contribution to the IGARSS’98, Seattle 1998 International Geoscience and Remote Sensing Symposium, Copyright 1998 by IEEE

Investigation on the Torrance-Sparrow Specular BRDF Model

GERHARD MEISTER^1, RAFAEL WIEMKER^1 , REN ťE MONNO^1, HARTWIG SPITZER^1, ALAN STRAHLER^2

1: Universitĺat Hamburg, II. Institut fĺur Experimentalphysik Mail: FB Informatik / KOGS, Vogt-Kĺolln-Str. 30, 22527 Hamburg, FRG Phone: ++ 49 40 5494 2601, Facs.: ++ 49 40 5494 2572 E-mail: meister@informatik.uni-hamburg.de http://kogs-www.informatik.uni-hamburg.de/∼meister/MG.html 2: Center for Remote Sensing, Boston University, USA

ABSTRACT To describe the directional re~ectance characteristics of a specularly re~ecting rough surface, K.E. Torrance and E. Sparrow developed a BRDF model based on geometrical optics. In this study their model is con^rmed by a ray-tracing-like simulation, using the same assumptions as in the analytical derivation. We also present a simple empirical function that captures the basic features of the analytical model quite well and has been used successfully in BRDF inversion problems including surfaces like roof cover materials and grass canopy.

INTRODUCTION

The ‘Bidirectional Re~ectance Distribution Function’ BRDF as de^ned by [1] is commonly used to describe the bidirectional re~ectance of diffusely scattering surfaces: f_r(θ_i, ϕ_i, θ_r, ϕ_r) ≡ dL_r(θ_i, ϕ_i, θ_r, ϕ_r) dE_i(θ_i, ϕ_i) (1) (L = radiance, E = irradiance, index r = re~ected, i = incident, θ = zenith angle, ϕ = azimuth angle.) In the case of a perfect specular scattering surface, the BRDF becomes in^- nite in the specular direction and thus dif^cult to use. However, in remote sensing perfectly scattering surfaces are very rare. Usually the scattering surfaces are not perfectly smooth, so the re~ected radiance is not scattered into one direction only. This makes the re~ectance characteristics of the specular surface describable by the BRDF without having to deal with in^nities. Torrance and Sparrow [2] developed a model (called TS model in the following) to describe the specular peak of rough surfaces. This model is still used in modern applications [3]. In this paper we con^rm the model by numerical ray-tracing-like simulations and present a simple empirical function to describe the BRDF of a specular peak. This function can easily be used in BRDF inversion problems.

BRDF OF A ‘PERFECT’ SPECULAR PEAK

We de^ne the angle ψ as the angle relative to the specular direction (see ^g. 1):

ψ ≡ cos^{−1}(− sin θ_i sin θ_r cos ϕ + cos θ_i cos θ_r) (2) ψ ϵ [0^∘, 180^∘], ϕ ≡ |ϕ_i − ϕ_r |

In the specular direction (θ_i = θ_r, ϕ = 180^∘) ψ = 0^∘, at e.g. (θ_i = 40^∘, θ_r = 50^∘, ϕ = 180^∘) one obtains ψ = 10^∘. The mathematically correct form of a ‘perfect’ specular peak is a delta function : f_r ∝ δ(ψ). In this section a continuous function (without in^nite values as in δ(ψ)) for the specular peak will be developed phenomenologically.

Fig.1: De�nition of the angles in the principal plane. The thick line indicates the light beam with an incident zenith angle θ_i and a view zenith angle θ_r. The relative angle to the specular direction (θ_r = θ_i) is ψ. The surface patches of the V-cavity have an inclination α.

A change in θ_r will change the area seen by the sensor by a factor of^1_{cos θr} (or^1_{cos θi} , as θ_i = θ_r in the specular direction). As for any surface, the irradiance becomes 0 for zenith angles towards θ_i = 90^∘, the well known cosine dependence (E_i = πL_i cos θ_i). As a perfect specular surface re~ects all the irradiance, the re~ected radiance L_r also has to be proportional to L_i cos θ_i.

The delta function will be approximated here by a Gaussian

exponential function^1√_{2πσ} · e^{− ψ2}2σ^2 . To obtain a very sharp peak, σ has to be chosen very small, the normalization constant becomes very large. The resulting function has the form

f_r(θ_i, θ_r, ϕ) ∝ L_i cos θ_i L_i cos θ_i · 1 cos θ_r · e^{− ψ2}2σ^2 √ 2πσ ∝ e^{− ψ2}2σ^2 σ cos θ_r (3) 1This work was supported by the German Research Foundation (DFG)

This function does not obey Helmholtz’s theorem of reciprocity (changing the angles of incidence and re- ~ection changes the BRDF). We substituted the term 1 cos θ_r with 1 √ cos θ_i cos θ_r . In the case of a very sharp

peak, this yields the same BRDF as before, because θ_i ≈ θ_r for all BRDF values not equal to zero.

TORRANCE-SPARROW MODEL

For rough surfaces, the specular peak is not centered around the direction θ_r = θ_i, but shifted towards large zenith angles. [2] proposed a BRDF model based on geometrical optics explaining this shift. They assumed that the surface consists of specularly re~ecting V-cavities of in^nite length (this inconsistency has been critized by [4] recently, but the model proposed by [4] yields similar results, so the approach of [2] seems to be a good approximation). In the following, we will not treat the diffuse component of the TS model but focus on the specular part only.

The distribution of the inclinations of the surface patches is assumed to be Gaussian by TS. This produces a specular peak of Gaussian shape. For large zenith angles, masking and shadowing will in~uence the contribution of the surface patches to the specular peak. This is accounted for by a so-called ’Geometric-Attenuation-Function’ G. The Fresnel re~ectance F is a function of the complex index of refraction n̂ and the angle of incidence of the specularly re~ecting surface patch. This yields the following relation for the BRDF of the specular peak: f_r ∝ F (θ_i, θ_r, ϕ, n̂) · G(θ_i, θ_r, ϕ) · e^{−c2α2} cos θ_i cos θ_r (4) where α = α(θ_i, θ_r, ϕ) is the angle of the specular re~ecting surface patch normal to nadir and g is a constant determining the intensity of the specular re~ection.

The function is plotted for several angles in ^g. 2. It can be seen that even for moderately rough surfaces (c = 0.05) the specular peak is not limited to the ideal specular direction (θ_i = θ_r, ϕ = 180^∘). E.g. at nadir viewing (θ_r = 0^∘) and an incident zenith angle of θ_i = 45^∘ the intensity of the specular peak is still about 20 % of its value at ideal specular direction.

RAY-TRACING VALIDATION

We have con^rmed the above model by a ray-tracing-like simulation as used in [5]. The simulation predicts numerically the BRDF of a surface of one-dimensional roughness (in this case parallel V-cavities). It accounts exactly for masking and shadowing for single scattering. The BRDF of the surface patches is needed as input for our simulation program. We used a specular peak of the form described in (3). For c = 0.01 deg^{−1} and c = 0.05 deg^{−1} we set σ = 0.07^∘, for c = 0.15 deg^{−1} (a very smooth surface) we set σ = 0.03^∘ (corresponding to an even sharper peak). The Fresnel re~ectance F was taken as constant.

[2] arranged the surface patches in V-cavities of in^nite length. We summed up the re~ection contributions predicted by the simulation program for every possible inclination (zenith angle α) and orientation (azimuth angle Φ) of the V-cavities weighted by the inclination distribution of the surface patches according to [2]. This way we simulated exactly the same surface as in the TS model.

The results are shown in ^g. 2. The agreement between the TS model and our simulation is very good. This is not surprising, as the same assumptions were made for both models. However, the approaches to the problem are so different (analytical calculation in the TS model versus ray-tracing-like simulation) that the excellent agreement of the two curves is an independent con^rmation of the correct BRDF of specular re~ecting V-cavities of in^nite length derived by [2].

The strongest deviations of the simulated values from the TS model occur for c = 0.15 (at θ_i = 75^∘). This corresponds to a quite smooth surface, in our simulation the width σ of the peak becomes a critical parameter. The larger the parameter c is chosen, the ^ner the angular grid for the surface patch inclination (α, Φ)) has to be chosen, which increases computing time. So these deviations are due to numerical problems of our simulation and do not indicate an approximation or even fault in the TS model.

EMPIRICAL MODEL

Using the TS model is not as straightforward as it might look, for some combinations of angles the formulas given in [2] are not suf^cient. For some applications a simpler model is desirable, e.g. in remote sensing usually the Fresnel re~ectance F is not known a priori. We will present an empirical model that is computationally ≈ 6 times faster, easier to implement and still captures the basic features. This empirical model performed well in several BRDF inversion problems including surfaces like roof cover materials and grass canopy, see [5], [6], [7]. Using ψ as de^ned in (2), the empirical model can be written as: f_r = a · e^{b·(θiθr)2} · e^{−c2( ψ2 )2} (5)

where a describes the intensity of the peak, b the shift towards large zenith angles and c the width of the specular peak. In the principal plane 2α = ψ, so the parameter c in (5) corresponds to the parameter c in the TS model (4). For a constant Fresnel re~ectance, we found that the best agreement between the TS model and the empirical function is obtained when choosing parameter b ≈ 0.9 · 10^{−7} deg^{−4} if angles are given in degrees (b = 1.0 rad^{−4} if angles are given in radians). If the Fresnel re- ~ectance depends on the zenith angle (which can hardly be excluded for remote sensing applications), b is another parameter that has to be inverted (additional to a and c). A ^tted value b > 1.0 rad^{−4} will indicate a Fresnel re~ectance rising with high zenith angles. A value b much smaller than 1.0 rad^{−4} indicates a problem with the inversion, because usually the Fresnel re~ectance does not drop signi^cantly for high zenith angles. In practical applications, another possible reason for a deviation of the inverted parameter b from 1.0 rad^{−4} is a non-Gaussian inclination distribution of the surface patches (e.g. the leaf surface distribution of grass cannot be assumed Gaussian, because grass is a rectophile canopy). Further studies on this point are needed.

As can be seen in ^g. 2, the empirical model ^ts quite well to the TS model, especially for θ_i = 45^∘ and θ_i = 75^∘ in the principal plane. The most important deviation from the TS model in the principal plane occurs for c = 0.01 (very rough surface) and θ_i = 10^∘: the TS model rises for large θ_r, but the empirical model is almost constant. At ϕ = 150^∘, TS model and empirical model do not agree well for very smooth surfaces (c large), but at c = 0.15 the intensity has dropped to less than 10 % of its maximum value, so the absolute deviation is quite small. In general, for angles not in the principal plane the TS model predicts values lower than the empirical model.

CONCLUSIONS AND OUTLOOK

The analytical TS model which describes the BRDF of a specular re~ecting rough surface is con^rmed by a ray-tracing-like simulation. We present a simple empirical BRDF that captures the basic features of the TS model quite well and can conveniently be used in BRDF inversion problems.

We are planning to investigate on the assumption of a Gaussian inclination distribution for the surface patches. First topography measurements on a roo^ng tile showed signi^cant deviations from a Gaussian distribution.

References

[1] F.E. Nicodemus, 1970. Re~ectance Nomenclature and Directional Re~ectance and Emissivity, Applied Optics, vol. 9 no. 6, pp 1474-1475.

[2] K. Torrance and E. Sparrow, 1967. Theory for Off- Specular Re~ection from Rough Surfaces, Journal of the Optical Society of America, vol. 57, no. 9, pp. 1105-1114.

[3] M. Oren and S.K. Nayar, 1995. Generalization of the Lambertian Model and Implications for Machine Vision, International Journal of Computer Vision, 14, pp. 227-251.

[4] B.v. Ginneken, M. Stavridi and J.J. Koenderink, 1998.

Diffuse and Specular Re~ectance from Rough Surfaces, Applied Optics, vol. 37 no. 1, pp. 130-139.

[5] G. Meister, A. Rothkirch, R. Wiemker, J. Bienlein and H. Spitzer, 1998. Modeling the Directional Re~ectance (BRDF) of a Corrugated Roof and Experimental Veri^cation, IGARSS 1998, Seattle.

[6] G. Meister, R. Wiemker, J. Bienlein and H. Spitzer, 1996.

In Situ BRDF Measurements of Selected Surface Materials to Improve Analysis of Remotely Sensed Multispectral Imagery, Proceedings of ISPRS 1996, Vienna, vol. XXXI part B7, pp. 493-498.

[7] G. Meister, S. Sandmeier and Wenge Ni, 1998. Analyzing Hyperspectral BRDF Data of a Grass Lawn and Watercress Surface Using an Empirical Model, IGARSS 1998, Seattle.

Fig.2: Specular peak BRDF as a function of view zenith angle θ_r. All BRDF values have been normalized to the value at f_r(θ_i = θ_r = 45^∘, ϕ = 180^∘, c), therefore the ordinate is dimensionless. The solid line is the TS model (with index of refraction n̂ = 1), the rhombs indicate the values obtained by the ray-tracing-like simulation, the crosses are the empirical model (5). The �rst column on the left has c = 0.01 deg^{−1}, corresponding to a very rough surface, for the second column c = 0.05 deg^{−1}, for the third column on the right c = 0.15 degree^{−1} (very smooth surface). The �rst 3 lines show the principal plane (ϕ = 180^∘) for θ_i = 10^∘, 45^∘, 75^∘ resp., for the lowest line ϕ = 150^∘ and θ_i = 45^∘. The TS model and the simulated values agree very well, the rhombs almost always lie on the solid line. The empirical model shows some strong deviations from the TS model.