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Abstract. In an immersive virtual environment, observers fail to notice the expansion of a room around them and consequently make gross
errors when comparing the size of objects. This result is diﬃcult to explain if the visual system continuously generates a 3-D model of the scene
based on known baseline information from interocular separation or proprioception as the observer walks. An alternative is that observers use
view-based methods to guide their actions and to represent the spatial
layout of the scene. In this case, they may have an expectation of the
images they will receive but be insensitive to the rate at which images
arrive as they walk. We describe the way in which the eye movement
strategy of animals simpliﬁes motion processing if their goal is to move
towards a desired image and discuss dorsal and ventral stream processing of moving images in that context. Although many questions about
view-based approaches to scene representation remain unanswered, the
solutions are likely to be highly relevant to understanding biological 3-D
vision.

1

Is Optic Flow Used for 3-D Reconstruction in Human
Vision?

Optic ﬂow, or motion parallax, provides animals with information about their
own movement and the 3-D structure of the scene around them. Throughout
evolution, motion is likely to have been more important for recovering information about scene structure than binocular stereopsis, which is predominantly
used by hunting animals who are required to remain still. The discrimination
of 3-D structure using motion parallax signals is known to be highly sensitive,
almost as sensitive as for binocular stereopsis [1,2]. Motion parallax has also
been shown to provide an estimate of the viewing distance and metric shape of
objects, when combined with proprioceptive information about the distance the
observer has travelled [3,4]. An important and unsolved challenge, however, is
to understand how this information is combined into a consistent representation
as the observer moves through a scene.
D. Cremers et al. (Eds.): Visual Motion Analysis, LNCS 5604, pp. 193–208, 2009.
c Springer-Verlag Berlin Heidelberg 2009
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In computer vision, the problem is essentially solved. Photogrammetry is the
process of using optic ﬂow to recover information about the path of the camera, its internal parameters such as focal length and the 3-D structure of the
scene [5,6]. For most static scenes the process is robust, reliable and geometrically accurate. It does not suﬀer from the systematic spatial distortions that
are known to aﬄict human observers in judgements of metric shape and distance [7,8,9,10,11]. Most approaches to visual navigation in robotics are based
on a partial reconstruction of the 3D environment, again using photogrammetric
principles [12,13,14].
It is questionable whether human vision is designed to achieve anything like
photogrammetric reconstruction. Gibson [15], for example, argued strongly
against the idea that vision required explicit internal representation, but did
not provide a clear description of an alternative [16]. Similar arguments are still
popular [17] but are no more computationally precise. In fact, although there
have been some attempts at generating non-metric representations for navigation in robots (see Section 3), there is as yet no well-developed rival to 3-D
reconstruction as a model for representing the spatial layout of a scene, either
in computer vision or models of human vision.
1.1

An Expanding Room

In our Virtual Reality Laboratory, we have developed a paradigm in which information about the distance of objects from vergence, motion parallax and
proprioception conﬂict with the assumption of scene stability. Observers wear a
head mounted display that has a wide-ﬁeld of view and high resolution. In an
immersive virtual environment, they make judgements about the relative size or
distance of objects, allowing us to probe the representation of space generated
by the visual system and to assess the way in which diﬀerent cues are combined.
Figure 1 illustrates one experiment [18]. As the observer moves from one side of
the room to the other, the virtual room expands around him/her. Remarkably,
almost all observers fail to notice any change in size of the room even though the
room expands by a factor of 4. Even with feedback about the true size of objects
in the room, they fail to learn to use veridical stereo and motion parallax cues
appropriately [18,19].
Our data suggest a process of scene representation that is very diﬀerent from
photogrammetry. For example, Figure 1b shows data for 5 human observers who
were asked to judge the size of a cube seen on the right of the room (when the room
is large) compared to a reference cube shown on the left of the room (when the
room is small). The reference cube disappears when the observer walks across the
room, so they must remember its size. Participants make a binary, forced choice
judgement on each trial about the relative size of the reference and comparison
cubes. Over many trials, it is possible to deduce the size of the comparison cube
that they would match with the reference cube. As Figure 1b shows, this size varies
with the viewing distance of the comparison cube: at 6m participants choose a
match that is almost four times as large as the reference cube, i.e. almost equal to
the expansion of the room, whereas at 1.5m they choose a more veridical match.
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Fig. 1. An expanding virtual room. a) As the observer walks from one side of the
room to the other the virtual scene around them expands. The centre of expansion
is mid-way between the eyes so the view from that point is unaﬀected. This stimulus
separates purely visual cues to the 3-D structure of the scene from others, such as
proprioception. b) Data from an experiment [18] in which participants matched the
size of a cube visible when the room was large with one visible only when the room
was small. The correct matched size ratio is 1 while a size ratio of 4 is predicted if
participants judged the cube size relative to the room or texture elements. Data for 5
participants is shown (solid symbols) and for a simulation using a 3-D reconstruction
package (open symbols, see text). The curve shows the predictions of a cue combination
model. The dotted line shows the predicted responses if participants matched the retinal
c Elsevier.
size of the cubes. Figure reproduced, with permission, from [18] 

Figure 1b also shows the predicted responses from a 3-D reconstruction package
(Boujou [20]) supplied with the same images that a participant would see as they
carried out the task. In this case, we provided one veridical baseline measure,
which sets the scale of the reconstruction, so the height of the simulation data
on the y-axis is not informative. The important point, though, is that there is no
variation of predicted matching size with viewing distance for the 3-D reconstruction, unlike the pattern of the human data.
In some ways, it is not diﬃcult to explain the human observers’ behaviour. The
ﬁtted curve in Figure 1b illustrates the predictions of a cue combination model.
Matches for a distant comparison object are close to that predicted by a texturebased strategy (judging the cube size relative to the bricks, for example), since
here stereo and motion parallax cues to distance are less reliable and hence are
given a lower weight [21]. At close distances, stereo and motion parallax are more
reliable (they support lower depth discrimination thresholds when compared
to texture cues) and hence have a greater eﬀect on matched sizes [22,18,21].
However, combining cues in this way is very speciﬁc to the task. It does not
imply that there should be related distortions in other tasks, for example those
requiring the comparison of two simultaneously visible objects.
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The diﬃculty with a task-speciﬁc explanation, such as the cue combination
model in Figure 1b, is that it avoids the question of scene representation in
the human visual system. It is all very well to say that the world can act as
‘an outside memory’, and be accessed by looking at the relevant parts of the
scene when necessary [23,17]. There must be a representation of some form to
allow the observer to turn their head and eyes or walk to the right place to
ﬁnd the information. The representation may not be a 3-D reconstruction, but
it must nevertheless be structured. There is as yet no satisfactory hypothesis
about what that representation might be but the proposal in this paper is that
it may have similarities to ‘view-’ or ‘aspect-graphs’, which are introduced in the
next section.
1.2

Moving between Views

An alternative to 3-D reconstruction has been described in relation to navigation, in which a robot or animal stores views or ‘snapshots’ of a scene and
records something about the motor output required to move between one view
and the next, without integrating this information into a Cartesian map. The
snapshots are the nodes in a ‘view graph’ and the movements are the edges [24,25]
(see Section 3). One possible explanation of people’s perceptions in the expanding
room is that, as they move across a room, observers generally have an expectation of the images that they will receive: the fact that they do not notice that
they are in an expanding room implies that they are relatively insensitive to the
rate at which those images arrive as they walk.
This is illustrated in Figure 2a, where the grey plane represents a manifold
of all the images that could be obtained by a person walking around the room.
Each point on the plane represents one image and neighbouring points represent images visible from neighbouring vantage points. The dotted line shows,
schematically, the set of images that a monocular observer might receive as they
walk from the left to the right of the room. Potentially, that eye could receive
exactly the same set of images whether the room was static or expanding: there
is no way to tell from the monocular images alone. However, as Figure 2a shows,
the rate at which new images arrive for each step the observer takes is diﬀerent
in the expanding room. On the left, where the room is small, new images arrive
rapidly, whereas on the right they do so more slowly. Proprioceptive signals from
the muscles provide information about the distance walked and these should be
suﬃcient to tell observers about the size of the room. But in the expanding room,
observers seem to disregard this information when it conﬂicts with the assumption that the room is stable, at least in determining their subjective experience
of the room.
One attractive aspect of the view graph idea is its close similarity to known
biological mechanisms. Moving from image to image or, more generally, from
sensory state to sensory state, with an expectation of the sensory input that will
be received as a consequence of each movement, is a familiar biological operation
associated with well established circuitry, notably in the cerebellum [26,27,28].
The same cannot be said of operations required for general 3-D coordinate
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Fig. 2. Possible images in an expanding room. a) The grey plane symbolises a
manifold of views of the room shown in ﬁgure 1. Each point corresponds to a single view
and neighbouring points correspond to views from neighbouring vantage points. The
current view is indicated by the white dot. The dashed line indicates the set of views
that a hypothetical observer receives as they walk across the room. The manifold of
views for the expanding room is identical to that for a static room: the only diﬀerence
is that when the observer is on the right hand side of the room, where it is large, views
change at an unusually slow rate as the observer walks while on the left side of the
room, where the room is small, the views change unusually fast. b) The grey plane now
symbolises a manifold of potential sensory (or sensory+motivational) states with the
current state indicated by the white dot. The state includes visual and proprioceptive
input. The black dots indicate stored states. Both the current and the stored states
can be described by points in the same high dimensional space.

transformations, particularly translations of the origin. There are no detailed
suggestions about how such operations might be achieved in the brain.
On the other hand, Figure 2b illustrates operations that are known to take
place in the brain and it looks very similar to Figure 2a. Now the grey plane illustrates a high dimensional space of potential sensory (and motivational) states.
Each black dot represents a potential sensory+motivational context that will
lead to a particular motor output. The white dot represents the current sensory+motivational context, which is recognised as most similar to one of the
stored contexts. The match leads to an action, whose consequence is a new sensory+motivational context, and so the movement progresses.
From this perspective, one can suggest a potential explanation for the fact
that observers see the expanding room as static. Even though the proprioceptive
signals are diﬀerent in the two cases, the powerful visual feedback is exactly
what is expected in a static room and hence, overall, the sensory context is
suﬃciently similar for it to be recognised as the expected context rather than an
alternative one. In terms of Figure 2b, the path through sensory+motivational
space as observers walk across the room is very similar, despite the diﬀerent
proprioceptive inputs, and hence their subjective experience is too.
It is not always true that the proprioceptive input is ignored. When observers
move from a small room to a clearly separate large room their size judgements
are much better than in the expanding room [18]. In that case, when confronted
with a new room of unknown size, there is no strong expectation about the sensory feedback they will receive and so the proprioceptive information becomes
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decisive. Even in the expanding room, proprioceptive (and stereo) input contributes to some judgements while not aﬀecting observers’ subjective impression
of the room size [18,19,21]. Overall, the results in the expanding room suggest a
representation that is looser, less explicit and more task-dependent than a 3-D
reconstruction.

2

Biological Input and Output of Optic Flow Processing

For photogrammetry, the goal is clear: compute the 3-D structure of the scene
and the path of the camera through it. Corresponding features are identiﬁed
across frames, then the most likely 3-D scene, camera movement and camera
intrinsic parameters (such as focal length) are computed given the image motion
of the features. The camera motion is described in the same 3-D coordinate
frame as the location of the points. The process can be written as:
xij = P i Xj

(1)

where x gives the image coordinates of points in the input frames, X describes
the 3-D locations of the points in the scene and P is the projection matrix of
the camera. P includes the intrinsic parameters of the camera, which remain
constant, and the extrinsic parameters (camera pose) which are the only things
that change from frame to frame. Equation 1 applies to the j th point in the ith
frame.
In computer vision applications, the camera is generally free to translate and
rotate in any direction. This is not true in biology. The 6 degrees of freedom
of camera motion are essentially reduced to 3. Animals maintain ﬁxation on
an object as they move and are obliged to do so for at least 150 ms (this the
minimum saccadic latency) [29]. Although the eye can rotate around 3 axes and
the optic centre can translate freely in 3 dimensions, the rotation and translation
of the eye are tightly coupled so that for each translation of the optic centre there
is a compensatory rotation of the eye. Two dimensions of rotation maintain
ﬁxation while the third restricts the torsion of the eye with respect to the scene.
This means that as a monocular observer moves through a static environment,
maintaining ﬁxation on an object, there is only one image that the eye can
receive for each location of the optic centre.
A similar pattern of eye movements predominates throughout the animal kingdom and must clearly carry an evolutionary beneﬁt. Land [30] has documented
eye movement strategies in many species. Animals ﬁxate while moving, then
they make a ‘saccade’ or rapid rotation of the eyes and ﬁxate a new target as
they continue to move. They do this even when their eyes are ﬁxed within the
head, as is the case in many insects. In a rare condition in which the eye muscles become paralysed, patients’ eyes are ﬁxed with respect to their head [31].
In these cases, the head makes a rapid rotation between periods of ﬁxation, so
their visual diet is similar to that of a person with freely moving eyes. And when
the eye and head are ﬁxed with respect to the body, for example in a hover ﬂy,
the whole body makes saccades.

View-Based Approaches to Spatial Representation in Human Vision

199

Why should animals do this? The constraint that eye rotation and translation
are tightly linked does reduce the number of free parameters and so can help in
the estimation of camera motion and scene reconstruction [32,33,34,35]. However,
the rationale we describe here is diﬀerent. If the goal is to navigate across a
manifold of images, as we discussed in relation to Figure 2, then the restrictive
pattern of eye movements that animals adopt makes sense. We illustrate this
claim in the next sections by considering the role of the dorsal and ventral
streams of visual processing during a simple set of movements.

a)

b)

Fig. 3. Moving across a surface of images. a) An observer is shown in plan view
moving towards a ﬁxated object. The pattern of ﬂow on the retina is illustrated and,
on the right, the movement of the current image across a surface of images, similar
to that shown in Figure 2a. b) The observer makes a saccade to a new ﬁxation point
which is illustrated by the current image jumping to a new surface of images (upper
surface). The observer then moves laterally while maintaining ﬁxation on the same
object. Objects with a crossed disparity (open symbols) move in one direction in the
image while those with an uncrossed disparity (ﬁlled symbols) move in the opposite
direction. The cross marks the view that would be obtained if the viewer were at the
location of the ﬁxated object.

2.1

Dorsal Stream

Figure 3 shows a simple sequence of head and eye movements to illustrate a
possible role of the dorsal stream in controlling head movements. In Figure 3a,
the observer moves towards a ﬁxated target. A fast, tight loop from retina to eye
muscles keeps the eye ﬁxating as the observer moves. This circuit can even bypass cortical motion processing [36]. The obligation to maintain ﬁxation imposes
a tight constraint on the type of image changes that can arise. The plane shown
on the right in Figure 3a represents the set or manifold of images that can be
obtained when the eye ﬁxates a particular object. Each point on the manifold
represents one image. As the observer approaches the ﬁxated object, the current
image (black dot) is shown moving towards the view that would be obtained if
the observer were at the location of the object (shown by the cross). The retinal
ﬂow created by this movement is approximately radial expansion outwards from
the fovea. There are many neurons in MSTd (the dorsal part of the medial
superior temporal cortex, in the dorsal stream) that are sensitive to ﬂow of this
type [37,38].
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Fig. 4. Ventral stream neuron receptive fields. Neurons in the ventral stream
respond selectively to certain objects or complex features while showing considerable
invariance to size or viewing direction. The dark grey region illustrates a ‘receptive
ﬁeld’ of a size-invariant neuron, i.e. the set of images to which it might respond. The
lighter grey ‘receptive ﬁeld’ shows the set of images to which a view-invariant neuron
might respond. As in Figure 3, each surface of images comprises the images that can
be obtained by the observer while they ﬁxate on a particular object – in this case a
woman and a man.

Figure 3b illustrates in the same way a saccade followed by a lateral movement of the observer. Fixating a new object moves the current image to a new
surface of images. The observer then moves laterally, staying the same distance
from the ﬁxation point. This produces a quite diﬀerent pattern of retinal ﬂow in
which objects that are closer than the ﬁxation point (shown as open symbols)
move one way on the retina while more distant objects move in the opposite direction (closed symbols). The distinction between objects in front of and behind
the ﬁxation point can be signalled by disparity (crossed versus uncrossed) and
indeed this seems to be a trick the visual system uses to disambiguate the ﬂow.
The same area that contains neurons responsive to expansion, MSTd, also contains neurons responsive to one direction of motion when the stimulus disparity
is crossed and the opposite direction of motion when the stimulus disparity is
uncrossed [39]. These neurons are ideally suited to signalling the type of ﬂow
that occurs when the observer moves his or her head laterally while ﬁxating an
object.
The two components of observer motion shown in Figure 3a and b can be
detected independently. The neurons sensitive to forward motion can be used
as a signal of progress towards the goal in Figure 3a with the neurons sensitive
to lateral motion signalling error; the role of these types of neurons can then be
reversed to control the lateral motion shown in Figure 3b. Greater calibration
would be required to move on a path between these extremes, but the principle
of using these two components remains [40] and the simplicity of the control
strategy relies on the restriction that the observer ﬁxates on a point as he or
she moves. This is a quite diﬀerent hypothesis about the role of dorsal stream
neurons from the idea that they contribute to a computation of scene structure
and observer heading in the same coordinate frame [38].
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Ventral Stream

The ventral stream of visual processing has a complementary role. Neurons in
this part of the visual pathway provide, as far as possible, a constant signal
despite the observer’s head movements, indicating which object the observer is
looking at (i.e. which surface the current image is on) in contrast to the dorsal
stream which signals how the observer is moving in relation to the ﬁxated object,
independent of the identity of that object.
As illustrated in Figure 4, it is possible to show on the surface of images
the ‘receptive ﬁelds’ of diﬀerent types of ventral stream neurons. Rather than
a receptive ﬁeld on the retina, here we mean the set of images to which this
neuron would respond. The dark grey patch on the left side of Figure 4 shows a
hypothetical ‘receptive ﬁeld’ for a size-independent cell [41]: it would respond to
an object from a range of viewing distances. The overlapping lighter grey patch
shows the receptive ﬁeld of a view-independent cell [42], which responds to the
same object seen from a range of diﬀerent angles.
Combining both of these types of invariance, one could generate a receptive
ﬁeld that covered the entire surface of images. In other words the neuron would
respond to the view of a particular object from a wide range of angles and distances. Neurons with this behaviour have been reported in the hippocampus of
primates [43]. The hippocampus, which lies at the end of the ventral stream,
contains a large auto-association network [44] which has the eﬀect of providing a constant output despite moderate changes in the input. Thus, there are
mechanisms throughout the ventral stream that encourage a stable output to
be maintained for the period of ﬁxation. In terms of the surface of images, the
argument here is that the ventral stream is designed to determine which surface of images contains the current image and the dorsal stream is designed to
determine how the current image is moving across it.
So far, we have only considered the example of a short sequence of head and
eye movements. In section 3, we discuss view graphs and how these can provide
an extended spatial representation of observer location.

3

Representing Observer Location

A view graph (or aspect graph) representation consists of discrete reference views
which form the nodes of the graph. In some simple examples, these have been
the views at junctions in a maze [45], while in more realistic cases they have
been the views at various locations in an open environment [46]. The edges of
the graph are the movements that take the observer from one view to the next.
A view graph is not a continuous representation of space (in contrast to the
coordinate frame of X in Equation 1) but, when the observer is not at a location
from which a reference view was taken, it is still possible to determine which of
the reference views is most similar to the current view. This allows space to be
divided up into regions, as the example below illustrates.
Figure 5 illustrates this principle for a 2-dimensional world. Suppose the room
contained 3 objects as shown and that a ‘view’ consisted of a list of the angles
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r1

r2
a)

ρ(table,fruitbowl)

b)

c)

Fig. 5. Reference locations. a) Two reference locations r1 and r2 are shown and three
objects, with the angle subtended between pairs of objects shown, e.g. ρ(table,fruitbowl).
The green and red areas indicate a possible division of the room into locations where
the best answer to the question ‘Where am I?’ would be r1 and r2 respectively. b)
Plan view of a scene in which the location of objects are marked by yellow triangles.
Contour plots show the likelihoods that the observer is at the two candidate locations,
colour coded according to which of the two likelihoods is greater. c) Same as b) but
showing log likelihoods.

subtended at the optic centre by each pair of objects. Figure 5a shows two
reference locations, r1 and r2 , and the angles subtended between each of the three
pairings of objects at a third, arbitrary location. The colours show a hypothetical
division of the room into regions where the view is most like that at r1 (green)
and most like the view at r2 (red). Figure 5b and c illustrate a speciﬁc example
of this principle. There are now more than three objects, whose locations are
shown by yellow triangles, but still two reference locations. The plots show the
likelihoods that the view at each location is a noisy version of the view r1 or r2 ,
computed as follows.
Scene features at positions (xp , yp ), p = 1, . . . , N , are imaged from viewpoint
(x, y), and represented by the visual angles:


ρp,q (x, y) = ρ1,q (x, y), . . . , ρp,q (x, y), . . . , ρN,q (x, y) ,

q = 1, . . . , N,

(2)

where ρp,q is the angle between points (xp , yp ) and (xq , yq ). In order to avoid the
use of a distinguished reference point, we compute all N 2 possible angles from
each viewpoint. As well as general views ρ(x, y), we have R diﬀerent reference
views,


ρp,q (x1 , y1 ), . . . , ρp,q (xr , yr ), . . . , ρp,q (xR , yR ) ,

q = 1, . . . , N,

(3)

taken from distinct locations (xr , yr ). Each reference view ρ(xr , yr ) is accompanied by a corresponding list of variances, σ 2 (xr , yr ):


ρp,q (xr , yr ) = ρ1,q (xr , yr ), . . . , ρp,q (xr , yr ), . . . , ρN,q (xr , yr ) , q = 1, . . . , N,
(4)


2
2
2
σ 2p,q (xr , yr ) = σ1,q
(xr , yr ), . . . , σp,q
(xr , yr ), . . . , σN,q
(xr , yr ) , q = 1, . . . , N.
(5)
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2
In our simulations, we take σp,q
= 1 in all cases. The ﬁt of the rth reference view
to the visual angles obtained at observer position (x, y) is deﬁned as the squared
diﬀerence between ρ(x, y) and ρ(xr , yr ), summed over all angles,

Er (x, y) =

N
N 

q=1 p=1


2
1
ρp,q (x, y) − ρp,q (xr , yr ) .
2 (x , y )
σp,q
r
r

(6)

We use Er to compute the likelihood of the current view ρ(x, y), under the
hypothesis that the viewpoint coincides with that of model view ρ(xr , yr ). Specifically, we represent the likelihood as


−Er (x,y)
L ρ(x, y) | ρ(xr , yr ) = e

,

(7)

which is proportional to the probability of the rth location-hypothesis:


−Er (x,y)
P x = xr , y = yr | ρ(x, y) ∝ e

.

(8)

The normalizing constant is obtained by integrating P over all viewpoints, (x, y).
The ﬁgures plot the maximum likelihood
at each point

 (x, y), colour-coded by
the reference location r for which L ρ(x, y) | ρ(xr , yr ) is maximum.
If the visual system represents places using angles subtended between objects
in a similar way, then ﬁxating on an object as the observer moves is a sensible
strategy. It allows changes in angles (at least, those with respect to the ﬁxated
object) to be monitored easily as the observer moves. Figure 6 illustrates the idea.
If the optic centre, O, of the eye/camera is at the location marked by the blue
cross and the ﬁxation point is F , then the eccentricity of a point, P , imaged on
peripheral retinal is the same as the angle (ρ) between that point and the ﬁxation
point subtended at the optic centre. If the observer maintains ﬁxation on the
same point, then change in eccentricity of the peripheral object signals change
in the angle ρ, Figure 6c. This retinal ﬂow, Δρ, is directly relevant to computing
changes in likelihood that the current location is r1 or r2 , as Figures 6b and d
illustrate.
The example in Figures 5 and 6 is limited to control of movement between two
reference locations. Figure 7 shows a larger set of reference locations chosen by a
robot, equipped with an omnidirectional camera, at which it took ‘snapshots’ or
reference views as it explored a real scene [47]. New snapshots were constrained
to diﬀer (above a criterion level) from those already stored. In general, views are
connected as the nodes in a view graph, where the edges connect ‘neighbouring’
views. New edges were formed by the robot as it explored: as it left one reference
location it compared its current view to all other ‘snapshots’ it had stored and
then used a homing strategy [48,49] to approach the reference location with the
most similar view. The edges in the view graph contained no information about
the direction or distance between two vertices, only that they were neighbours.
This experiment illustrates how the idea of reference views can be extended over
a large (potentially limitless) spatial range. Equally, of course, the resolution
of the representation can be increased within a particular region of space by
including more reference locations there. One can imagine many situations in
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P

ρ
F

a)

b)

P

ρ+Δρ

c)

F

d)

Fig. 6. Retinal flow and fixation. a) The observer’s location is marked by the blue
target and the ﬁxated object is shown by a yellow triangle, F . Two other objects imaged
on peripheral retina are shown, one of which (P ) is at an eccentricity of ρ. Movement
of the observer causes a change in the angles between pairs of objects subtended at
the optic centre (c and d). Because the observer maintains ﬁxation as he or she moves,
retinal ﬂow provides a straight-forward record of the changes in these angles with
respect to the ﬁxation point. For example, as shown in c), the change in the angle ρ
to ρ + Δρ results in ﬂow, Δρ, at the point on the retina where the object P is imaged.
The change in ρ (and other angles) with respect to the ﬁxation point can be used to
determine whether the current view is becoming less like that from reference location
r1 and more like that from r2 (b and d).

which ﬁne distinctions between diﬀerent observer locations are important in one
part of a scene but less important in others.
View graphs, then, provide a way of extending the ideas about control of
observer location to a wider region of space. Section 2 dealt only with observer
movement relative to the ﬁxation point, and saccades. Now these can be seen
as examples of moving over a small part of an inﬁnitely extendible view graph.
However, view graphs do not directly answer the question raised in section 1
about scene representation. For example, in Figure 7, how might the location
of the objects (rather than the robot) be represented? The grey object appears
in many views, including the snapshots from all the reference locations shown
by ﬁlled symbols. Is there a sensible coordinate frame in which to unite all the
information about an object’s location, other than a 3-D world-based frame?
Current implementations do not do so and it is not immediately obvious how it
should be done.
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Fig. 7. View graph of a scene. Circles show the locations of reference views (or
‘snapshots’), which are the nodes in the view graph (adapted from a ﬁgure in Franz et
al [47], with permission). The ﬁlled circles indicate the reference views that include an
image of the grey object. It is not clear how best to deﬁne the location of objects in
the view graph.

One might argue that in simple animals the distinction does not exist: for
an ant to know where an object is located is much the same as knowing how
to arrive at it. The same may be true for humans if an object is a long way
away (like the Eiﬀel tower). In that case, the represented location of an object
can be a node in the view graph. However, this only avoids the question of
uniting estimates of object location across views, which is relevant at closer
distances for actions such as reaching or pointing. Humans can point to an
object that is not currently visible and can do so in a way that accounts for
their rotations and translations since they last saw it. They can also direct their
hand to an object that they have seen in peripheral vision but never ﬁxated, even
when they make a saccade before pointing at it (although they make systematic
error in this case [50]). These capacities, however poorly executed, are evidence
of a representation of object location that is maintained across head and eye
movements. View graphs, or some similar view-based approach, must clearly be
able to support similar behaviour if they are to become candidate models of
human spatial representation.

4

Conclusion

We have argued that the human perception of space in an expanding virtual
room may be understood in terms of a representation like a view graph, or a
manifold of images, where the observer has an expectation of the images they
will receive as they move across the room but are insensitive to the discrepancy
between visual and proprioceptive feedback. It is clear that view graph models
are currently inadequate in many ways but we have argued that an explanation
along these lines is more likely to explain human perception in the expanding
room than one based on 3-D reconstruction. It is clear from the expanding room
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and many other perceptual phenomena that the development and successful
implementation of non-Cartesian, non-metric representations will be of great
relevance to the challenge of understanding human 3-D vision.
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