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ABSTRACT 52 
 53 
Navigation is an inherently dynamic and multimodal process, making isolation of the 54 
unique cognitive components underlying it challenging. The assumptions of much of the 55 
literature on human spatial navigation are that: 1) spatial navigation involves modality 56 
independent, discrete metric representations (i.e., egocentric vs. allocentric) 2) such 57 
representations can be further distilled to elemental cognitive processes 3) these 58 
cognitive processes can be ascribed to unique brain regions. Here, we argue that 59 
modality independent spatial representations, instead of providing exact metrics about 60 
our surrounding environment, more often involve heuristics for estimating spatial 61 
topology useful to the current task at hand.  We also argue that egocentric (body-62 
centered) and allocentric (world-centered) representations are better conceptualized as 63 
involving a continuum rather than as discrete.  We propose a neural model to 64 
accommodate these ideas, arguing that such representations also involve a continuum 65 
of network interactions centered on retrosplenial and posterior parietal cortex, 66 
respectively.  Our model thus helps explain both behavioral and neural findings 67 
otherwise difficult to account for with classic models of spatial navigation and memory, 68 
providing a testable framework for novel experiments. 69 
 70 
 71 
New and noteworthy 72 
 73 
We put forward the idea that network theory provides a better explanation for human 74 
spatial navigation, both cognitively and neurally, than models that assume modular and 75 
localized functions.  We argue that many aspects of spatial navigation, including how we 76 
represent spatial environments, involve representation of a continuum of body and world 77 
centered coordinate systems in the brain.  As such, network theory better captures this 78 
aspect of navigation, as well as the conflicting neural evidence for its basis. 79 
 80 
 81 
 82 
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 84 
 85 
 86 
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 88 
 89 
 90 
 91 
 92 
 93 
 94 
 95 
 96 
 97 
 98 
 99 
 100 
 101 
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 103 
 Navigation, particularly involving the real world, is an inherently multimodal 104 
process involving a dynamic interplay between perception, memory, decision-making, 105 
attention to landmarks and other features, and short-term memory for a goal (Ekstrom, 106 
Arnold, & Iaria, 2014; Garling, Book, & Lindberg, 1984; Montello, 1998; Spiers & Gilbert, 107 
2015).  For example, when we enter a new environment, we often “survey” our 108 
surroundings, much like a rat does when it rears on its legs, to try to gain some initial 109 
estimation of our position relative to other objects and features within the environment.  110 
In this way, our ability to perceive objects relative to our immediate position is useful for 111 
detecting what objects we might select to navigate to, with both our facing direction and 112 
distance from these objects helpful as information to encode.  At the same time, we 113 
typically have a navigational goal in mind, such as finding a supermarket or store we are 114 
searching for, and what we attend to will be highly dependent on our navigational goal.  115 
As we begin to ambulate, we must update our position as we move relative to other 116 
landmarks, and thus make decisions about which objects and landmarks are relevant for 117 
reaching our goal.  Importantly, at any given time, all of these cognitive processes can 118 
be at play simultaneously. 119 
 In addition to the cognitive processes underlying navigation being highly dynamic, 120 
the cues that we use to navigate are inherently multimodal.  On one hand, as humans, 121 
we are primarily visual creatures, and there is ample evidence that we strongly favor the 122 
visual modality, both behaviorally and neurally, when we navigate (Ekstrom, 2015).  At 123 
the same time, as we take steps, we engage our path integration system, which involves 124 
integrating information from our vestibular system, and, to a lesser extent, our motor and 125 
proprioceptive systems (Angelaki & Cullen, 2008). Our path integration system thus 126 
provides a running estimate of how many degrees we have turned and approximately 127 
how many steps we have taken (Loomis et al., 1993; Mittelstaedt & Mittelstaedt, 1980).  128 
Visual information, via optic flow, can override vestibular-based path integration (Warren, 129 
Kay, Zosh, Duchon, & Sahuc, 2001), and almost all models of navigation assume a 130 
dynamic interplay between path integration and visual systems as important to updating 131 
our current position. For example, some models of navigation propose that visual 132 
information can be used to remove accumulated error from the path integration system 133 
(Gallistel, 1990; McNaughton, Chen, & Markus, 1991; R. F. Wang, 2016), a process 134 
referred to as recalibration, thus further highlighting the multimodal nature of spatial 135 
representations.  Vision alone can also guide navigation in the absence of the need for 136 
any spatial representations, a process termed “beaconing”, “response learning” or, when 137 
using a seen landmark first to find an unseen landmark, “piloting” (R. Morris, Hagan, & 138 
Rawlins, 1986; Mou & Wang, 2015; Packard, Hirsh, & White, 1989). 139 

Yet, while visual and vestibular components form a core foundation of how we 140 
navigate, somatosensory and proprioceptive cues are also important for counting steps 141 
and estimating turn angles (Angelaki & Cullen, 2008).  Indeed, sighted individuals 142 
perform similarly when learning simple routes either by touching or seeing them (in a 143 
small-scale rendering) and blind participants form comparable haptic representations to 144 
sighted individuals (Giudice, Betty, & Loomis, 2011).  This argues that both visual and 145 
somatosensory/proprioceptive input can be used to form a similar quality of spatial 146 
representations.  In addition, auditory cues are also important, for example, in providing 147 
additional information about our gait and the relative distance of objects based on 148 
echoes.  As one more extreme example of this, some blind individuals, and even those 149 
with normal vision who undergo training, can navigate quite effectively using 150 
echolocation (A. J. Kolarik, Cirstea, Pardhan, & Moore, 2014).  In this way, navigation 151 
involves using available sensory cues, which will most often be visual, but don't 152 
necessarily have to be.  Together, these cues allow us to derive spatial representations 153 
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that will provide us with information about the relative distances and directions of objects 154 
in our environment. 155 

 156 
Isolating cognitive processes during navigation? 157 
 158 
 Our discussion so far reveals that the study of human spatial navigation involves 159 
a dynamic interplay of cognitive functions and sensory input.  As is often argued in the 160 
field of navigation, multimodal input operates on modality independent “spatial” 161 
representations of a similar nature, as our examples from blind individuals above 162 
illustrate.  In other words, regardless of how we learned a spatial layout and navigated it 163 
in the first place, all forms of input, including using text (for example, reading vs. visually 164 
acquiring routes, e.g., Taylor and Tversky (1992)), should distill to the same fundamental 165 
spatial representations.   One elemental representation, in particular, termed the 166 
cognitive map, provides us with the relative direction and distance of objects within our 167 
environment (Gallistel, 1990; Hegarty, Montello, Richardson, Ishikawa, & Lovelace, 168 
2006; O'Keefe & Nadel, 1978; Taylor & Tversky, 1992; Tolman, 1948; Wolbers, Klatzky, 169 
Loomis, Wutte, & Giudice, 2011).  Critically, the cognitive map, an idea first coined by 170 
Tolman, was subsequently extended by O’Keefe and Nadel to involve a metric, 171 
Cartesian-like, Euclidean representation of the positions of landmarks relative to each 172 
other, supported by neural activity in the hippocampus.   173 

The cognitive map, a fundamentally allocentric representation, (O'Keefe, 1991; 174 
O'Keefe & Nadel, 1978), differs from more commonly formed egocentric representations 175 
in that the location, bearing, and velocity of the observer, in principle, do not matter.  176 
This is because his/her position can be inferred based on the relative positions of stable 177 
landmarks (Figure 1).  In other words, as the navigator moves in an allocentric reference 178 
frame, he/she can use his position relative to landmarks to infer his/her location without 179 
having to keep track of the distance and direction moved, as would be necessary in an 180 
egocentric reference frame (for a detailed discussion, see: R. F. Wang, 2017).  In this 181 
way, we might consider the idea that egocentric and allocentric representations make up 182 
two fundamentally different forms of navigation (Klatzky, 1998; O'Keefe & Nadel, 1978). 183 
Specifically, an allocentric representation involves employing a stable coordinate system 184 
using the positions relative to each other (Figure 1A) while an egocentric representation 185 
involves those same objects but relative to our body position, and thus changes 186 
continuously as we navigate (Figure 1B).  However, there is also a large area of overlap 187 
between egocentric and allocentric representations, and determining which one a 188 
navigator employs is not obvious.  Two of the reasons for this, which we will discuss in 189 
detail shortly, are because both how we measure egocentric and allocentric 190 
representations and consider them mathematically suggest a significant degree of 191 
overlap between the two (Ekstrom et al., 2014; R. F. Wang, 2017). 192 
 Two of the most common ways of assessing egocentric and allocentric 193 
representations involve the scene and orientation dependent pointing (SOP) task and 194 
the judgments of relative direction (JRD) task.  These two tasks are illustrated in Figure 195 
2.  However, as readily seen in the figure and as discussed extensively in a recent 196 
review paper (Ekstrom et al., 2014), both of these tasks involve overlap in the need for 197 
both egocentric and allocentric coordinates.  For example, the JRD necessitates 198 
knowledge of one’s position in the environment, which can be influenced, in part, by 199 
one’s memory for preferred facing angles when navigating (e.g., McNamara, Rump, & 200 
Werner, 2003).  Even a cartographic map, which might seem to be the purest form of an 201 
allocentric representation, shows biases in terms of the egocentric direction at which we 202 
encoded it in the first place, which must be accounted for (Evans & Pezdek, 1980; A. L. 203 
Shelton & McNamara, 2004).  The SOP task, while heavily dependent on one’s memory 204 
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for orientation when the targets disappear, could also be solved using knowledge about 205 
the relative positions of objects to each other, particularly when disoriented (Waller & 206 
Hodgson, 2006).  In this way, we lack a “process pure” measure of representations 207 
formed during navigation.  While this is true of a variety of different cognitive measures 208 
in psychology, this poses a problem for navigation if we wish to isolate the specific brain 209 
regions involved because it can be difficult to know if a participant in a study is using 210 
primarily one form of representation or another. 211 
 A second issue involves the extent to which the two representations, egocentric 212 
and allocentric, themselves may often be dynamic and interchangeable (Byrne, Becker, 213 
& Burgess, 2007; Gramann, Muller, Eick, & Schonebeck, 2005; B. S. Kolarik & Ekstrom, 214 
2015).  What is the primary difference between an egocentric and allocentric 215 
representation?  As illustrated in Figure 1A, this appears to be reference to self vs. other 216 
landmarks.  As such, reference to self then necessitates continuous updating of one’s 217 
positions relative to landmarks.  As pointed out, however, by Wang, and also illustrated 218 
in Figure 1B, this means that the primary difference between the two involves tracking 219 
the displacement of the navigator (R. F. Wang, 2017), a point also discussed in some 220 
forms in earlier work (Klatzky, 1998; Nigro & Neisser, 1983; R. X. F. Wang et al., 2006).  221 
In fact, the two can be considered functionally equivalent, as long as the navigator 222 
subtracts the distance and angle that they move egocentrically (Figure 1B; see also 223 
Wang 2017).   224 

The interchangeability of egocentric and allocentric representations has both 225 
mathematical and neural implications (see Figure 2 for more details).  Mathematically, as 226 
shown in the Figure 1B, an allocentric representation is a linear transformation of an 227 
egocentric one involving subtracting one’s displacement vector.  Neural networks, based 228 
on realistic physiological data, can readily perform basis set computations.  For example, 229 
both V1 orientation selective responses and grid cells in the entorhinal cortex, when 230 
employed in a neural network model, can extract the basis set of an N-dimensional 231 
space (Blair, Welday, & Zhang, 2007; Rao & Ballard, 1999).  Because the basis set of 232 
egocentric and allocentric space are identical (since they are a simple linear 233 
transformation of each other), and mechanisms exist in the brain for performing this 234 
computation in other contexts, this implies that conversion between the two coordinate 235 
systems in the brain should be possible.  Overall, the fact that 1) we lack process pure 236 
assays of egocentric and allocentric representations (i.e., they are not discrete) and 2) 237 
that the two are highly dynamic, and partially interchangeable (based on the 238 
displacement vector), are increasingly acknowledged in most modern theories of spatial 239 
computation.   240 

For example, most modern theories of spatial computation argue against 241 
“process pure” accounts of spatial navigation (Dabaghian, Brandt, & Frank, 2014; 242 
Ekstrom et al., 2014; Geva-Sagiv, Romani, Las, & Ulanovsky, 2016).  Such models differ 243 
from classic “stage” models of spatial cognition that assume dissociable, hierarchical 244 
steps of spatial knowledge acquisition in which egocentric route knowledge necessarily 245 
precedes allocentric cognitive maps (Piaget & Inhelder, 1967; A. W. Siegel & White, 246 
1975). While such “stage” models accurately pointed out that topological (non-metric) 247 
knowledge often occurs during spatial navigation, the idea of discrete stages of 248 
knowledge acquisition has been challenged in numerous theoretical and empirical 249 
studies (Ekstrom et al., 2014; Golledge, 1999; Ishikawa & Montello, 2006; Jafarpour & 250 
Spiers, 2017; Montello, 1998; R. F. Wang, 2017; Zhang, Zherdeva, & Ekstrom, 2014).  251 
Specifically, these studies and theoretical papers suggest that egocentric route and 252 
allocentric topological knowledge often emerge early during learning and in parallel, with 253 
an additional emerging consensus from this work that topological knowledge can often 254 



 6 

exist in both egocentric and allocentric forms, with no requirement for metric Euclidean 255 
knowledge. 256 

An important question then regards whether egocentric and allocencentric 257 
representations necessarily exist in “hybrid” forms and whether it is possible to measure 258 
one preferentially compared to the other?  One approach often taken in the human 259 
spatial navigation literature is to attempt to partially dissociate them by selectively 260 
studying factors like how information is acquired (e.g., route or survey information), the 261 
context of the experimental task (e.g., navigating, pointing, map drawing), or the fidelity 262 
of the spatial information that has been acquired and integrated into the representation 263 
of the environment. As pointed out in past work, “purely” egocentric representations may 264 
dominate in situations involving peri-personal space, for example, knowing what is on 265 
your right side as you move through an environment (Ladavas, di Pellegrino, Farne, & 266 
Zeloni, 1998).  In practice, though, during active way finding this information will be 267 
somewhat uninformative as increasing distance leads to a degradation in egocentric 268 
representations obtained from path integration (Souman, Frissen, Sreenivasa, & Ernst, 269 
2009).  Similarly, a purely allocentric representation, as we have argued above, is also 270 
challenging to study during active navigation, although one approach is to employ 271 
experimental paradigms that “tip” the spectrum toward largely egocentric or allocentric 272 
representations. 273 

In one such example of a study, Mou, McNamara, Rump, and Xiao (2006) had 274 
participants learn arrays of objects in a cylindrical area from a specific viewpoint, walk to 275 
the center of the cylinder, and point to various objects in one of three conditions (facing 276 
the learned viewpoint, rotated but not disoriented, and disoriented).  Results 277 
demonstrated that participants learned both egocentric and allocentric information (they 278 
were able to point accurately from a non-learned viewpoint, but performed best when 279 
that viewpoint was the imagined facing direction for their pointing judgments).  280 
Additionally, participant’s pointing was only affected by disorientation when the array of 281 
objects did not have a salient, intrinsic axis.  The authors interpret this result as evidence 282 
that allocentric reference frames are ideal for such tasks, but that egocentric information 283 
can be used as a sort of backup strategy when reliable allocentric information is not 284 
available.  In this way, the authors showed that both allocentric and egocentric forms of 285 
representation often co-exist during navigation, with some conditions (geometric 286 
regularity) resulting in preference for allocentric representation, but, in the absence of 287 
this, a preference for egocentric representation.  Thus, the Mout et al. results suggest 288 
that emphasizing certain conditions, like orientation vs salient axes, can favor one form 289 
of representation over another, suggesting that while the two co-exist on a spectrum, 290 
under some conditions they are at least partially dissociable.     291 

  292 
Must we have metric knowledge of space to successfully navigate and reason 293 
about space? 294 
 295 
 A next important question regards the nature of egocentric and allocentric 296 
representations for space.  One frequent assumption that we make when considering 297 
these two forms of spatial coordinate systems is that they must always involve Euclidean, 298 
metric representations of space when we navigate, both in terms of direction and 299 
distance, just like we might draw a spatial environment on graph paper.  In fact, a 300 
fundamental assumption of many neural models of spatial navigation, such as cognitive 301 
map theory involves exactly this idea.  For example, as O’Keefe and Nadel state (p. 10): 302 
“...[we will be] sticking our necks out and taking the strong position that the metric of the 303 
cognitive map is Euclidean.”  However, there is no reason to assume that our spatial 304 
representations formed during navigation need always be metric representations like a 305 
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Cartesian graph, and instead, there is substantial evidence that direction, distance, or 306 
both, can instead be topological (Dabaghian et al., 2014; Moar & Carleton, 1982; 307 
Poucet, 1993; Tobler, 1979).  In support of this, our spatial representations are often 308 
distorted by various factors that vary as a function of task and are not simply the result of 309 
an imprecise metric representation (Fujita, Klatzky, Loomis, & Golledge, 1993; 310 
Huttenlocher, Hedges, Corrigan, & Crawford, 2004; Jafarpour & Spiers, 2017; 311 
Okabayashi & Glynn, 1984; A.L. Shelton & McNamara, 2001; Stevens & Coupe, 1978; 312 
Thompson et al., 2004).  A more accurate way to phrase how we represent space is 313 
perhaps a “just good enough representation” for the task at hand, often preserving 314 
sequential (topological) relationships but frequently violating metric, continuous 315 
properties of space (Ekstrom & Ranganath, 2017).  This definition aligns with that used 316 
in the field of human language (Ferreira, Bailey, & Ferraro, 2002; Mata, Schubert, & 317 
Ferreira, 2014) and visual perception in terms of our extensive use of “heuristics” (Moar 318 
& Bower, 1983; Tversky, 1981; Wolfe, 2006), an idea we will return to shortly.  319 
 What is the evidence for spatial topology instead of Euclidean metrics?  In one of 320 
the most widely cited and discussed example of our spatial representations often lacking 321 
precise metrics and instead often relying on heuristics, Stevens and Coupe (1978) asked 322 
participants to indicate which cities from a list were further west.  Although participants 323 
made many of these judgments correctly, one particular error occurred for decisions 324 
involving Reno and San Diego (Reno is further west due to the geography of the United 325 
States).  Participants consistently indicated that San Diego was further west, suggesting 326 
that category heuristics about distance (that California is further west than Nevada) 327 
overode metric Euclidean knowledge of maps in some cases (Okabayashi & Glynn, 328 
1984; Stevens & Coupe, 1978).  Note that this assumption will often work (e.g., Los 329 
Angeles is further west than Las Vegas) but sometimes will not.  This finding was an 330 
early hint that category heuristics can often compete with, overide, or operate in the 331 
absence of precise metric knowledge of spatial locations. 332 

In another such study demonstrating the importance of heuristics to spatial 333 
representations, Huttenlocher et al. asked participants to remember dots within a circle.  334 
They then drew the positions of these dots on a circle from recall.  Huttenlocher et al. 335 
found that participants consistently showed a pattern of regression to the mean such that 336 
the positions of the dots were closest to the center of spaces between category 337 
boundaries, i.e., 0, 90, 180, 270 (Huttenlocher et al., 2004; Huttenlocher, Hedges, & 338 
Duncan, 1991).  In other words, participants remembered the locations of the dots, even 339 
when clustered around those lines (0, 90, 180, 270), as being shifted closer to the center 340 
of imaginary partitions of the circle whose boundaries were presumably defined by 341 
participants as imaginary lines at 0, 90, 180, 270 (Figure 3A).  Thus, category, heurestic 342 
knowledge overode metric directional knowledge of space.  To be clear, the study also 343 
supported the idea that some metrics of space were in fact preserved, as participants 344 
dot placements were accurate in some cases (i.e., when remembering those close to 45 345 
degrees), but that in many other cases, the category heuristic of “between 0 and 90” 346 
overrode more precise metric knowledge of the positions of the dots. 347 
 We might argue, however, that the above examples are of spaces that are not 348 
typically navigable, for example, although we can draw maps of “geographical space” 349 
(Montello, 1993) we rarely navigate through such actual large environments in their 350 
entirety (Wolbers & Wiener, 2014).  Similarly, drawing circles taps into our object 351 
representation system, and, as argued above, involves spatial reasoning, but it typically 352 
employs representations in immediate, figural space (Montello, 1993).  However, there is 353 
also a large body of research that suggests that representations we form during spatial 354 
navigation are typically neither consistently metric nor Euclidean.  Instead, similar to 355 



 8 

spatial cognition, representations formed during spatial navigation involve distortions and 356 
heuristics based on task demands.   357 

For example, a commonly used task in spatial navigation is to have people 358 
estimate directions or distances based on navigating a recent space.  When estimating 359 
distance, participants often make systematic errors, either over or underestimating the 360 
actual distances, depending on the familiarity of the environment (Jafarpour & Spiers, 361 
2017; Knapp & Loomis, 2004; Philbeck & Loomis, 1997; Thompson et al., 2004).  When 362 
returning to the origin after completing two legs of a triangle, blindfolded participants 363 
tend to both underestimate their turning angle and the distance they need to walk, 364 
despite their ability to egocentrically update their position using their path integration 365 
system (Loomis et al., 1993). Thus, both our knowledge of distance and direction, 366 
acquired either via navigation or direct perception, are often not metrically accurate and 367 
are distorted by task demands (i.e., how many turns did I take? see Moar and Carleton 368 
(1982)). 369 
 However, the above examples simply indicate that our metric knowledge from 370 
navigable space is not particularly accurate and is often distorted.  It could simply be that 371 
this knowledge is erroneous and distorted by task demands but could still be Euclidean. 372 
However, this assertion also does not appear to be the case.  In one study, participants 373 
were asked to estimate the angle of three different road intersections, each on separate 374 
trials, that participants had visited frequently.  The sum of the angles of the road 375 
intersection consistently exceeded 180 degrees, violating the rules of Euclidean 376 
geometry (Moar & Bower, 1983).  These findings suggested that this was because 377 
participants estimated angles as closer to 90 degrees rather than the true angle – which 378 
was often less than that – and thus the sum of these angles (90 + 90 + 90) readily 379 
exceeded 180 (Figure 3B).  In particular, the use of right angles to remember navigated 380 
space suggests that heuristics play a strong role in how directional knowledge is stored 381 
– rather than metric or Euclidean knowledge. 382 

Further consistent with a tendency to use geometrical shape heuristics with right 383 
angles, like rectangles, to code spatial knowledge, numerous studies in both real world 384 
and virtual environment demonstrate that we are more accurate in remembering the 385 
direction of objects in a spatial layout when aligned with the axes of the surrounding 386 
boundaries of the environment than misaligned (Figure 3C).  Specifically, if we navigate 387 
a large-scale park (McNamara et al., 2003), learn a virtual layout of objects following 388 
active navigation (Chan, Baumann, Bellgrove, & Mattingley, 2013), remember a well-389 
known city (Frankenstein, Mohler, Bulthoff, & Meilinger, 2012), or remember a 390 
cartographic map (A. L. Shelton & McNamara, 2004), participants remember the relative 391 
positions and directions of objects better when parallel to the axes of a square or 392 
rectangle (90, 180, 270 degrees) than when misaligned (45, 135, 225 degrees) (Figure 393 
3C).  These effects, termed “alignment effects,” appear to be a ubiquitous property of 394 
both encoding and retrieving spatial layouts, both actively and passively encoded 395 
(Tversky, 1981; Waller, Montello, Richardson, & Hegarty, 2002). These findings also 396 
suggest that heuristics, like the shape of the surrounding environment often form a core 397 
component of how we accurately represent the metrics of space, without which our 398 
metric knowledge is significantly degraded and error prone. 399 
  400 
Brain regions underlying spatial navigation in humans: Classic Models 401 
 402 
 We have argued so far that the assumptions of 1) discrete egocentric and 403 
allocentric representations 2) unique, separable cognitive processes underlying them 404 
and 3) that such representations must always be metric and Euclidean, have significant 405 
shortcomings.  However, these have been among the core assumptions of many classic 406 
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neural models of spatial navigation.   For example, one of the most frequently discussed 407 
dichotomies in the literature involves the idea that the hippocampus stores metric 408 
allocentric representations of space while parietal cortex stores metric egocentric 409 
representations (Aguirre & D'Esposito, 1999; Byrne et al., 2007; O'Keefe & Nadel, 1978).  410 
Evidence for this basic idea is copious, and is only briefly reviewed here (for a more 411 
complete review, see: Ekstrom et al., 2014; B. S. Kolarik & Ekstrom, 2015).  Lesions to 412 
the hippocampus of the rat induce profound deficits in learning the Morris Water Maze, 413 
which involves remembering the position of a hidden location by triangulating it from the 414 
positions of landmarks outside the maze (R. G. M. Morris, Garrud, Rawlins, & O'Keefe, 415 
1982).  These same lesions, however, generally leave the ability to navigate using a 416 
response and/or egocentric strategy intact (H. Eichenbaum, Stewart, & Morris, 1990; 417 
Pearce, Roberts, & Good, 1998). Lesions to the human hippocampus also tend to 418 
disrupt the ability to use distal landmarks to navigate (Astur, Taylor, Mamelak, Philpott, & 419 
Sutherland, 2002; Bartsch et al., 2010), although the effects are decidedly more variable 420 
across studies (Ekstrom et al., 2014).  Lesions to human parietal cortex disrupt the 421 
ability of patients to imagine objects relative to one side vs. another (Bisiach & Luzzatti, 422 
1978) and navigation involving sequences of turns, tending to leave allocentric forms of 423 
navigation intact (Ciaramelli, Rosenbaum, Solcz, Levine, & Moscovitch, 2010; Weniger, 424 
Ruhleder, Wolf, Lange, & Irle, 2009).  Thus, there is substantial evidence in the literature 425 
that lesions to hippocampus and parietal cortex can have different effects depending on 426 
how we navigate space. 427 
 As we have pointed out before, based on discussion of past work, egocentric and 428 
allocentric forms of navigation involve a linear transform of each other based on the 429 
displacement vector.  Could it be that a brain region, perhaps situated between parietal 430 
cortex and hippocampus, performs such a transformation?  Indeed, one influential model, 431 
termed the BBB model, argues that retrosplenial cortex performs precisely this function, 432 
allowing a transformation between the two coordinate systems (Byrne et al., 2007).  433 
Consistent with this argument, lesions to retrosplenial cortex profoundly impair one’s 434 
ability to compute heading direction (Hashimoto, Tanaka, & Nakano, 2010), which is 435 
essential for transforming between the two coordinate systems.  In addition, 436 
neuroimaging findings argue that retrosplenial cortex often activates during tasks that 437 
involve transformation between different coordinate systems, like solving the JRD task 438 
after navigating or transforming different viewpoints (Dhindsa et al., 2014; Zhang, 439 
Copara, & Ekstrom, 2012). 440 
  441 
Challenges to classic models 442 
 443 

While the studies reviewed thus far provide evidence that is largely consistent 444 
with classical models of the neural basis of egocentric and allocentric navigation, the 445 
results of other studies are more difficult to accommodate with these models. For 446 
example, in humans at least, hippocampal lesions produce variable impairments in the 447 
virtual Morris Water Maze and other tasks involving the ability to use distal landmarks.  448 
In many cases, patients with hippocampal damage show some preserved ability to 449 
navigate in situations that would appear to require allocentric navigation (Banta-Lavenex, 450 
Colombo, Ribordy-Lambert, & Lavenex, 2014; Bohbot, Iaria, & Petrides, 2004; Hirshhorn, 451 
Grady, Rosenbaum, Winocur, & Moscovitch, 2012; B. S. Kolarik et al., 2016; 452 
Rosenbaum et al., 2000), and in other cases, little impairment at all (Bohbot & Corkin, 453 
2007; Bohbot et al., 1998).  If the hippocampus is necessary for all forms of allocentric 454 
navigation, however, even small amounts of damage should severely impair the ability to 455 
use an allocentric strategy.  In addition, posterior parietal cortex damage, often taken as 456 
the center for egocentric representation, results in some impairment in tasks that appear 457 



 10 

to require allocentric navigation (Ciaramelli et al., 2010; Dimattia & Kesner, 1988; Kesner, 458 
Farnsworth, & DiMattia, 1989; Save & Poucet, 2000, 2009). 459 
 Another issue that we encounter, although well recognized historically in the 460 
literature, is that the hippocampus, in particular, is important for a much wider range of 461 
tasks than simply allocentric navigation.  Specifically, lesions to the hippocampus in 462 
humans produce profound amnesia, with an inability to encode and retrieve new events 463 
and experiences, as well as those experienced prior to the insult (Scoville & Milner, 464 
1957; Squire, Stark, & Clark, 2004).  There is now growing consensus that the role of the 465 
human hippocampus extends beyond a purely navigational function, instead playing a 466 
more general role in the binding of contextual details in the service of episodic memory, 467 
our memory for unique events (H. Eichenbaum, Yonelinas, & Ranganath, 2007; Tulving, 468 
1987).  However, while the role of the hippocampus in human memory may be biased 469 
toward spatiotemporal processing and binding, critical components of our memory for 470 
events, it can also include other dimensions, like auditory or emotion domains, 471 
depending on task demands (for a recent review, see: Ekstrom & Ranganath, 2017).  472 
Similarly, there is now growing consensus that posterior parietal and retrosplenial 473 
cortices also play roles in memory that extend beyond navigation (Valenstein et al., 474 
1987; Vann, Aggleton, & Maguire, 2009).  The more general role of the hippocampus in 475 
memory, and even perception (Erez, Lee, & Barense, 2013; Yonelinas, 2013), thus 476 
complicates arguments that the hippocampus should be specialized for allocentric 477 
navigation and/or metric representations of space. 478 
  479 
Rodent studies 480 
 481 
 Place cells, which are neurons in the hippocampus that fire at specific spatial 482 
locations during navigation (Ekstrom et al., 2003; Matsumura et al., 1999; Muller, Kubie, 483 
& Ranck, 1987; O'Keefe & Dostrovsky, 1971), are often taken as the neural instantiation 484 
of the metric, Euclidean cognitive map (Burgess & O’Keefe, 2011; O'Keefe & Nadel, 485 
1978).  The issue here directly relevant to our current considerations, however, is that 486 
place cells alter their firing depending on a variety of factors, including what the 487 
navigational goal is, and thus cannot be considered “purely” allocentric.  For instance, 488 
several studies have shown that when a rat runs on a linear track, place cells remap (i.e., 489 
the place fields for individual cells differ) when a rat runs in one direction compared to 490 
another (Gothard, Skaggs, Moore, & McNaughton, 1996; Redish, Rosenzweig, Bohanick, 491 
McNaughton, & Barnes, 2000). Perhaps more fundamentally problematic for the idea of 492 
a global, metric map of space, place cells also change their preferred location of firing 493 
depending on the future goal of the animal (Ainge, Tamosiunaite, Woergoetter, & 494 
Dudchenko, 2007; Ferbinteanu & Shapiro, 2003; Lee, Griffin, Zilli, Eichenbaum, & 495 
Hasselmo, 2006; Wood, Dudchenko, Robitsek, & Eichenbaum, 2000).  496 

The results from such paradigms in both rats and humans demonstrate that the 497 
same location in space can be referenced to competing hippocampal place cell maps, 498 
depending on the behavioral context; similar findings have also been shown in humans 499 
and non-human primates (Ekstrom et al., 2003; Wirth, Baraduc, Plante, Pinede, & 500 
Duhamel, 2017).  Furthermore, place cells in the bat hippocampus have been shown to 501 
remap between vision- and echolocation-based navigation (Geva-Segiv et al., 2016).  502 
Finally, place cells were recently demonstrated in the rodent retrosplenial cortex and 503 
proposed to play a role in episodic memory and navigation (Mao, Kandler, McNaughton, 504 
& Bonin, 2017), with other studies suggesting location-specific coding in rodent visual 505 
cortex (Haggerty & Ji, 2015; Ji & Wilson, 2007), prefrontal cortex (Fujisawa, 506 
Amarasingham, Harrison, & Buzsaki, 2008), claustrum (Jankowski & O'Mara, 2015) and 507 
even the human amygdala (see Figure 2C in Miller et al., 2013).  In this way, place cells 508 
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are neither uniquely localized to the hippocampus nor “GPS-like” (Howard Eichenbaum 509 
& Cohen, 2014); however, we also acknowledge that this does not preclude some 510 
degree of specialization within these brain areas. 511 

Head direction cells, another class of cells active during navigation, similarly, are 512 
often taken as an example of a neural code for allocentric facing direction (Moser & 513 
Moser, 2008; Ranck Jr, 1984; Taube, 2007).  Like place cells, empirical studies suggest 514 
that head-direction cells manifest in several different brain regions, including the 515 
subiculum, dorsal thalamus, retrosplenial cortex, hippocampus and entorhinal cortex (for 516 
reviews, see: Moser, Kropff, & Moser, 2008; Taube, 2007).  Head direction cells typical 517 
fire for facing directions linked to distal landmarks; thus, a head direction cell will fire 518 
whenever an animal moves toward the top of the maze (“north”).  If the landmarks are 519 
rotated 90 degrees, however, this cell will instead fire for eastward directions.   In this 520 
way, head direction cells can be considered “allocentric” because they are yoked to the 521 
positions of distal landmarks.  Because vestibular input is necessary for normal head 522 
direction cell function (Stackman & Taube, 1997), however, and they are involved in path 523 
integration (Taube, 2007), they also have some egocentric correlates.  Thus, head 524 
direction cells also do not show discrete egocentric or allocentric properties when their 525 
inputs are modulated, although they do appear to show an allocentric bias. 526 

Together, these findings are inconsistent with the idea that 1) there is a single 527 
location within the brain for metric allocentric representation 2) that the representation is 528 
necessarily modular, in other words, that such cells in a single specialized brain region 529 
calculate the Euclidean spatial metric.  For demonstrations of how entorhinal grid cells 530 
similarly do not fit with the localization perspective, please see Hales et al. (2014); 531 
Kanter et al. (2017).  However, more research is needed on both fronts before we can 532 
determine how spatial coding in humans depends on place cells and grid cells, and we 533 
return to these issues when we outline specific predictions of our model. 534 
 535 
A possible way forward: Toward a network conceptualization of navigation  536 
 537 
 As we have argued so far, human spatial navigation is better conceived of, 538 
behaviorally at least, a highly dynamic process that more closely involves the use of 539 
heuristics and a continuum of egocentric and allocentric topological spatial 540 
representations rather than discrete, modular, metric representations.  These 541 
considerations, then also pose a significant problem for isolating a specific brain region 542 
unique to a given process.  As we have argued so far, these attempts generally have not 543 
held up very well either.  Lesions to hippocampus, and indeed, most brain areas, rarely 544 
impair one aspect of behavioral function and lead to only subtle impairments in what 545 
many have termed allocentric navigation.  Similarly, brain regions often “activate” across 546 
a variety of different tasks when studied with non-invasive functional neuroimaging 547 
(Poldrack, 2011).  If, instead, we reconceptualize navigation as a fundamentally network-548 
based phenomenon, we then take the onus off one specific brain region housing the 549 
necessary machinery for representing spatial aspects of navigation and then move the 550 
burden to how multiple brain regions interact as fundamental to this process.  We also 551 
allow, more naturally, for a continuum of interactions of egocentric and allocentric 552 
representations involving different scales of space and different heuristics, as 553 
necessitated by the current task demands. 554 
 The core of our proposed theoretical model argues that the retrosplenial region 555 
serves as a hub for spatial navigation involving other critical, interacting nodes like 556 
hippocampus, posterior parietal cortex, posterior parahippocampal cortex, and 557 
dorsolateral prefrontal cortex (Figure 4).  Before we begin our discussion of our 558 
theoretical model, though, it is worth mentioning that we are not arguing for the idea that 559 



 12 

these brain regions lack any unique neural machinery.  In fact, there is ample evidence 560 
from both neuroanatomy and neurophysiology suggesting that there are differences in 561 
cell type, how cells are connected within different brain regions, and how these different 562 
regions respond during tasks (Felleman & Van Essen, 1991; Lavenex & Amaral, 2000). 563 
For example, place cells within the hippocampus respond at specific spatial locations as 564 
an animal navigates, suggesting a neural code for location within the brain (Ekstrom et 565 
al., 2003; Muller et al., 1987; O'Keefe & Dostrovsky, 1971; Wilson & McNaughton, 1993).  566 
These findings make it clear that there is indeed some specialization within the brain, at 567 
least for higher order cognitive function.  Instead, what we are arguing is that there is 568 
more redundant coding across brain regions than previously recognized in some models, 569 
and that interactions, mediated by low-frequency oscillations between brain regions, are 570 
critical for the emergence of topological spatial representations. 571 

Indeed, there is now growing evidence for some degree of redundant, distributed 572 
coding across brain areas, an idea that was fundamental to early computational models 573 
of learning (Hopfield, 1995; Rumelhart, McClelland, & Group, 1987).  One of the early 574 
findings from neuroimaging studies of spatial navigation was that in fact a range of 575 
different brain regions typically activate in contrasts involving egocentric and allocentric 576 
navigation (Committeri et al., 2004; Galati et al., 2000; Neggers, Van der Lubbe, 577 
Ramsey, & Postma, 2006; Sulpizio, Committeri, & Galati, 2014), similar to the findings of 578 
rodent studies reviewed above (e.g., the presence of place cells outside of the 579 
hippocampus).  Additionally, there is also growing consensus that cells within the 580 
hippocampus respond to a larger variety of variables than just location, including viewing 581 
landmarks, spatial goals, and conjunctions of these variables with spatial location 582 
(Ekstrom et al., 2003; Rolls & O'Mara, 1995; Wirth et al., 2017; Wood, Dudchenko, & 583 
Eichenbaum, 1999).  The presence of location-specific neural codes outside of the 584 
hippocampus, and cells coding variables other than purely spatial ones within the 585 
hippocampus suggests a degree of redundant and conjunctive coding across networks 586 
of brain regions.  Importantly, a network conceptualization, as we have argued in past 587 
work (Ekstrom et al., 2014), takes the onus off of unique brain regions with highly 588 
specialized neural machinery as central to navigation and instead allows us to 589 
reconceive of this function in a more distributed fashion based on highly connected and 590 
interacting “hubs” of brain areas. 591 
 592 
Lesion studies suggest that spatial navigation is a network phenomenon 593 

 594 
We believe that one of the strongest forms of evidence arguing for a network-595 

based perspective on spatial navigation comes from lesion studies, as we have begun to 596 
discuss above. The notion that localized lesions can give rise to widespread neural 597 
changes—a process termed “diaschisis” by Von Monakow in 1902 (for a historical 598 
review, see: Finger, Koehler, & Jagella, 2004)—has been around for over 100 years and 599 
has received increased attention in recent years, partly due to the availability of new 600 
techniques for studying large-scale changes following localized lesions (Carrera & 601 
Tononi, 2014). Several recent studies in the rodent have revealed that localized lesions 602 
to brain regions implicated in spatial navigation and declarative memory cause 603 
widespread changes in the activation of other cortical areas within these same networks. 604 
For example, hippocampal lesions have been found to cause widespread cortical 605 
hypoactivity, indexed by the immediate-early genes Fos and zif268, including regions of 606 
the medial temporal lobe (postrhinal cortex [the rodent homolog of primate 607 
parahippocampal cortex], perirhinal cortex, and entorhinal cortex) and the anterior 608 
thalamic nuclei (Jenkins, Amin, Brown, & Aggleton, 2006).  All of these regions are 609 
thought to play roles in spatial navigation and declarative memory. Additionally, lesions 610 
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to the hippocampus (Albasser, Poirier, Warburton, & Aggleton, 2007) and anterior 611 
thalamic nucleus (Jenkins, Dias, Amin, & Aggleton, 2002; Jenkins, Dias, Amin, Brown, & 612 
Aggleton, 2002; Jenkins, Vann, Amin, & Aggleton, 2004) result in dramatic decreases in 613 
activity (of immediate-early genes) in the retrosplenial cortex and, in the case of lesions 614 
to the anterior thalamic nuclei, the hippocampus. Moreover, damage to the 615 
mammillothalamic tract, which connects the mammillary bodies and the anterior thalamic 616 
nuclei, results in widespread decreases in activation (of the immediate-early gene c-fos), 617 
including within the hippocampus, retrosplenial cortex, and prefrontal cortex (Albasser et 618 
al., 2007).  These findings support the idea that individual brain regions do not function 619 
as isolated modules but instead are highly connected and integrated with each other.  620 
 A recent study investigated the effects of hippocampal damage on network 621 
interactions in the human brain (Henson et al., 2016).  As a result of medial temporal 622 
lobe lesions, patients showed decreased functional connectivity between the 623 
hippocampus and the posterior cingulate cortex, as well as between other regions of this 624 
subnetwork, such as between thalamus, medial prefrontal cortex, and parietal cortex 625 
compared to controls. Moreover, a large-scale network analysis (716 regions of interest) 626 
revealed that hippocampal damage resulted in widespread changes in functional 627 
connectivity, including changes between regions outside of this hippocampal circuit.  628 
These results complement the findings in the rodent, together suggesting that 629 
hippocampal damage, via its connectivity to other brain regions, has far-reaching effects 630 
beyond simply altering local interactions (see also: Gratton, Nomura, Perez, & 631 
D'Esposito, 2012).  632 

Recent computational modeling studies have begun to incorporate full-brain 633 
connectivity, both mono- and polysynaptic, using graph theory to investigate structural 634 
and functional brain networks, respectively. For example, Alstott et al. (2009) found that 635 
virtual lesions to “hub” regions of the brain caused widespread changes in functional 636 
connectivity between many regions of the brain (Alstott, Breakspear, Hagmann, 637 
Cammoun, & Sporns, 2009). Interestingly, the lesions that were consistently associated 638 
with widespread changes were those that strongly affected a network of brain regions 639 
connected either anatomically or functionally to the hippocampus, such as the posterior 640 
cingulate cortex, medial prefrontal cortex, precuneus, and lateral parietal cortex.  Given 641 
that patients with hippocampal damage exhibited decreased functional connectivity 642 
within these same regions (Henson et al., 2016), hippocampal lesions might be better 643 
understood by the disruptions that they cause to a broader network, including other 644 
influential nodes within areas previously associated with spatial cognition. Moreover, 645 
although graph theory analysis of structural brain networks initially failed to find evidence 646 
that the hippocampus serves as an anatomical hub, more recent studies demonstrated 647 
its hub-like properties when instead taking functional dynamics into account (Misic, Goni, 648 
Betzel, Sporns, & McIntosh, 2014; Misic, Sporns, & McIntosh, 2014). These findings 649 
point to the importance of studying functional (i.e., putative polysynaptic) interactions (in 650 
addition to structural connectivity) between brain regions to elucidate the hubs of 651 
network-wide interactions. In support of the modeling results, recent studies from our lab 652 
have suggested that the medial temporal lobe (Watrous, Tandon, Conner, Pieters, & 653 
Ekstrom, 2013), and the hippocampus in particular (Schedlbauer, Copara, Watrous, & 654 
Ekstrom, 2014), serves as a functional hub during spatiotemporal episodic memory 655 
retrieval.  656 

 657 
Neuroimaging studies suggest that spatial navigation and memory are network 658 
phenomena 659 

 660 
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As we have discussed previously (Ekstrom et al., 2014), it appears reasonable to 661 
decompose egocentric and allocentric representations into landmark (e.g., landmark 662 
location, landmark identity), direction (e.g., heading, the angle between landmarks), and 663 
distance (e.g., distance between landmarks, distance to a goal location), as some 664 
models have attempted in some forms (Aguirre & D'Esposito, 1999; A. W. Siegel & 665 
White, 1975). In fact, recent fMRI studies using univariate analysis (e.g., activation 666 
analysis, adaptation analysis) and multivariate pattern analysis (MVPA; e.g., 667 
classification analysis, representational similarity analysis) have provided evidence for 668 
some degree of specialization in the brain regions that code information about these 669 
three components, which we will discuss in turn.  However, as we will argue here, these 670 
studies also suggest that multiple brain regions code information about landmark identity, 671 
direction, and distance, suggesting that these core components of spatial 672 
representations likely have distributed and partially redundant representations rather 673 
than highly localized and unique ones. 674 

Before we begin our review of such studies, it is important to summarize the 675 
anatomical and functional differences between some of the brain regions we will be 676 
discussing that are relevant to navigation.  Specifically, there are numerous labels used 677 
for anatomical and functional areas within retrosplenial and parahippocampal cortex, and 678 
it is useful to define these terms.  Both retrosplenial cortex and PHC (posterior 679 
parahippocampal cortex) are anatomically defined regions whereas retrosplenial 680 
complex and parahippocampal place area (PPA) are functionally defined regions (i.e., 681 
based on activation rather than strictly using anatomical landmarks). The most generally 682 
accepted definition of the retrosplenial cortex corresponds to Brodmann areas 29 and 30 683 
(Vann et al., 2009).  PHC is a subregion of the parahippocampal gyrus, with its anterior 684 
boundary defined as the perirhinal cortex and its posterior boundary typically defined as 685 
the splenium of the corpus callosum (Law et al., 2005). In contrast, retrosplenial complex 686 
tends to lie posterior to retrosplenial cortex (i.e., beginning in retrosplenial cortex and 687 
extending caudally) and PPA tends to lie posterior to parahippocampal cortex (i.e., 688 
beginning in posterior PHC and extending to the anterior lingual gyrus (Epstein, 2008; 689 
Huffman & Stark, 2017; Marchette, Vass, Ryan, & Epstein, 2014); however, given that 690 
these are functionally defined regions, in at least a subset of participants, these regions 691 
might not overlap with retrosplenial cortex and PHC.  692 

With regard to the functional role of these brain regions in navigation, several 693 
studies have investigated the representation of landmark and location information in the 694 
human brain and found roles for these areas. For example, Marchette et al. (2015) found 695 
that patterns of activity in retrosplenial complex, parahippocampal place area (PPA), and 696 
occipital place area (OPA) could be used to “cross decode” landmark identity between 697 
exterior and interior images of buildings on a university campus (Marchette, Vass, Ryan, 698 
& Epstein, 2015). Regarding the representation of location per se, the results of a 699 
multivariate pattern classification analysis suggested that the hippocampus (both 700 
anterior and posterior subregions), retrosplenial complex, and PPA code information 701 
about location within a room-sized virtual environment (Sulpizio et al., 2014).  Similar 702 
results have been reported for large-scale environments.  For example, patterns of 703 
activity in the retrosplenial complex and the left presubiculum were more similar in 704 
response to photographs that depicted the same location on a university campus than 705 
those that depicted different locations (Vass & Epstein, 2013). Additionally, similar 706 
analyses have suggested that the retrosplenial complex, the PPA, and parietal-occipital 707 
sulcus carry information about location during performance of variants of the JRD task 708 
(Marchette et al., 2014; Vass & Epstein, 2017; see Figure 2).  Moreover, Brown et al. 709 
(2016) reported successful classification of “prospective” goal locations—based on the 710 
associative memory of the location with which a cued object was paired—in the 711 
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hippocampus, PHC, perirhinal cortex, and retrosplenial complex in a virtual environment 712 
(Brown et al., 2016), suggesting that these regions activate place-selective responses 713 
during route planning. The results of these studies reveal that many regions carry 714 
landmark- and location-related information, including the hippocampus, retrosplenial 715 
cortex, retrosplenial complex, PPA, PHC, and OPA, among other cortical regions.  716 

Studies have also investigated the representations of direction, supporting similar 717 
conclusions of distributed neural codes.  For example, an adaptation analysis revealed 718 
greater BOLD activation of the retrosplenial complex for trials with different headings 719 
than trials with repeated headings in a virtual environment (Baumann & Mattingley, 720 
2010). Similarly, Shine et al. (2016) had participants encode a virtual environment in the 721 
presence of real-world head and body rotations (subjects wore a head-mounted display; 722 
translations were controlled via joystick) and during a retrieval task, they found that non-723 
repeated headings were associated with greater BOLD activation relative to repeated 724 
headings in both the retrosplenial cortex and the thalamus. A whole-brain analysis also 725 
revealed adaptation effects in the precuneus, caudate, brain stem, superior frontal gyrus, 726 
and inferior frontal gyrus (Shine, Valdes-Herrera, Hegarty, & Wolbers, 2016).  Vass et al. 727 
(2013) found that patterns of activity were more similar in response to trials with the 728 
same heading than trials with different headings in the retrosplenial complex and right 729 
presubiculum, and Vass and Epstein (2017) reported similar effects in the retrosplenial 730 
complex, entorhinal cortex, left precuneus, left superior frontal gyrus, and left middle 731 
temporal gyrus (see also: Marchette et al., 2014; Vass & Epstein, 2013, 2017). Further, 732 
the results of a multivariate pattern classification analysis revealed that the hippocampus 733 
(both anterior and posterior subregions), retrosplenial complex, and PPA code heading 734 
within a room-sized virtual environment (Sulpizio et al., 2014).  Finally, tasks involving 735 
computations of the angle between a navigator’s heading and the goal location (i.e., 736 
egocentric angle) have shown that activity in posterior parietal cortex correlates with the 737 
magnitude of this angle (Howard et al., 2014; Spiers & Maguire, 2007), suggesting that 738 
this region could be involved in representing the egocentric angle to the goal location.  739 
Thus, many regions have been shown to carry directional information, including the 740 
hippocampus, retrosplenial region, PPA, thalamus, precuneus, and posterior parietal 741 
cortex, among other subcortical and cortical regions. 742 

Studies regarding the neural code for spatial distance in humans support similar 743 
conclusions regarding distributed neural codes.  For example, Spiers and Maguire 744 
(2007) reported an association between the Euclidean distance to a goal location and 745 
BOLD activation in both the medial prefrontal cortex (activity increased as the distance 746 
to the goal decreased) and the right subicular/entorhinal region (activity decreased as 747 
the distance to the goal decreased) in London taxi drivers who performed a navigation 748 
task in a virtual version of London (Spiers & Maguire, 2007).  Howard et al. (2014) 749 
extended these results to the hippocampus proper, reporting that activity in the 750 
hippocampus was modulated by both the Euclidean distance (anterior hippocampus) 751 
and path distance (posterior hippocampus) to a goal location during performance of a 752 
navigation task in a virtual version of London (activity decreased with decreasing 753 
distance to the goal, similar to the previous results in the subicular/entorhinal region).  754 
Similarly, an adaptation analysis revealed a relationship for the Euclidean distances 755 
between locations on a university campus, with activity reported in the left anterior 756 
hippocampus, left inferior insula, left anterior superior temporal sulcus, and the right 757 
posterior inferior temporal sulcus (Morgan, Macevoy, Aguirre, & Epstein, 2011).  758 
Decoding analyses using fMRI data revealed similar findings. For example, the 759 
dissimilarity of patterns of activity in the hippocampus (both anterior and posterior 760 
subregions), PPA, and retrosplenial complex related to the physical distance between 761 
locations in a room-sized virtual environment—i.e., greater dissimilarity for locations that 762 
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were further apart (Sulpizio et al., 2014). Relatedly, an intracranial EEG study revealed 763 
that low-frequency oscillations in the human hippocampus could be used to decode the 764 
distance traveled during teleportation (Vass et al., 2016).  Similarly, an fMRI study found 765 
that the similarity of patterns of activity in the hippocampus was related to both the 766 
remembered spatial distance between objects and the remembered temporal distance 767 
between objects (Deuker, Bellmund, Navarro Schroder, & Doeller, 2016). Thus, the 768 
results of these studies suggest that many regions code distance-related information, 769 
including the hippocampus, retrosplenial complex, PPA, and entorhinal cortex, among 770 
other cortical regions. 771 

To be clear, the studies discussed in this section suggest that there is some 772 
specialization in the involvement of brain regions in the representation of landmarks, 773 
direction, and distance information.  Importantly, however, the results also provide clear 774 
evidence for shared, distributed representations across brain regions; for example, the 775 
hippocampus, parahippocampal place area, and retrosplenial complex all carry 776 
information about location, heading, and the distance between locations (Sulpizio et al., 777 
2014). Altogether, the emerging pattern of results suggests a sharing of computations 778 
related to spatial processing across many brain regions, rather than being the 779 
specialized focus of a single brain region.  This presence of some amount of redundant 780 
coding with brain regions also argues against a purely localizationist perspective on 781 
spatial navigation and instead for a network-based conceptualization. 782 
 783 
Mechanistic basis of our model: Multiple interacting, dynamically configurable 784 
brain regions 785 
 786 

The core of our model argues that spatial navigation is an emergent property of 787 
network interactions between a number of key regions, including the retrosplenial region 788 
(e.g., retrosplenial cortex, retrosplenial complex), parahippocampal region (e.g., PHC, 789 
PPA), hippocampus, entorhinal cortex, posterior parietal cortex (e.g., precuneus), 790 
thalamus, occipital place area, and prefrontal cortex.  This list might seem to be virtually 791 
exhaustive because we are proposing that several different brain regions in multiple 792 
lobes – as well as several subcortical areas – are involved in parallel in coding 793 
representations underlying human spatial navigation.  However, there are some key 794 
network properties that we hypothesize will be dissociable across the performance of 795 
different spatial navigation tasks relative to other cognitive tasks. For example, 796 
overlapping brain regions can play a role in multiple cognitive tasks due to differences in 797 
the “neural contexts” that arise from interregional interactions (S. L. Bressler, 2004; S.L. 798 
Bressler & McIntosh, 2007; McIntosh, 2000, 2004; Phillips & Singer, 1997; Watrous & 799 
Ekstrom, 2014). We hypothesize that the retrosplenial region will serve as a functional 800 
hub of the spatial navigation network, particularly, but not limited to, spatial processing 801 
involving world-referenced, allocentric computations.  Nonetheless, we also 802 
acknowledge the importance of some specialization, with our model restricting critical 803 
navigation-related function to a core set of brain regions within the “navigation network” 804 
(Figure 4).  Additionally, and perhaps most importantly, we emphasize the importance of 805 
highly interconnected, functional hubs like retrosplenial cortex as critical areas for 806 
computations favoring allocentric coordinates, compared to posterior parietal cortex, 807 
which will serve as a critical hub biased toward egocentric computations. Note that we 808 
emphasize that these two regions have a bias toward either form of representation, but 809 
given that egocentric and allocentric representations emerge from network interactions 810 
including these two brain regions, neither exclusively dominates at any time. 811 
 Consistent with some of our previous proposals, we suggest that, mechanistically, 812 
low-frequency oscillations in the 1-12 Hz range (which includes the canonical theta 813 
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range) will be critical for these network interactions.  Our past work has suggested that 814 
low-frequency oscillations are greater across a network of different brain regions during 815 
correct compared to incorrect memory retrieval (Watrous et al., 2013).  These low-816 
frequency oscillations likely activate specific ensembles of neurons, which may manifest 817 
at higher frequencies in an asynchronous manner (Burke, Ramayya, & Kahana, 2015), 818 
thereby coding various aspects of the task via “spectral fingerprinting” (M. Siegel, 819 
Donner, & Engel, 2012; Watrous & Ekstrom, 2014).  The idea is that the relative balance 820 
of egocentric and allocentric representations along a continuum of such representations 821 
will involve slightly differently frequencies of coherent oscillations between brain regions.   822 

For example, when utilizing a primarily egocentric representation, which will 823 
depend on memory for one’s displacement, a cluster of head direction, place specific, 824 
and velocity representations in retrosplenial, hippocampus, and posterior parietal cortex 825 
become simultaneously active, with posterior parietal cortex showing the greatest 826 
numbers of interactions with these different sites due to the predominance of the need 827 
for “self” representation.  Note, though, that the representation at this time is a 828 
continuous mixture of different cell types, some of which may even be redundant 829 
between the different brain regions.  As a participant switches to a more allocentric 830 
frame of reference, heuristics, like whether the boundaries are in a square or circular 831 
shape, will likely come into play within areas like inferior temporal cortex, with a further 832 
switch to predominance within retrosplenial cortex and place cell/head-direction cell 833 
responses.  Importantly, we suggest that both the specific brain hubs (posterior parietal 834 
vs. retrosplenial cortex) and frequencies of interactions will differ along a continuum 835 
between the two types of representations (see: Ekstrom & Watrous, 2014).  836 

Critically, this network conceptualization also allows a continuous, hybrid form of 837 
an egocentric-allocentric representation that would otherwise be difficult to conceptualize 838 
in a scenario where one brain region does one function (R. F. Wang, 2017).  In this way, 839 
both forms of representations can simultaneously co-exist and be called upon to solve a 840 
task, depending on the current demands.  We note that this could be additive or non-841 
additive, dependent on what cells are recruited redundantly vs. uniquely between 842 
different brain regions (Arnold, Iaria, & Ekstrom, 2016; Bassett & Gazzaniga, 2011; 843 
Ekstrom et al., 2014).  Importantly, as retrosplenial regions becomes more of a hub, we 844 
have a relative tilt toward an allocentric form of processing.  As we include inferior 845 
temporal cortex and anterior temporal areas (e.g., perirhinal cortex) to a greater extent in 846 
the interactions, we allow for a greater predominance of shape heuristics in processing.   847 

In this way, we can think of the specific cellular response in specific brain regions 848 
more as complex conjunctions of signals that might be useful computationally for solving 849 
a task in terms of best capturing its unique components (Ekstrom & Ranganath, 2017).  850 
There will likely be multiple different cellular responses involving variables like geometric 851 
shape templates (e.g., squares, rectangles, and triangles) with other conjunctions of 852 
responses that include landmarks, heading direction, cardinal directions, and major and 853 
minor axes within the environment.  These responses will likely manifest much like we 854 
might observe in the hidden layer of a “deep” neural network that can solve complex 855 
tasks (Mnih et al., 2015).  The relative mix and conjunctions of these different cell types 856 
both within and across brain regions can then be optimized for the task, thus providing a 857 
means of configuring “on the fly.”  At the same time, these conjunctive representations, 858 
in their purest sense, are not readily decomposable to a single feature but rather exist on 859 
a continuum of conjunctions and interactions that are flexible and dynamic during the 860 
task (Ekstrom et al., 2003; Wirth et al., 2017).  861 

 862 
Predictions of our model 863 
 864 
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 Our model, in contrast to classic localizationist perspectives on spatial navigation, 865 
emphasizes the importance of redundant, distributed coding across different brain 866 
regions rather than computations within specific, dedicated modules in isolation.  This in 867 
turn puts the emphasis on parallel interactions between different brain regions, via low-868 
frequency oscillations, rather than the activity of a single brain region in relative isolation.  869 
At the same time, our model is not an “extreme” distributed model in that all neurons in 870 
all brain regions are the same, and as we have attempted to make clear, and, consistent 871 
with decades of work in neuroscience, we readily acknowledge specialization within 872 
specific brain regions.  Thus, our model focuses on multimodal areas that have been 873 
shown to be strongly linked to spatial navigation, specifically, retrosplenial cortex, 874 
retrosplenial complex, parahippocampal gyrus (parahippocampal cortex, 875 
parahippocampal place area, and entorhinal cortex), prefrontal cortex, posterior parietal 876 
cortex, and other subcortical areas specified in Figure 4.  As studies on human spatial 877 
navigation continue, specifically those that test our model, we will be able to validate or 878 
falsify specific aspects. 879 

The first critical prediction that our model makes is that the retrosplenial region, 880 
rather than the hippocampus, is the most critical hub for navigation.  In turn, this 881 
hypothesis allows us to make several novel predictions.  First, the hypothesis that the 882 
retrosplenial region is a hub for spatial navigation could be tested using a graph theory 883 
analysis of whole-brain functional connectivity. Such an analysis should compare 884 
differences in how “hub-like” its functional connectivity is between different cognitive 885 
tasks. We predict that the retrosplenial region will stand out as a particularly influential 886 
hub during performance of a spatial navigation task (i.e., its “hub score” will be in the top 887 
5% of all nodes) compared to all other hubs in the “navigation network” (see Figure 4). 888 
Note that we still predict the involvement of other critical hubs, like hippocampus and 889 
posterior parahippocampal cortex as well (Arnold, Protzner, Bray, Levy, & Iaria, 2014), 890 
just to a lesser extent than retrosplenial cortex.  Further, we predict that the retrosplenial 891 
region will exhibit greater “hub scores” for tasks that preferentially involve allocentric 892 
representations relative to egocentric representations, which we instead predict to rely to 893 
a greater extent on posterior parietal cortex as the relative hub (see Figure 4).   894 

Specifically, tasks requiring estimation of location based on multiple, stable 895 
landmarks should result in the retrosplenial cortex serving as a hub (regardless of 896 
modality) while those requiring updating of positions based on current body position 897 
should result in primarily posterior parietal cortex serving as a hub.  In other words, as 898 
we tip the scales along the allocentric to egocentric spectrum in favor of one 899 
representation over another, we should also see a correlation with the degree of change 900 
in hub score from retrosplenial to posterior parietal cortex.  As a null control condition, 901 
we predict that both allocentric and egocentric tasks will elicit greater “hub” scores in the 902 
retrosplenial region compared to a non-navigation baseline task, which should tap these 903 
navigation related areas minimally (Stark & Squire, 2001).  Additionally, we predict that 904 
task-dependent changes in the hub-ness of the retrosplenial region, via changes in 905 
connectivity patterns (either directly or indirectly) will correlate with task performance, 906 
which provides insight into the degree to which participants might successful utilize one 907 
form of representation over another (e.g., average error on the JRD task, see Figure 2). 908 
The observation of a relationship between these network measures and behavior would 909 
provide more direct evidence that network interactions within the spatial navigation 910 
network support behavioral performance. 911 

Some of these predictions have been partially validated.  In one study, the 912 
retrosplenial region was shown to be a functional hub within a spatial navigation network 913 
during the resting state, and the degree to which it served as a hub was predictive of 914 
participants’ subjective navigational ability (Kong et al., 2016).  Additionally, the 915 
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retrosplenial region increases its functional connectivity with other cortical regions during 916 
performance of a spatial navigation task relative to a resting baseline task (Boccia, 917 
Guariglia, Sabatini, & Nemmi, 2016), suggesting that the retrosplenial region alters its 918 
connectivity in the service of spatial navigation.  Finally, the retrosplenial region is 919 
anatomically extremely well situated to integrate information from visual cortex with other 920 
multimodal information as well as to combine information from the medial temporal lobes 921 
(Maguire, 2001; Vann et al., 2009).  Yet several of the predictions of our model remain to 922 
be tested, specifically related to the JRD and SOP tasks, and the relative shifting of hub 923 
scores in a task-related fashion.  The application of MVPA and network connectivity 924 
analyses are particularly attractive for understanding both the types of information that 925 
are represented within different regions of the spatial navigation network and the 926 
interactions between these regions. Furthermore, techniques that implement MVPA-927 
based functional connectivity, such as informational connectivity (Coutanche & 928 
Thompson-Schill, 2013), offer an exciting new way to study how information and 929 
computations are shared across multiple brain regions. Moreover, classification analysis 930 
can be applied to whole-brain functional connectivity matrices to study the computational 931 
benefits of network interactions over local computations (Shirer, Ryali, Rykhlevskaia, 932 
Menon, & Greicius, 2012). 933 

A second critical prediction of our model is that damage to human retrosplenial 934 
cortex will result in more devastating impairments to spatial navigation than lesions to 935 
other brain regions, such as the hippocampus.  This prediction has already been partially 936 
validated.  Specifically, patients with strokes affecting retrosplenial cortex suffer profound 937 
navigation deficits (Hashimoto et al., 2010; Ino et al., 2007; Maguire, 2001; Takahashi, 938 
Kawamura, Shiota, Kasahata, & Hirayama, 1997), including aspects that can be 939 
characterized as somewhere within an overlapping spectrum of egocentric and 940 
allocentric representations.  This stands in contrast to lesions to the hippocampus, which 941 
typically result in more mild impairments affecting the precision of spatial memories, or in 942 
some cases, little navigational impairments at all, as discussed above.  However, we 943 
believe that further testing of this idea is needed.  Specifically, our model makes two 944 
additional predictions about retrosplenial vs. other lesions within the “navigation 945 
network.”  First, patients with retrosplenial lesions should not only suffer profound 946 
navigation deficits, these should be more pronounced for allocentric than egocentric 947 
biased tasks.  Second, they should also show a relative shifting in “hubness” to areas 948 
such as the hippocampus and parahippocampal cortex when they attempt these tasks, 949 
which will thus play partially compensatory roles.  Third, patients with damage to 950 
posterior parietal cortex should show profound deficits in egocentric based navigation, 951 
with some allocentric deficits, but with a relative shifting of hubness scores to 952 
retrosplenial cortex compared to controls.  Finally, and perhaps most critically, patients 953 
with lesions to multiple hubs within the navigation network, relative to patients with 954 
lesions to a single hub, should show the most profound and pronounced deficits in tasks 955 
like the JRD and SOP tasks.  956 
 Our model also makes specific predictions about redundant coding of navigation-957 
related information throughout the “navigation network”, which we have outlined in 958 
Figure 4.  Specifically, we predict that we will see cellular responses to core aspects of 959 
navigation -- distance, direction, location, and velocity – are not localized to single brain 960 
regions but present, to different degrees, in multiple brain regions.  As we discussed 961 
above in the “rodent studies” section, we believe this finding has been supported, in part, 962 
by single cell recordings in rodents and humans showing place and head direction 963 
responses in multiple brain regions.  As we have also reviewed, fMRI has strongly 964 
implicated distributed coding mechanisms in allocentric and egocentric coding, and 965 
although a good indicator of this phenomenon, lacks the resolution to observe cell-966 
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specific responses.  Critically, we believe that in vivo recordings studies in human 967 
patients and non-human primates will likely find higher distributions of place and head 968 
direction cells (in addition to velocity cells) within core areas of the navigation network 969 
compared to other brain regions. The presence of redundant cellular coding is critical to 970 
our model and remains to be fully tested, particularly in primates, for whom our model is 971 
most directly relevant. 972 
 Finally, and perhaps most importantly, mechanistic aspects of our model remain 973 
to be fully tested.  Specifically, we hypothesize that low-frequency oscillations are critical 974 
for coordinating groups of task-relevant neural responses across brain regions within the 975 
navigation network important to performing a task.  For example, when performing the 976 
JRD task, we predict that cells responsive to location and direction (particularly imagined 977 
location) will be active across multiple areas of the navigation network, with the highest 978 
concentration in the retrosplenial region.  Critically, we predict the presence of low-979 
frequency oscillations as a means of coordinating between these brain regions.  Thus, 980 
disruption of these oscillations, which is possible with invasive stimulation (Kim, Ekstrom, 981 
& Tandon, 2016), should disrupt this coordination.  We predict that such a disruption will 982 
cause performance decrements but it will not completely abolish performance because 983 
distributed single neuron responses will still be active, although insufficiently coordinated.  984 
Similarly, electrical stimulation applied directly to a brain region like hippocampus or 985 
retrosplenial cortex (Jacobs et al., 2016) should disrupt task performance but not abolish 986 
it, as long as some coding and interactions between other brain regions are possible.  987 
Thus, a final critical prediction, which remains to be fully tested, regards the importance 988 
of interactions between redundant coding mechanisms in a task-specific manner across 989 
the navigation network. 990 
 991 
Conclusions 992 
  993 
Despite the appeal and evidence for localized spatial representations within brain 994 
regions like retrosplenial cortex, posterior parietal cortex, hippocampus, and prefrontal 995 
cortex, there is also substantial evidence for distributed interactions amongst these 996 
regions as critical to spatial representations underlying navigation.  While some spatial 997 
metrics can be important in some instances (estimating how far you are from campus), 998 
we often use heuristics, either in place of, or in conjunction with, spatial metrics.  Our 999 
copious use of heuristics when reasoning about space makes it is difficult to distill 1000 
navigation to discrete forms of spatial representations to any given task (egocentric vs. 1001 
allocentric).  Instead, such modality-independent representations seem better 1002 
characterized by a spectrum of possible contributions, including topological and heuristic 1003 
components that operate in the absence, in many cases, of “pure” metric knowledge.  As 1004 
such, it is difficult to assign a single brain region to a single function in navigation and 1005 
instead, we argue that a network conceptualization more naturally accomplishes the 1006 
dynamic nature of spatial representation.  Our model proposes that allocentric and 1007 
egocentric representations involve a continuum behaviorally, and are mediated by 1008 
dynamic interactions via low-frequency oscillations between multiple brain regions 1009 
centered on retrosplenial and posterior parietal cortex, respectively.  Specifically, we 1010 
hypothesize that the degree to which one of these regions serves as a hub will be 1011 
associated with where on the egocentric-allocentric spectrum behavioral performance 1012 
falls.  Network-based conceptualizations of navigation also more naturally allow for 1013 
contributions of shape heuristics and specific task demands, like using rectangles to 1014 
remember target locations.  Together, these ideas provide a novel and testable 1015 
framework for understanding the neural basis of human spatial navigation. 1016 
 1017 
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Figure legends 1018 
 1019 
Figure 1 Fundamental similarities between allocentric and egocentric coordinate 1020 
systems 1021 
 1022 
A. Within an allocentric coordinate system, A, B, and C are landmark coordinates, N is 1023 
the position of the Navigator, and D is the displacement vector (movement of the 1024 
navigator).  AB, AC, and BC are therefore vectors that indicate both the direction and 1025 
distance of landmarks to each other.  The positions of landmarks stay stable with 1026 
displacements of the navigator.  B. In an egocentric coordinate system, in contrast, the 1027 
positions of landmarks change continuously with movements of the navigator (i.e., 1028 
movement from 1 to 2).  The position of the navigator, however, is always centered at 1029 
the origin.  A’, B’, and C’ are positions of landmarks in egocentric frame 1, A’’, B’’, and 1030 
C’’ are positions of landmarks in egocentric frame 2.  These correspond to vectors A’N, 1031 
B’N, C’N, etc.  Within this framework, egocentric to allocentric conversion can be 1032 
accomplished many different ways.  For example, AB, BC, AC in allocentric coordinates 1033 
can be approximated with vector subtraction (A’N - B’N or A’’N - B’’N); see McNaughton 1034 
et al. 1991 for more details.  This conversion can also be solved using estimation of the 1035 
Pythagorean theorem e.g., AB = sqrt(A’N^2 + B’N^2) or AB = sqrt(A’’N^2 + B’’N^2).  This 1036 
is because vectors AB = A’B’ = A’’B’’ and the displacement vector (D) are the same in 1037 
allocentric (a.) and egocentric (b.) space.  This also means the two subspaces have the 1038 
same basis set. 1039 
 1040 
Figure 2 Canonical tasks used to assay egocentric and allocentric representations 1041 
 1042 
A. The scene and orientation pointing (SOP) task. Components include: 1. Current 1043 
location and bearing during navigation 2. Location of probed store (Ice Cream Shop).  1044 
While the SOP task is most easily solved based on knowledge of one’s egocentric 1045 
position relative to the target, the SOP task can also be solved with knowledge of the 1046 
current location relative to a second store, and its relationship to the probe (Ice Cream 1047 
Shop). In this way, allocentric knowledge can be used to solve the SOP task, in some 1048 
situations.  B. The judgments of relative direction (JRD) task.  Components include: 1. 1049 
Imagined location and direction of one target (Bookstore) relative to a second (Fast 1050 
Food)  2. Imagined location and direction of a second target (Fast Food) relative to the 1051 
probe (Camera Store).  While the JRD task is most easily solved based on knowledge 1052 
about the relative positions of the three stores (allocentric knowledge), it could also be 1053 
solved using one’s memory for a visual snapshot that includes the two imagined target 1054 
stores (Bookstore, Fast Food) and probe (Camera Store); see Wolbers and Wiener 2014 1055 
for more details.  In this way, egocentric knowledge can also contribute to solving the 1056 
JRD task. 1057 
 1058 
Figure 3: Heuristics override metric Euclidean knowledge of space 1059 
 1060 
A. Schematic of results from two different studies by Huttenlocher et al.  These studies 1061 
involved participants encoding and then drawing the locations of dots within a circle.  1062 
Participants showed a significant tendency toward drawing dot locations that were 1063 
encoded at or near 0, 90, 180, or 270 degrees as closer to 45, 135, 225, and 315 1064 
degrees.  These findings demonstrated a tendency to use category heuristics 1065 
(“somewhere in between 0 and 90”) rather than precise metric knowledge.  B. Schematic 1066 
of findings from Moar and Bower (1983).  When participants estimated the angles of the 1067 
intersections between three well-known streets, they tended to draw the angles as closer 1068 
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to 90 degrees than their actual angles.  Because the sum of angles of a triangle must not 1069 
exceed 180 degrees, this violated the rules of Euclidean geometry.  C. Alignment effects, 1070 
demonstrated in numerous studies cited within the main text.  Here, participants point to 1071 
the imagined locations of targets (using the JRD task) more accurately when imagining 1072 
facing parallel to main axes of a rectangle than when misaligned.  These findings 1073 
suggest that the category heuristic of “rectangle,” in this case, aids in the memory for the 1074 
locations of stores, without which spatial memory is significantly less precise.   1075 
 1076 
Figure 4: Schematic of our network model of allocentric and egocentric 1077 
representation 1078 
 1079 
Network conceptualization of allocentric and egocentric representations.  PFC=prefrontal 1080 
cortex, RSR=retrosplenial region (retrosplenial cortex and retrosplenial complex), 1081 
EC=entorhinal cortex, PR=parahippocampal region, IT = inferotemporal cortex, Thal = 1082 
thalamus, VC = visual cortex.  Allocentric and egocentric representations involve 1083 
information processing centered on different hubs yet still involve largely overlapping 1084 
brain regions.  The model thus allows for a continuum of allocentric and egocentric 1085 
representations, as well as hybrid versions of the two, which will depend on the degree 1086 
of hubness and shared computations across brain regions within the network.  The 1087 
model also allows for heuristics, which will involve additional contributions from areas 1088 
like inferotemporal cortex.1089 
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