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Abstract

This paper presents the visual measurement of physical object properties that
characterize the perceived object including: size, shape, surface properties, cover
reflectance properties, distance, and motion. We provide an overview of complete
set of local visual measurements. We derive photometric, geometrical, and tempo-
ral invariants to counteract unwanted transformations in the observation including:
illumination spectrum and intensity, scene setting causing shadow, shading and
highlight effects, and variation due to object position, pose and distance.

1 Introduction

The objective of any cognitive visual system is to obtain an accurate representation
of its environmental context and from properties designated as objects therein. For
biological systems more true but also in effect for artificial systems, the representation
depends on the system’s environment and purpose (Gibson, 1979).

A cognitive visual system is in equilibrium with the characteristics of the envi-
ronment it processes. Consequently, vision is tuned to the physical environment it
operates in, as can be derived from statistics (Barlow, 1997) and physics (Foster and
Nascimento, 1994) of the visual stimulus. Sensing and representing the visual stimulus
enables a visual system to describe operationally its surroundings.

2 Local Visual Measurements

Due to the physiological structure of human vision (Hubel, 1988), we constrain our-
selves to a visual stimulus in four physical dimensions: spatial coordinates v,
wavelength spectrum, and timet. Representing the visual stimulus by the front-end
therefore boils down to measuring the energy density volume in these physical vari-
ables. Measuring the stimulus energy, that is, plenoptics of the scene, a visual system
requires spatial, spectral, and temporal ‘receptive fields’ (Adelson and Bergen, 1991).
We construct receptive fields from spatial, spectral, and temporal receptive fields in
parallel. The local visual measuremdiit: R* — R of the (change of) energi of

the irradiance falling onto a Gaussian receptive fiéld R* — R probing physical
variablesr, y, A, andt simultaneously, becomes:

Eafiyj Akl (IE, Y, )‘a t) = E(lv Y, )‘7 t) * Ggfﬁig?m (I, Y, A, t)a (1)
where(x) is a linear correlation operator ang, o, 0, o, denote the scales.
Together with Gabor receptive fields probing spatial frequenciu, v) and tem-
poral frequencyw, a complete set of receptive fields is constructed from the spectral,
spatial, and temporal receptive fields, see Table 1.



Table 1: Physical variables and the complete set of receptive fields.

Receptive field |

| Physical variable

A Gyi(z,y, N\ t)

T,y Gwiyj(a:,y,)\,t)

t Gi(z,y, A\, t)

Az,y,t G'Aizjyktz(z,%)\,t)
A, u,v,t GZ?;;O(I,%)\J)
Az, y,w G’:\)?ijyk (z,y, A\, t)
A, u, v, w G’;"?'Uo’wo (z,y, A\, t)

3 Visual Observables and Invariance

Whereas receptive fields measure the 2-dimensional light field, a visual system aims at
representing: object size and macro-, meso-, and micro-shape, its surface properties,
cover reflectance properties, distance and motion, that is, ‘visual observables’ charac-
terizing perceived objects (Smeulders et al., 2001).

The problem now is how to arrive at observables given a set of visual measure-
ments. Answering this question requires knowledge of the physical laws involved in
the visual stimulus formation. The set of laws concerning stimulus formation are con-
stant for a particular ecology. We consider atmospheric vision. Inferring the physical
sources of variation enable to a visual system to relate visual measurements and ob-
servables under various transformations. An invariant relates the visual measurements
to an observable ignoring the irrelevant component in the perceived variation.

In short, visual measurements probe the 4-dimensional energy densjty,ii, andt.

Hence, a limited set of object properties can be represented. Visual measurements have
limited accuracy and consequently impose a metameric class of observables. Given the
limited set of visual measurements and the limited physical sources of variation, only
a fixed set of invariants can be derived. The purpose of a visual system is to obtain
representations invariant to unwanted transformations, tailored to the retained specific
object variant conditions. Table 2 provides an overview of the variants and invariants,
following an incremental approach of application of invariants.

Samples from the COREL image collection are weakly segmented, confirming the
discriminative power of the invariants, see Figure 1.

4 Conclusion

We have derived a complete set of local invariant visual measurements. The measure-
ments are performed by receptive fields probing space, wavelength spectrum, and time.
We identified physical object properties to metamerically characterize a perceived ob-
ject. Various unwanted transformations in the visual stimulus formation disturb the
measurement of observables. Invariants eliminate systematically deviations of illu-
mination spectrum and intensity, scene setting causing shadow, shading and highlight
effects, and variation due to object position, pose and distance.



Table 2: Receptive fields, observables, unwanted transformations and invariants.

Physical vari- | Receptive Observable(s) Directly mea- | Unwanted Invariant(s)
able field(s) surable transforma-
tion(s)
Wavelength Gkimjuk Object cover re-| Reflectance Illumination in- w
spectrum (Geusébroek flectance tensity
etal., 1999)
lllumination in- | H
tensity, shadow,
shading, high-
lights
lllumination N
intensity and | (Geusebroek
spectrum, etal., 2001)
shadow, shad-
ing
Local geometry vajyk Object macro-| Edges, curva-| Object position, | Z
(Koenderink shape ture, junctions, | pose, distance (Florack,
and van Doorn, corners 1997)
1987)
Object size, max arg
surface/cover (Ogy)Tmom™
granularity (Lindeberg,
1998)
Object distance | Far distance zZ
(Pentland,
1987)

Object
shape

meso-

Principal curva-
tures

K

(Koenderink
and van Doorn,
1987)

Shading w
(Lee and
Rosenfeld,
1985)
Object cover re-| Highlights w
flectance type
Spatial fre- (T;?’”O Surface/cover Spatial fre- | Object position, | S
quency (Bovik et al., regularity quency pose, distance
1990)
Object distance | Relative near
distance
Time G i g gkl Object motion Projected object| Object distance | V
(Adelson and motion (Horn and
Bergen, 1985) Schunck,
1981)
Temporal C?;”ZO Object motion | Temporal
Frequency periodicity frequency
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Figure 1: Segmentation of a benchmark image and images from the COREL collection.
Data from the intensity measuremdiitand invariants3/Vy, Wy, andS, Sy andSy
arek-means clustered based on an Euclidean distance measure.
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