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Head orientation influences saccade directions during free viewing 69 

1. Abstract  70 

When looking around a visual scene, humans make saccadic eye movements to fixate 71 

objects of interest. While the extraocular muscles can execute saccades in any direction, not all 72 

saccade directions are equally likely: saccades in horizontal and vertical directions are most 73 

prevalent. Here, we asked if head orientation plays a role in determining saccade direction 74 

biases. Study participants (n = 14) viewed natural scenes and abstract fractals 75 

(radially symmetric patterns) through a virtual reality headset equipped with eye tracking. 76 

Participants’ heads were stabilized and tilted at -30°, 0°, or 30° while viewing the images, which 77 

could also be tilted by -30°, 0°, and 30° relative to the head. To determine if the biases in saccade 78 

direction changed with head tilt, we calculated polar histograms of saccade directions and cross-79 

correlated pairs of histograms to find the angular displacement resulting in the maximum 80 

correlation. During free viewing of fractals, saccade biases largely followed the orientation of the 81 

head with an average displacement value of 24° when comparing head upright to head tilt in 82 

world-referenced coordinates (t(13)=17.63, p<0.001). There was a systematic offset of 2.6° in 83 

saccade directions, likely reflecting ocular counter roll (OCR) (t(13)=3.13, p=0.008). When 84 

participants viewed an Earth upright natural scene during head tilt, we found that the orientation 85 

of the head still influenced saccade directions (t(13)=3.7, p=0.001). These results suggest that 86 

non-visual information about head orientation, such as that acquired by vestibular sensors, likely 87 

plays a role in saccade generation.  88 

 89 
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2. Significance Statement  90 

We show that the statistics of saccade directions, from data collected during free viewing 91 

of fractal (radially symmetric) and natural scene images, are influenced by head orientation. 92 

During fractal viewing, saccade directions largely followed the orientation of the head with 93 

systematic offsets likely explained by ocular counter roll. During natural scene viewing of an 94 

Earth upright image, saccade directions were still influenced by head orientation. These results 95 

suggest that head and retinal orientation relative to gravity play a key role in saccade generation. 96 

Future work should consider the influence of head orientation when predicting saccade landing 97 

points or when using existing saccade generation models.  98 

 99 

3. Introduction  100 

While saccades can be made in any direction, saccades in the cardinal directions are more 101 

prevalent than the oblique directions, and saccades in the horizontal direction are more prevalent 102 

than the vertical direction. This saccade direction bias is well documented and has been observed 103 

in tasks such as visual search (Gilchrist & Harvey, 2006; Najemnik & Geisler, 2008), movie 104 

watching (Costela & Woods, 2019), fixation (Otero-Millan et al., 2013), and free viewing 105 

(Anderson et al., 2020; Bischof et al., 2020; Foulsham et al., 2008; Otero-Millan et al., 2013; 106 

Tatler & Vincent, 2009).  107 

There are many factors that likely contribute to the saccade direction bias, with 108 

oculomotor, neural, environmental, and behavioral origins. For example, purely horizontal 109 

saccades require the activation of fewer extraocular muscles and brain regions than saccades in 110 

other directions (Leigh & Zee, 2015); scenes have prevalent cardinal (especially horizontal) 111 

contour orientation biases that influence perception and saccade directions (Foulsham et al., 112 
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2008; Girshick et al., 2011; Raman & Sarkar, 2017; Rolfs & Schweitzer, 2022); and learned, 113 

directionally-biased behaviors such as reading may reinforce motor biases throughout the 114 

lifespan (Abed, 1991; Van Renswoude et al., 2016). 115 

An additional contributor to the saccade direction bias that has not yet been 116 

systematically examined is the influence of gravitational signals indicating head orientation. 117 

Head tilt is a powerful tool to determine the relative contribution of gravitational signals because 118 

tilting the head disrupts the alignment between the direction of gravity and the head. When 119 

humans are upright, the visual world, gravity, the head, and the eyes are all in alignment, but 120 

during head tilt in the roll direction, the head is no longer aligned with the visual world or 121 

gravity. Moreover, ocular counter roll (OCR), occurring in response to head tilt, rotates the eye 122 

in the opposite direction of the head and breaks the alignment between the head and the retina.   123 

There are many reasons why gravitational signals indicating head tilt may play a role in 124 

saccade generation. Previous studies have found that the perception of upright changes following 125 

head tilt (De Vrijer et al., 2009). This change in the perception of upright can be independent of 126 

changes in OCR (Otero-Millan & Kheradmand, 2016). The oblique effect, a perceptual effect 127 

characterized by enhanced discrimination for horizontal and vertical orientations, is also 128 

influenced by gravity and weakens when lying supine (Mikellidou et al., 2015). Other studies 129 

have used changes in head orientation to understand the underlying reference frame of perceptual 130 

and motor biases seen in tasks measuring visual acuity and stereoacuity (Banks & Stolarz, 131 

1975a; Ebenholtz & Walchli, 1965; Lam et al., 2008). Whether the effects of head orientation on 132 

vision can be completely explained by OCR is an active area of research (Banks & Stolarz, 133 

1975b; Klier et al., 2005; Medendorp et al., 2002). Given the influence of head orientation on 134 
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visual perception and performance, it is likely that head orientation similarly influences saccade 135 

generation and saccade execution.  136 

In the present study, we examined whether roll tilting the head influences saccade 137 

direction distributions during free viewing. For clarity, we focus on the primary horizontal bias 138 

of saccade directions, but we expect the weaker vertical bias to also be present. Figure 1 shows 139 

the two alternative hypotheses for the effect of head tilt on saccade direction biases. First, 140 

according to the “world orientation hypothesis” (blue), saccade directions will remain primarily 141 

horizontal with respect to the world despite intervening head tilt. Second, according to the “head 142 

orientation hypothesis" (orange), the saccade bias will rotate with the head and remain horizontal 143 

with respect to the head. We first test the impact of head orientation on saccade directions when 144 

people visually explore images absent of visual cues of upright (fractal images), and ask which 145 

hypothesis is supported. Next, we examine the impact of head orientation during the viewing of 146 

Earth upright natural scenes. Finally, we show that our paradigm replicates previous work 147 

showing the effect of natural scene tilt by itself.   148 

[Figure 1 here] 149 

   150 

4. Methods  151 

4.1. Participants  152 

 Fourteen adults (ages 22-38 with mean of 27 years; 7 female, 6 male, and 1 non-binary 153 

individual) from the community participated in the study. All participants provided informed 154 

consent prior to data collection. The research followed the tenets of the Declaration of Helsinki, 155 

and the Institutional Review Board of the university approved the study. 156 
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 Prior to conducting the study, we implemented an a priori one-tailed t-test power analysis 157 

using G*Power (Faul et al., 2007), which revealed that at least 12 participants were required for 158 

the study based on an effect size of 0.8 (supported by pilot data that showed 7.7° of effect and 159 

9.7° SD), an alpha of 0.05, and a power of 0.8.  160 

 161 

4.2. Apparatus  162 

Stimuli were presented on a FOVE 0 Virtual Reality headset, controlled with a desktop 163 

computer. The FOVE (FOVE Inc, Chiyoda-ku, Tokyo, Japan) has a display resolution of 2560 x 164 

1440 pixels, a field of view up to 100°, a weight of 520g, and a frame rate of 70 Hz. The built-in 165 

binocular eye tracker uses a stereo infrared system that runs at 120 Hz. The FOVE measures 166 

head position and head rotation with an external infrared camera and a built-in inertial 167 

measurement unit (IMU), respectively.  168 

The virtual space for stimulus presentation was created in Unity (version 2019.4.18f; 169 

Unity Technologies, CA) and experimental structure was created with the Unity Experiment 170 

Framework, UXF version 2.1.1 (Brookes et al., 2020), which allows for the automation of data 171 

collection and data output. Eye movements were recorded using the Unity FOVE plugin (version 172 

4.1.0). Custom scripts were written in C# to run the experiment.  173 

The head stabilizing system consisted of adjustable pads that gently held and compressed 174 

the temporal sides of the head (Figure 2A). These pads were mounted to a rotating device that 175 

was able to roll tilt 360° and lock in place. Participants were held in place with the system and 176 

were released from the head stabilizers after every head tilt block (~20 minutes). 177 

[Figure 2 here] 178 

 179 
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4.3. Stimuli 180 

The stimuli consisted of 30 abstract fractals (Figure 2B) and 30 natural scenes (indoor 181 

and outdoor scenes, Figure 2C). The natural scenes were downloaded from Flickr and had CC-182 

BY-2.0 licenses at minimum. The fractals were created with Procreate (Savage Interactive Ltd, 183 

Tasmania) on an iPad Pro (second generation, 11-inch). The fractals had 30° of radial symmetry 184 

and appeared in an amalgam of patterns and colors. Both scenes and fractal images were 185 

converted into equirectangular projection and then projected onto the inside of a sphere so that 186 

participants were completely immersed in the scene (i.e., the stimulus took up the entire field of 187 

view of the FOVE). The sphere had a diameter of 20 virtual meters. Although the FOVE allows 188 

for stereoscopic displays, the stimuli used in this study did not contain binocular or motion depth 189 

cues.   190 

 191 

4.4. Procedure 192 

The experiment consisted of one session broken up into three blocks, one for each head 193 

tilt. At the beginning of each block and after eye movement calibration, the participant’s head 194 

was tilted and constrained at -30° (head tilt), 0° (head upright), or 30° (head right) rotation. 195 

Within each block, there were 60 free viewing trials that displayed a different image (30 natural 196 

scenes and 30 fractals) at -30°, 0°, or 30° relative to the head for a total of 180 trials in the 197 

session. Relative to the world, images could be tilted up to 60 or -60° for conditions where the 198 

image tilt and the head tilt were in the same direction. The image type and image tilt for each 199 

trial were presented in a random order within each head tilt block. Thus, within each head tilt 200 

block the images presented at different image tilts were all different. The head tilt block order 201 

was pre-set and balanced across participants.  202 
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At the start of the session, participants were prompted to complete a FOVE calibration 203 

consisting of a moving dot following an expanding spiral path. After successful calibration, the 204 

experimenter tilted the participant's head the desired amount (-30°, 0°, or 30°, block-dependent). 205 

Participant head tilt was monitored with an external digital angle gauge and an internal head 206 

rotation measurement exported by the FOVE while the experiment took place. Subjects 207 

maintained an average head tilt of 27.14°± 3.66° (Mean±SD) to the right, 0.19°± 2.24° upright, 208 

and -26.68°±2.37° to the left. The FOVE was configured so that the scene remained static in the 209 

head mounted display regardless of head movements.  210 

Participants fixated a central dot and initiated each trial with a key press. After the button 211 

press, the fixation dot disappeared and was replaced with a natural scene or fractal. Participants 212 

had 15 seconds to explore the scene with their eyes without moving their head. After the allotted 213 

time, the image disappeared and was replaced with the central fixation dot. Every 20 trials, a 214 

white screen appeared, and participants initiated a calibration sequence with a space bar press. A 215 

blue dot appeared for two seconds at five different locations, and participants were instructed to 216 

follow the dot with their eyes.  217 

 218 

4.5. Data Analyses and Statistics  219 

Binocular eye movement data was exported from the FOVE and analyzed in MATLAB. 220 

Saccade detection was implemented using custom-built MATLAB functions that were based on 221 

the method described by Engbert & Kliegl (2003). Instantaneous velocity was calculated with a 222 

differential smoothing filter for each eye and then averaged between the two eyes. Velocity 223 

thresholds for saccade detection were determined based on the robust standard deviation of the 224 

data using a lambda of 8 (lambda is a parameter in the Engbert algorithm that represents a 225 
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multiplier of the standard deviation). We confirmed that detected saccades followed the main 226 

sequence (Figure 3A) and other known characteristics such as the bias toward smaller (Figure 227 

3B) and shorter duration (Figure 3C) saccades during free viewing. Eye movement traces were 228 

visually inspected for any abnormalities (Figure 3D). 229 

[Figure 3 here] 230 

 231 

We calculated polar distributions of saccade directions by applying a circular kernel 232 

density estimate (KDE) to the data (Muir, 2022). The kernel, a wrapped Gaussian 0.1 radians in 233 

width, was applied from 0° to 360° in steps of 0.1°. To quantify the differences among subsets of 234 

polar distributions, for each subject, we obtained circular cross-correlation values between pairs 235 

of polar distributions (see Results) and found the direction distribution displacement in degrees 236 

(Δ) that resulted in the maximum correlation (Figure 4). To avoid edge effects, the circular cross-237 

correlation, was implemented by repeating and concatenating the kernel density estimate three 238 

times so as to cover the range from -360° to 720° instead of only 0° to 360° and searching for a 239 

maximum correlation within a ±45° range to avoid finding spurious peaks given the 180° or 90° 240 

symmetry of the distributions. Implementing the circular cross-correlation was made possible by 241 

the fact that individual subjects had saccade direction distributions that were anisotropic; thus, 242 

the lag that resulted in the maximum correlation was indeed the highest (Figure 4). These 243 

direction distribution displacements for individual subjects were bootstrapped to determine 95% 244 

confidence intervals. A positive direction distribution displacement value indicates a clockwise 245 

rotation of the saccade bias while a negative value indicates a counterclockwise rotation of the 246 

bias.  247 
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The reference frame index (RFindex) was calculated for each subject according to the 248 

equation 𝑅𝐹𝑖𝑛𝑑𝑒𝑥 = ∆ ( ∆ )
 where Δ represents the direction distribution displacement 249 

between 30° and 0° tilt (Δ30) and between -30° and 0° tilt (Δ-30), and T indicates the absolute 250 

average tilt of either the head or image tilt in degrees associated with a given condition (see 251 

Results). That is, for each subject, we sign-reversed the direction distribution displacement 252 

values corresponding to head or image tilt that had negative values, calculated the mean direction 253 

distribution displacement for left and right tilt, and then scaled the values by the absolute average 254 

tilt associated with the experimental condition. A RFindex of 0 corresponds with a saccade bias 255 

that is oriented to a head reference frame while a RFindex of 1 corresponds with a world or 256 

gravity fixed reference frame (see Results for exceptions). The RFindex allows us to combine the 257 

data from left and right tilts and summarize it into a single number to test the overall significance 258 

of our effects.  259 

We were able to obtain the torsional component of recorded eye movements for 11 of the 14 260 

subjects. We analyzed OCR during our study by calculating the median OCR over time for each 261 

trial to reduce the effect of outliers, and then calculating the average OCR for each subject, head 262 

tilt, and image type. We calculated the change in OCR between head tilts for fractal viewing by 263 

subtracting the OCR during head tilt right from the OCR during head upright and by subtracting 264 

the OCR during head tilt left from the OCR during head upright. 265 

[Figure 4 here] 266 

 267 
5. Results 268 

5.1. Effect of head tilt on saccade direction distributions while free viewing fractal 269 
images 270 

 271 
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Our main research question was whether saccade direction distributions would rotate 272 

change as a function of head tilt (head orientation hypothesis) or stay consistent with the 273 

environmental upright (world orientation hypothesis; Figure 1). For this question, we examined 274 

eye movements during trials showing radially symmetric fractal images since these fractals do 275 

not contain directional cues or other semantic content.  276 

[Figure 5 here] 277 

 278 
Figure 5 displays the three polar distributions (one for each head tilt) in both world-279 

referenced coordinates (top row) and head-referenced coordinates (bottom row). The saccade 280 

distributions plotted in Figure 5 clearly rotate with the orientation of the head and are not world-281 

fixed. In world coordinates (top row), the average direction distribution displacement (obtained 282 

from the cross-correlation technique described in the Methods) across all subjects was 24.13° 283 

(95% confidence interval (CI) [20.75, 27.51]) between head upright and head right, which was 284 

significantly different than the average -24.22° (95% CI [-27.87, -20.56]) displacement between 285 

head upright and head left (t(13) = -21.13, p<0.001; Cohen’s d = 5.65). This result indicates that 286 

saccade directions during free viewing of fractal images are influenced by head orientation and 287 

do not follow the world orientation hypothesis.  288 

After rejecting the world-orientation hypothesis, we next asked to what extent saccade 289 

directions follow the head orientation hypothesis. In head coordinates (bottom row of Figure 5, 290 

Figure 6A and 6B), the average angular direction distribution displacement across all subjects 291 

was -3.02° (95% CI [-5.70, -0.33]) between head upright and head right and 2.47° (95% CI [-292 

0.52, 5.48]) between head upright and head left. The average RFindex for these data was 0.10 293 

(Figure 6D), which was significantly different from zero (t(13) = 3.12, p=0.008, Cohen’s D = 294 

0.84) and confirms that the head orientation hypothesis can be rejected. This indicates that 295 
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saccade directions do not perfectly follow the head orientation and that there is some degree of 296 

offset that may originate from ocular counter roll.  297 

[Figure 6 here]  298 

 299 
These results suggest an alternative to the world- or head-orientation hypothesis. During 300 

head tilt, ocular counter roll (OCR) brings the eye in the opposite direction of the head toward 301 

Earth upright. OCR only partially compensates for head tilt in humans, and asymptotes at around 302 

8°-10°. It is thus possible that the saccade bias is generated with respect to a retinal or eye 303 

reference frame instead of a head reference frame. Indeed, the deviations observed relative to the 304 

head-orientation hypothesis for both tilt directions are qualitatively consistent with this 305 

hypothesis, so we explored it further. We aimed to analyze the eye tracking torsion data for all 306 

subjects to determine if a retinal reference frame is the best explanation for the saccadic eye 307 

movements during free viewing of fractals. Figure 7A shows OCR traces for one subject while 308 

Figure 7B shows the change in median OCR values for all subjects where torsion was 309 

successfully measured (11 of 14 subjects). On average, the change in median OCR between head 310 

tilt right and upright was -2.57° (95% CI [-3.9, -1.2]) while the change in median OCR between 311 

head tilt left and upright was 5.49° (95% CI [4.2, 6.8]; Figure 7B). The direction distribution 312 

displacement values, obtained with the cross-correlation technique described in the Methods, and 313 

the median OCR values are roughly on the same order of magnitude (Figure 7C). Although there 314 

is not a direct correlation (rho = 0.21, p=0.36), the study was not designed to have sufficient 315 

power to detect a correlation. To determine if saccades are generated with a retinal reference 316 

frame, we calculated an additional reference frame index by scaling direction distribution 317 

displacement values by the change in median OCR. The average reference frame index for these 318 

data was 0.78 (Figure 7D), which was significantly different from zero (indicating a head 319 
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reference frame; t(10) = 3.63, p=0.005, Cohen’s D = 1.09) and not significantly different from 320 

one (indicating a retinal reference frame; t(10) = 1.00, p=0.34). This suggests that the orientation 321 

of the saccade direction bias during fractal viewing as a result of head tilt may be explained by 322 

OCR.  323 

[Figure 7 here] 324 

 325 
5.2. Effect of head tilt on saccade direction distributions while free viewing a scene 326 

 327 
We next asked if saccade directions are influenced by head tilt when viewing an Earth 328 

upright scene. If the content of the scene is strong enough to change the orientation of the 329 

horizontal bias in response to scene tilt (Bischof et al., 2020; Foulsham et al., 2008), then one 330 

possibility is that the saccade distributions for all Earth upright scenes will look the same 331 

regardless of head orientation (we call this the ‘image orientation hypothesis’). However, if head 332 

or retinal orientation play a key role in saccade generation, then we would expect different 333 

distributions among head tilts. For this analysis, we calculated polar histograms in world 334 

coordinates (i.e., accounting for head tilt; Figure 8A and 8B) and then implemented the cross-335 

correlation procedure (see Methods) for each subject to obtain direction distribution 336 

displacements. We used the subset of conditions with Earth upright scenes for this analysis: 337 

namely, 30° natural scenes during head tilt left, 0° natural scenes during head upright, and -30° 338 

natural scenes during head tilt right. We found an average direction distribution displacement of 339 

12.01° (95% CI [8.36, 15.66]) when comparing head tilt right and upright and -8.32° (95% CI [-340 

11.35, -5.30]) when comparing head tilt left and upright (Figure 8C). The average reference 341 

frame index was 0.38, which was significantly different from zero (indicating an image reference 342 

frame; t(13) = 8.16, p<0.001, Cohen’s D = 2.18) and one (indicating a head reference frame; 343 

t(13) = 13.38, p<0.001, Cohen’s D = 3.58). This result indicates that when individuals view an 344 
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upright natural scene while their head is tilted, saccades do not precisely follow the orientation of 345 

the image or the orientation of the head. Instead, saccade directions fall somewhere in the 346 

middle, which suggests that head orientation matters even when viewing an Earth upright scene. 347 

[Figure 8 here] 348 

 349 
5.3. Natural scene tilt  350 

Previous work has shown that saccade directions follow the orientation of a natural scene. 351 

To confirm the influence of natural scene tilt on saccade directions while the head is upright, we 352 

calculated polar histograms (Figure 9A and 9B) and measured the direction distribution 353 

displacements (Figure 9C) between -30° and 0° scene tilts as well as 30° and 0° scene tilts. In 354 

our sample, we found that some subjects were very likely to make saccades following the 355 

orientation of the image while others were less likely. There was a mean direction distribution 356 

displacement of 14.02° (95% CI [9.33, 18.70]) when comparing 0° and 30° scene tilts and -357 

10.71° (95% CI [15.09, -6.33]) when comparing 0° and -30° scene tilts (Figure 9C). The 358 

reference frame index was 0.41 (Figure 9D), which was significantly different from zero 359 

(indicating a head reference frame; t(13) = 7.35, p<0.001, Cohen’s D = 1.97) and significantly 360 

different from one (indicating an image reference frame; t(13) = 10.48, p<0.001, Cohen’s D = 361 

2.80). This result suggests that saccade directions were made neither in direct alignment with the 362 

scene (that was Earth upright) nor the head (that was tilted). The exact reference frame here is 363 

somewhat ambiguous, perhaps in part due to the high variability across subjects in our data 364 

(Figure 9C).  We also compared the effect of image tilt relative to the head for all three head tilts 365 

and observed a comparable effect (F(2,39) = 2.96, p = 0.06).  366 

[Figure 9 here] 367 

 368 
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6. Discussion 369 

When humans free view scenes, saccades are more likely to occur in the cardinal 370 

directions and especially in the horizontal direction. It is unclear what happens to saccade 371 

direction biases in response to head tilt. We asked whether saccade biases remain fixed to a 372 

world reference frame, a head reference frame, or some other reference frame. To answer this 373 

research question, we used the saccade direction anisotropy to study the impact of head 374 

orientation on saccade generation by recruiting individuals to view fractal and natural scene 375 

images at three head orientations and measuring changes in the distribution of saccade directions.  376 

When participants viewed fractals that contained radially-symmetric orientation cues, we 377 

found that saccade direction distributions remained largely fixed relative to head orientation. 378 

However, we found that saccade distributions were systematically offset from exact alignment 379 

with the head. This slight offset was of the same order of magnitude and direction as predicted 380 

by ocular counter roll (OCR). These results suggest that when strong orientation information is 381 

unavailable (such as when free viewing fractal images), saccades are generated with respect to an 382 

egocentric reference frame that is likely in retinal coordinates. Additionally, when participants 383 

viewed Earth upright natural scenes while tilting the head, we found that head orientation had a 384 

significant effect on saccade directions with saccade distributions falling in between a head 385 

reference frame and a world reference frame. Given previous work showing that the orientation 386 

of a scene influences the way we look at it (Anderson et al., 2020; Bischof et al., 2020; Foulsham 387 

et al., 2008), this finding clarifies that it is not just the orientation of the scene that matters, but 388 

also the orientation of the head and retina with respect to the gravity-driven world. From this 389 

analysis, we conclude that head orientation has an impact on saccade directions even when 390 

viewing an Earth upright scene.  391 
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As a confirmation of previous work, we also set out to examine the effect of scene tilt on 392 

saccade directions when the head is upright. In general, we found agreement with previous 393 

literature showing that saccade directions follow the orientation of the scene (Anderson et al., 394 

2020; Bischof et al., 2020; Foulsham et al., 2008). However, while previous work has shown 395 

almost perfect alignment between saccade directions and scene orientation as shown 396 

qualitatively by polar histograms, our data revealed high subject variability such that some 397 

subjects made saccades that were closely aligned with the scene while others made saccades that 398 

were not aligned with the scene. It is currently unclear why this discrepancy occurs. One 399 

difference among studies is the angles of image tilt tested. While we only focused on a 30° tilt, 400 

previous studies used 45° and 90° tilts. 401 

There are known biases in visual perception and scene statistics that might be related to 402 

the biases observed in saccade direction. In perception, the oblique effect corresponds with 403 

enhanced performance of the discrimination of horizontally and vertically oriented stimuli 404 

(Appelle, 1972; B. Li et al., 2003), while a visual field effect shows biases in performance for 405 

stimuli located along the vertical and horizontal meridians (Carrasco et al., 2001). It could be that 406 

these perceptual biases are related to saccade motor biases in one of two ways: 1) the visual 407 

system could compensate for worse perception in the oblique directions, such as in the visual 408 

field effect, by generating more saccades in those directions, or 2) enhanced perception in 409 

horizontal and vertical directions may increase the likelihood of selecting a target and prompting 410 

a saccade in those directions. There is evidence for this second possibility in studies using gaze-411 

contingent displays that shows that humans make more saccades in the direction where their 412 

vision is best (Foulsham et al., 2011). Researchers have hypothesized that these perceptual biases 413 

result from an optimal adaptation to scene statistics (Girshick et al., 2011). Indeed, orientation 414 
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contours in natural scenes are strongest for the horizontal and vertical directions (Switkes et al., 415 

1978). The saccade biases may be related directly to the statistics of natural scenes by increasing 416 

the power of parallel orientations in scenes during saccades (Rolfs & Schweitzer, 2022). Others 417 

have found that natural scene statistics and neural representations of natural images are critical 418 

factors in guiding saccades and saccade amplitudes across species (Samonds et al., 2018). Our 419 

analysis confirms previous work showing that scene orientation influences saccade directions, 420 

though it is unlikely that scene statistics are entirely responsible for the bias in saccade directions 421 

since the saccade bias is present even in the absence of a scene (Otero-Millan et al., 2013).  422 

Previous studies have looked at the effect of head tilt on some of these perceptual biases 423 

and on how the brain encodes visual stimuli during head tilt. For example, Mikellidou (2015) 424 

examined whether the oblique effect is anchored to an allocentric or egocentric reference frame 425 

and found that the effect was allocentric when sitting upright (regardless of head tilt) but 426 

egocentric when lying supine. Banks and Stolarz (1975) also examined whether visual sensitivity 427 

(acuity) was grounded in allocentric or egocentric coordinates and found that the decrease in 428 

visual performance with head tilt was likely explained by OCR, which indicates that meridional 429 

visual acuity differences correspond to the retinal and not spatial orientation of the stimulus. 430 

Clearly the brain has access to multiple frames of reference, but it is unclear how this 431 

information is combined and used. While it is possible that saccades are generated retinotopically 432 

since cortical areas of the brain are retinotopically organized and receive retinotopic visual 433 

information, it is also possible that neurons store sensory and motor events in multiple reference 434 

frames simultaneously. For example, even when accounting for ocular torsion, neuronal 435 

receptive fields shift in early visual areas (Daddaoua et al., 2014; Khazali et al., 2020; Pouget et 436 
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al., 2002). In this view, there is not a single reference frame that is or is not transformed, but 437 

rather multiple flexible reference frames that can be accessed in a variety of ways.  438 

Determining the reference frame of saccade planning and execution has been a major 439 

subject of research for decades, and yet, to this day, we are still puzzled by the ways in which the 440 

brain encodes complex visual information and interprets it into a well-coordinated motor 441 

command. From animal, human, and computational studies, five general brain regions have been 442 

identified as contributing in a significant way to saccade generation: reticular formation saccadic 443 

burst generators, superior colliculus, cerebellum, basal ganglia, and premotor cortical areas 444 

(Girard & Berthoz, 2005). The overall task of all these brain areas is to select what saccade must 445 

be executed by integrating information from visual, vestibular, auditory, and proprioceptive 446 

sensory modalities that are encoded in different frames of reference. Whichever brain area or 447 

areas are the source of the biases in saccade generation must encode saccades with a mixture of 448 

egocentric (eye or head) and allocentric reference frames. Indeed, most studies of goal-related 449 

activity in the superior colliculus (SC), frontal cortex, and posterior parietal cortex (PPC) have 450 

shown that a gaze-centered retinal frame of reference is likely (Andersen & Buneo, 2002; 451 

Crawford et al., 2011; Klier et al., 2001), in alignment with the work presented here. However, 452 

allocentric maps must also be created and used in saccade generation since we know that saccade 453 

directions are influenced by the orientation of natural scenes and allocentric cues are important 454 

for gaze precision (Li et al., 2017). Such allocentric maps could influence saccade direction 455 

biases through the alignment of salient or semantically important objects, through low-level 456 

visual statistics such as orientation energy, or even from high-level perception of gravitational 457 

upright. Recently, research has suggested that allocentric and egocentric maps are combined in 458 
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the frontal eye fields (FEF) (Bharmauria et al., 2020), though other brain areas are likely 459 

involved as well.  460 

In conclusion, we show that signals indicating head orientation can influence known 461 

statistics of saccade directions. These results suggest that head and retinal orientation relative to 462 

gravity play a key role in saccade generation. Head tilt is a valid tool that can be used to 463 

disambiguate the reference frame of saccade generation mechanisms by comparing retinal, head, 464 

and world coordinates. Moving forward, integrating head orientation information into models of 465 

saccade generation and target selection may improve our ability to understand and predict 466 

saccade patterns under natural viewing conditions.  467 

 468 

 469 

Figure legends 470 

Figure 1. Predictions for the horizontal saccade direction bias as a function of head tilt. Polar histograms indicate the 471 
frequency of each saccade direction as a function of angle in degrees. A) When the head is upright, the horizontal 472 
saccade bias looks the same for both the world orientation hypothesis and the head orientation hypothesis. B) When 473 
the head is tilted, it is possible that the saccade bias will either rotate with the head (head orientation hypothesis) or 474 
stay consistent with the world and Earth upright (world orientation hypothesis). Blue and orange lines indicate 475 
reference lines (i.e., the horizontal axis) for the world and head orientation hypotheses, respectively. 476 

Figure 2. A) Head stabilization system for the FOVE virtual reality headset, B) Example fractal photosphere image, 477 
and C) Example scene photosphere image licensed by Artem Svetlov and obtained from Flickr. The Flickr image 478 
was released with a CC-BY-2.0 license. 479 
 480 
Figure 3. A) Main sequence of all saccades showing the stereotyped relationship between peak velocity and 481 
amplitude. B) Histogram showing the number of saccades as a function of amplitude. C) Histogram showing the 482 
number of saccades as a function of duration. D) Horizonal and vertical eye traces for one subject during one trial.  483 

Figure 4. A) Polar distributions for a single subject during free viewing of fractal images for head tilt right (red) and 484 
head upright (black). B) The unwrapped polar distributions from A. C) The output of the circular cross correlation 485 
that identifies the lag (in degrees) that results in the maximum correlation. 486 

Figure 5. Saccade direction distributions during free viewing of fractal images for head tilt left, head upright, and 487 
head tilt right. The top row shows the data relative to the world (i.e., accounting for subject head tilt) while the 488 
bottom row shows the data relative to the head. Each polar plot is calculated by applying a circular kernel density 489 
estimate on saccade direction data. The angles of the polar plots represent degrees while the radius indicates 490 
normalized frequency. The black histogram line indicates the mean across subjects while the shaded gray indicates 491 
95% confidence intervals. The blue and orange lines indicate the orientation of the world and head hypotheses, 492 
respectively, showing the average measured head tilt.  493 
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Figure 6. Saccade polar histograms for all subjects during fractal viewing, shown in head coordinates, for A) head 494 
upright and head tilt right distributions, and B) head upright and head tilt left distributions. C) Left: Bootstrapped 495 
average displacements for individual subjects with 95% confidence interval error bars. Right: Bar plots showing the 496 
direction distribution displacement for all subjects. Circles represent individual data and error bar represents 95% 497 
confidence intervals. (D) Box and whisker plot showing the reference frame index derived by scaling the direction 498 
distribution displacement values for each subject by their head tilt amount in degrees. 499 

Figure 7. A) Ocular counter roll traces from one subject from head tilt left, head upright, and head tilt right 500 
conditions. B) Change in median OCR values for each subject derived by subtracting the median OCR value of head 501 
tilt left (or right) from the median OCR value of head upright. Circles represent individual subjects. Error bars 502 
indicate 95% confidence intervals. C) Change in median OCR as a function of the cross-correlation displacement 503 
values for each subject (negative values were reversed). D) Reference frame index found by scaling the direction 504 
distribution displacement values for each subject by their change in median OCR amount in degrees.  505 

Figure 8. Saccade polar histograms for all subjects during Earth upright scene viewing, shown in world coordinates, 506 
for A) head upright and head tilt right distributions, and B) head upright and head tilt left distributions. C) Left: 507 
Bootstrapped average displacements for individual subjects with 95% confidence interval bars. Right: Bar plots 508 
showing the direction distribution displacement for all subjects. Circles represent individual data and error bar 509 
represents 95% confidence intervals. (D) Box and whisker plot showing the reference frame index derived by 510 
scaling the direction distribution displacement values for each subject by their head tilt amount in degrees. 511 

Figure 9. Saccade direction polar histograms during head upright for scenes with A) 0° and 30° tilt and B) 0° and -512 
30° tilt. C) Left: Bootstrapped average displacements for individual subjects with 95% confidence interval bars. 513 
Right: Bar plots showing the direction distribution displacement for all subjects. Circles represent individual data 514 
and error bar represents 95% confidence intervals. D) Box and whisker plot showing the reference frame index 515 
derived by scaling the direction distribution displacement values for each subject by their scene tilt amount in 516 
degrees. 517 

 518 
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