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We were also interested in characterizing, in detail, the particular
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60 cm x 24 cm rectangle area on the screen. During each trial,
the entire screen either looked like field terrain (in green) or like
desert (sandy in yellow or red). Participants were told that the
traveling cost rates were 1, 3, and 5 points per cm, respectively for
the field, yellow desert, and red desert. They were also told that
similar terrains would be used in the planning phase, where 200
points would equal USS$1.

Feedback of the length and the points of the actual trajectory
were given after each trial. To encourage precise movement, if the
length of trajectory in a trial exceeded 1.08 times of the linear dis-
tance between the starting point and destination, the trial would
be repeated immediately. Both successful and unsuccessful trials
entered later analysis.

The training gave participants practice in finger movement
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For each participant, we examined whether the actual routes
conformed to this straight-line heuristic. Given the points where an
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The difference of (X, + X ,)/2 between right-oriented and left—
oriented trials gave a measure of their left-right bias. Participant
P04 (right-handed) was biased 2.1 cm toward the left and the
left-handed P06 was biased 0.9 cm toward the right.

We concluded that 10 out of 12 participants conformed to the
LR heuristic.

Up—-down symmetry heuristic

The starting point and the destination are symmetrically placed
about the horizontal line bisecting the screen as are terrains. It is
evident that the optimal route should have the same symmetry.
Inspecting participants’ actual routes by eye, we identified one
and only one patterned violation of the symmetry that we refer
to as the one-turn bias (illustrated in Figure 3D). Instead of hav-
ing two symmetric turns at the two desert borders, respectively,
the route has only one turn, at one of the borders. During infor-
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because “the shortest distance between two points is a straight
line”. That is, the one-turn bias was a result of a misuse of the
straight-line heuristic.

We computed the difference between X, and X asan index of
symmetry (Figure 3E). A one-tailed one-sample Student’s +-test was
performed on the difference for each participant. Seven participants’
differences from zero were significant, implying a use of the one-
turn bias. For the remaining five participants we could not reject
the hypothesis that the routes they planned were symmetric.

We expected that the one-turn bias would reduce the partici-
pant’s monetary gain in the route planning task. Other things equal,
it might be that the larger the difference between X, and X_ , the
lower the participant’s efficiency. To test this, we computed the
Pearson’s correlation between the absolute value of the difference
between X, and X_, and the efficiency for the 12 participants,
r=-0.46, p = 0.13. The correlation was negative as expected but
failed to reach significance probably because the number of par-
ticipants (12) was small so that the effects of their differences in
other aspects, e.g., the utility function (discussed next), made the
effect of the one-turn bias less visible.

MODELS OF UTILITY

All but one participant failed to choose the least costly routes and
half of the participants even failed to have symmetrical routes.
However, the routes they planned did vary systematically with cost
ratio and A.

We considered the possibility that the systematic failures of
route planning that we observed were due to non-linearities in
participants’ utility functions. Following (Luce, 2000, Eq. 3.18), we
modeled the utility function for losses as a power function with
parameter o.

The actual routes across the desert were made up of three line
segments® R = (1.,Cl,,C,id,,C). Where 1, 1,1, respectively
denote the lengths of the segments from the starting point to desert,
within the desert, and from desert to the destination, C and C,
denote cost rates of the field and the specific desert (C/Cf is the
cost ratio), and o is a free parameter.

We formulated two models of utility for the economic route
planning task. The two models differed in how the task was framed
(Kahneman and Tversky, 1979). In the first model, the perceived
total cost of a route was assumed to be the sum of the cost of each
segment transformed by the utility function.

U (lndol2)=(C 1) +(C) +(C ) )

In the second model, the perceived total cost was the cost of a route
that is of the same total length but is entirely in the field plus the
extra cost of the segment that is in the desert,

U (I lol2)=(C, (a1 +152)) +((Co =, 1) 3)

These two models and possible framings are not exhaustive,
but they are plausible. The former model regards the desert
and the field as separate cost sources, while the latter model

SEven for those participants who exhibited one-turn bias we could model their path
as three line segments two of which were collinear.

counts the cost of the desert as added to that of the field*. We
refer to the models as the separate cost model and the added cost
model, respectively. The three heuristics discussed above still
correspond to necessary properties of the optimal path under
either model.

Participants planned routes that were either up—-down
symmetrical or one-turn. In either case, the route could be cap-
tured by one variable, which we referred to as X FOT up—down
symmetrical routes, we define X | = (X, +X_,)/2; for one-turn
routes, we define X = min(X, + X_,), that is, the horizontal
coordinate of the turning point.

Concerning whether the route is up—down symmetrical or one-
turn and whether the separate or added cost model is used, we now
have four alternative models for the perceived cost: Symmetrical-
Separate (SS), Symmetrical-Added (SA), One-turn-Separate (OS),
One-turn-Added (OA). In each model, the perceived cost could be
expressed as a function of the route parameter X together with
the utility parameter o.

We assume that in each specific condition of cost ratio and A,
participants chose the X that minimized the perceived cost of
the route. For each participant, we fitted the actual X of the 10
conditions (2 cost ratio x 5 A) with the four models one by one in
the least-squares method. We set an upper limit of 3 for the fitted o
since larger values produce little change in predicted behavior. Asan
index of goodness of fit, the proportion of data variance explained
by each model is shown in Table 1. The maximum proportion of
each participant is highlighted in bold. Except P12, all the maxi-
mum proportions were above 0.7, with a median of 0.85.

“The assumption of separate cost may incur a violation of dominance in the sense
that a route could be preferred than another route even when the former has both
a longer length and a larger proportion of length in the desert. The assumption of
added cost avoids this problem.

Table 1 | Proportion of variance explained by different utility models.

Participant Route Model
symmetry
SS SA os OA

P02 S - 0.82 0.31 -
P03 S -— 0.74 0.11 —
P05 S — 0.78 0.35 0.21
P06 S — 0.86 — 0.70
P09 S 0.97 0.97 0.89 0.83
PO1 ) 0.55 0.57 0.85 —
PoO4 ) 0.80 0.85 0.95 0.21
P07 ¢} — 0.74 — 0.15
Po8 ) 0.71 0.45 0.87 -
P10 ¢} 0.77 0.76 0.78 0.09
P11 0 0.98 0.76 0.61 0.26
P12 0 - — 0.31 -

Participants with symmetric routes are placed first (S denotes symmetrical.
O denotes one-turn). The number in bold is the largest variance explained for
any particular participant. The variance explained for entries marked “----” was
indistinguishable from 0.
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We found that most participants’ choice of symmetrical or one-
turn routes was consistent with their best model. For example,
for P02 who had symmetrical routes, symmetrical model SA was
the best model, which accounted for 82% of the variance. All the
five participants with symmetrical routes was best fit with the SA
model (which assumes a symmetrical route). Five of the seven
participants with one-turn routes were best fit with the OS model
(which assumes a one-turn route). This agreement validated our
assumptions about the utility function. For the two participants
who exhibited the one-turn bias but were best fit by a symmetrical
model, we conjecture that they used the symmetrical model as an
approximation to the one-turn model during the planning, possibly
because the latter was easier to imagine.

Figure 4 shows the dataand best fitof X for each participant.
The estimated o was less than one for five participants and greater
than one for the remaining seven. We will discuss the interpretation
of o in the Discussion.

BIOLOGICAL COSTS

It is possible that some of the participants chose a sub-optimal
route or make only one turn because it would take less motor
effort or require a shorter planning or movement time than
would the optimal route. That is, participants might be trading
off external economic costs with internal biological costs of
effort or time (Trommershduser et al., 2003a,b). We exclude these
possibilities below.

@ data —_— it
30 P01, OS P02, SA
o:2.99 o:0.73
201R*:0.85 20J R*:0.82
V/.
0 0

yellow desert red desert
costratio=3 | costratio=5
P03, SA 30 P04, OS
o:0.72 o:1.99
20R*:0.74 20.R%-0 05
®
10 e 10
/ /
0 o ®

14 18 22 26 30

FIGURE 4 | Fit of utility model. The mean of the route parameter X _ is
plotted against A. Yellow and red respectively correspond to cost ratios of 3:1
and 5:1, respectively. Dots denote data. Lines denote the model fit to data.
Each panel is for one participant. The model shown for each participant is
labeled as one of OS, OA, SS, SA. See text. It is the model that with the
highest variance accounted for (R?) for that participant. The R? is also shown.

For models SS and SA. the models that assume symmetrical routes with three

14 18 22 26 30

14 18 22 26 30

14 18 22 26 30

segments, X, denotes (X +X_ J/2, where X, X are the horizontal
coordinates of the position where each route enters and exits the desert,
respectively. Models OS and OA are based on one-turn routes that violate
symmetry. For these models, X, denotes X, , the horizontal coordinate of
the single turning position. The free parameter of the utility function, o,
estimated from the data for each participant, is shown. See text for full

descriptions of the models.
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correlation between movement time and the absolute value of
X, — X, across trials was -0.15, 0.02, 0.16, -0.04, 0.16, 0.17,
—-0.35, 0.16, —0.07, —0.01, —0.04, 0.01, respectively for P01-P12.
Among them, only P06 had a significant but small positive cor-
relation. However, since P06 did not exhibit the one-turn bias,
the positive correlation probably rose out of chance. Thus the
adoption of the one-turn bias was not the result of an attempt

to minimize movement time.

DISCUSSION
We designed an economic task to investigate how well humans
plan routes across landscapes consisting of two different terrains
(field and desert) that imposed different costs per unit distance
on the traveler. The cost per unit distance of the desert was either
three times greater that of the field (yellow desert) or five times
greater (red desert). Participants received monetary rewards that
depended on the routes they selected. They were motivated to find
the least costly route.

Viewed in the abstract, we are investigating spatial cognition
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The evident usefulness of heuristics is to permit the traveler to
narrow down the candidate routes before selecting the least expen-
sive among those remaining. Our experimental design allows us
to contrast overall maximization of reward and adherence to rules
necessary but not sufficient for optimal performance.

We found that most participants correctly used the straight-line
and LR heuristics. In real environments, with costs that gradually
change across space, optimal routes are rarely straight lines. It is
interesting that participants in our task, where maximum gain and
maximum utility paths consist of straight-line segments, did select
paths that were close to straight lines across uniform terrain.

However, almost half of the participants failed to follow the UD
heuristic. Instead of choosing routes with two symmetrical turns
at the borders of the desert, they chose routes with only one turn
typically at an edge between field and desert (Figure 3D). As a con-
sequence, one segment in the field and one segment in the desert
were collinear,and comments during debriefing suggested that their
failure was an over-generalization of the straight-line heuristic.

We also examined whether we could interpret participants
failures as a consequence of assigning non-linear utilities to costs
incurred in each terrain. The heuristics described above were also
necessary characteristics of any route maximizing utility. We com-
pared the individual fits of four possible models that differed in
heuristics used and estimated the parameters of the utility function
for each participant separately.

In studies using numerical lotteries, the exponential parameter
of the utility function is estimated to be less than one for most
people (Luce, 2000), which implies that people may prefer asingle
large loss to several small losses that sum to the same value as the
large loss. For example, Thaler and Johnson (1990) found that 75%
of people preferred losing $150 all at once to losing $100 and then
$50. In our experiment, however, the number of participants with
parameter values greater than 1 is slightly greater than the number
of those with parameter values less than 1.

How would participants behave if they could actually walk
within enlarged copies of our landscapes rather than just trac-
ing a path? Previous research on route planning in full-scale land-
scapes has focused on the effect of impenetrable obstacles on route
selection. The dynamical system model developed by Warren and
colleagues (Fajen and Warren, 2003; Fajen et al., 2003) predicted
routes in good agreement with human route selection while freely
moving in landscapes with obstacles. The obstacle in their experi-
ments was in the middle of the starting position and the destination.
The predicted routes with obstacles deviated from those without
obstacles only within a small range around the obstacle. That is,
the walker would head straight toward the destination as if the
obstacle was absent until he came very close to the obstacle. Their
results suggest that routes are not fully planned ahead of time.
While participants could readily plan each route as a whole in our
experiment, the same cannot be said of the planning of extended
routes in natural terrain.

In contrast to our results on the touch screen, the resulting
routes described in Fajen and Warren (2003; Fajen et al., 2003) are
typically curved and do not follow the straight-line heuristic even
when alternative routes formed of line segments could be shorter
and pass no closer to the obstacle. These deviations from linearity
are possibly due to the absence of explicit costs on the length of the

’

resulting route. It is plausible that participants prefer gently curved
paths to piecewise linear paths with abrupt changes in direction
due to the inertial costs associated with making sharp turns. If
so, they may consider this biological cost (Trommershauser, et al.,
2003a,b) in planning routes and trade biological costs off against
other costs. We conjecture that, with increasing costs per unit dis-
tance traveled, participants’ route will more and more resemble a
joined series of straight lines as the relative importance of biological
costs diminishes. Research is needed to see whether this prediction
is borne out and to determine how to develop models that predict
human performance in full-scale economic landscapes containing
terrains differing in cost.

The economic navigation task described here provided us with
a tool to probe visual cognition, the use of spatial heuristics and
distortions of cost by human route planners. The unambiguously
defined payoffs permitted us to uncover human fallacies that might
not be accessible through other approaches.

Given the importance of nhavigation in human life, the investiga-
tion of possible fallacies in human navigation deserves the same
attention as the fallacies in human cognition (Arrow, 1958; Tversky
and Kahneman, 1974).

In the present study we examined human navigation in terrains
with different costs associated with different terrains. We could cer-
tainly consider how the cost structure of the environment interacts
with factors known to affect navigation such as external represen-
tation of spatial information (Zhang, 1997) or gender difference
(Kim et al., 2007).

In terms of biological foraging, the costs we considered were
analogous to energy and the optimal routes planned minimized
“energy”. We could also consider route planning in environments
where each unit of distance entailed a fixed risk. An animal traveling
through heavily wooded terrain, for example, might avoid clear-
ings precisely because crossing them entails a heightened risk of
being observed by a predator, a risk that increases with time spent
in the open. With this interpretation we could consider navigation
problems where the terrain itself is uniform but the risks associated
with different parts of the terrain are not, e.g., marine or aerial
navigation (Hutchins and Lintern, 1995).

We have characterized human performance in terms of expected
utility and adherence to heuristics, a computational theory corre-
sponding to the first level of David Marr’s hierarchy (Marr, 1982).
The next step would be to develop a detailed algorithmic descrip-
tion (Marr’s second level) of how humans plan routes across ter-
rains differing in cost. As we noted above, heuristics serve to reduce
the “search space”, but the question remains as to how humans select
one route from among those that remain.

The current experiment captures important aspects of the struc-
ture of navigation tasks in realistic terrains. Given a map and asked
to plan a route of a few kilometers across terrain varying in cost
(see Figure 1), the participant would be engaged in a task very
similar to ours. The geometric reasoning involved is an impor-
tant aspect of visual cognition. We do not claim that our conclu-
sions will necessarily generalize to speeded tasks similar to ours
or large-scale tasks involving routes across hundreds of meters or
kilometers. We conjecture that they will and, in any case, our work
provides clear, testable hypotheses relevant to these richer, more
complex problems.
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