
Supplementary Material:
A Computational Model for Spatial Navigation
Based on Reference Frames in the
Hippocampus, Retrosplenial Cortex and
Posterior Parietal Cortex
Timo Oess 1,∗, Jeffrey L. Krichmar 2 and Florian Röhrbein 1
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1 BACKGROUND ON NEUROSCIENCE AND BEHAVIORAL EXPERIMENTS

Three major brain regions are involved in constructing spatial frames of reference and transforming one
into another. One of them is the hippocampus. It is located in the medial temporal lobe of the brain and
is is necessary for the consolidation of information and the transformation from short-term to long-term
memory. It also plays a major role in spatial navigation, particularly in establishing and maintaining a
cognitive map of the environment (Tolman, 1948). The cognitive map is constructed in an allocentric
representation and therefore all distances and orientations of objects in this map are encoded absolutely and
are independent of the agent. In addition the cognitive map also encodes meta information for landmarks,
objects or routes.

Due to its involvement in several major brain functions as memory consolidation, transformation from
short-term memory to long-term memory and vice versa and its important role in spatial navigation and
localization, the HPC has been greatly investigated over the last several decades. O’Keefe and Nadel stated
in their work (O’keefe and Nadel, 1978) that the HPC established a cognitive map with the help of place
cells. The cognitive map played a key role in every aspect of spatial navigation in larger environments.
HPC lesions in rodents led to impairments in retrieval of spatial memory and as a consequence failure in
navigational task (Morris et al., 1982; Dumont et al., 2015).

The most important feature of the HPC for our work is the encoded cognitive map. This map is enriched
with numerous meta information for each landmark, path, cue or object and can be used for action planning
in the environment (i.e., moving one’s hand to grasp an object or calculating the shortest path from one
place to another). Since the beginning of navigation research in rodents, it is assumed that rodents utilize
the cognitive map in the HPC to retrieve and process vectors that encode spatial relations between entities
in that cognitive map. Rodents use corresponding “vector-based calculations” to plan a route from one
location to another (O’keefe and Nadel, 1978; Gallistel, 1990; McNaughton et al., 1996). Those calculations
facilitate the agent to determine the allocentric direction to a goal from its current position. Using an
allocentric direction and relations between objects in the environment an allocentric frame is constructed
and maintained in the hippocampus.
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The HPC is connected to the retrosplenial cortex. This functional unit is located in Brodmann areas 29
and 30 and is involved in several cognitive processes as scene translation, navigation, episodic memory and
imagine future events (Brodmann, 2007; Aggleton and Vann, 2004; Vann and Aggleton, 2002; Cooper and
Mizumori, 2001; Osawa et al., 2006; Vann et al., 2009). The RSC’s strong connectivity to the HPC and its
bidirectional connectivity to the PPC suggest a major function in spatial frame transformation. Several
studies with rodents support this suggestion (Vann et al., 2003; Vann and Aggleton, 2004; Vann et al.,
2009). They show that RSC lesions strongly impair navigation. Those lesions have a bigger impact when
animals are explicitly forced to switch between different navigational strategies (e.g., switching between
allocentric and egocentric frame of reference and vice versa).

How this transformation is accomplished in detail is an active area of research. One possible explanation
is provided by Alexander & Nitz in their work (Alexander and Nitz, 2015). In their spatial navigation
experiments with rats, they recorded RSC activity “that is simultaneously sensitive to allocentric, route-
centric and egocentric frames of reference” (Alexander and Nitz, 2015). This study showed that the
RSC comprises of neurons that map egocentric, route-centric, or allocentric positions, and neurons that
responded to multiple reference frames. It also suggests that the RSC is in a unique position for spatial
decision making.

This decision making process is assumed to take place in the RSC because of its access to all reference
frames from HPC and PPC, as well as its connections to the prefrontal cortex (Spiers and Barry, 2015;
Vann et al., 2009; Alexander and Nitz, 2015; Nelson et al., 2014). Navigational strategy selection can
include the use of egocentric, allocentric or route-centric frame or a combination of those. It should be
mentioned that other experiments indicate that the prefrontal cortex may also be responsible or at least
involved in that strategy selection (Calton and Taube, 2009).

The posterior parietal cortex is a large cortical area thought to be responsible for many different tasks
such as perception of pain (Witting et al., 2001), use of episodic memory (Cabeza et al., 2008), planning
and controlling of movements (Andersen et al., 1997; Buneo and Andersen, 2006) and establishing of
an egocentric reference frame (Stein, 1992; Wilber et al., 2014; Calton and Taube, 2009). It consists of
Brodmann area 5 and 7 and receives input from multiple sensory systems, that includes the visual, auditory,
vestibular, and somatosenory systems (Andersen and Gnadt, 1989). It uses this information to produce
an egocentric frame of the local environment the agent is currently located in. This is done by extracting
visual cues and determining their egocentric direction i.e. determining the orientation in regard of the
head of the agent. Researchers have found neurons in the PPC that are specifically tuned for these cue
directions (Snyder et al., 1998). Signals from these neurons and head direction signal are both feed to so
called “conjunctive cells” in the PPC (Wilber et al., 2014). A conjunctive cell is sensitive to a specific head
and direction. Thereby they encode the angle the agent has to turn in order to face the cue. Wilber et al.
show in their paper (Wilber et al., 2014) that these cells predict movements of a rat and may be responsible
for motor command signals that are sent to the motor cortex.

Lesions in the PPC indicate its major role in constructing the route-centric as well as egocentric frame
(Calton and Taube, 2009; Committeri et al., 2004). Nitz (Nitz, 2012) tested rats in a loop environment that
comprises five identically shaped squared spiral tracks. By means of that specially arranged environment
he was able to impose three different spatial reference frames on the rat and could record neural responses
in the PPC for all three frames.
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2 VISTA SPACE ENVIRONMENT

In each trial the agent was placed at the start location (in the bottom left region of the environment) and a
goal was chosen randomly from the previously defined cues. The agent then sought a path to the goal by
applying different navigation strategies according to its confidence levels. It was capable of finding the
goal in each trial. The cues in the environment were set at random locations and we run 80 trials for each
environment.

2.1 Environment 2: blocked path, uninformed agent

In this environment, the path between region 3 and 2 is blocked without informing the agent’s topological
representation about that. Therefore it had to use different navigation strategies in order to reach the goal,
see figure S1.

Figure S1. Vista Space Second Environment. Agent applied route-centric navigation strategy until it
encountered a blocked path. It was stuck there for a while until it changed the strategy to navigate on a new
path to the goal.

The purpose of this environment was to show that the agent was capable of navigating correctly and
efficiently only if it maintains a correct hierarchical and topological representation. Therefore the path
between region 2 and 3 was blocked and without informing the agent. That is, the stored topological map
was not updated with the environmental change, which led to a wrong assumption of the route-centric
frame and therefore to a failing route-centric navigation. Navigating with that strategy, the agent got stuck
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at landmark 8 since the route-centric sequence determined landmark 2 as the next one to visit on the way to
the goal, see figure S1. The agent had to switch to another navigation strategy in order to get out of the
dead-end.

Figure S2 illustrates that the agent did exactly that. It encountered the blocked road above landmark 8
and after realizing that it got stuck, due to the steady activity of only the same landmark, the agent tended
to switch to egocentric navigation in order to move out of the dead-end road and in direction of the goal
region. Since the knowledge of the route-centric frame was still incorrect and therefore the confidence
for that strategy did not rise again, the agent did not switch back to it but kept using the allocentric or
egocentric strategy to succeed.
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Figure S2. Strategy Usage in Second Environment. Indicates where the agent used which strategy in
the environment. It shows an average usage over all trials.

In contrast to the previous experiment, here, the egocentric strategy indicated most progress on the way
to the goal (see S3). This resulted from the application of that strategy starting from the blocked road
continuously to the goal in region 7. The second most progressing strategy was the route-centric one since
it was usually applied from the start region until the area closed to the blocked road.

2.2 Environment 3: blocked path, informed agent

This environment comprises a blocked path as well, this time between region 6 and 9. It differs from
environment 2 in a sense that the agent was only informed about that blocked path after a specific amount
of time has passed and could thereby update its internal topological representation, subsequently it could
apply route-centric strategy to navigate to the goal. This is shown in figure S4.

To investigate how the agent reacts to a suddenly blocked path when it is informed about that - here
we assumed that the agent is capable of learning a new topological representation - we constructed the
environment shown in S4. The agent was confronted with a suddenly blocked path between region 9
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Figure S3. Progress per Strategy in Second Environment. A percentual usage of strategies averaged
over all trials. Black error bars indicate the standard deviation over all trials.

and 6. It tried to find a way round, yet the route-centric navigation strategy constantly commanded it to
move in the direction of the blocked path. Therefore the agent got stuck at blockage. However, in contrast
to the previous environments, after some time the stored topological map was updated according to the
environmental changes. This enabled the agent to calculate a new route and led subsequently to a successful
navigation to the goal in region 6, utilizing route-centric navigation strategy. Its purpose was to emphasize
that the agent - given a correct topological representation - is flexible to plan new routes when completely
stuck in the environment.

As one can identify in figure S5, the agent mainly used the route-centric navigation to execute its
movements. In an early stage this led to the blocked road between region 9 and 6. The agent stayed there
and tried to find a way to the goal utilizing any available strategy (overlapping colors of blue, green and red).
After a specific time the agent incorporated the new information about the blocked road in its topological
map and was therefore able to plan a new route around the obstacle. It then navigated on the route using
route-centric navigation.
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Figure S4. Vista Space Third Environment. Agent moved on correct path till it encountered a blocked
route and was stuck. After a while the agent is informed about the blocked route and it incorporated
the recently received information in its cognitive map of the environment. Subsequently it applied the
route-centric strategy to move on a new route to the goal.

Figure S6 A shows that the distance to the goal decreased significantly while navigating with route-centric
strategy, whereas the allocentric and egocentric navigation strategies contributed only less to get in vicinity
of the goal. This results from the fact that the agent was unable to navigate to the goal applying an
egocentric or allocentric strategy. Therefore the route-centric navigation was utilized more often.
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Figure S5. Strategy Usage in Third Environment. Indicates where the agent used which strategy in the
environment. It shows an average usage over all trials.
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