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S U M M A RY

The brain is known to continuously generate predictions of upcoming
input in order to act instead of react to an ever-unfolding world. time

is integral to any prediction. That is, we anticipate what happens
next when. By interacting with events in our world, we learn to associate
their occurrence with certain points in time. In this way, we form time
estimates of when events happen and time our behavior accordingly.
This happens usually outside our awareness. For example, consider
replacing the coffeemaker in the kitchen. With time and usage, one
adapts to the coffeemaker’s timing properties and therefore does not
have to watch the coffee brewing constantly. While the coffee is brewing,
one can in the meantime prepare a sandwich. There are many examples
of such adaptive timing behavior: the time it takes for the water to heat
up, a web page to load, or the pasta to boil. Undoubtedly, we time all

the time.
The central question in this dissertation is how we adapt to nature’s

temporal structure. How are intervals embedded in our world (e.g., the
interval between turning on the coffeemaker and a fresh cup of coffee)
tracked and subsequently used to anticipate the timing of future events?
A growing literature started to uncover the mechanisms that adapt
cognition and behavior to time. I propose that associative learning

between the brain’s intrinsic timekeeper capabilities and exploring

the world through interactions with events, is a key principle under-
lying adaptive timing behavior. Returning to the coffeemaker, through
associative memory, we polish our temporal expectation of how long
the brewing process takes. By making coffee each morning, you form a
time estimate of when your cup of coffee is ready.

This dissertation takes a computational as an experimental approach
to study adaptive timing behavior. Chapter 2 describes the computa-
tional approach in which we formalized the above proposal into our
fmtp theory. f MTP builds from established computational principles of
the domains of interval timing, memory, and motor planning. This form-
alization brings the advantage that one can test, through simulations,
whether the verbal ideas (i.e., proposal above) generate the theorized
behavior (see also Chapter 7). We based and tested f MTP on the rich
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literature of temporal preparation, the cognitive process that takes place
when anticipating future events. With associative memory as its driving
force, we show f MTP to explain how temporal preparation is modu-
lated by memory across time scales: from previous experiences that
only happened a trial ago to long-term memory effects that can last for
weeks. In this way, we offer a solution to a long-standing question of
which computations underlie the expression of temporal preparation at
these very different time scales. A question that conventional theories
thus far could not answer.

Chapters 3 to 6 describe an experimental approach focusing on the

gap between behavior in experiments and the complexity of the

world. Typically, timing experiments are a very simplified reflection
of the temporal demands posed by our uncertain, ever-changing world.
That is, in these experiments there is often only a single interval at the
same time that is known to be relevant. In contrast, nature’s temporal
structure is much more complex: There are many intervals at the same
time that may or may not be relevant. To study timing behavior in such
complex scenarios we developed the whac-a-mole paradigm (Chapter
3). As in the popular arcade game, different moles could pop up at
different intervals, and participants scored points by whacking them
before they disappeared. Intriguingly, Chapters 4 and 5 show adaptive
timing behavior in this experiment to be much more powerful than we
had anticipated. Initially, in Chapter 3, we assumed that participants
would only learn a single, regular interval belonging to a specific mole.
Instead we found participants to track, in parallel, different intervals of
all three moles to anticipate when to act where. To put this in perspective
of the coffeemaker, this suggests that while you keep track of the brewing
time, you can also anticipate, in parallel, when the (oat)milk is heated
up, the toaster is ready, and you should leave the house to be on time
for your first appointment of the day.

Taken together (Chapters 6 - 7), this dissertation conceives associative
learning between the brain’s intrinsic timekeeper capabilities and explor-
ing the world through interactions with events, as a general mechanism
that adapts behavior to nature’s temporal structure. Through this mech-
anism, we learn to anticipate what happens when. The combination
of the two investigations in this dissertation signifies its philosophy
of studying the impressive adaptivity of timing behavior: Formal
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theories that guide experiments aiming to adhere to the complexity of
timing behavior in the world.
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