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ABSTRACT

This paper discusses the effects of the estimation accu-
racy for software development cost on both the qual-
ity of the delivered codes and the productivity of the
development team. The estimation accuracy is mea-
sured by metric RFE(called relative error). Similarly,
the quality and productivity are measured by metrics
FQ(field quality) and T P(team productivity). Using
actual project data on thirty-one projects at a certain
company, the followings are verified by correlation anal-
ysis and test of statistical hypotheses: (1) There is a
high correlation between the faithfulness of development
plan to standards and the value of RE(A coefficient
of correlation between them is —0.60). (2) Both F'Q
and T'P are significantly different between projects with
—10% < RE < +10% and projects with RF > +10%

(The level of significance is chosen as 0.05).
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software project, development plan, software quality,
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1 INTRODUCTION

In order to achieve high quality of software prod-
ucts and productivity of development team, vari-
ous methodologies and technologies have been pro-
posed. One of the most well-known method-
ologies is process improvement[6], and many the-
oretical investigations[3][11] as well as practical
applications[7][12] have been reported. Some of them
have already been actually implemented as tools[1].

This paper describes empirical research in a certain
company, which we call Company A for convenience.
Currently Company A is mainly developing systems
with embedded software such as ATMs (Automated
Teller Machine), POS (Point of Sales) terminals and
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ticket vending machines. In order to introduce a new
methodology or tool into the field of development, it
1s necessary to show its effects and usefulness, and al-
low developers to understand it. This study is one such
attempt.

In Company A, the process improvement activity has
been conducted by the software engineering process
group(SEPQG). Especially, the following attempts have
been carried out enthusiastically.

e Exhaustive collection of fundamental data[12][13].
e Establishing standards for activities.

— Constructing the project plan.
— Describing the development process[8][12].

As a result of these efforts, the following improvements
have been observed in quality and productivity.

e The development plan document tends to be con-
structed faithfully to the standard of good writing.

e The development cost, which is one of the most
important factors in the company, tends to be es-
timated accurately.

e Both the quality of the delivered code and the pro-
ductivity of the development team tend to be stable
and improving.

These improvements have led the development man-
agers and the SEPG to believe the following proposition,
which we call P;: “If the cost estimation 1s accurate 1n
the development plan, the quality of the product and
the productivity of the team become stable and high.”
At present, verifying this proposition is one of the main
problems for the manager and the SEPG.

On the other hand, the estimation of the quality and
the productivity should be done for the project to be
executed, and so it must be done at the beginning of the
project. However, the accuracy of the cost estimation
can only be calculated at the end of the project. That is,
based on the proposition P, it 1s impossible to estimate
the quality and the productivity at the beginning of
the project (even if the proposition Py is proved to be
correct).



Then, we try to prove the second proposition P,: “If
the plan 1s constructed faithfully to standards of good
writing, then the cost estimation becomes accurate.” In
this paper, we aim to verify these two propositions using
the data collected from actual development projects in
Company A(unfortunately, the values of collected data
cannot be published in this paper because of the condi-
tions in the contract with Company A).

In this paper, we begin by discussing the proposition Ps.
We evaluate and grade the development plan document
by applying the procedure adopted for years in SEPG.
The construction of the plan is evaluated with respect
to the faithfulness to standards of good writing(the best
grade is 50), and the development is evaluated with re-
spect to the faithfulness to the plan(the best grade is
50).

Then, we calculate the cost estimation accuracy
(called RE) defined by RE = (actCOST —
estCOST)/estCOST x 100 (%), of each project where
actCOST and estCOST are the actual cost and esti-
mated cost, respectively. Based on the calculated value
of RE, we classify projects into three classes, Cy, C4
and C_: Cy is a set of projects with —10% < RE <
+10%, C is a set of projects with RE > +10% and C_
is a set, of projects with RE < —10%. Here, we consider
that ten percent is an important empirical threshold for
the evaluation of RE.

In order to discuss the proposition P, we analyze the
correlation between the grade of the development plan
and the classification of projects based on the cost esti-
mation accuracy RE. As a result, we show that there
is a relatively high correlation between the faithful-
ness of development plan to standards and the value of
RE(a coefficient of correlation between them is —0.60).
The negative value of correlation coefficient means that
the higher the faithfulness to standards becomes, the
smaller the value of RE becomes(that is, the cost esti-
mation becomes accurate).

Next, in order to discuss the proposition P;, we ana-
lyze the following two relationships: (1) the relation-
ship between the classification of projects based on RE
and the quality of the delivered code, (2) the relation-
ship between the classification of projects based on RE
and the productivity of the team, by using the test of
statistical hypothesis(#test). As the result, we show
that both the quality of the delivered code and the pro-
ductivity of the team are significantly different between
projects with —10% < RE < +10% and projects with
RE > 4+10% (The level of significance is chosen as 0.05).

2 BACKGROUND AND OBJECTIVE
2.1 Background

In Company A, process improvement has been under-
taken to achieve high quality of software products and
high productivity of the development team for the last
five years[12]. The main improvement activities are
summarized as follows:

(IM;) Exhaustive but systematic collection of funda-
mental data from projects in Company A.

(IM3) Establishing several key standards for develop-
mental activities in projects.

The improvement activity I M; was executed according
to software metrics recommendations[4][9][13], and the
following Dy — Dy summarize the data to be used in
this paper.

(D7) the development plan document.
(D32) the size of delivered code(measured by Kstep).

(D3) the effort of each activity of the development pro-
cess(measured by person-month).

(D4) the number of faults detected and corrected dur-
ing review, test and debug activities.

(Ds5) the number of faults in the delivered code.

Among them, data D; is constructed before actual de-
velopment starts, data Dy — D, are taken after devel-
opment is accomplished and code is delivered, and Dsy
is collected during the six months after the code is de-
livered.

Next, the improvement activity I M, was focused on the
construction of project plans and the formal definition of
development process. After trial and error, Company A
has succeeded in establishing standards of good writing
for project plans. Additionally, software development
process in Company A has been formally described us-
ing the generalized stochastic petri-net(GSPN), and a
project simulator has already been implemented based

on the GSPNI8].

As the result of these improvement activities over the
past five years, the following changes Cy — C5 have been
observed in Company A in the direction of improvement
of quality and productivity.

(C1) The development plan document (data D; in the
improvement activity 7M7) tends to be constructed
faithfully to standards of good writing(established
in the improvement activity T Ms).



(C3) The development cost, which is one of the most
important factors for the company(but unfortu-
nately is very difficult to estimate exactly[2][5]),
tends to be estimated accurately.

(C3) Both the quality of the delivered codes (data Ds
in the improvement activity IM;) and the produc-
tivity of the development team (data Ds, Ds in
IMy) tend to be stable and relatively better.

Both the development managers and the software en-
gineering process group(SEPG) are eager to know the
causes of the changes Cy and C5. To say more straight-
forwardly, they conjecture that the change C7 1s the
cause of the change C'5 and that the change C'5 is the
cause of the change Cj.

2.2 Objective

In this paper, we try to show the following three asser-
tions A; — Az to answer the questions from the devel-
opment managers and SEPG. The assertion A; is the
same as the proposition P, in Section 1, and the asser-
tions As and Az correspond to the proposition P;. For
the analysis of A; — Az, we apply correlation analy-
sis and test of statistical hypothesis to actual data on
thirty-one projects at Company A.

(A1) In the project executed according to the project
plan constructed faithfully to standards, the esti-
mation error of the development cost is small.

The assertion A; implies that the faithfulness to stan-
dards in the construction of the project plan and the
faithfulness to the project plan in the development are
the main reasons for the small error in the cost estima-
tion(that is, the difference between the estimated cost
and the actual cost is small) of the project.

(A2) In the project with the accurate cost estimation,
the quality of the delivered code is high.

The assertion As implies that the project, for which the
cost estimation error is small, delivers the final software
product with high quality. As mentioned in subsection
2.1, we evaluate the quality of the final software product
using the data D5 collected during the six months after
its delivery.

(As) In the project with the accurate cost estimation,
the productivity of the development team is high.

The assertion Az implies that in the project which is
completed in accordance with estimate, the productivity
of the development team is high (compared with the one
in the so-called death march projects[15]).

3 DEFINITION OF METRICS
3.1 Process Model

In Company A, many kinds of computer control systems
with embedded software are developed mainly using C
language. The typical products are ATMs(Automated
Teller Machine) for banking applications, POS(Point
Of Sales) terminals for business applications and ticket
vending machines for railroad applications. Such prod-
ucts are developed under the development process
shown in Figurel. The description of Figurel is one
of the outcomes of the improvement activity I/ Ms men-
tioned in subsection 2.1.

The process model shown in Figure 1 is a standard wa-
terfall model. As will be described in detail in subsec-
tion 4.1, modification to the requirement specification is
very rare and 1s limited only to layout of screens or the
speed of CPU, and thus most of the requirement specifi-
cation is decided by Company A. This may be one of the
main reasons why the waterfall model shown in Figure 1
1s still effectively and successfully used in the company.
Strictly speaking, some kinds of irregular control flows
(such as backwards flow to previous activity or concur-
rent executions between previous and current activities)
do rarely happen. But these are not explicitly described
in Figure 1.

The development process consists of two successive
phases, design phase and debug phase. One charac-
teristic of the design phase is that the review activity
is introduced after each design activity and coding ac-
tivity. The design is divided into four stages: Concept,
Function, Structure and Module. On the other hand,
debug phase consists of the repetition of a pair of test
and debug activities for four different objectives: Unit,
Integration, Function and Verification.

3.2 Metrics for Software Development

In this paper, we adopt the following three kinds of met-
rics: SLC, F@Q and TP [4][9] to analyze and evaluate
the software development from the viewpoints of the
quality of software products and the productivity of the
team.

(1) Size of delivered code SLC

This metric counts the total lines of source codes in-
cluding those reused, but excludes comments. Also,
the lines of reused source code are calculated ac-
cording to the degree of modification. Thus this
metric is intended to evaluate the size of the final
software products developed by the project.

We introduce the following six symbols:

SLC : size of delivered code
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Figure 1: Process model

newSLC : size of code which was newly devel-
oped.

slgSLC' : size of code which was modified slightly.

extSLC : size of code which was modified ex-
tremely.

The values of these symbols are measured by Kstep.
a, 3 . empirical constants.

Then the size of delivered code SLC' 1is defined as

follows:

SLC = newSLC 4+ a x slgSLC + 3 x extSLC

(2) Quality of delivered code F'Q)

This metric is defined by a normalized value of the
number of faults detected during six months af-
ter the code delivery by the size of delivered code.
Thus this metric i1s intended to evaluate the qual-
ity of the final software products developed by the
project.

We introduce the following two symbols:
F@ : quality of the delivered code(measured by
the number of faults/Kstep)

FD : the number of faults detected during six
months after code delivery.

Then the quality of delivered code F@ is defined
using F'D and SLC' as follows:

FD
FQ=——
©=31c

(3) Productivity of the team T'P

This metric is intended to evaluate the average pro-
ductivity of all developers in the development team
working for the project. Therefore, it is defined by
the ratio of the size of delivered code on the total
amount of efforts needed in the development.

We introduce the following two symbols:

TP : productivity of the team(measured by
Kstep/person-month).

EFT : the total amount of efforts needed in the
development (measured by person-month).

Then the productivity of the team TP is defined
using EFT and SLC as follows:

SLC
= EFT

3.3 Metrics for Development Plan

(1) Cost estimation accuracy RE

Here, we use the person-month as the unit of cost
rather than dollar or yen. This metric is intended
to evaluate the appropriateness and feasibility of
the development plan. Intuitively speaking, this
metric is defined as the relative error of the cost
estimated at the beginning of the project from the
actual cost at the end of project.

Now, we introduce the following three symbols:

RE : cost estimation accuracy(measured by %).

actCOST : the actual cost(measured by person-
month).

estCOST : the estimated cost(measured by
person-month), which is determined in devel-
opment plan.

Then the cost estimation accuracy RE is defined
as follows:

actCOST — estCOST
RE= estCOST x 100

(2) Faithfulness F'T

This metric i1s intended to evaluate two kinds of
faithfulness: (1) development plan was constructed
faithfully to standards of good writing (specified
by SEPG), (2) development itself was performed
faithfully to the plan (constructed by development



team). Therefore, the faithfulness F'T is evaluated
from the two viewpoints: faithfulness to standards
of good writing staF'I, and faithfulness to the plan
itself dynF'I.

(2.1) Evaluation of staF'I

First, the faithfulness (staF'I) of construct-
ing the development plan is evaluated with re-
spect to the following four components of the
development plan:

(a) WBS (Work Breakdown Structure) [14]
(b) Organization charts of project

(¢) PERT(Program Evaluation and Review
Technique) charts[10]

(d) A list of software products to be devel-
oped

Now, we explain each component in more de-
tail. Concerning WBS, SEPG makes an in-
quiry into the following points: (1) level of
description : whether an activity in WBS is
for 2 person-months, and (2) responsibility

whether a responsible person is described
clearly for each activity. For the organization
chart, SEPG confirms the correspondence be-
tween the organization in WBS and the con-
tent of organization chart. Concerning the
PERT chart, SEPG investigates whether the
restrictions (such as development period, ef-
fort and developers) are satisfied, and whether
the critical path 1s described clearly. At the
same time, SEPG must confirm the correspon-
dence between WBS and PERT chart. Fi-
nally, SEPG confirms that all of the output
product 1s specified for each activity.

(2.2) Evaluation of dynF'T
Next, the faithfulness (dynFI) of fulfilling the

plan is evaluated with respect to the following
two viewpoints:

(e) Software review

(f) Progress management

By the previous empirical study, we have con-
firmed that the software review has high corre-
lation with quality of software[13], and defined
a metric, called the ratio of review effort(that
is, the ratio of the efforts spent in review ac-
tivity to the total efforts spent in develop-
ment). SEPG uses the same metric to eval-
uate whether review activities are executed
properly. Furthermore, SEPG confirms by in-
terview with the developers whether progress
management has been done.

Now, we introduce the following three symbols:

F'I : the faithfulness of the development plan
(measured by the grade point with 0 < F'T <
100).

staF'I : the grade point evaluated by SEPG with
respect to four components (a), (b), (¢) and
(d) in the plan (measured by the grade point
with 0 < staF'T < 50).

dynFI : the grade point evaluated by SEPG with
respect to (e) and (f) (measured by the grade
point with 0 < dynF'I < 50).

Then, the faithfulness of the development plan is
defined as follows:

Pl =staFl+dynFI

4 DATA OF DEVELOPMENT PROJECTS
4.1 Property of Projects

As described in subsections 2.1 and 3.1, the target
projects are the development of computer control sys-
tems with embedded software in Company A. The sys-
tems analyzed are classified into three categories: bank-
ing application, railroad application and business appli-
cation.

Though we omit the details, such embedded software
implements rather complex functions dealing with many
sensors, actuators and control signals including various
kinds of interrupts. Furthermore, since 1t is delivered
in the form of LSI chips, modification of the faults af-
ter delivery is very expensive. Thus high reliability is
especially required for the embedded software.

In Company A, the development of such software is exe-
cuted concurrently with the design and development of
system hardware. Hence it is necessary to manage the
whole project. Generally, in such a project, the specifi-
cation of the software product is strongly influenced by
the restrictions of the hardware design.

However, in the case of Company A, modification of a
specification will occur in some specific and limited ar-
eas of the product, such as the layout of a screen or the
execution speed of the CPU. Fortunately, Company A
can decide the interface to the hardware and can choose
the operating system itself. As a result, the content of
the requirement specification of the embedded software
will be relatively stable and only changed in a very lim-
ited way. As we described in subsection 3.1, this is one
of the main reasons why the standard waterfall model
shown in Figure 1 1s still effectively used in Company A.

The targeted thirty-one projects in this study are cate-
gorized into three groups:

(1) Six projects related to the banking system : ATM.



We represent and refer to the six projects by
PBy,PB,y,---,PBs.

(2) Twenty-four projects related to railroad system :
automatic gate machine, ticket vending machine.

We represent and refer to the twenty-four projects

by PRy, PRy, -+, PRas.

(3) One project related to retail system : POS termi-
nal.

We represent and refer to it by P.S;.

The cost (that is, development effort) of these thirty-one
projects ranges from 18.8 person-months to 185 person-
months. The average cost is 46.3 person-months.

4.2 Evaluation of Development Plan

We evaluate the metric “faithfulness” F'I for the devel-
opment plan. The evaluation was performed from the
two district viewpoints: staF'I (construction phase) and
dynF'I (execution phase). According to SEPG’s judge-
ment, five attributes are evaluated and then the grade
points are summed up. As described in subsection 3.3,
both of staF'I and dynF'I range from 0 to 50.

Although there are thirty-one projects available for
analysis, only seventeen projects can be evaluated for
their development plans. The main reason is that vari-
ous kinds of defectiveness (such as missing data) occur
on some development plans. Since a few years has al-
ready passed since these projects were completed, SEPG
could not interview the actual developers of the project.

Table 1 shows the result of evaluation of development
plans. In the evaluation, we use six banking projects
PBy,---,PBg, ten railroad projects PRy, -+, PRyg
(out of twenty-four projects) and one retail project PSy.

In Tablel, the grades A, B, C and D are introduced
to clarify cause-effort relations between changes €7 and
C'5 (described in subsection 2.1). The following shows
criteria for the grades:

A 75 < FI < 100
B 50< FI <75
C : 25<FI<50
D 0< FI<?25

From Tablel, we can see that there are two projects
PBs, PRyy with grade A, eight projects with grade B,
seven projects with grade C. No project is with grade

D.
4.3 Evaluation of Projects

Besides the development plan described in subsec-
tion4.2, we have collected various data according to

Table 1: Evaluation of the plan

| Project Name || stal'l | dynFI | rr | Grade |

PB 12 35 47 C
PB, 39 45 | 84| A
PBs 18 10| 58| B
PB, 39 2| 64| B
PBs 19 35| 54| B
P B 23 30 53| B
PR, 26 30| 56| B
PR, 26 30| 56| B
PR, 26 30| 56| B
PR, 19 2% | 44| C
PRs 32 25| 57| B
PRg 12 35| 47| C
PR; 30 20| 50| C
PRy 23 25| 48| C
PR, 12 2| 37| C
PR 25 50| 75 A
PS, 12 35| 47| C

metrics defined in subsections 3.2 and 3.3. They include
the size of delivered code SLC, the number of faults
detected after delivery F D, the total effort needed in
the development EF'T', the estimated development cost
estCOST and the actual development cost actCOST.
Based on these fundamental data, we calculate the value
of key metrics, such as the quality of delivered code F'@),
the productivity of the team T'P and the cost estimation
accuracy RFE.

However, the values of these metrics are confidential(as
already explained in Section 1), we cannot publish the
values themselves in this paper. Table 2 shows only the
skeleton of the data with respect to these metrics.

5 ANALYSIS

In this section, we verify the assertions A;, A, and Aj
described in subsection 2.2 using the the data in Tables
1 and 2 from the actual thirty-one projects. Before the
verification, we classified the projects into three classes:
Co, C4 and C'_, based on the value of RE. The criteria
of classification i1s borrowed from internal criteria used
in Company A. In Company A, ten percent is consid-
ered to be an important threshold for the evaluation of
RE. That is, 1if —10 < RE < 410, then the project is
successful with respect to cost estimation. We classify
the projects as follows:

Co : —10<RE<10
cy o RE > 10
C_. : RE<-10



Table 2: Skeleton of project evaluation

Project SLC FD EFT estCOST actCOST
Name (Kstep) (# of faults) [ (person-month) [ (person-month) | (person-month)
RE FQ TP
(%) (# of faults/person-month) | (Kstep/person-month)

That is, the class Cy includes the projects whose cost es-
timation accuracy ranges from —10% to +10%, and the
classes Cy and C_ include the projects whose RE’s are
greater than +10% and less than —10%, respectively.

Table3 shows the value of RE and the classification
for each project. From Table3, the class Cy includes
seventeen projects, the class C'_ includes five projects,
and the class C; includes nine projects, respectively.

5.1 Evaluation of Estimation Accuracy(4;)
(1) Comparison between grade and class

First, we investigate the relationship between the
the grades A, B, C and D by the faithfulness F'/
and the classes C_, Cy and Cy by the cost esti-
mation accuracy RE. Table4 shows the resultant
relationship only for the seventeen projects shown
in Table 1. For example, the class Cy includes two
projects with grade A, four projects with grade B,
and one project with grade C.

From Table4, we see that all projects with grade A
belong to the class Cjy. This provides limited evi-
dence that if the development plan was constructed
faithfully to standards and the development was
performed faithfully to the plan, then the cost es-
timation of the corresponding project is very accu-
rate.

On the other hand, we can observe that the most of
projects with grade C tend to belong to either the
class C_ or the class Cy. This implies that if the
development plan was not constructed faithfully to
standards or the development was not performed
faithfully to the plan, then the cost estimation is
not accurate, neither.

(2) Further analysis of F'T and RE

Next, we investigate to a greater extent the rela-
tionship between F'I and RE. In this further analy-
sis, we take projects from the same application, and
consider ten projects PRy, PRa, -+, PRyg (which
appear both in Table 1 and Table3).

Then, we calculate the correlation coefficient be-
tween the F'I and RE for the selected ten projects

PRy, PRy, -+, PRyo.

shown as follows:

The calculated values are

the correlation coefficient between FI and RE
=—-047
the correlation coefficient between staF' I and RE
= —0.60

The first result(—0.47) implies that there are some
extent of correlation between the faithfulness of de-
velopment plan F'/ and the cost estimation accu-
racy RE(though it is limited to the railroad related
projects). Furthermore, the second result(—0.60)
implies that there are relatively high correlation be-
tween the faithfulness to standards of good writing
of the development plan staF'I and the cost esti-
mation accuracy RF. As a result, we can conclude
the assertion A, is proved affirmatively.

5.2 Quality of Delivered Code FQ(A»)

Here, we analyze the assertion A, about the quality of
delivered code using the test of statistical hypothesis.
In the analysis we apply all data from the thirty-one
projects shown in Table 3.

Now, for the test of statistical hypothesis, we define pq
to be the average of F'@)’s of all projects which belong
to the class Cpy. Similarly, we define gy and p_ to be
the averages of FQ’s of all projects in the classes O
and C_, respectively.

(1) Classes Cy and Cy

We define two hypotheses Hy and H for two classes
Cp and C4. The level of significance « is chosen as
0.05.
Null hypothesis
Alternative hypothesis

Ho @ py = po
Hywopy > po
The test statistic is calculated by

o Ty — Zo
T(xo,lq_,sg,si) = -: =1.997
s_+_|_ 59
Ny TN



Table 3: Evaluation of cost estimation accuracy

Estimation accuracy
Project Name || RE(%) |  Class
PB -21 C_
PB, 6 Co
PBs 19 Cy
PBy -25 C_
PBs 3 Co
PBg -17 C_
PRy 1 Co
PR, -2 Co
PRy -b Ch
PR, -17 C_
PRy 14 Cy
PRs 24 Cy
PR; 1 Co
PRsg 32 Cy
PRy 21 Cy
PR10 9 C10
PRy 26 C_|_
PRy, 2 Co
PR3 -1 Co
PR14 0 CO
PRis 13 C_|_
PRis 9 Co
PRi; -29 C_
PRig 6 Co
PR19 6 CO
PR20 -1 CO
PRy -3 Co
PRss 11 Cy
PRos -2 Co
PRoy 0 Co
PSy 11 Cy

Table 4: Relationship between F'I and RE
Classification by RE
c_ Cy Cy
2 0

Grade
by F'I

wl@Nvelie
oN N O

4 2
1 4
0 0

holds. Thus, the null hypothesis Hy is rejected.

This result implies that there is a significant differ-
ence on the quality of delivered code, F'@), between
the projects in the class Cy(cost estimation accu-
racy ranges from —10% to +10%) and the projects
in the class C (cost estimation accuracy is greater
than +10%). Thus, for projects in the classes Cj
and C, the assertion Ay is proved affirmatively.

(2) Classes Cy and C_

However, from the test of statistical hypothesis, it
is shown that there i1s no significant difference on
the quality of delivered code between the projects
in the classes Cy and C_.

5.3 Productivity of Team T P(As3)

Finally, we analyze the assertion Az about the produc-
tivity of the team using the test of statistical hypoth-
esis. In this analysis we also apply all data from the
thirty-one projects. For the test, we define ug to be
the average of T'P’s of all projects which belong to the
class Cyy. Similarly, we define gy and p_ to be the av-
erages of T'P’s of all projects in the classes C'y and C_|
respectively.

(1) Classes Cy and Cy

where zg, sg and Ny are the average of F'@Q, the
standard deviation of F'() and the number of sam-
ple projects in the class Cy, respectively. Similarly,
Z4, s4 and N4 are the average, the standard de-
viation and the number of sample projects in the
class Cy, respectively. (As we have explained, the
contract with Company A prohibits us from men-
tioning the values Zg, Z4, so and sy calculated for
the test.) Then the distribution of T(Zy, Z4, 53, s1)
is the ¢-distribution with the degree of freedom

52 2
G + 38
s g4

NIV T T NI, D)

=14.6 < 15.

m =

From the ¢-distribution with the level of signifi-
cance a = 0.05, the critical region becomes R =

t15(0.05) = 1.753. Then,

T(%o, Ty, 52, 53_) >R

We define two hypotheses Hy and H for two classes
Cp and C4. The level of significance is chosen as
0.05.
Null hypothesis  Ho : pq = po
Alternative hypothesis  Hy @ py < po

The test statistic is calculated by

o Ty — Zo
T(%g, &4, 55, 80) = —— =2.743
s2 s2
—+ + -0
Ny T N

where Zg, sg and Ny are the average of TP, the
standard deviation of T'P and the number of sam-
ple projects in the class Cjy, respectively. Similarly,
zy, sy and N, are the average, the standard de-
viation and the number of sample projects in the
class C, respectively. (In this case also, we can-
not show the values #y, Z1, so and s; calculated in
the proof by the same reason.) Then the distribu-
tion of T(zo, %4, 52, 53_) is the t-distribution with



the degree of freedom m = 14.6 < 15. From the -
distribution with the level of significance o = 0.05,
the critical region becomes R = #15(0.05) = 1.753.
Then,

T(2o,Z4,55,57) > R
holds. Thus, the null hypothesis Hy 1s rejected.

This result implies that there is significant differ-
ence on the productivity of the team between the
projects in the class Cy(cost estimation accuracy
ranges from —10% to +10%) and the projects in the
class C (cost estimation accuracy is greater than
+10%). Thus, for projects in the classes Cy and
C, the assertion As is proved affirmatively.

(2) Classes Cyy and C_

However, from the test of statistical hypothesis, it
is shown that there is no significant difference on
the productivity of team between the projects in

the classes Cy and C_.

6 CONCLUSION

In this paper, we have proved three interesting asser-
tions Ay, As and As as the results of empirical re-
search. Although the implications by these assertions
themselves may not be new for academia people, they
may become a driving force in the software developing
company for promoting process improvement through
(1) exhaustive collection of fundamental data, and (2)
establishing some kinds of standards (mentioned in Sec-
tion 1).

The main result of our empirical research are summa-
rized as follows:

e If the development plan in a project is constructed
carefully and faithfully to standards of good writ-
ing, then it is associated with more accurate cost
estimates.

e If the cost estimates of a project are accurate, then
the quality of the delivered code in the project is
higher and the productivity of the team is also
higher.

The future research work includes the following:

e Development of procedures (or algorithms) for eval-
uating the faithfulness dynF'I objectively.

e Detailed analysis about the projects in the classes
C4 and C_ to detect human factors.

e Investigation of method to feedback the analysis
result to actual development.
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