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Supplementary Figure 1. Environmental layouts in [1-3] with location of starting position, goal posts and landmarks. Different
combination of goal locations lead to different three legged outbound paths. Blue dots indicate possible start locations. Black dots
indicate possible homing locations. Grey dots indicate possible second target locations. Darkgrey dots indicate the location of the last
target. Stars indicate position of landmark. For the distal landmark conditions in Zhao et al. 2015 [2] landmark locations were moved
500m, while maintaining the same angular configuration. For the one landmark environment in Chen et al. 2017 [3] only the middle
landmark was shown during outbound and homing paths respectively.

Study / Parameter Nardini et al. 2008 [1] Chen et al. 2017 [3] Zhao et al. 2015 [2]
Environment size 6x10m 6.9 x 8.8m 10x 10m

Viewing modality Regular vision HMD / VR HMD / VR

Field of view 180° 60° 63°

Number of landmarks 3 1 or 3 (poor vs. rich) 3 (proximal vs. distal)

Target visibility at start all at once sequentially sequentially

Target jitter none plus or minus 0.4m none

Homing distance 1.75m 2.15m 3.6m

Number of trials per condition (per participant) 4 (16 total) 10 (40 total) 40 (360 total)

Waiting time (all conditions) 8 seconds 20 seconds 10 seconds

Landmark rotation (conflict) 15° (left and right) 15° (left and right) 15°,30°, 45°, 90° (left and right)
Disorientation turning speed (landmark) ~90°/s ~90°/s ~73°/s

Disorientation position (landmark) 0.5m extracted from trajectory data  extracted from trajectory data
Reorientation prior homing (landmark) yes no no

Supplementary Table 1. Experimental task parameters. Task parameters were extracted from the methods section of the respective
paper, the trajectory data (if available), or further clarified in correspondence with the respective studies original authors.



Parameter Notation Value Description Reference
Motor noise o
motor_linear_linear al 0.1 linear-linear velocity noise (stepping) [4]
motor_linear_angular az 0.001 linear-angular velocity noise (veering) [4, 5]
motor_angular_linear as 0.02 angular-linear velocity noise (translating)
motor_angular_angular oy 0.1 angular-angular velocity noise (rotating) [6]
Observation noise €
obs_distance_min Ormin 0.0225 minimum distance noise (central) [7,8]
obs_distance_max Orman 0.1875 maximum distance noise (periphery) [7, 8]
obs_bearing_min Cprin 0.045 minimum bearing noise (central) [7, 8]
obs_bearing_max Tpmas 0.225 maximum bearing noise (periphery) [7,8]
Representation noise
representation Ozy 0.012952 representation noise
Cost-Function weights w

w1 7.5 state cost Jyoq

wo 0.25 position uncertainty cost Jyosition—uncertainty

w3 0.25 map uncertainty cost Jinap—uncertainty

wy 2.5 control cost Jgoq;

Cq diag([1.0, 1.0, 0.0]) individual state cost (x,y,heading)

Cr diag([1.0, 0.0]) individual control cost (translation; rotation)

Chr 0.25 individual control cost (translation & rotation)
Motion limits [2,3,9]

Umaz 1.22 maximum linear velocity (m/s)

Umin 0.0 minimum linear velocity (m/s)

Wmaz 270.0 maximum angular velocity (deg/s)

Winin, —270.0 minimum angular velocity (deg/s)

dvmaz 0.25 maximum linear acceleration (A m/s)

dwmagz T minimum angular acceleration (A deg/s)
Initial belief state

pose N ~ (z,diag([0.52,0.5%,0.05])) initial position belief (x,y,theta)

Mmap TOmap initial map belief (re-initialized with observations)
Initial uncertainty

Spose diag([0.52,0.52,0.05%]) initial positional uncertainty (m)

Ymap diag([1000, 1000] * n_landmarks ) initial landmark uncertainty (m)
Algorithm parameters

T 15 planning horizon (n timesteps)

P control horizon (n timesteps)

Supplementary Table 2. Model parameters for the dynamic Bayesian actor model.
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Supplementary Figure 2. Simulating sources of variability in goal-directed navigation behavior. a Effect of signal-dependent
motor noise when walking to a previously seen target. Different distances (left, middle) or initial headings (right) lead to different
endpoint variability due to noise in linear and angular velocities. b State-dependent noisy observations of the same target (visible for
1s) viewed centrally (left) or viewed in the periphery of the visual field (right). ¢ Time-dependent noise accrual in internal representation
and subsequent movement to the target shown for 10s (left) and 35s (right). d Combined effect of noise in action, perception, and
representation on endpoint variability. Participants either face the target directly (left), the target is behind them and they store a
representation of its location (middle) in memory, or they see the target only in the noisy periphery (right).
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Supplementary Figure 3. Effect of parameter scales (1x, 2x, 5x, 10x) on motor, perceptual and representational variability a
Lateral deviation from walking straight with increasing walking distance for different scales of a2. b Variability in walking speed for a 1s
walking bout as a function of walking speed for different scales of a1. ¢ Average turning error for a 1-second turn at varying turning
speeds at different parameter scales of a3 d Lateral deviation in position when turning on the spot for a 1-second turn for different
scales of ay. e Average distance perception error for a centrally viewed object with increasing object distance for different parameter
scales of or,,,,, f Average distance perception error for a peripherally viewed object (3m distance) with increasing visual field angle
Orma, at different parameter scales. g Average bearing perception error for increasing object distance for different parameter scales of
op..in- N Average bearing perception error for peripherally viewed object (5m distance) with increasing visual field angle for different
parameter scales of o, . i Representation error as a function of time for different parameter scales of 0. j Parameter values of
best-performing random parameter sets across different models (50 per model) for the experiment of Nardini et al. 2008.
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Supplementary Figure 4. Nardini et al. 2008 model ablation study. Endpoint distributions across cue conditions.
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Supplementary Figure 5. Empirical vs. simulated endpoint variability for homing responses in Chen et al. 2017 and Zhao
et al. 2015 (a and b) Endpoint distributions from Chen et al. 2017 [3] (top; a: Exp1a rich environment; b: Exp1a poor environment)
and model simulations (bottom; a: Exp1a rich environment; b: Expla poor environment). Endpoint distributions show no statistically
significant difference between our model and the empirical data for the environment with three landmarks (homogeneity energy test
between conditions: self-motion (p = 0.24), landmark (p = 0.627), combined (p = 0.136), conflict (p = 1.0) and the environment with
one landmark (homogeneity energy test between conditions: self-motion: (p = 0.108), landmark (p = 1.0), combined (p = 0.535),
conflict (p = 0.595). (c and d) Endpoint Distribution from Zhao et al. 2015 [2] (top; c: proximal landmarks; d: distal landmarks) and
simulated participants (bottom; c: proximal landmarks; d: distal landmarks). Comparison of endpoint distributions reveal statistically
significant differences between our model and the empirical data for the proximal environment (homogeneity energy test between
conditions: self-motion (p = 0.012), landmark (p = 0.004), combined (p = 0.004)) and the distal environment (homogeneity energy test
between conditions: self-motion (p = 0.004), landmark (p = 0.0008), combined (p = 0.044)). Data for conflict condition are shown in
Supplementary Figure 14.
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Chen 2017 (One landmark): Model Ablation (lower is better)
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Supplementary Figure 6. Chen 2017 et al. model ablation study. Endpoint distributions for the one landmark environment (Chen et
al. 2017). Energy distances were calculated between empirical and simulated data (n = 10) for each condition, with error bars indicating
mean energy distance +1 SD. Source data are provided as a Source Data file.
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Supplementary Figure 7. Chen 2017 et al. model ablation study. Endpoint distributions for the three landmark environment (Chen
et al. 2017). Energy distances were calculated between empirical and simulated data (n = 10) for each condition, with error bars
indicating mean energy distance +1 SD. Source data are provided as a Source Data file.
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12
1.0
9
g
508
T o6
4
204
g
0.2
0.0
Perceptual Zero Model Perceptual Representation Motor Motor Full Model Motor
Representation Perceptual Representation
Zero Model Motor
25 I 25 25 I 25 I I 25 I 25 |I
0 0 0 0 0 0
5 5 5 5 |-| 5 5
* o - * o ¢ P . P ' —
E o — 0 + — 0 + — 0 + — £ — 0 + — 0 + —
BS S
-5 -5 -5 -5 -5 -5
-5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25
x (m) x (m) x (m) x (m) x (m) x (m) x (m) x (m)
Perceptual Representation
25 I 25 25 I 25 I 25 25 l 25 l 25 l
s s H 3 3 s s s
- — P — . — P S— ® ® » *®
E o + — o + — o + — o + - £ o + 0 + 0 + 0 +
BS IS
-5 -5 -5 -5 -5 -5 -5 -5
-5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25
x (m) x (m) x (m) x (m) x (m) x (m) x (m) x (m)
Motor & Perceptual Motor & Representation
l 25 1 25 | l 25 25
: : : :
. | . f— . o ‘ *
+ — o + — o + — £ 0 + 0 +
-5 -5 -5 -5
-5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25
x (m) x (m) x (m) x (m) x (m) x(m) x (m) x (m)
Perceptual & Representation Full Model
25 l 25 l 25 l 25 I 25
0 0 0 0 0
5 5 5 5 5 ,
[ ] o L L £ ] .
E o + — 0 + 0 + 0 + £ 0 +
BS BS
-5 -5 -5 -5 -5
-5 0 50 25 -5 0 50 25 -5 0 50 25 -5 0 50 25 50 25 -5 0 50 25 -5 0 50 25
x (m) X (m) x (m) x (m) x (m) X (m)

experimental conditions
M self-motion M landmark M combined M conflict

Supplementary Figure 8. Zhao et al. 2015 model ablation study. Endpoint distributions proximal environment (Zhao et al. 2015).
Energy distances were calculated between empirical and simulated data (n = 10) for each condition, with error bars indicating mean
energy distance +1 SD. Source data are provided as a Source Data file.
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Supplementary Figure 9. Zhao et al. 2015 model ablation study. Endpoint distributions distal environment (Zhao et al. 2015).
Energy distances were calculated between empirical and simulated data (n = 10) for each condition, with error bars indicating mean
energy distance 1 SD. Source data are provided as a Source Data file.
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Supplementary Figure 10. Model comparison (planning and control horizons & cost-function parameters) a Comparison of the
influence of different planning horizons (0.5, 1.0, 1.5, 2.0, 2.5, 3.0 seconds) on endpoint distributions for the homing task of Nardini et
al. 2008. The control horizon was fixed at 5, and dt was set to 0.1 seconds, i.e., 0.5 seconds. b Per-trial compute times for different
planning horizons. ¢ Comparison of the influence of different control horizons (0.1, 0.5, 1, 1.5 seconds) on endpoint distributions for
the homing task of Nardini et al. 2008. Control horizon was set fixed at 15 and dt was set to 0.1 seconds, i.e., 1.5 seconds. d Per-trial
compute times for different control horizons. e Random model comparison of different cost-function weights for Nardini et al. 2008.
Source data are provided as a Source Data file.
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Supplementary Figure 11. Model comparison (random parameter sets) a Comparison of 1000 randomly sampled parameter sets
versus selected model parameters for the homing task of Nardini et al. 2008. Random parameter sets were uniformly sampled between
0 and up to one magnitude higher of the selected parameter set. b GLM Analysis describing the impact of different parameters on the
models ability to explain endpoint distribution for the homing task of Nardini et al. 2008. Asterisks denote significant correlations (p
< 0.05). ¢ Random parameter set model comparison with models containing different sources of variability and different numbers of
noise parameters. Source data are provided as a Source Data file.
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Supplementary Figure 12. Trajectories for Zhao et al 2015 proximal experiment: Human
simulated for best-performing random parameter set for each of the eight different models.
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Supplementary Figure 13. Random model comparison across all experiments. For each of the eight different models the best-
performing parameter sets in the task of Nardini et al. 2008 (Supplementary Figure 9c) were selected and subjected to transfer testing
across experiments from Zhao et al. 2015 and Chen et al. 2017 (10 simulations for each model). Source data are provided as a Source
Data file.
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Supplementary Figure 14. Zhao et al. 2015: Conflict conditions 15-90°. a Empirical endpoint variability (top) vs. simulated
endpoint variability (bottom) for varying conflict angle in the proximal landmark environment. b Empirical endpoint variability (top) vs.
simulated endpoint variability (bottom) for varying conflict angles in the distal landmark environment.
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