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ABSTRACT

The visual looming effect has been shown to be very important when action is taking place. In this paper we take
a quantitative approach to visual looming. We define looming mathematically, show geometrical properties of objects
that produce the same value of looming, and summarize results on measuring looming including how a multiresolution
logarithmic retina simplifies this measurement.

1. INTRODUCTION

The visual looming effect, i.e., expansion of an object’s size on the retina over some period of time is an indication
for possible collision with the object. The reaction to this visual stimulus is the result of some kind of "perceived threat”,
i.e., the measured relative rate of expansion of objects on the retina corresponds to a visual timing parameter that causes
the subject to defensively react to reduce the visual threat.

Looming and looming-related actions have been studied by many researchers, mainly psychologists [1-12], but
most of the work is qualitative or limited-quantitative [S]. The looming effect [11,22], which is the result of optical
expansion of objects, has shown to cause defensive reaction in several animals as well as babies [4,11].

Assume an observer moving in a 3-D environment filled with several balls (Figure 1). During the motion of the
observer relative to the balls, both the size of each ball and the location of its centroid, when projected into the image,
are continuously changing. If the distance between a ball and the center of the camera decreases then the projected image
of the ball will increase in area. The relative rate of expansion of the area over time of the imaged ball causes the "loom-
ing" effect and it is proportional to the time derivative of the relative distance (range) between the observer and the ball
divided by the relative distance (range) itself. The looming is a measurable variable and can be extracted directly from a
sequence of 2-D images using optical flow, relative change in area, etc.

In this paper we approach looming from quantitative as well as qualitative points of view. We start with a
mathematical definition of looming, followed by an expression for looming in vector form. We show that looming is
rotation independent and that there are equal looming spheres each of which corresponds to a value of looming. In other
words, each point on a particular equal-looming sphere appears as having the same looming value regardless of the
instantaneous rotation of the camera. We summarize two methods for measuring looming, using optical flow as well as
the expansion of the projection of objects on the retina. We explain the difference between visual "time-to-contact” [5)
and visual "looming".

The work described in this paper is highly related to the area called "Active Vision,” in particular purposive quan-
titative as well as qualitative vision, since it can be used to actively control the viewer’s parameters. [16-19,27,35].

2. MATHEMATICAL DEFINITION OF LOOMING

Let a camera and an object (e.g., a ball) move arbitrarily in a 3-D environment (Figure 2). Then at two different
time instants they may be in different relative locations. The distance (range) from the center of the ball to the pinhole
point of the camera may change, thus resulting in different sizes of projected images. Figure 2 shows a 3-D ball and its
images at two different time instants. The looming effect is caused by the expansj;m gf the projected ball. Intuitively,

24,

the relative rate of expansion, i.e., the relative change of the projection of the ball over the period of time ¢t
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Figure 1: Relative Motion

Figure 2: Projection of a Ball at Two Time Instants
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time. (In fact, for objects that are small relative to their range from the observer, they are proportional, i.e., differ by a
scale factor.) Thus one can define looming in terms of the relative change in range instead of relative change in the
object’s projection.

We define looming L as the negative value of the time derivative of the relative distance between the observer and

the point P, divided by the relative distance R (Figure 3), i.e.,

R,
in which the change takes place, is highly related to the relative change of the range during the same period of
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where dot denotes derivative with respect to time. The reason for the negative sign in Equations (1) and (2) is to asso-
ciate image expansion with positive looming.

This definition allows the use of the term "looming of a point” for describing the value of L (i.e., _ITR) of a point.

Both R and R in are independent of camera rotation. Thus result for L in Equation (2) is a scalar which is depen-
dent on the camera translational component of the velocity vector, but independent of any camera rotation. Let the trans-
lational motion vector of the camera be t and the vector that connects the camera with point P be R, then the expression
for looming can be rewritten as:

t-R

=2 R )

In the expression for looming (Equations (2) and (3)) neither the distance nor the velocity between the observer
and the point in space need to be explicitly known. Only the ratio between the two dot products needs to be known.
The expression is time dependent only, i.e., L is measured in [time ] units.

3. EQUAL LOOMING SURFACES

In this section we answer the following question: "What is the location of points in 3-D space that result in the
same looming value L for any motion of the camera?”

3.1. GENERAL MOTION OF CAMERA

Let us set the value of the looming expression (Equation (3)) to a constant and obtain equal looming surfaces. If
the angle between t and R is a (Figure 4) then Equation (3) becomes:
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Figure 3: Motion relative to a Point Figure 4: Equal Looming Sphere
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where It| is the absolute value of the vector t. Without loss of generality attach an XYZ coordinate system to the
_observcr such that the Y axis coincides with the instantaneous vector t as in Figure 4. In this case coso = —r

VxZ+yZez?
andR = \/x2+y 7172, Substituting these expressions into Equation (4) yields: y
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Equation (6) is an equation of a sphere whose center is located at (0,—'2%,0) and its radius is ZIIZI K The center of

the sphere lies on the instantaneous translation vector, and the observer lies on a point of this sphere (the origin of the
coordinate system in Figure 4). Note that this sphere corresponds to a particular looming value, i.e., all points on this
sphere result in the same value of L. Depending on It! this sphere will expand or shrink in 3-D.

3.2. POSITIVE-, NEGATIVE-, AND ZERO-LOOMING SURFACES

Of the equal looming surfaces some correspond to positive values of looming, others correspond to negative values
of looming and there is a plane (i.e., a sphere with infinite diameter) that corresponds to zero looming. Figure 5 shows
the three types of surfaces. Points on the plane which is perpendicular to the instantaneous translational vector and passes
through the pinhole point of the camera produce zero looming. Points on the hemisphere in front of the moving cam-
era (i.e., in front of the zero-looming plane) produce positive values of looming, and points on the hemisphere behind the
moving camera (i.e., behind the zero-looming plane) produce negative looming values. Note that the smaller the sphere
the higher the absolute value of the looming. The different points shown in Figure 5 correspond to different L which
depends on their location. Note that at 6 = 45° the looming value is maximum and at 6 = —45° it is minimum. At these
two angles the size of the sphere is minimal.

4. MEASUREMENT OF LOOMING

We summarize two basic ways for measuring looming. One is based on optical flow where the derivation is for
any six-degree-of-freedom motion of a camera in a stationary environment. The second way is based on the relative
rate of expansion of the objects’ projections and holds for any kind of relative motion between the camera and the
object.

4.1. USING OPTICAL FLOW

This section describes the equations that relate a point in 3-D space to the projection of that point in the image for
general six-degree-of-freedom motion of the camera. The following derivation is for motion in a stationary environment.

CONTRIBUTION OF THE NATIONAL INSTITUTE
OF STANDARDS AND TECHNOLOGY.
NOT SUBJECT 70 COPYRIGHT



Assume a moving camera in a stationary environment with the coordinate system fixed with respect to the camera
as shown in Figure 6. Assume a pinhole camera model, such that the pinhole of the camera is at the origin of the coor-
dinate system. We derive the optical flow components in a spherical coordinate system (R 6¢). In this frame, angular
velocities (8 and 4)) of any point in space, say P, are identical to the optical flow values 6 and ¢ of the projection of P
(i.., P’) in the image domain (Figure 7).

The relationship between the image flow values in the spherical domain is given by the following equations. Let
the instantaneous cartesian coordinates of the point P be R = (X,Y,Z)7 (where the superscript T denotes transpose). Let
the instantaneous translational velocity of the camera be t= (U,V,W)T and the instantaneous angular velocity be
® = (A,B,C)". Then the velocity vector V of the point P with respect to the XYZ coordinate system is [25]:

V=-t-oxR Q)

Usir;g well known relations between spherical and cartesian coordinates we obtain:
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There are four unknowns in Equation set (8): R R, 6,and ¢ For each pixel, 6 and ¢ are known. The motion parameters
(A .B.,C,U,V ,W) are also known.
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Figure 6: Camera Coordinate System
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Figure 5: Equal Looming Spheres Figure 7: Image Domain

If the brightness ! varies smoothly with 0, ¢, and ¢ (time), then we obtain the optical flow constraint equation
using the chain rule (see [20]):
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Io6+1,6+1,=0 (10)
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Solving Equations (8) and (10) simultaneously, we obtain the expression for looming:
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If the translation vector t forms 6=0, and ¢=¢, angles in the R—6—® coordinates (Figure 6) then U,V, and W can be
expressed as:
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Using the last three expressions, Equation (11) can be rewritten as:
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The meaning of solution (15) is that if the location of the pixel in the image, the instantaneous rotational motion
parameters of the camera, the instantaneous translational direction of motion, and the spatial and temporal intensity-
changes (i.e., changes in brightness) are given, then the looming of the corresponding point in 3-D can be obtained.

For the purpose of analyzing looming this approach is quite limited. Practically there are other severe limitations
which are related to the measurements of spatial and temporal gradients.
A SPECIAL CASE

For the case where the camera undergoes translation only along the optical axis, the expression for looming for
points in the XY plane becomes very simple, i.e.,
6
L =- 16
cot© (16)
4.2, DIRECT CALCULATIONS OF LOOMING

This approach deals with any relative motion between the camera and the object. It is based on measuring the
looming at the image region (or object) level (rather than the pixel level).

The concept of measuring looming from the relative rate of expansion can be explained using a 3-D ball example.
Figure 8 shows an observer moving relative to a 3-D ball. As a result, the projection of the ball on the retina may be
different in size at two different time instants ¢; and ¢,. Let the relative speed along the ball-observer direction be Itl, the
radius of the ball , and the distance from the center of the ball to the observer R.

It has been shown [33] that:
R_B _d, . A
= = = —I]n o —
L=- =% = "B =4 an
where dot denotes derivative with respect to time and A is the projected area of the ball on a spherical image.

This means that by using the In(sinp) retina it is possible to measure looming from the expansion of the projec-
tion of a ball in a simple way even if rotation is involved ( as long as the optical axis passes through the center of the
ball, i.e., the camera "fixates" at the center of the ball). In other words, by constructing a In (sin (.)) retina [30,36,37,39],
then radial motion of a point in the image from pixel ring i to pixel ring i+1 corresponds to the same looming value as
radial motion of a point in the image from pixel j to pixel j+1, and the same as n times less the looming of a change
from pixel k to k+n, for any positive integers i,j.k.n. In other words, the In(sin(.)) retina measures looming during
fixation in a linear way!

The derivation here is an extension of existing results [31,32] and may be another advantage for using fixation.
Using this particular logarithmic mapping, the measurement of looming becomes independent of the object’s size, and
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Figure 8: Looming computations

Figure 9: Looming and Fixation
looming becomes linearly mapped, i.e., different size balls located on the same equal looming surface result in the same
relative change in pixels of the logarithmic retina. Figure 9 shows two different size balls which lie on the same equal
looming sphere. Even though their projections on the retina are different, their relative rate of expansion is the same.
Using a fixating logarithmic retina their expansion in terms of number of pixels is the same.

4.3. QUALITATIVE MEASUREMENT OF LOOMING

Looming can be measured in qualitative terms. This means that instead of measuring the exact value of looming,
we may be interested if the looming value is above or below a threshold level. Alternatively, we may be interested to.
check if the looming value is within a specific margin. Figure 10 shows what we mean by qualitative looming (see also
[18)). In this figure, 3-D space is divided into two regions. One consists of all points inside an equal looming sphere, and
the second region corresponds to all points on or outside the equal looming sphere. Points inside this sphere are con-
sidered to be in a "Danger Zone" since they produce "above threshold” values of looming, while points on or outside the
ball are in a "Safety Zone" since they produce "below threshold” values of looming.

A more quantitative division of 3-D space is shown in Figure 11. Here the space is divided into several regions,
according to the range of looming values of points in each region. We called these regions "Danger Zone", "High Risk
Zone", and "Safety Zone".
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Figure 10: Qualitative Looming Figure 11: Qualitative Looming



5. LOOMING AS A FUNCTION OF TIME

So far we have dealt with instantaneous looming. We now examine looming as a function of time. As shown in
Section 3.2 equal looming surfaces are spheres. The physical size of each sphere is proportional to the instantaneous
translational velocity, the centers of the spheres lie on a line along the instantaneous velocity vector, and the observer
lies on the sphere surface. Also, the spheres are independent of the instantaneous rotational parameters.

Figure 12 shows what happens to these spheres as a function of time. Note that their centers always lie on a line
along the instantaneous translational vector and not on the optical axis.

Figure 13 shows the values of looming of several points as a function of time. Figure 13a shows a camera that
undergoes both translation and rotation. We examine the looming values for four different points: 1,2,3, and 4. The
looming values as a function of time are plotted in Figure 13b. At time instant ¢ = ¢, the looming values for all four
points are positive, and the looming value of point 2 gets its maximum value. At ¢ =¢,, the looming value of point 3
gets its maximum value since the angle formed by the instantaneous translation vector and the line that connects the
pinhole point of the camera and point 3 is 45°. At time close to ¢ = ¢3 the looming produced by point 4 gets a very high
positive value (which changes to a very high negative value at the time instant immediately after ¢ =1¢;). At 1 =1,
points 1, 2, and 3 are all on the same equal looming sphere and point 1 produces a maximum looming value. Note that
the looming values of points 1, 2, and 3 are the same at ¢ = t3 as shown in Figure 13b since they lie on an equal loom-
ing sphere.

Shortly after ¢ = t4 point 3 produces zero looming value. At t = 4 point 3 produces minimum value of looming
and point 2 produces zero looming value. At ¢ = 5 point 2 produces minimum value of looming and point 1 produces
zero value of looming. At t =tg points 1, 2, 3, and 4 produce the same value of looming and point 1 produces
minimum value of looming. Note that looming values are independent of the rotation of the camera. (In this particular
example the camera in Figure 13a was chosen to fixate on point 2.)

6. MORE ON LOOMING

6.1. LOOMING AND THE TIME-TO-CONTACT

As mentioned earlier, looming is different from the time-to-contact. It is related more to the "two dimensional”
time-to-contact concept [12,14]. According to Lee [5] any point that lies on a plane which is perpendicular to the instan-
taneos translational motion direction of the camera, will produce the same value of "time-to-contact” T, (assuming that
the optical axis coincides with the direction of motion). This means that the time-to-contact deals with depth. The
derivation in [5] is valid only for rectilinear motion (with no rotation) of the camera. Only recently [13] has it been
extended to a more general motion of the camera.

Figure 12: Equal Looming Spheres as a Function of Time



One problem with the time-to-contact approach is that points which lie on a single perpendicular plane but are
located far away from, or close to, the camera produce the same value of T, even though they are not equally relevant to
making vision-based behavioral decisions. The looming value of a point is related to range rather than depth.

Figure 14 illustrates the main difference between the time-to-contact value of a point, and its looming value. All
points that lie on a vertical plane will have the same time-to-contact value. However, points on a sphere in front of the
camera produce the same looming value.

6.2. LOOMING, ZOOMING, AND VIEWING

Note that since looming deals with the relative change of range, the looming values obtained from zooming or
non-zooming cameras are the same, although the images are different in these two cases. Also the looming perceived by
a camera (¥1 in Figure 15) is the same as that perceived by other cameras (e.g., #2, #3, and #4 in Figure 15) that
observe a monitor on which images from camera #1 are displayed (regardless of the distance and location relative to the
monitor) This is due to the fact that the relative change in the area is the same from all points of view.
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Figure 13: Looming as a Function of Time
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Figure 14: Looming and Time-to-Contact
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Figure 15: Observing a Screen

7. DISCUSSION AND FUTURE WORK

In this paper we presented a new approach for analyzing visual looming. Using the concept of equal looming
spheres we showed how 3-D space can be partitioned during motion. These spheres can be thought of as properties of
space rather than properties of points in the image domain. They can be used by an observer to avoid obstacles using
the concept of looming. Several methods for measuring looming of simple 3-D objects were presented. It has been
shown that using a logarithmic retina the looming computations become simpler, i.e., looming computations can be done
by constructing a dedicated hardware. We also showed how beneficial fixation can be to simplify the measurement of
looming.

The approach for measuring looming using relative rate of expansion is quite limited. It works mainly for sphere
and sphere-like objects, or sections of these objects. Computing looming from image flow has the advantage of simpli-
city. Unfortunately, it tends to produce noisy and inaccurate results [15,23,24,34,38). Computing looming from image
flow by the method of cross-correlation [34] can be much more accurate. It is, however, more complicated and computa-
tionally intensive.

Future work will focus on measures of performance of the above algorithms in an environment filled with a
variety of natural objects. We plan to exploit the equal looming surfaces concept in a vision based navigation algorithm
for a real-time robot system. Experiments will be performed for tasks such as obstacle avoidance [15,38].
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