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Abstract

For the calculation of the photometric parameters of the road lighting it needs to have
photometric data of the luminaires used for illumination of carriage ways or walkways. These
data are in the form of an intensity table that provides a luminance intensity distribution
emitted by the luminaire in all relevant directions. A goniophotometer is required to measure
the Iluminous intensity distribution of Iluminaires. Results from goniophotometric
measurements are very important for lighting engineers who are using these results in lighting
calculation. Due to measurement of luminous intensity in discrete values of angle interval,
interpolation methods of I-tables will be needed to enable values to be estimated for
calculation of performance of road lighting system. At present is according to standard or
recommendation treating with road lighting calculation recommended linear interpolation.

Keywords: Photometry, Interpolation, Luminous intensity

1 Interpolation method

Interpolation is a method of finding new values for any function using the given set of
measured values. If the new value has to be found from two given points then the linear
interpolation formula is used whereas if a set of three numbers are available, quadratic
interpolation is appropriate and finally if a set of 'n’ points are measured the new value is
found using general Lagrange polynomial formula:

x—x]-

y() = By T s () (™)

Xi—x]'
where

y(x) is the interpolated value in a point x;
n is the total number of points to interpolate in between represented by the pairs of
coordinates (xi, Vi).

The most frequently used interpolating method in road lighting calculations is a linear
interpolation, less often a quadratic formula is utilized. Selection of the interpolating method
strongly depends on the accuracy as well as on the necessary CPU time. Note, that there is a
2-D array in all I-tables, thus an interpolation in both dimensions is required which can
significantly extend a time for the mass calculations.

1.1 Linear interpolation

To obtain an interpolated value of the luminous intensity /(C,y) from the I-table is neded to use
measurement angles y on the C-planes as it is defined in CIE 140. In the first step we use
linear interpolation and we show the final equations for /(C,y) calculated from four neighboring
measured points(2).

v =n (F22) + 7. (522) 2

The coordinates x,x1,x2 are at first replaced by the azimuth angle C and then by photometric
angle y. The order of C and y will not affect to results. If coordinates x,x1,x2 are at first
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replaced by the azimuth angle C then are terms /(C,y) and /(C,y;.1) obtain. Using this terms we
obtain a searched value of the luminous intensity /(C,y)(3). Necessary points for linear
interploation are shown on Figure 1.

1) =1Cn+—=[1(cy,,)-1(cy)] (d 3)

Yj+177j

1.2 Cubic interpolation

Linear interpolation has some loss in accuracy, generaly if larger angular intervals are used.
One way to improve accuracy is to use cubic interpolation that uses more points in
| table to calculate the value /(C,y). A comparison of the number of points needed for linear
and cubic interpolation is shown in Figure 1.

’Y|+2
Y

‘Yj+]

©
Y ©
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Figure 1 — Notation of the coordinates in I-table for linear (left) and cubic (right) interpolation
Cubic interpolation is based on following equation:
5;(x) = a; + bj(x — x;) + ¢;(x —x)* + d;j(x — x;)* (4)
The coordinates x,xi are at first replaced by the azimuth angle C and then by photometric

angle y. The order of C and y will not affect to results. We are looking for the solution of
following polynomial system(5,6,7) to find the value /(C,y;-1).

So(C) =ag +bo(C—Cp_y) +¢co(C— Cm—1)2 + do(C— Cm—1)3 ()
Sl(c) =a; + bl(c - Cm) + Cl(c - Cm)z + dl(c - Cm)3 (6)
5,(C) =a; +b(C—Cpyy) +c(C— Cm+1)2 + dy(C— Cm+1)3 (7)

Polynomials pass through specified points (8,9,10,11).

So(Cm-) = 1 (Cnrit,y) = 0= 1(Cursv,,) ®8)
$:Co) = 1(Casvy_y) = a1 = 1(Cmiv,_,) )
S2(Cny1) = I(Cm+1in_1) = a;=1 (Cm+13Yj_1) (10)

S2(Crns2) = I(Cm+2;y]'_1) =
I(Cm+1;Yj_1) + bZ(Cm+2 - Cm+1) + CZ(Cm+2 - Cm+1)2 + dZ(Cm+2 - Cm+1)3 (11)
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Polynomials are linked on each other (12,13).

So(Cm) = $1(Cm) =1 (Cas¥j_y) = 1 (Coness¥j_y ) + D0(Cin = Cines) + €0(Con = Crn)? +
dO(Cm - Cm—1)3 (12)

$1(Cme1) = S2(Cmsn) =1 (Cons¥j_y ) = 1(Cos¥jy ) + Do(Conss = Cin) + €o(Cones — Con)? +
dO(Cm+1 - Cm)3 (13)

First derivatives are linked on each other (14,15):

So(Cm) = S1(Cp) = by + 2¢4(Crp = Cn—1) + 3do(Cpp — Cn_1)?® = by (14)

S1(Cmt1) = S2(Cmy1) = by + 2¢;(Crpyys — C) + 3d1(Cryy — C)? = by (15)
Second derivatives are linked on each other (16,17):

So(Cm) = S1(C) = 2¢o + 6do(Crp — Crpy) = 2¢4 (16)

$1(Cm+1) = S2(Cms1) = 261 + 6d;(Cpeq — Cr) = 2¢, (17)
Conditions for a natural cubic spline (18,19).

So(Cye1) = 0 = 2¢, =0 (18)

S2(Cims2) = 0 = 2¢, +6dy(Cruyz — Cipyq) =0 (19)
For the determination of coeficient bi,ci,di are need following substitutions:

hi = Cryi = Coo1yis hips = Cgag — G By, = Viei ™ Vjic14e Ay, = Visrwi = Vigwr

Coefficients bi,ci,di are calculated by using following equations (20,21,22).

Ayi Ayi
hic; + 2 (hiyq +hy) cipq + hiyicip = 3 (—h}:; - —h}:) (20)
i hj
by =51~ 3 (ci + 26) (21)
— Ci+1—6Ci
4 = Sra (22)

Then is needed to repeat this procedure for angles vyj, yj+1, yj+2 . To find the result must be C
replaced with angles vyj11, yj, vj+1, Yi+2 and the value of I(C, y) passing through these angles
and C is than calculated.

2 Simulation

The interpolating methods of luminous intensity data can significantly improve the accuracy of
the calculations and redound to more effective and reliable road lighting design. Two
luminaires were chosen to compare the accuracy of the currently used linear interpolation and
cubic interpolation. To verify accuracy, values betweenC=5°and y=2.5°orC=15°and y
= 2.5 ° were calculated by interpolation (to C = 2.5 ° and y = 0.5 °) and compared with the
measured values C = 2.5 ° and y = 0.5 °. The calculated values are shown in the following
tables. Relative root mean square error (RRMSE), R-Squared (R?) and total luminous flux of
calculated values are shown in tables 7 and 8.
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Table 1 — Change of LIDC in hemisphere for linear and cubic interpolation (Luminaire 1)

c120 200
C150 740
800
500
C180 400
300
c210 C330 200
100
C240

c270

Measured values C=2,5° y =0,5° (values in cd/1000Im)

c90
c120 800 c120 CB0 =
c150 700 c150 C30 00
600 600
500 500
c180 i c180 co M400
300 300
c210 C330 M200 c210 c330 200
100 100
C240 C240 ©300
€270 0 c270 0
Linear Interpolation, Input C=5°, y = 2,5° Cubic Interpolation, Input C=5°, y = 2,5°

Table 2 — ERR (%) for linear and cubic interpolation (Luminaire 1, Input C =5° y =2,5°)

C90 C90
c120 C60 C120 Cce60
C150 C30 C30
C180 Cco Cco
Cc210 C330 C330
C240 C300 C240 C300

Cc270 C270

Linear Interpolation, Input C=5°, y = 2,5° Cubic Interpolation, Input C=5°, y = 2,5°

|
20 -15 -10 -5 0 5 10 15 20

Table 3 — ERR (%) for linear and cubic interpolation (Luminaire 1, Input C =15°,y=2,5°)

C90 Co0
c120 C60 C120 Cc60
C150 C30 C150 C30
c180 co C180 co
Cc210 C330 c210 C330
C240 C300 C240 C300
Cc270 C270
Linear Interpolation, Input C=5°, y = 2,5° Cubic Interpolation, Input C=5°, y = 2,5°

[
-20 -15 -10 -5 0 5 10 15 20
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Table 4 — Change of LIDC in hemisphere for linear and cubic interpolation (Luminaire 2)

c120

Cc240
c270

700

c150 600
500

C180 it
300

€210 cazo [§200
100

C300

Measured values C=2,5° y = 0,5°

(values in cd/1000Im)

C120
C150
C180
c210 C330

Cc240 C300
Cc270

Ca0
c120 C60 700

C150 C30

Cc180

Cco

c210 c3zo [g200

c240 C300
c270 0

Linear Interpolation, Input C=5°, y = 2,5°

Cubic Interpolation, Input C=5°, y = 2,5°

Table 5 — ERR (%) for linear and cubic interpolation (Luminaire 2, Input C =5° y =2,5°)

C90
c120 Ce0
C150 C30
c180 co
c210 C330
C240 C300
C270

C90
Cc120 C80

c180

C210

C240

Cc270

C300

C30

[e]

C330

Linear Interpolation, Input C=5°, y = 2,5°

Cubic Interpolation, Input C=5°, y = 2,5°

-20 -15 -10 -5 0

5 10 15 20

Table 6 — ERR (%) for linear and cubic interpolation (Luminaire 2, Input C =15°,y=2,5°)

Cc90
c120 ceo
C150 C30
c180 Cco
Cc210 C330
C240 C300
Cc270

c120

C150

c210

C240

C90

C270

C60

C30

C330

Linear Interpolation

Cubic Interpolation

-20 -15 -10 -5 0

5 10 15 20
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Table 7 — Calculated values for linear and cubic interpolation (Input C =5° y=2,5°)

Measured angular interval C(°) 5 v(°) 2.5 @ (meas) | @ (Calc)
Calculated angular interval C(°) 2.5 v(°) 0.5 (Im] (Im]
Luminaire 1
Linear interpolation RRMSE (%) 7.4565 R2 0.9967 2601.48 2601.78
Cubic spline interpolation RRMSE (%) 6.9874 R? 0.9971 2601.64
Luminaire 2
Linear interpolation RRMSE (%) 14.1578 R? 0.9846 4497 54 4461.57
Cubic spline interpolation RRMSE (%) 14.0759 R? 0.9848 4462.1

Table 8 — Calculated values for linear and cubic interpolation ( Input C =15° y=2,5°)

Measured angular interval C(°) 15 v(°) 2.5 @ (meas) | o (Calc)
Calculated angular interval C(°) 2.5 v(°) 0.5 (Im] (Im]
Luminaire 1
Linear interpolation RRMSE (%) 15.4077 R? 0.9855 2601.48 2599.08
Cubic spline interpolation RRMSE (%) 13.9632 R? 0.9884 2600.09
Luminaire 2
Linear interpolation RRMSE (%) | 19.7464 R2 0.9688 4497 54 4494.52
Cubic spline interpolation RRMSE (%) | 18.4513 R? 0.9739 4494.78

3 Conclusion

It can be seen that by using of cubic interpolation is possible to achieve better accuracy of
calculated values as in linear interpolation. The resulting accuracy is influenced by the shape
of the luminous intensity distribution curve and density of measured angular intervals To
verify the accuracy of cubic interpolation, it is necessary to make simulations on the others
samples. It can be said that the results presented in the paper show that cubic interpolation
can be considered in future revisions of CIE 140 and other related standard. For luminaires
that contain local extremes in luminous intensity distribution curve, it would be possible to
consider a hybrid adaptive spline interpolation that is capable of reconstructing the given
extremes.

This paper is supported by the agency VEGA MSVVa$S SR under Grant No.
VEGA 1/0640/17 ,Smart Grids, Energy Self-Sufficient Regions and their Integration in
Existing Power System*
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