6. MATHEMATICAL MODELING

6.1 PARAMETERS AND GENERAL EQUATION

Mathematical models were targeted for estimation of L, as a dependent parameter.
Traffic volume, observer position, noise variability, and carriageway-occupancy related
parameters vitally influencing the acoustic profile during a traffic jam along a roadway near
intersections were adopted as independent parameters. The adopted independent parameters

were:

(1) Traffic in terms of PCU and the corresponding percentage of heavy vehicles p;.

(11) Traffic in terms of weighted traffic volume (Q,,) and the corresponding percentage
of heavy vehicles p,.

(i11))  Observer distance from noise source (d).

(iv)  Noise climate (NC) being (L, — Lgo).

(v) Noise range (NR) being (Lynax — Lmin)-

(vi)  Percentage Area-Occupancy (%AO0).

Four set of independent parameters were adopted for model development with suitable

combinations as listed below:

(2) NC, PCU/ d, py, %AO.
(b) NC, QW/ da D2, %A0.
(¢) NR, PCU/ d, py, %AO.

(d) NR: QW/ d: D2, %AO
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were developed for estimation of L

Finally, four set of equations corresponding to the four set of independent parameters

eq> Whose general forms are shown in Eq. 6.1 to 6.4.

Leg = a+b(NC) + ¢ (=55) + d(py) + e(%A40) (6.1)
Leg = a+b(NC) +c (%) + d(py) + e(%A0) (6.2)
Leq = @+ b(NR) + ¢ (%2) + d(py) + e(%A0) (6.3)
Leg = a+b(NR) +c (%W) +d(p,) + e(%A0) (6.4)

where, a = y-intercept.

6.2

b, c, d and e = coefficients of respective independent parameters.

MODEL TYPES

Models were developed for the following situations:

(1) Floor-wise leg models: For every leg of the intersection, separate models were
developed for individual floor levels — GF, FF, and SF.

(i1))  Floor-wise intersection models: A common model comprising of floor-wise
data of all legs of the intersection.

(ii1))  Floor-wise city models: A common model comprising of floor-wise data of all
intersections of the city under study.

(iv)  Consolidated city models: A common model comprising of all data obtained in

the study for all floors.
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6.3 ANALYSIS TOOL

Multivariate regression analysis (MRA) was conducted for the development of models
at a confidence level of 95%. The ‘data analysis’ toolbar in MS Excel 2016 was used in which
the results of the ‘Regression Statistics’ provides for the coefficient of determination (R?).
Benchmarking of R? to attain a minimum value of 0.60 for acceptability of the model was
adopted as the measure of good correlation. The analysis of variance (ANOVA) in the
‘Analysis Suite’ provides for information on y-intercept, coefficients of independent variables
with associated Standard Error (SE') of the estimate. Additional information on t-Statistics, P-

value etc. for every parameter were also provided in the output.

Statistical analysis was conducted for chi-square test and t-test for testing the goodness

of fit and determining the status of statistical significance.

64 PROCEDURE ADOPTED

It was mentioned in Section 4.3.4 that out of 8 sets of data obtained during the data
collection programme, 6 data sets would be utilized for model development and 2 data sets for
validation/calibration of the developed model. In line with this, the procedure adopted for

model development was scheduled as listed below:

(1) Model development: MRA was conducted between identified dependent and
independent parameters of 6 data sets to obtain the best-fit equation. The
corresponding y-intercept, coefficients of independent variables with associated

R? and SE were recorded.
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(i)

Check for adequacy: Once the best-fit equation was obtained from regression
analysis having a good correlation, it was necessary to test it for the goodness of fit
to establish its adequacy on the same set of data. Out of the available tools in
statistics, chi-square () test and t-test were used in the study. The y? test of
independence determines whether there is was a statistically significant
relationship between the categorical variables, while t-tests are hypothesis tests for
the mean and use the t-distribution to determine statistical significance. The
literature states that these tools are appropriate for small sample size which is the
case for model type 6.2 (i) and (ii) in the study. These tools are also adaptable to
large sample size when the distribution tends to be normal as in the case of model
type 6.2 (iii) and (iv). The sample statistic was assumed to be distributed
approximately as x> having (Rn-1)(Cy-1) degrees of freedom (df); and as (Rx-1)
degrees of freedom (df) for every sample t-test, where, R, is the number of rows
or the number of observation and C, is the number of columns or the number of
independent parameters in the developed equation. In the present work, adequacy
of the developed model was checked for 6 data sets and the predictive equation
was accepted when the obtained x> value was less than the critical y* value at
significance level (a) of 0.05, otherwise rejected. For t-test, the p-value was
obtained between two samples (observed and predicted) assuming equal variances
(since both had equal number of data points), stated as ‘P(T<t) two-tail’ and the
predictive equation was accepted when the obtained t-value was less than the
critical t-value at significance level (a) of 0.05, otherwise rejected. The assumption

of equal variances in the present experiment is valid since the investigation was
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6.5

(iii)

conducted for the same kind of data taken from the same kind of experiment. A
two-tailed test has the advantage of testing the possibility of the relationship in both
directions i.e. if the predicted mean is significantly greater or significantly less than
mean-observed. Obtained p-value less than 0.05 indicated statistically significant
differences (DS) between the means of the two trials (viz. observed vs predicted),

while p-value more than 0.05 indicated statistically insignificant differences (DI)

[201-206].

Calibration/validation of the model: The obtained models were finally

calibrated/validated for the 2 data sets obtained at different time and date on the

respective leg of the intersection to verify its ability to predict/estimate the

dependent parameter under a similar set of physical conditions. Both chi-square

test and t-test were conducted to ensure applicability of the model.
FLOOR-WISE LEG MODEL

Regression outputs for floor-wise leg model are shown in Table 6.1 for all the four

equations considered viz. 6.1, 6.2, 6.3 and 6.4. In all, 260 models (65 legs x 4 types) were

developed for GF level, 148 models (37 legs x 4 types) were developed for FF level, and 72

models (18 legs x 4 types) were developed for SF level for estimation of Lgq. In view of

Section 5.2.7.4 mentioning that every leg of the intersection is unique in terms of the noise

emission profile, which is attributable to its physical apparatus, geometry, available

carriageway width, type of traffic encountered, traffic control measures in place etc. Such

uniqueness of this environmental dimension cannot be appreciated without a dedicated model

for each case for which data was collected for a sustained period of 4 years. Therefore, the
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number of models as cited above were developed separately for GF, FF and SF levels and
documented. It was observed that the R? values were close to 1.0, indicating a strong
correlation between the independent and dependent parameters. However, value lower than

0.60 for the GF of Bhelupur leg of Durgakund temple intersection for Eq. 6.3.

The individual SE values were less than 1.0 dBA indicating strong agreement between
predicted and field data. The summated SE values obtained for the predictive effort were in
agreement with each other, enunciating that the models developed in accordance with Eq. 6.1

to 6.4 qualify for field use.

The developed equations were checked for adequacy using ? test as shown in Table
6.2(a). It was observed that the obtained > values were lower than the respective critical %>
values. But, comparatively higher obtained > values were observed for the BW of Trauma
Centre leg of BHU intersection for Eq. 6.1, 6.2, 6.3 and 6.4; and GF of Sankatmochan Temple
leg of Lanka-Sankatmochan intersection for Eq. 6.1.

Summation of the obtained 3 values reveal that Eq. 6.2 (with parameter NC) and Eq.
6.4 (with parameter NR) utilizing weighted traffic volume (Q,,) for traffic volume had
significantly lower obtained y? values in comparison to those utilizing traffic volume in terms

of PCU, making Q,, a preferred parameter for the modeling of traffic jam noise.

From the t-test results shown in Table 6.2(b) it was inferred that the t-statistic was
lower than the t-critical for all cases, with the exception of GF of Sankatmochan Temple leg
of Lanka-Sankatmochan intersection. The obtained p-value was greater than 0.05 in a majority
of cases, meaning thereby a statistically insignificant difference (DI) between the means of

two trials (observed and predicted data). However, statistically significant differences (DS)
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between the two means were noticed for BW of Trauma Centre leg of BHU intersection for
for Eq. 6.1, 6.3 and 6.4; GF of Sankatmochan Temple leg of Lanka-Sankatmochan intersection
for Eq. 6.1; and BW of Sigra leg of Englishia Line intersection for Eq. 6.4.

Summation of p-values shows that those equations utilizing NR as noise variability
parameter had higher p-values than those using NC, highlighting that NR was more preferable
for modeling of traffic jam noise.

Validation/calibration of developed equation conducted on a different set of data using
chi-square test are shown in Table 6.3(a). It was found that the obtained > values were mostly
insignificant and less than the respective critical x> values. Therefore, the models developed
were acceptable for prediction of L., under traffic jam conditions. However, relatively higher

values of obtained > were found for BW of Trauma Centre leg of BHU intersection for Eq.

6.1 and 6.3.

Summation of the obtained y? values reveals observation similar to Table 6.2(a).

The t-test results are shown in Table 6.3(b). It was observed that the t-statistic was
lower than the t-critical for all cases. The obtained p-value was greater than 0.05 in a
predominant number of cases, meaning thereby a statistically insignificant difference (DI)
between the means of two trials (observed and predicted data). However, statistically
significant differences (DS) between the two means were noticed for BW of Trauma Centre
leg of BHU intersection for Eq. 6.1 and 6.3; BW of Sigra leg of Englishia Line intersection
for Eq. 6.1, 6.2 and 6.4; SF of Lanka leg of Godowlia intersection for Eq. 6.2 and 6.4; and SF
of Kutchhary leg of Police Line intersection for Eq. 6.1.

Summation of p-values reveals observation similar to Table 6.2(b).
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From the foregoing paragraphs, NR and @, as new parameters were established to be
better than NC and PCU for modeling traffic jam noise, enunciating the superiority of Eq.
(6.4) in estimating L.q. Out of all models that follow Eq. (6.4), the model of Bhikharipur
intersection towards Sundarpur has highest R? value collectively for GF, FF and SF levels,
and had coefficients available for all modeling parameters. Therefore, Eq. 6.5 to 6.7 are
recommended as the floor-wise leg model for general estimation of traffic jam noise for mixed
traffic having non-lane based movement, notwithstanding the fact that leg specific models
developed in Table 6.1 utilizing the format of Eq. (6.4) may be used for any future traffic noise

intervention for the city of Varanasi.

For GF level, Leq = 81.14 + 0.03(NR) + 0.58 (22) + 0.05(p,) + 0.07(%A0)
R? =1.000, SE = 0.044 (6.5)

For FF level, Leq = 79.56 + 0.02(NR) + 0.75 (2£) + 0.06(p,) + 0.07(%A0)
R? = 1.000, SE = 0.034 (6.6)

For SF level, Leq = 80.77 + 0.08(NR) + 0.73 (22) + 0.03(p,) + 0.06(%A0)
R? = 1.000, SE = 0.043 (6.7)

(Note: Percentage of heavy vehicles p, is an important modeling parameter and its presence
was ensured while making the above recommendation. Cases depicting statistical differences

and reported in the discussion were also excluded).
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6.6 FLOOR-WISE INTERSECTION MODEL

Regression outputs for the floor-wise intersection model comprising of floor-wise data
of all legs of the concerned intersection are shown in Table 6.4 for all the four equations
considered viz. 6.1, 6.2, 6.3 and 6.4. In all, 76 models (19 intersections x 4 types) were
developed for GF level, 68 models (17 intersections x 4 types) were developed for FF level,
and 52 models (13 intersections X 4 types) were developed for SF level. It was observed that
R? values were generally higher than 0.60. It was, however, lower values than 0.60 were
observed for GF of BHU Gate intersection for Eq. 6.1 and 6.3; GF and FF of Bhelupur
intersection for Eq. 6.4; GF of Rathyatra intersection for Eq. 6.2, 6.3 and 6.4; and GF of

Manduadih intersection for Eq. 6.2.

The individual SE values varied between 0.013 to 4.018, however, they were mostly
less than 1.0 dBA. Therefore, with moderate loss of precision, the models avoided significant

loss of generality, qualifying them for field use.

Check for adequacy using chi-square test as per Table 6.5(a) shows that the obtained
% values were lower than the respective critical 3 values. However, relatively higher values
of obtained 2 were found for the GF of BHU intersection for Eq. 6.1 and 6.3; SF of Lanka-
Sankatmochan intersection for Eq. 6.1; GF of Englishia Line intersection for Eq. 6.1 to 6.4;

and GF of Pandeypur intersection for Eq. 6.1 to 6.4.

Summation of the obtained y? values reveals that Eq. 6.2 and 6.4 utilizing weighted
traffic volume (Q,,) for traffic volume had significantly lower ¥ values in comparison to Eq.
6.1 and 6.3 utilizing traffic volume in terms of PCU. This observation is similar to Section 6.5

made for floor-wise leg model.
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According to the t-test results shown in Table 6.5(b), the t-statistic was observed to be
lower than the t-critical for the predominant number of cases. However, it was higher for GF
and SF of Lanka-Sankatmochan intersection for Eq. 6.1; and GF of Englishia Line intersection
for Eq. 6.1 to 6.3.

The obtained p-value was generally higher than 0.05, meaning thereby a statistically
insignificant difference (DI) between the means of two trials (observed and predicted data).
However, statistically significant differences (DS) between the two means were observed for
the GF of BHU intersection for Eq. 6.1 and 6.3; GF and SF of Lanka-Sankatmochan
intersection for Eq. 6.1; and GF of Englishia Line intersection for Eq. 6.1 to 6.3.

Summation of p-values shows that those equations utilizing NR as noise range
variation parameter had better p-values than NC, highlighting that NR was more suitable for
modeling of traffic jam noise. This observation is similar to Section 6.5 made for floor-wise

leg model.

Validation/calibration of developed equation conducted on a different set of data using
chi-square test are shown in Table 6.6(a). It was found that the obtained ° values were mostly
insignificant and less than the respective critical % values. Therefore, the models developed
were acceptable for prediction of L., under traffic jam conditions. However, relatively higher
values of obtained y? were found for the GF of BHU Gate intersection for Eq. 6.1 to 6.4; GF
of Ravidas Gate intersection for Eq. 6.2 and 6.4; GF of Bhelupur intersection for Eq. 6.2 and

6.4; and GF of Englishia Line intersection for Eq. 6.1 to 6.4.

Summation of the obtained y* values reveal that all equations had comparable values

of obtained 2.
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The t-test results are shown in Table 6.6(b). It was observed that the t-statistic was
lower than the t-critical for a predominant number of cases. However, it was higher for GF of
Englishia Line intersection for Eq. 6.1 and 6.3; and FF of Bhojubir intersection for Eq. 6.3.

The obtained p-value was generally higher than 0.05 in predominant number of cases,
meaning thereby a statistically insignificant difference (DI) between the means of two trials
(observed and predicted data). However, statistically significant differences (DS) between the
two means were noticed for GF of Bhelupur intersection for Eq. 6.2 and 6.4; GF of Englishia
Line intersection for Eq. 6.1 and 6.3; GF and SF of Godowlia intersection for Eq. 6.2 and 6.4;
FF of Bhojubir intersection for Eq. 6.3; and SF of Police Line intersection for Eq. 6.1.

Summation of p-values reveals that all equations had comparable results.

Out of all models that follow Eq. (6.4), the model of Bhikharipur intersection has
highest R? value collectively for GF, FF and SF levels, and had coefficients available for all
modeling parameters. Therefore, Eq. 6.8 to 6.10 are recommended as the floor-wise
intersection model for general estimation of traffic jam noise for mixed traffic having non-
lane based movement, notwithstanding the fact that intersection models developed in Table
6.4 utilizing the format of Eq. (6.4) may be used for any future traffic noise intervention for

the city of Varanasi.

For GF level, Leg = 72.37 + 0.66(NR) — 0.22 (%W) +0.04(p,) + 0.15(%A0)
R? = 0956, SE = 0.548 (6.8)

For FF level, Leq = 79.56 + 0.02(NR) + 0.75 (2£) + 0.06(p,) + 0.07(%A0)
R? = 1.000, SE = 0.034 (6.9)
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For SF level, Leq = 80.77 + 0.08(NR) + 0.73 (22) + 0.03(p,) + 0.06(%A0)

R? =1.000, SE =0.043 (6.10)

6.7 FLOOR-WISE CITY MODEL

Regression output for floor-wise city model comprising of floor-wise data of all
intersections of the city under study are shown in Table 6.7 for all the four equations
considered viz. 6.1, 6.2 6.3 and 6.4. It was observed that R? values were around 0.40. Under
the assumed hypothesis that the model to be rejected for R? lower than 0.60, the models do
not qualify for acceptance. However, considering the variation of SE values between 3.717
and 4.426 dBA which was lower than the threshold of 10 dBA for the apparent doubling of
loudness discernable by the human ear, it may be stated that the models developed may be

acceptable under the said limitations as floor-wise city model.

Check for adequacy using chi-square test as per Table 6.8(a) shows that the obtained
v* values were lower than the respective critical x> values. Summation of the obtained y>

values reveals a generally comparable efficacy of models.

According to the t-test results shown in Table 6.8(b), the t-statistic was observed to be
lower than the t-critical for all cases, with the exception of FF level for Eq. 6.2. The obtained
p-value was greater than 0.05 in a predominant number of cases, meaning thereby that there
was a statistically insignificant difference (DI) between the means of two trials (observed and
predicted data). However, statistically significant differences (DS) between the two means

were noticed for FF level of Eq. 6.2.
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Summation of p-values shows that the equations utilizing NR as noise estimating
parameter had higher p-values than those using NC, highlighting that NR was more preferable
for modeling of traffic jam noise. This observation is similar to Section 6.5 made for floor-
wise leg model.

Validation/calibration of developed equations conducted on a different set of data
using chi-square test are shown in Table 6.9(a). It was found that the obtained y* values were
significantly lower than the respective critical x> value. Therefore, the models developed in
accordance with from Equation 6.1 to 6.4 were acceptable for prediction of L, under traffic

jam conditions.

Summation of the obtained > values reveal that Equation 6.2 (with parameter NC)
and Equation 6.4 (with parameter NR) utilizing weighted traffic volume (Q,,) for traffic
volume had significantly lower obtained 3> values in comparison to those utilizing traffic
volume in terms of PCU, making Q,, more preferable for the modeling of traffic jam noise.

This observation is again similar to Section 6.5 made for floor-wise leg model.

The t-test results are shown in Table 6.9(b). It was observed that the t-statistic was
lower than the t-critical for all cases, with the exception of FF level for Eq. 6.2. The obtained
p-value was greater than 0.05 in a predominant number of cases, meaning thereby a
statistically insignificant difference (DI) between the means of two trials (observed and
predicted data). However, statistically significant differences (DS) between the two means
were noticed for FF level of Eq. 6.2.

The model obtained from data of intersections in the study are being recommended as

floor-wise city model as shown in Eq. 6.11 to 6.13.
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For GF level, Leg = 70.51 + 0.03(NR) + 0.12 (%W) +0.01(p,) + 0.22(%A0)

R? = 0396, SE = 3.743 6.11)
For FF level, Leq = 69.66 — 0.04(NR) — 0.66 (22) + 0.01(p,) + 0.22(%A0)
R? = 0366, SE =4.127 (6.12)
For SF level, Leq = 68.97 — 0.17(NR) + 0.59 (2) + 0.05(p,) + 0.20(%A40)
R? = 0.442, SE = 4.382 (6.13)

6.8 CONSOLIDATED CITY MODEL

Regression output for consolidated city model comprising of all data obtained in the
study for all floors are shown in Table 6.10 for all the four equations considered viz. 6.1, 6.2
6.3 and 6.4. It was observed that R? values were around 0.40 similar to the floor-wise city
model. Under the assumed hypothesis that the model to be rejected for R? lower than 0.60,
the models do not qualify for acceptance. However, considering the variation of SE values
between 4.022 and 4.030 dBA which was lower than the threshold of 10 dBA for the apparent
doubling of loudness discernable by the human ear, it may be stated that the models developed
in accordance with Eq. 6.1 to 6.4 can be acceptable under the said limitations as consolidated

city model.

Check for adequacy using chi-square test as per Table 6.11(a) shows that the obtained
v? values were significantly lower than the respective critical %? values. Summation of the

obtained y” values suggests that all equations have comparable efficacy.

253



The t-test results are shown in Table 6.11(b). The t-statistic was observed to be lower
than the t-critical for all cases. The obtained p-value was greater than 0.05 in all cases, meaning
thereby that there was a statistically insignificant difference (DI) between the means of two
trials (observed and predicted data). Further, the equations utilizing NR as noise estimating
parameter had higher p-values than those using NC, highlighting that NR was more preferable
for modeling of traffic jam noise. This observation is similar to Section 6.5 made for floor-
wise leg model.

Validation/calibration of developed equation conducted on a different set of data using
chi-square test are shown in Table 6.12(a). It was observed that the obtained y? values were
significantly lower than the respective critical %> value. Therefore, the models developed were

acceptable for prediction of L4 under traffic jam conditions.

The t-test results are shown in Table 6.12(b). It was observed that the t-statistic was
lower than the t-critical for all cases. The obtained p-value was greater than 0.05 in all cases,
meaning thereby a statistically insignificant difference (DI) between the means of two trials
(observed and predicted data).

The overall results of the study are being recommended as consolidated city model as

shown in Eq. 6.14.

Leq = 69.31 + 0.01(NR) + 0.30 (Qd—w) +0.02(p,) + 0.21(%A0)
R? = 0.403, SE = 4.030 (6.14)
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