of Fig. 9. The derived actions en-
tered in the columns. The correlation between each Practice-action
pair is determined based on the 9–3–1 values. Based on the impor-
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tance values of Practices and the correlations, the Weighted Impor-
tance values of all actions are calculated using Eq. (3).

For instance, the Weighted Importance of A1 is calculated as:

FA1 ¼
X6

j¼1

NKP�j IR A1;KPj
� �

¼ 0:1646 � 3þ 0:0483 � 9þ 0:1627 � 3
þ 0:1535 � 1þ 0:3886 � 3
¼ 2:7359:

After all Weighted Importance values are calculated, the actions
can be prioritized based on the importance values. Those actions
with higher importance values deserve more attention and re-
sources in SPI and thus the whole SPI project can reach a higher le-
vel of process requirements satisfaction.

In this application example, the prioritization of Practices and
actions in two PAs are introduced. These two PAs try to reach
two different capability levels—‘‘Project Monitoring and Control”
PA aims at Level 2 and ‘‘Risk Management” PA aims at Level 3. Even
though they are at different capability levels, the actions can be
prioritized across PAs. Table 1 below shows the ranked list of ac-
tions from these two PAs in Sections 3 and 4.

5. Conclusion

Some common limitations of existing SPI models and standards
are the specification of ‘‘what to do” but not ‘‘how to do it.” This
paper extends our previous work based on the CMM [8] to the
CMMI, using QFD as a tool to connect requirements within an orga-
nization to the action plans for its process improvement. The new
framework discusses in detail how to prioritize and integrate
requirements, how to map requirements to various components
in the CMMI, and how to prioritize action plans.

The proposed framework has three major benefits: (1) mapping
process requirements, including business requirements, to the
CMMI with the help of QFD; (2) a method, based on QFD, for the
integration and prioritization of requirements from multiple per-
spectives (groups); and (3) prioritization of software process
improvement actions based on process requirements.

Using this framework, the process requirements are linked to
the CMMI PAs and Practices. Through these links, software devel-
opment organizations can see the direct benefit to the business
by reaching a higher level in the CMMI.

In addition, while the prioritized action plans are the final deliv-
erable of the SPI, the stakeholder requirements serve as the root of
the prioritization. This is reasonable because all SPIs ought to sat-
isfy the requirements from certain stakeholders.

When action plans are related to these stakeholder require-
ments, the priority values of requirements are transformed into
priority values of action plans. As shown in the application exam-
ples, the actions are related with process requirements through the
CMMI. By simply executing the action plans with higher priorities
before others, on can always achieve a higher satisfaction level of
requirements in an optimized way. Because the capability levels
in different PAs are relatively independent in the calculation of ac-
tion priorities, these action priorities can be compared across PAs,
no matter these PAs are aiming at the same or different capability
levels. This is exactly the advantage of the CMMI Continuous rep-
resentation and the application example shows that our SPI frame-
work supports this feature and it works as expected.
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