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A procedure for camera spectral sensitivity measurement is explained in this 

article, which aims to provide high accuracy ground-truth values with known 

uncertainty per wavelength. The measurements were carried out on a Nikon 

D5100 camera at the National Physical Laboratory, London. 

We use the obtained ground truth spectral sensitivity functions to evaluate the 

performance of some estimation algorithms reported in the literature. We 

validate previous work, which shows that a known camera basis provides a 

powerful constraint for estimation. 

Abstract

Background

National Physical Laboratory Spectral Sensitivity Measurement

Calibration set up accounted for 

the following uncertainties:

• Uncertainty associated with 

the Reference detector [5].

• Uncertainty associated with 

the spectral reflectance of the 

white tile. 

• Uncertainty associated with 

the NPL spectral responsivity

facility. 

• Uncertainties associated with 

the camera: 

o Uncertainty due to 

scaling factor.

o Uncertainty due to non-

uniformity effects. 

o Uncertainty due to dark 

noise. 

o Uncertainty associated 

with camera 

repeatability.

o Uncertainty associated 

with sensor non-linearity

Experiments

Validation:

RGB camera response of a Macbeth color checker 

compared with those predicted by the numerical 

integrations of the NPL measurements.

Conclusion
We determined approximately 2% uncertainty for the recovered spectra at the 

National Physical Laboratory, and validated with only 1.5% relative response 

prediction error. The validation results show that further improvements are 

required for the estimation techniques. We have made the ground truth spectral 

sensitivities measured at NPL along with the detailed uncertainty levels available 

online for the community to use as a reference data set at 

http://spectralestimation.wordpress.com/data/.

Color formation model for 𝑖𝑡ℎ sensor and 𝑗𝑡ℎ pixel response 𝑝𝑖
𝑗

can be written as:

𝑝𝑖
𝑗
=  𝜔 𝐸 𝜆 𝑆𝑗 𝜆 𝑄𝑖 𝜆 𝑑𝜆,   i=1,2,3 𝐸 𝜆 : Spectral power distribution of illuminant

𝑆𝑗(𝜆): Surface reflectance imaged at pixel 𝑗

𝑄𝑖(𝜆): Spectral response of the sensor 𝑖

ω: Visible spectrum.

By sampling spectral quantities at equal intervals over the visible spectrum:

pi
j
=  l=1

m E(λl)Sj(λl)Qi(λl)Δλ, i = 1,2,3. 

𝑃 = 𝐶𝑞,                                              𝐶 : Color stimulus matrix which is nxm

𝑞: Sensor sensitivity matrix 

A solution for 𝑞 [1]:

𝑚𝑖𝑛
𝑞

𝐶𝑞 − 𝑃
2
⇒ 𝑞 = 𝐶𝑡𝐶 −1𝐶𝑡𝑃 when 𝑛 ≥ 𝑚 and 𝐶 is full rank

Practically, very small perturbations in the measurements of 𝑃 can result in large 

differences in the estimated sensors. 

Spectral sensitivity recovery algorithms that use one or a combination of the criteria 

illustrated in the Table below make the regression more stable. 

Table of summary formulae for the sensor sensitivity estimation algorithms. 𝐵 is the 𝑚 × ℎ matrix of basis functions, 𝑎 is 

the ℎ element vector of coefficients, 𝛾 is the regularization parameter determined for minimizing the norm of the 

solution and 𝑇 is a second order derivative operator in matrix form.

Adapting linear basis [4] in (II):

𝑄 𝜆 =  𝑘=1
ℎ 𝑎𝑘𝐵𝑘 𝜆 𝐵𝑘(𝜆) : Basis as a function of wavelength 𝜆

𝑎𝑘 : Coefficients

Equivalent matrix form:  𝑞 = 𝐵𝑎
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Uncertainty levels over 

0.5% are illustrated 

with black error bars 

across 450 to 650nm. 

Average relative prediction 

error correlates with less 

than 3 CIE Lab Delta E 

values. 

Evaluation:

Estimated spectra tested against ground 

truth with error metrics:

𝑆𝐸 = 100 × (   𝑞 − 𝑞 𝑞 )

𝑉𝑜𝑟𝑎 = 100 × (1 −  (𝑡𝑟𝑎𝑐𝑒 𝑄𝑄+  𝑄  𝑄+ ) 3)

Red channel spectral response function: 

Measured  from NPL (blue line), 

estimated using basis functions (red 

dashed) and estimated using radial basis 

(red faint line). Neither of the red lines 

overlap the blue lines fully.
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