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described by models dynamically combining these two 
factors. 

However, there are several restrictions in these 
previous studies. First, saccades were constrained by 
few possible item locations in the displays. Moreover, 
these displays were presented for short durations which 
allowed participants to make only one or two saccades. 
As a consequence, the tasks were more similar to a 
selection task than to a free exploration of the 
environment. Second, the nonvisual nature of saccades' 
consequences also differentiates visual search as studied 
in the aforementioned studies from visual search in a 
natural environment. Whereas an explicit reinforce­
ment, such as points, monetary gains (Tatler et al., 
2011), or alimentary reward in monkeys (Hikosaka, 
Nakamura, & Nakahara, 2006), allows researchers to 
experimentally manipulate the consequences of eye 
movements, such reinforcement does not happen in 
everyday life after making a saccade. Instead, we gain 
visual information that can indirectly be used to act 
and get reward from our environment. 

Indeed, theoretical models of human search behavior 
assume that fixation locations are chosen to maximize 
the information gain across successive eye movements 
(Najemnik & Geisler, 2005, 2008) and to minimize the 
uncertainty about the target location (Renninger, 
Verghese, & Coughlan, 2007) or regions of task­
relevant information (Peterson & Eckstein, 2014). In 
these models the visual information gain can be 
conceptualized as a rewarding consequence, controlling 
fixation locations. A few paradigms explicitly evaluated 
the reinforcing value of visual consequences of sac­
cades. However they were simplistic in that observers 
had to choose between only two visual stimuli 
presented at predetermined locations (Berlyne, 1972; 
Collins, 2012) or only investigated the very basic 
aspects of saccades such as their latency, speed, and 
amplitudes in monkeys (Dorris, Pare, & Munoz, 2000) 
as well as in humans (Collins, 2012; Madelain, Paeye, & 
Wallman, 2011; Montagnini & Chelazzi, 2005; Paeye & 
Madelain, 2011; Schiltz, Kerzel, & Souto, 2014; Xu­
Wilson, Zee, & Shadmehr, 2009). 

Overall, the picture emerges that eye movements for 
visual search are optimal or close to optimal under 
some conditions (Ackermann & Landy, 2013; Clarke, 
Green, Chantler, & Hunt, 2016; Droll, Abbey, & 
Eckstein, 2009; Eckstein et al., 2015; Najemnik & 
Geisler, 2005, 2008), but not others (Morvan & 
Maloney, 2012; Verghese, 2010). The reason for the 
different outcomes is unclear at present. We wanted to 
explore eye movement strategies in a relatively simple 
paradigm, where correct target location is biased in one 
particular region of the search display. Efficient search 
should then also be biased toward this region, because 
the visibility of the search target is increased in the close 
vicinity to the fovea. Some previous studies have 

addressed this issue. The results indicate that the visual 
system takes into account prior knowledge about the 
statistical target distribution (Jiang, Swallow, Rose­
nbaum, & Herzig, 2013; Jones & Kaschak, 2012; 
Peterson & Kramer, 2001). However, these studies used 
simple displays with a small number of potential target 
locations. In the extreme case, Chukoskie, Snider, 
Mozer, Krauzlis, and Sejnowski (2013) used a single 
invisible target, forcing the observers to use their prior 
experience of reward exclusively. They used tones in 
order to signal the observers that they "found" the 
target-and no visual information. Once observers 
figured out the correct location, they very quickly 
saccade to that point, a behavior that departs from a 
visually guided search task. 

To circumvent these issues, we used a continuous 
search display consisting of a 1/f random noise 
background and Gabor targets with a well-defined 
contrast. We will first show that the positional bias did 
not have any effect on search strategies, most likely 
because the reward structure of the task did not induce 
reinforcement learning. In a second experiment, we 
systematically controlled reinforcement rate in a gaze­
contingent paradigm, and found a tight coupling 
between eye movement positional biases and rein­
forcement rate. 

Materials and methods 

Participants 

Six (five females, one male; aged 21 to 28 years), 
seven (five females, two males; aged 21 to 30 years) and 
six (three females, three males; aged 23 to 27 years) 
participants took part in experiments 1 to 3, respec­
tively. They were students of the University of Giessen 
and na"ive as to the purpose of the study. They had 
normal or corrected-to-normal vision. They came to 
the laboratory for several daily one-hour sessions (see 
Table 1 in Appendix) during which several blocks of 50 
trials (separated by 5-min breaks) were recorded. 
Experiments were in accordance with the principles of 
the Declaration of Helsinki and approved by the local 
ethics committee LEK FB06 at the University of 
Giessen (proposal number 2009-0008). Participants 
gave informed written consent prior to the experiment. 
They received eight Euros per hour. 

Experiment 1: Frequency biases 

In this experiment participants were asked to look 
for a Gabor patch in a circular 1/f noise background in 
which we manipulated the likelihood of the target in 
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