
stationary solution corresponds to asymmetrical traffic with Cij ¼
qf
v ^

ffiffiffiffiffiffi
D2

p
and Ci 0 j ¼

qf
v 7

ffiffiffiffiffiffi
D2

p
. If g ¼ 0, this situation is given for

qf/n . k. If qf/n # k, that is, if the pheromone concentration is too
low, the ants choose both branches at random, corresponding to a
symmetrical distribution (Fig. 4a). Case (2): when pushing is taken
into account with g . 0, the organization of traffic changes con-
siderably: the asymmetrical solution can no longer be established as
soon as D2 , 0 for large traffic volumes f (Fig. 4b). In this case,
symmetrical traffic is expected with Cij ¼ qf/n and F ij ¼ f/2 for
both branches i and choice points j. Therefore, high traffic volumes
can be maintained and none of the branches is preferred in spite of
the competitive effect due to the accumulation of pheromone on
both branches. Moreover, the model implies that the outbound flow
F i1 and the nestbound flow F i2 are equal, indicating that one-way
flows are not required to maintain a high traffic volume23. These
analytical results have been confirmed by Monte Carlo simulations
(see Fig. 4c, d). Our simulations have also demonstrated that if
pushed ants, instead of moving to the other branch, made a U-turn
and returned in the direction they had been coming from, the
overall flow of ants crossing the bridge was affected by the branch
width and no shift to symmetrical traffic was observed.

The traffic organization in ants can be called optimal. The overall
flow on branch i behind choice point j is given by F ij ¼ wr ijVij # f,
where r ij denotes the density of ants. Their average speed is
theoretically estimated by V ij < V m(1 2 aF ij

0 /w), where V m

denotes the average maximum speed and aF ij
0 /w is again the

proportion of decelerated ants. For the symmetry-restoring tran-
sition with D 2 ¼ 0, equation (7) requires agf/w , 1/3, which
implies Vij . Vm½12 1=ð3gÞ�< 0:42Vm: However, according to
the empirical speed–density relation by Burd et al.23, the maximum
flow (the capacity) is only reached at the smaller speed Vij ¼
Vm½12 1=ðnþ 1Þ�< 0:39Vm: Although the empirical value
n < 0.64 was determined for another ant species, the values for
L. niger should be comparable. This shows that the symmetry-
restoring transition occurs before the maximum flow is reached.
The strict inequality also implies capacity reserves and a limitation
of the density-related speed reduction. A marginal reduction in
speed, however, would not favour symmetrical traffic because of the
benefits of using a single trail. First, a more concentrated trail
provides a better orientation guidance and a stronger arousal
stimulus24. Second, a higher density of ants enhances information
exchange and supports a better group defence25.

We have demonstrated the surprising functionality of collisions
among ants to keep up the desired flow level by generation of
symmetrical traffic. Pushing behaviour may be considered an
optimal behaviour to maintain a high rate of food return to the
nest. It would not be required in most models of ideal free
distribution (IDF)26, as they neglect effects of inter-attraction. The
balancing between cohesive and dispersive forces avoids a dysfunc-
tional degree of aggregation and supports an optimal accessibility of
space at minimal costs allowing an efficient construction, mainten-
ance and use of infrastructures. This mechanism appears to be
generic in nature, in particular in group-living organisms. For
example, inhibitory interactions at overcrowded building sites in
termites allow a smooth growth of the nest structure27. In the
development of urban agglomerations such interactions help to
maintain the coexistence of distinct cities28, and in vehicle traffic
they determine the choice of longer, less congested routes. The
mechanism also suggests algorithms for the routeing of data traffic
in networks. A
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By itself, the absolute distance of an object cannot be accurately
judged beyond 2–3 m (refs 1–3). Yet, when it is viewed with
reference to a flat terrain, humans accurately judge the absolute
distance of the object up to 20 m, an ability that is important for
various actions4–8. Here we provide evidence that this is accom-
plished by integrating local patches of ground information into a
global surface reference frame. We first show that restricting an
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observer’s visual field of view to the local ground area around the
target leads to distance underestimation, indicating that a rela-
tively wide expanse of the ground surface is required for accurate
distance judgement. Second, as proof of surface integration, we
show that even with the restricted view, the observer can
accurately judge absolute distance by scanning local patches of
the ground surface, bit by bit, from near to far, but not in the
reverse direction. This finding also reveals that the surface
integration process uses the near-ground-surface information
as a foundation for surface representation, and extrapolation to
the far ground surface around the target for accurate absolute
distance computation.

Experiment 1 examined how the visual field of view affects judged
absolute distance, to show that extended ground surface is required
for accurate space vision. The observer wore a pair of opaque
goggles with a monocular rectangular aperture that limited the
field of view to the flat grass field surrounding the target. During the
trial, the observer kept his head still, judged the target distance, then
closed his eyes and walked blindly to traverse the remembered target
distance. Figure 1a plots the averaged distances walked, reflecting
the judged absolute distances in three aperture-size conditions.
When the field of view was 38.68 £ 39.58, the walked distances
were accurate and similar to the full-view condition9 (control)
(F(1,7) ¼ 0.012, P ¼ 0.916; F(3,21) ¼ 0.370, P ¼ 0.775). Signifi-
cantly, distance was underestimated when the field of view was
reduced to 21.28 £ 21.28 (F(1,7) ¼ 18.267, P , 0.005;
F(3,21) ¼ 1.651, P ¼ 0.208) and 13.98 £ 13.58 (F(1,7) ¼ 60.857,
P , 0.001; F(3,21) ¼ 9.702, P , 0.001). These findings reveal
that the size of the visible field is significant in absolute distance
judgement10,11; that is, large-scale ground-surface information
(more than 218) is essential.

To underscore the effect of field size, we next tested the prediction
that a small visual field also exaggerates the error in relative length-
in-depth judgement. Thus, in Experiment 2 the observers viewed an
L-shaped target on the flat grass field in three aperture-size
conditions (Fig. 2b). The adjustable length (Z) of the L-shaped
target was positioned in depth, whereas its width was fixed
(W ¼ 40.5 cm) in the frontoparallel plane. The observer percep-
tually matched the Z and W, which allowed us to compute the
perceptual aspect ratio, R, defined as W/Z (ref. 12). In this way,
R , 1 indicates that the observer required a longer Z to match W;
that is, the relative length-in-depth of the L-shaped target is under-
estimated. The averaged results (Fig. 1b) show relative length-
in-depth underestimation (R , 1) in all three aperture-size
conditions. When the field size was 38.68 £ 39.58, the perceptual
aspect ratios were similar to that in the full view (control) condition
(F(1,7) ¼ 0.013, P ¼ 0.914; F(2,14) ¼ 0.077, P ¼ 0.926). Although
such findings of depth compression are expected6,12,13, depth com-
pression becomes significantly larger than the full-view condition
with the 21.28 £ 21.28 aperture (F(1,7) ¼ 17.001, P , 0.005;
F(2,14) ¼ 5.578, P , 0.025), and larger still with the 13.98 £ 13.58
aperture (F(1,7) ¼ 60.017, P , 0.001; F(2,14) ¼ 6.860, P , 0.01).
Clearly, decreasing the ground-surface view also adversely affects
relative length-in-depth judgement (Fig. 1b), as it does absolute
distance judgement (Fig. 1a).

Figure 2 points to a likely common basis for the findings of
Experiments 1 and 2. When a patch of far ground surface (more
than 2–3 m) is seen in isolation, the depth information consists
mainly of texture gradient cues, which are insufficient for the visual
system to code absolute distance accurately14. Moreover, the patch
of far ground surface is perceived as slanted towards the vertical (the
frontal tendency)15–17. Consequently, when constrained to sampling
only this far surface patch, the global visual representation of the
ground (grey line in Fig. 2a) is based on this far patch with a
perceived slant error of h degrees. This then compels the visual
system to determine the target position on the ground on the basis
of the slant surface representation.

Now that the target is represented as located on a surface with a
slant error (h), whereas its angular declination (a) is correctly
perceived3, its absolute distance, d, on the ground surface is
obtained according to the trigonometric relationship (Fig. 2a)

d ¼ DH=ðHcoshþDsinhÞ

where D and H are the physical distance of the object on the ground
and the observer’s eye height, respectively. Thus, on the basis of this
relationship, when the ground-surface representation is slanted
upward (that is, h . 0), d becomes smaller than D, leading to
absolute distance underestimation. Similarly, the perceptual aspect
ratio (R) is described by

R ¼ H=½HcoshþðDþZÞsinh�

where Z is the matched depth of the L-shaped target (Fig. 2b).
We applied the averaged absolute distance (d) and perceptual

aspect ratios (R) data from Fig. 1a, b, respectively, into each
equation above to derive the slant errors (h). As plotted in Fig. 2c,
the slant errors in both absolute distance and relative length-in-
depth judgements increase with decreasing field of view, even as the
two sets of data differ7 because of the compression of depth in
relative length-in-depth judgement (h . 0), whereas absolute dis-
tance judgement remains accurate (h ¼ 0) in the full-view con-
dition4–8,12,13. Then, for a given test distance and visual field size, we
related the derived slant errors (h) from relative length-in-depth to
absolute distance judgements in a scatter plot (Fig. 2d). Clearly, a

Figure 1 The effect of visual field size on judged distance. a, Absolute walked distance

from the blind-walking task is plotted as a function of the physical distance. b, Judged

relative length-in-depth from the perceptual matching task, defined as the perceptual

aspect ratio (R ) of the L-shaped target, is plotted as a function of the physical distance.

Each symbol represents the averaged result of eight naive observers. For this and

subsequent figures, if error bars are absent from selected symbols the standard errors are

smaller than the sizes of the symbols.
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significant correlation exists between both measures (R2 ¼ 0.9018,
P , 0.001), indicating that a common piece of perceptual infor-
mation6, namely the perceived surface slant due to the reduced view
of the ground, might affect both types of space judgement. The
perceived surface slant and its consequence for judged target
distance (Fig. 2a, b) probably reflect the weighted contributions
of the restricted texture information on the ground and the intrinsic
bias of the visual system in representing the ground surface.
(Measuring the implicit slant errors in the dark, in which the
observer has no access to ground texture information, reveals the
latter3.) It is reasonable to suggest that when the visual field size
increases, the relative contribution of ground texture information to
the ground-surface representation mechanism increases. This, then,
improves the accuracy of representing the ground surface, and
hence distance.

Evidently, distance judgements improve with larger field sizes,
because the visual system is able to access more visual surface
information for representing the ground. But which part of
the ground holds more essential information? To answer this in
Experiment 3, we compared absolute distance judgement when the
visual field was delimited vertically and horizontally. The observers,
without head movements, wore a pair of goggles with a vertical
rectangular aperture that maintained the vertical field at 50.98 while
restricting the horizontal view. Figure 3a shows that the averaged
blind-walking performances were as accurate as in the full-view
condition (control) for all three aperture-size conditions
(F(4,28) ¼ 0.143, P ¼ 0.965; F(12,84) ¼ 0.863, P ¼ 0.586). The
observers were also tested with horizontal apertures that maintained

the horizontal view at 57.78 while restricting the vertical view. The
averaged results (Fig. 3b) show that absolute distance judgements
with the 39.98 and 29.68 vertical field extents were as accurate as that
in the full-view condition (39.98: F(1,7) ¼ 1.473, P ¼ 0.264;
F(3,21) ¼ 6.591, P , 0.001; 29.68: F(1,7) ¼ 4.151, P ¼ 0.081;
F(3,21) ¼ 2.784, P ¼ 0.066); however, distances were underesti-
mated when the vertical field extents were reduced to 21.18
(F(1,7) ¼ 27.220, P , 0.001; F(3,21) ¼ 1.364, P ¼ 0.291] and
13.68 [F(1,7) ¼ 69.420, P , 0.001; F(3,21) ¼ 1.207, P ¼ 0.332).
Our data indicate that for a target distance of 4 m and an average
eye height of 1.67 m, the 21.18 vertical aperture blocked the view of
the near ground surface up to about 2.55 m from the observer.
Clearly, the near ground surface, which provides reliable depth
information, is critical for representing the ground.

The findings of Experiment 3 underscore the necessity for the
visual system to make use of not only the far ground around the
target, but also the near-ground information18,19. This suggests that
representing the ground surface requires integrating local patches of
ground surface from the observer to the target. Further, it can be
surmised that the near-ground information serves as a foundation
early on in the surface representation process, rather than late, to
guarantee an accurate representation. Experiment 4 proves this by
comparing absolute distance performances when observers were
asked to scan the visual scene from the near to the far ground surface
(near-to-far), in comparison with the reverse scanning direction
(far-to-near). To scan the entire grass field while viewing through
the aperture, the observer rotated his head once either upward from
an initial downward head position (near–far-1 scanning), or

Figure 2 Profile illustrations of the physical and perceived ground surface through a

limited field of view. a, b, A flat ground surface (black line) is visually represented as a

slant surface (grey line) with a slant error of h. a, An observer with an eye height of H

perceives a target (black disk) on the flat ground as one (grey disk) on the slant surface. As

the perceived target’s angular declination (a) remains correct, the perceived target

distance, d, is determined by the equation above the figure. b, Similarly, the grey

L-shaped target on the flat ground is perceived as one (lighter grey) on the slant surface.

The perceived relative length-in-depth is defined by the perceptual aspect ratio,

R ¼ W/Z, and is governed by the equation above the figure. c, Slant errors (h) are derived

from the blind-walking and perceptual matching (L-shaped) data using the equations in a

and b, respectively. The graph relates the estimated slant error to the physical distance.

d, For each physical distance tested, the estimated slant errors from the relative length-in-

depth (L-shaped) and absolute distance (blind-walking) tasks are related in the scatter

plot.
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downward from an initial straight-ahead position (far–near-1
scanning). Figure 4 shows the averaged blind-walking results from
two different aperture sizes, where open triangles depict perform-
ance for near-to-far, and filled triangles show performance for far-
to-near. Clearly, the latter was underestimated whereas the former
remained as accurate as in the full-view condition (57.78 £ 13.68
aperture: F(1,7) ¼ 19.759, P , 0.005; F(3,21) ¼ 12.355,
P , 0.001; 57.78 £ 21.18 aperture: F(1,7) ¼ 41.429, P , 0.001;
F(3,21) ¼ 14.362, P , 0.001). These results indicate that accurate
surface representation is obtained through surface integration, and
only when the near ground surface is accessed before the far.

However, perhaps for lack of iteration, the visual system was
unable to form an accurate surface representation with only one
chance to scan from the far ground to near. We therefore asked the
observers to scan twice. In a far–near-2 condition, the observer
rotated his head downwards to scan from the far ground to near,
then pulled a blindfold over his goggles and repositioned his head
(straight), removed the blindfold, and rotated his head downward
to scan from far to near again, before performing the blind-walking
task. For completeness, we included a near–far-2 condition in which
scanning from near to far was performed twice. The filled squares in
Fig. 4 represent the far-to-near scanning performances, which were
underestimated in comparison with the near-to-far scanning per-
formances (open squares) (57.78 £ 13.68 aperture: F(1,7) ¼ 18.642,

P , 0.005; F(3,21) ¼ 11.804, P , 0.001; 57.78 £ 21.18 aperture:
F(1,7) ¼ 22.087, P , 0.005; F(3,21) ¼ 6.759, P , 0.005).
Altogether, finding that scanning twice in the ‘wrong’ direction
(far–near-2) did not improve performance suggests strongly that
the visual representation of the near ground serves as an anchor, or
foundation, early on in the surface representation process to build
an accurate representation.

We conducted a control experiment to negate the possibility that
the asymmetric performance in Experiment 4 was due to the motor
system responsible for head movement. We compared blind-walk-
ing performances in judging the location (distance and height) of a
light target3 in three viewing conditions (free head motion, near-to-
far head motion, and far-to-near head motion) in the dark, where
other visual cues are unavailable (see Methods). The observers
performed similarly in all three conditions, indicating that without
a visible ground surface the scanning direction is irrelevant (dis-
tance: F(2,14) ¼ 0.764, P ¼ 0.484; F(6,42) ¼ 1.664, P ¼ 0.154;
height: F(2,14) ¼ 2.613, P ¼ 0.109; F(6,42) ¼ 0.882, P ¼ 0.517).
The asymmetry in Experiment 4 therefore reveals the process of
representing visual surface information.

In summary, our findings reveal that for accurate distance
judgement the human visual system relies on a surface integration
process to form a global ground-surface representation, which is
used as a reference frame for coding distances3,8,14,19,20. The surface
integration process has a directional dictate, from near to far, for it
to use the reliable visual depth information on the near ground
surface. Furthermore, having the observer sample local patches of
texture information by scanning reminds us of a parallel in nature.

Figure 3 The critical ground surface for accurate distance judgement. Comparison of the

impact of vertical (a) and horizontal (b) rectangular apertures on the judged absolute

distance measured with the blind-walking task. Each symbol represents the averaged

result of eight naive observers.

Figure 4 Scanning direction affects judged absolute distance. a, b, Data from the

57.78 £ 13.68 (a) and 57.78 £ 21.18 (b) aperture-size experiments. Each symbol

represents the averaged result of eight naive observers.
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In particular, lower animals with few photoreceptor cells—and
therefore very limited visual fields—use scanning to detect objects
and to learn or recognize landmarks beyond their visual field
coverage21,22. In humans, scanning local information with the
fovea during surface integration also ensures that the information
sampled has better spatial resolution than that afforded by the
peripheral retina22. A

Methods
Observers
Ten naive observers with self-reported normal vision and informed consent participated in
the various experiments. All performed the experiments with their motor dominant, right
eye. To limit the monocular field of view to a preselected size, a pair of clear safety goggles
was painted black all over except for a rectangular area (aperture) in front of the right eye
with the appropriate field extent. For all aperture sizes used, the observers were unable to
see their body and feet without rotating their heads. The goggles were worn throughout
the experiments except during the full-view (control) condition, in which the observers
wore an opaque patch over the left eye without the goggles. They were not given any
feedback about their performances.

Judging absolute distance by using the blind-walking task
The observer previewed an orange–red disk target (7.62 cm in diameter and 2.54 cm high)
on a flat grass surface and judged its absolute distance. Then he pulled a blindfold over his
eyes (goggles) and walked forward to traverse the remembered target distance. He stopped
upon reaching the remembered target location and remained there to allow the
experimenter to measure the walked distance. Thereafter, the experimenter led the
observer, still in blindfold, back to the starting point to ready for a new trial. Four target
distances (4, 5, 6 and 7 m) were tested in a randomized order. Each distance was tested
twice and the average was taken as the final result.

Judging relative length-in-depth by using a perceptual matching task
Two white pipes, 3 cm in diameter, were used to construct the L-shaped target. The
frontoparallel arm (W) of the L-shaped target was fixed at 40.5 cm, and the length of the
arm in depth (Z) was adjustable. During a trial, the observer kept his head still and judged
whether the width of arm-Z was equal to the length of arm-W. If not, the observer pulled a
blindfold over his eyes (goggles) and instructed the experimenter to adjust the length of
arm-Z. After the experimenter finished making the adjustment and had walked away from
the L-shaped target, the observer was told to remove the blindfold and to compare the
width and length of the L-shaped target again. This was repeated several times until the
observer was satisfied that the two arms matched in width and length. The base of the
L-shaped target to the observer defined the viewing distance, which was one of three
distances (5, 6 and 7 m) that was measured in a randomized order. Each distance was
tested twice and the average was taken as the final result.

Judging distance in the dark
The test target, a 0.238 internally illuminated red table tennis ball, was placed at one of four
distances (2.50, 3.75, 5.00 and 6.25 m) either on the floor or 0.5 m above it. Trials with
targets above the floor served as catch trials (one-third of the total trials). Other than the
test target, the room was completely dark so that the observer could not access other visual
cues. For each trial, the observer (n ¼ 9) previewed the distance and height of the target
with the dominant eye. After this, the target was extinguished and the observer walked
blindly to the remembered target location. Upon reaching his destination, the observer
gestured the perceived height of the remembered target with his hand. The walked distance
and gestured height are taken as the judged distance and height of the target, respectively.
This procedure was used for all three conditions tested (free head motion, near-to-far head
motion and far-to-near head motion).

Data analysis
We applied the two-way analysis of variance with repeated-measures analysis to our data
to obtain the F and P values indicated in the text. Following convention, the main effect
and interaction are presented in order.
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Aneuploidy, an abnormal chromosome number, has been recog-
nized as a hallmark of human cancer for nearly a century1;
however, the mechanisms responsible for this abnormality have
remained elusive. Here we report the identification of mutations
in hCDC4 (also known as Fbw7 or Archipelago) in both human
colorectal cancers and their precursor lesions. We show that
genetic inactivation of hCDC4, by means of targeted disruption
of the gene in karyotypically stable colorectal cancer cells, results
in a striking phenotype associated with micronuclei and chromo-
somal instability. This phenotype can be traced to a defect in the
execution of metaphase and subsequent transmission of chromo-
somes, and is dependent on cyclin E—a protein that is regulated
by hCDC4 (refs 2–4). Our data suggest that chromosomal
instability is caused by specific genetic alterations in a large
fraction of human cancers and can occur before malignant
conversion.

CDC4 is an evolutionarily conserved E3 ubiquitin ligase that is
thought to be involved in regulating the G1–S cell-cycle checkpoint
by targeting proteins for destruction by the SCF complex of
proteins2. Mutations in the hCDC4 gene were originally identified
in a few breast and ovarian cancer cell lines and have been
subsequently found in endometrial cancers5–7. Here we have
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