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Abstract. Mathematical modeling of effort of development of mobile applica-

tions (apps) by non-linear regression model using multivariate normalizing 

transformation is performed. A three-factor non-linear regression model to es-

timate the effort (in man-hours) of developing the mobile apps in a planning 

phase is constructed on the basis of the Johnson four-variate transformation for 

SB family. This model is constructed around the Requirement Analysis Docu-

ment (RAD) variables: number of screens, number of functions, and number of 

files. Comparison of the constructed model with the linear regression model and 

non-linear regression models based on the univariate normalizing transfor-

mations is performed. This model, in comparison with other regression models, 

has a larger multiple coefficient of determination, a smaller value of the mean 

magnitude of relative error, a larger value of percentage of prediction, and 

smaller widths of the confidence and prediction intervals of regression. Such a 

good result for the constructed model may be explained best multivariate nor-

malization of the non-Gaussian data set, which used to build the three-factor 

non-linear regression model based on the Johnson four-variate transformation 

for SB family. 
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1 Introduction 

The problem of estimating software development effort is one of the important ones 

in the planning phase, which is the first of the five phases of the software develop-

ment lifecycle [1]. Today, the solution of this problem is carried out, including using 

mathematical modeling. One of the more well-known mathematical models for esti-

mating software development effort is COCOMO II. But its use for mobile apps has 

some difficulties. First, the main factor for this model is the size of the software, 

which is still unknown in the planning phase. Second, COCOMO II is a non-linear 

regression equation built on a univariate transformation in the form of a decimal loga-

rithm, which does not always allow for proper normalization of the data. In addition, 

the regression equation does not include random variables [2-4] as and a effort esti-

mation model based on Function Points Analysis method [5]. And, as you know, the 



effort is a random variable. Third, while mobile app development is similar to web 

app development and has its roots in more traditional software development, however, 

one significant difference is that mobile apps are often written specifically to take 

advantage of the unique features that a particular mobile device offers [6]. 

Therefore, over the last decade, the various models for forecasting the effort of de-

veloping the mobile apps in a planning phase, including regression ones [7, 8], were 

constructed. It is the regression models that describe an effort as a random variable. 

And since the effort distribution is not Gaussian, it is necessary to use non-linear re-

gression models, and their construction should be based on multivariate normalizing 

transformations [9]. 

2 Model construction 

At first, the three-factor linear regression model to estimate the effort Y (in man-

hours) of developing the mobile apps in a planning phase is constructed for the four-

dimensional data set from Table 1. This model is constructed around the Requirement 

Analysis Document (RAD) variables: number of screens X1, number of functions X2, 

and number of files X3. 

Table 1. The data set and MD2 values. 

No Y X1 X2 X3 MD2 No Y X1 X2 X3 MD2 

1 192 5 4 3 0.66 20 198 6 5 4 0.50 

2 272 5 4 3 2.31 21 146 4 3 2 1.18 

3 288 3 2 2 6.43 22 191 6 6 5 0.96 

4 116 6 6 4 0.95 23 99 3 3 2 1.47 

5 372 5 5 4 6.82 24 382 11 12 9 8.35 

6 504 9 8 6 10.55 25 270 9 10 8 4.84 

7 28 6 7 2 7.11 26 282 12 7 3 7.16 

8 176 6 7 3 4.53 27 213 10 5 2 6.14 

9 364 10 11 9 6.90 28 322 11 7 5 4.32 

10 120 10 10 5 6.76 29 290 10 6 4 3.67 

11 22 6 5 4 6.72 30 223 7 7 6 1.69 

12 224 11 6 2 7.08 31 241 5 5 6 4.95 

13 24 2 2 1 3.05 32 87 5 5 2 1.53 

14 200 11 7 4 4.88 33 36 3 3 1 2.24 

15 160 6 6 7 9.41 34 216 8 7 5 0.54 

16 120 2 2 1 2.86 35 67 5 6 2 4.26 

17 96 4 4 1 2.60 36 115 7 7 3 2.59 

18 202 6 5 4 0.49 37 36 2 2 1 2.84 

19 145 4 3 2 1.17 38 98 3 3 2 1.47 



 

The data set from Table 1 was obtained by combining two data sets for 17 mobile 

apps from [5] and for 21 mobile apps (rows 18 to 38). Also, Table 1 contains the val-

ues of squared Mahalanobis distance (MD2). We use the technique based on the 

squared Mahalanobis distance [10] for detecting the outliers in the data from Table 1. 

There are no outliers in the data from Table 1 for 0.005 significance level, since for 

all data rows, the MD2 values are smaller than the value of the quantile of the Chi-

Square distribution, which equals to 14.86. 

Following [2-4] the three-factor linear regression model has the form 

 xXbXbXbbY  3322110
ˆˆˆˆ , (1) 

where x  is a Gaussian random variable which defines residuals, x   xN ,0 ; the 

estimators for parameters of the model (1) are: 0.26513ˆ
0 b , 0.23116ˆ

1 b , 

-0.00082ˆ
2 b , 0.08374ˆ

3 b . Parameters of the model (1) were estimated by the least 

square method. 

To judge the prediction accuracy of linear regression model (1) we first used the 

well-known standard metrics of prediction accuracy, i.e., a multiple coefficient of 

determination R2, a mean magnitude of relative error MMRE and percentage of pre-

diction at the level of magnitude of relative error (MRE), which equals 0.25, 

PRED(0.25) [11, 12]. The values of R2, MMRE, and PRED(0.25) equal respectively 

0.5449, 0.5713, and 0.5789 for the linear regression model (1). These values show us 

bad prediction results of the regression model (1). 

Besides, the null hypothesis that the observed frequency distribution of residuals 

for the linear regression model (1) is the same as the normal distribution was tested by 

Pearson's chi-squared test. There is a reason to reject the null hypothesis that the dis-

tribution of residuals for the model (1) is the same as the normal distribution, since 

the chi-squared test statistic value equals to 13.33 is higher than the critical value of 

the chi-square, which equals to 7.81 for 3 degrees of freedom and 0.05 significance 

level. Also, for the distribution of residuals in linear regression model (1), estimators 

of skewness and kurtosis equal to 0.78 and 5.69, respectively. Although for the 

Gaussian distribution, the values of skewness and kurtosis equal to 0 and 3, respec-

tively. 

It is known [2], one of the underlying assumptions that justify the use of linear re-

gression models is the normality of the distribution of residuals. But this assumption 

is not valid for the linear regression model (1). What leads to the need to construct a 

multiple non-linear regression model to estimate the effort of developing the mobile 

apps in a planning phase. 

The three-factor non-linear regression model to estimate the effort of developing 

the mobile apps in a planning phase was constructed based on the Johnson four-

variate transformation for SB family according [9]. The three-factor non-linear regres-

sion model has the form [9] 
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where   is a Gaussian random variable which defines residuals,    1,0N ; YẐ  is a 

prediction result by linear regression equation for normalized data, which were trans-

formed using the Johnson four-variate transformation for SB family, 
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3,2,1j ; the estimators for parameters of the Johnson four-variate transformation for 

SB family are: 5.69898ˆ Y , 0.524119ˆ
1  , 0.776179ˆ

2  , 0.540973ˆ
3  , 

2.40219ˆ Y , 0.743879ˆ
1  , 0.79545ˆ

2  , 0.534447ˆ
3  , -114.5452ˆ Y , 

1.7242ˆ
1  , 1.6885ˆ

2  , 0.90ˆ
3  , 3328.564ˆ Y , 12.3743ˆ

1  , 112.09ˆ
2  , 

8.30648ˆ
3  ; the estimators for parameters of the linear regression equation for 

normalized data are: 0ˆ
0 b , 0.808152ˆ

1 b , -0.928296ˆ
2 b , 0.854262ˆ

3 b . Parame-

ters of the linear regression equation for normalized data were estimated by the least 

square method. 

The values of R2, MMRE, and PRED(0.25) equal respectively 0.5789, 0.4933 and 

0.5263 for non-linear regression model (2). These values show us bad prediction re-

sults of the non-linear regression model (2) approximately also as for the linear re-

gression model (1). 

Because of this, the method [13] for improving non-linear regression models was 

further used to construct a non-linear regression model to estimate the effort of devel-

oping the mobile apps in a planning phase. The method [13] consists of four stages. In 

the first stage, a set of multivariate non-Gaussian data is normalized using a multivar-

iate normalizing transformation. After that, normalized data are checked for outliers, 

and, if ones are detected, outliers are cut off. The method based on the squared Ma-

halanobis distance [14] is used for outlier detection. In the second stage, the non-

linear regression model is constructed based on the multivariate normalizing trans-

formation [9]. In the third stage, the prediction intervals of non-linear regression is 

built according [9]. And finally, at the fourth stage, it is checked whether among the 

data for which the non-linear regression model was built, those that go beyond the 

found boundaries of the prediction interval. And, if the outliers are detected, they are 

cut off, and we repeat all the stages, starting with the first, for new data. 

For the non-linear regression model (2) with the parameter estimators obtained 

from the data in Table 1 of the 38 mobile apps, it turned out that Y values for the three 

apps (5, 6, and 11) go beyond the prediction interval. In Table 2, the lower bound of 

the prediction interval obtained in the first iteration is denoted as LB1, and the upper 

bound is denoted as UB1. In the second iteration, data from three mobile apps (5, 6, 

and 11) were cut off, and data from the remaining 35 apps were used for model con-

struction. For the model (2) with the parameter estimators obtained from the data in 

Table 1 of the 35 mobile apps, it turned out that the value of Y for app 17 goes beyond 

the prediction interval. There were four such iterations, after which 30 mobile apps 

remained (1, 3, 4, 7, 9, 10, 12-14, 18-38). At the fifth iteration, there were no outliers; 

the repeat of the stages was completed, the nonlinear regression model (2) was con-

structed using data from 30 apps. In Table 2, the lower bound of the prediction inter-



 

val obtained in the fifth iteration is denoted as LB5, and the upper bound is denoted as 

UB5. The row numbers (i.e., mobile apps) with the outliers in data are highlighted in 

bold. A dash (-) depicts the exclusion of the corresponding numbers of data in the 

relevant iteration (i.e., iteration 5). 

Table 2. Lower and upper bounds nonlinear regression before and after outlier cutoff. 

No Y LB1 UB1 LB5 UB5
 No Y LB1 UB1 LB5 UB5 

1 192 60.5 377.3 131.4 228.5 20 198 70.8 402.2 148.4 248.2 

2 272 60.5 377.3 - - 21 146 49.2 353.3 115.3 209.6 

3 288 88.6 524.1 218.1 332.6 22 191 66.2 392.5 139.8 238.7 

4 116 51.1 352.9 105.7 195.7 23 99 24.7 290.0 73.0 149.9 

5 372 54.5 362.4 - - 24 382 140.1 624.9 317.2 402.2 

6 504 90.1 453.3 - - 25 270 93.4 477.2 202.6 309.0 

7 28 -0.7 232.5 25.1 70.9 26 282 104.6 532.5 223.9 332.1 

8 176 18.9 277.8 - - 27 213 78.5 452.7 158.6 265.3 

9 364 157.4 665.2 331.6 411.5 28 322 126.8 560.3 257.5 355.1 

10 120 48.7 363.8 97.1 188.5 29 290 109.1 513.1 219.5 322.5 

11 22 70.8 402.2 - - 30 223 78.6 425.2 164.1 266.7 

12 224 73.5 447.0 148.5 255.8 31 241 84.9 449.3 194.4 299.7 

13 24 -23.9 170.9 15.3 51.1 32 87 17.1 267.3 49.2 111.2 

14 200 106.5 511.6 214.3 318.8 33 36 -29.0 153.6 15.2 49.6 

15 160 100.6 490.0 - - 34 216 77.1 418.6 153.2 253.9 

16 120 -23.9 170.9 - - 35 67 1.4 233.2 29.0 77.0 

17 96 -33.4 149.2 - - 36 115 31.0 306.4 64.9 137.9 

18 202 70.8 402.2 148.4 248.2 37 36 -23.9 170.9 15.3 51.1 

19 145 49.2 353.3 115.3 209.6 38 98 24.7 290.0 73.0 149.9 

In the fifth iteration, for the data from 30 mobile apps, the estimators of parameters of 

the Johnson four-variate transformation for SB family are: 0.58590ˆ Y , 

0.316749ˆ
1  , 0.86299ˆ

2  , 0.48606ˆ
3  , 1.01714ˆ Y , 0.63606ˆ

1  , 

0.86557ˆ
2  , 0.612856ˆ

3  , -12.7422ˆ Y , 1.84255ˆ
1  , 1.5560ˆ

2  , 

0.73913ˆ
3  , 500.266ˆ Y , 11.3796ˆ

1  , 13.2488ˆ
2  , 8.52637ˆ

3  ; the esti-

mators for parameters of the linear regression equation for normalized data are: 

0ˆ
0 b , 1.1190ˆ

1 b , -1.3765ˆ
2 b , 1.2027ˆ

3 b . 

The values of R2, MMRE, and PRED(0.25) equal respectively 0.965, 0.117 and 

0.867 for non-linear regression model (2). These values show us good prediction re-

sults of the non-linear regression model (2) with parameter estimators obtained from 

the data in Table 1 of the 30 mobile apps. 



Following [9], appropriate equations were constructed to determine the lower and 

upper bounds of the non-linear regression prediction intervals 
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where Y  is a first component of a vector of normalizing transformation, 
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In the fifth iteration, for the data which normalized by the Johnson four-variate 

transformation for SB family from 30 mobile apps, 33  matrix 
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3 Comparison of models 

Also, for comparison of the model (2) with other models, a linear regression model 

and nonlinear regression models on the basis of the univariate decimal logarithm 

transformation (Log10) and the Johnson univariate transformation for the SB family 

were constructed for data from Table 1 of the 30 mobile apps. The three-factor linear 

regression model for data from Table 1 of the 30 apps has the form 

 xXXXY  321 50,66541,798-28,97340,250ˆ . (4) 



 

The three-factor non-linear regression model is constructed based on the decimal 

logarithm transformation for data from Table 1 of the 30 apps 

 3210
ˆ

3

ˆ

2

ˆ

1

ˆ
10

bbbb
XXXY x

 , (5) 

where the estimators for parameters are: 1.73898ˆ
0 b , 1.6687ˆ

1 b , -2.1116ˆ
2 b , 

1.30125ˆ
3 b . 

The three-factor non-linear regression model based on the Johnson univariate 

transformation for the SB family has the form (2) with only the following parameter 

estimators: 1.1148ˆ
3 b 0.25204ˆ Y , 0.10255ˆ

1  , 0.49345ˆ
2  , 0.61963ˆ

3  , 

0.58192ˆ Y , 0.51359ˆ
1  , 0.63352ˆ

2  , 0.58967ˆ
3  , 19.9286ˆ Y , 

1.90ˆ
1  , 1.81688ˆ

2  , 0.90ˆ
3  , 370.175ˆ Y , 10.20ˆ

1  , 10.6468ˆ
2  , 

8.6277ˆ
3  , 0ˆ

0 b , 0.60292ˆ
1 b , -0.80179ˆ

2 b , 1,1148ˆ
3 b . Parameters of the 

Johnson transformation for BS  family were estimated by the maximum likelihood 

method. 

The values of R2, MMRE and PRED(0.25) equal respectively 0.838, 0.237 and 

0.733 for linear regression model (4), and equal respectively 0.789, 0.206 and 0.733 

the model (5), and equal respectively 0.878, 0.190 and 0.767 for the model (2) with 

estimators of parameters for the Johnson univariate transformation. The values of R2, 

MMRE, and PRED(0.25), which equal respectively 0.965, 0.117, and 0.867, is better 

for the model (2) with estimators of parameters for the Johnson four-variate transfor-

mation in comparison with all previous models. 

The null hypothesis that the distribution of residuals for the linear regression model 

(4) is the same as the normal distribution was tested by Pearson's chi-squared test. 

There is a reason to reject the null hypothesis that the distribution of residuals for the 

linear regression model (4) is the same as the normal distribution, since the chi-

squared test statistic value equals to 10.78 is higher than the critical value of the chi-

square, which equals to 7.81 for 3 degrees of freedom and 0.05 significance level. 

Also, for the distribution of residuals in linear regression model (4), estimators of 

skewness and kurtosis equal respectively to 1.52 and 7.73. There is no reason to reject 

the null hypothesis that the distribution of residuals for nonlinear regression models 

(2) and (5) is the same as the normal distribution, since the chi-squared test statistic 

values are less than the critical value of the chi-square, which equals to 7.81. The chi-

squared test statistic values equal to 4.78, 2.91, and 2.30 for the distribution of residu-

als in nonlinear regression models (5), (2) with estimators of parameters for the John-

son univariate transformation and (2) with estimators of parameters for the Johnson 

four-variate transformation respectively. For the distribution of residuals in nonlinear 

regression models (2) and (5), estimators of skewness and kurtosis are close to 0 and 

3, respectively. Only the estimator of kurtosis equals to 5.39 for the distribution of 

residuals in the nonlinear regression model (2) with estimators of parameters for the 

Johnson univariate transformation for the SB family. 



The lower (LB) and upper (UB) bounds of the linear regression and non-linear re-

gression prediction intervals were also determined by (3) based on the decimal loga-

rithm transformation, Johnson's univariate and four-variate transformations for a sig-

nificance level of 0.05. These bounds are shown in Table 3. 

Table 3. Lower and upper bounds of prediction intervals for regressions. 

No Y 

linear  

regression 

Log10 

univariate 

Johnson  

univariate 

Johnson  

four-variate 

LB UB LB UB LB UB LB UB 

1 192 80.7 259.1 104.3 310.1 68.5 302.5 131.4 228.5 

3 288 52.8 237.0 108.0 354.1 95.9 352.6 218.1 332.6 

4 116 77.3 254.6 87.5 259.1 71.0 306.0 105.7 195.7 

7 28 -75.2 120.8 24.4 79.7 28.3 155.6 25.1 70.9 

9 364 229.5 422.9 159.5 499.1 269.4 383.7 331.6 411.5 

10 120 69.9 260.7 91.9 280.6 70.5 312.2 97.1 188.5 

12 224 113.5 305.5 93.0 303.6 60.0 299.9 148.5 255.8 

13 24 -26.6 157.1 22.6 71.9 21.6 59.9 15.3 51.1 

14 200 176.6 361.5 171.2 522.3 129.0 355.4 214.3 318.8 

18 202 118.6 296.9 128.4 381.5 89.1 327.4 148.4 248.2 

19 145 42.2 222.0 77.3 233.0 49.7 262.8 115.3 209.6 

20 198 118.6 296.9 128.4 381.5 89.1 327.4 148.4 248.2 

21 146 42.2 222.0 77.3 233.0 49.7 262.8 115.3 209.6 

22 191 127.0 306.3 116.3 348.6 99.1 336.5 139.8 238.7 

23 99 12.7 193.5 47.7 144.5 40.2 227.7 73.0 149.9 

24 382 215.8 410.9 155.4 487.5 204.8 378.0 317.2 402.2 

25 270 194.1 382.5 141.0 437.2 179.3 370.8 202.6 309.0 

26 282 151.5 343.2 134.0 421.8 168.9 375.6 223.9 332.1 

27 213 127.5 317.1 116.6 380.3 59.9 294.2 158.6 265.3 

28 322 226.4 413.0 228.3 700.0 174.3 369.1 257.5 355.1 

29 290 189.5 374.2 201.4 619.1 125.1 352.3 219.5 322.5 

30 223 163.9 345.1 137.2 414.2 126.6 352.8 164.1 266.7 

31 241 184.3 376.0 156.0 490.8 143.7 361.7 194.4 299.7 

32 87 -13.1 168.0 38.1 115.2 33.9 191.9 49.2 111.2 

33 36 -38.8 143.7 18.9 60.0 21.0 48.9 15.2 49.6 

34 216 143.9 321.6 136.4 404.8 105.4 340.0 153.2 253.9 

35 67 -58.8 130.2 25.3 80.4 29.4 162.2 29.0 77.0 

36 115 10.6 194.3 55.7 168.0 45.5 249.8 64.9 137.9 

37 36 -26.6 157.1 22.6 71.9 21.6 59.9 15.3 51.1 

38 98 12.7 193.5 47.7 144.5 40.2 227.7 73.0 149.9 



 

Note that the width of the non-linear regression prediction interval based on the John-

son four-variate transformation is less than after the Johnson univariate transfor-

mation for 29 from 30 data rows (except one with number 25), smaller than after dec-

imal log transformation and less compared with the linear regression prediction inter-

val width for all 30 data rows. Approximately the same results were obtained for the 

confidence intervals of regressions. Herewith a confidence interval of non-linear re-

gression is defined as (3) with the only difference that in the sum in curly brackets, 

there will not be 1. 

Such good prediction results for the constructed model may be explained best mul-

tivariate normalization of the non-Gaussian data set, which used to build the three-

factor non-linear regression model based on the Johnson four-variate transformation 

for SB family. The measures of multivariate skewness 1  and kurtosis 2  [15] allow 

one to test two hypotheses that are compatible with the assumption of multivariate 

normality. In our case for 30 apps 41   and 242  . The estimators of multivariate 

skewness and kurtosis equal 8.42, 5.44, 12.86, 6.82, and 26.78, 23.08, 33.57, 25.71 

for the data for 30 apps from Table 1, the normalized data on the basis of the decimal 

logarithm transformation, the Johnson univariate and four-variate transformations 

respectively. The values of these estimators indicate that the necessary condition for 

multivariate normality is approximately performed for the normalized data on the 

basis of the decimal logarithm and the Johnson four-variate transformation. Also, 

multivariate normality was tested by MD2 [16]. A multivariate normality condition is 

only performed for the normalized data on the basis of the decimal logarithm and the 

Johnson four-variate transformation, since for all 30 rows of the normalized data, the 

MD2 values are smaller than the value of the quantile of the Chi-Square distribution, 

which equals to 14.86 for 0.005 significance level. 

4 Conclusions 

Mathematical modeling of effort of development of mobile apps by non-linear regres-

sion model using multivariate normalizing transformation is performed. A three-

factor non-linear regression model to estimate the effort of developing the mobile 

apps in a planning phase is firstly constructed on the basis of the Johnson four-variate 

transformation for SB family. This model, in comparison with other regression models 

(both linear and non-linear), has a more significant multiple coefficient of determina-

tion, a smaller value of the mean magnitude of relative error, a more significant value 

of percentage of prediction, and smaller widths of the confidence and prediction in-

tervals of regression. An example of the construction of the three-factor non-linear 

regression model confirms the efficiency of the method for improving non-linear 

regression models on the basis of multivariate normalizing transformations, the 

squared Mahalanobis distance, and prediction intervals. Prospects for further research 

may include the application of other data sets to construct the multiple non-linear 

regression models for estimating the effort of developing the mobile apps in a plan-

ning phase. 
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