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SUMMARY 29 

 30 

Escape responses to directly approaching predators represent one instance of the animals’ 31 

ability for collision avoidance. Usually, such responses can be easily evoked in the laboratory using 32 

two dimensional computer simulations of approaching objects, known as looming stimuli. Therefore, 33 

escape behaviors are considered useful models for the study of computations performed by the brain 34 

to efficiently transform visual information into organized motor patterns. The escape response of the 35 

crab Neohelice (previously Chasmagnathus) granulata offers an opportunity to investigate the 36 

processing of looming stimuli and its transformation into complex motor patterns. Here we studied 37 

the escape performance of this crab to a variety of different looming stimuli. The response always 38 

consisted of a vigorous run away from the stimulus. However, the moment at which it was initiated, 39 

as well as the developed speed, closely matched the expansion dynamics of each particular stimulus. 40 

Thus, we analyzed the response events as a function of several variables that could theoretically be 41 

used by the crab (angular size, angular velocity, etc.). Our main findings were: a) the decision to 42 

initiate the escape run is made when the stimulus angular size increases by 7˚. b) The escape run is 43 

not a ballistic kind of response, as its speed is adjusted concurrently with changes in the optical 44 

stimulus variables. c) The speed of the escape run can be faithfully described by a phenomenological 45 

input-output relation based on the stimulus angular increment and angular velocity of the stimulus.  46 

 47 

 48 

49 
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 3 
INTRODUCTION 50 

 51 

Collision avoidance behaviors are given particular interest in view of their biological 52 

importance. In effect, most visual animals are highly efficient in detecting and avoiding collisions, 53 

which may occur either by encounters with obstacles while they move, or by moving objects that 54 

directly approach them. Natural instances of objects approaching in collision course are the sudden 55 

attacks of predators. The maneuvers executed to evade predatory assaults are paramount behaviors 56 

that must be controlled by rather straightforward neural circuits to generate quick and reliable 57 

avoidance responses. To be effective, those responses need to be executed in a timely manner, which 58 

implies that the approaching object must be monitored in real time for the animal to decide if, when 59 

and how, to generate an escape response. Approaching objects can be effectively simulated using 60 

two-dimensional projections on a computer screen, called looming stimuli. Neurophysiological 61 

investigations in species as diverse as locust, fish and pigeons, have shown striking similarities 62 

regarding the sensory processing of looming stimuli (Rind and Simmons, 1999; Fotowat and 63 

Gabbiani, 2011; Preuss et al., 2006; Sun and Frost, 1998). However, the differences between the 64 

motor systems used by these animals to perform escape responses are enormous, raising the question 65 

of whether common sensory-motor transformation rules are exploited in species with similar sensory 66 

processing stages. Because of this, in the concluding remarks of their recent review on collision 67 

avoidance behavior, Fotowat and Gabbiani (2011) emphasized the need of comparative studies to 68 

draw general conclusions about the way in which brains process information and organize the motor 69 

outputs that allow animals to avoid collision. Unfortunately, the number of animal models that 70 

proved to be suitable for   behavioral as well as neuronal analysis of responses to looming stimuli is 71 

still scarce.  72 

In a previous paper, we introduced a new experimental model using the crab Neohelice 73 

granulata, which offers good opportunities for investigating the processes of looming detection, 74 

escape decision and motor control at both behavioral and neuronal levels (Oliva et al., 2007). Briefly, 75 

in its natural environment this crab is predated by gulls, and consequently, reacts to the image of an 76 

approaching object by running away in the opposite direction. The escape response can be readily 77 

elicited in the laboratory using looming stimuli and accurately measured with a treadmill-like device. 78 

In addition, the response of identified neurons from the lobula (third optic neuropile of arthropods), 79 

some of which responded to looming stimuli in a way that parallels behavior, can be 80 

electrophysiologically recorded in vivo (Berón de Astrada and Tomsic, 2002; Medan et al., 2007; 81 

Oliva et al., 2007; Sztarker and Tomsic, 2008).  82 

Avoidance responses to looming stimuli range from ballistic-like kind of behaviors to more 83 

complex ones where the response is continually adjusted while being performed according to the 84 

observed changes in the approaching stimulus direction and speed.  The first types of responses, 85 
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 4 
which can be described as single threshold response systems, are triggered when an optical variable 86 

of the image exceeds certain value, after which the animal displays a stereotyped behavior. This type 87 

of responses has been described in species such as crayfish (Glantz, 1974) and fish (Preuss et al., 88 

2006). In other cases, the avoidance response is composed of distinctive preparatory stages, each one 89 

being triggered when an optical variable reaches a particular theshold. Examples of this multistage 90 

kind of response can be found in the fly (Tammero and Dickinson, 2002; Card and Dickinson, 91 

2008ab), crabs (Hemmi and Pfeil, 2010), and in the locust (e.g. Santer et al., 2005ab, 2006, 2008; 92 

Gray et al. 2006; Fotowat and Gabbiani, 2007; Fotowat et al., 2011). Finally, there are avoidance 93 

responses that are continuously adjusted to external changes, such as those occurring during 94 

unpredictable modifications in the trajectory or velocity of predatory attacks. These responses can be 95 

described as continually regulated systems. Behaviors guided by continued regulated systems have 96 

been mostly studied in the context of animal navigation (e.g. Srinivasan et al., 2000; Fry et al., 2009), 97 

but not as much in the context of predator avoidance (Land and Layne, 1995). 98 

Our previous characterization of the response to a single looming stimulus in the crab (Oliva 99 

et al., 2007), has provided some indications that this behavior would consist of a threshold-type 100 

decision for initiating the escape run, followed by a visually regulated mechanism for continually 101 

controlling the velocity of the escape run. Here, we evaluated this hypothesis by analyzing the 102 

responses of crabs to a wide variety of looming stimuli that differed in size and approaching velocity. 103 

The analysis led us to the identification of the optical stimulus’ variables that the animal most likely 104 

takes into account to perform the behavioral response. Moreover, we propose a phenomenological 105 

input-output relation based only on these variables that allow us to predict the behavioral 106 

performance to the different dynamics of approaching objects.     107 

 108 

 109 

MATERIALS AND METHODS 110 

 111 

Animals:  112 

Animals were adult male Neohelice granulata (previously Chasmagnathus granulatus) crabs 113 

2.7–3.0 cm across the carapace, weighing approximately 17 g, collected in the rías (narrow coastal 114 

inlets) of San Clemente del Tuyú, Argentina, and transported to the laboratory, where they were 115 

lodged in plastic tanks (35 cm, 48 cm, 27 cm) filled to 2 cm depth with diluted seawater at a density 116 

of 20 crabs per tank. Water used in tanks and other containers during the experiments was prepared 117 

using hw-Marinex (Winex, Hamburg, Germany), salinity 10–14‰, pH 7.4–7.6, and maintained 118 

within a temperature range of 22–24°C. The holding and experimental rooms were maintained on a 119 

12h:12h light:dark cycle (lights on 07.00h to 19:00h) and the experiments were run between 08.00h 120 

and 19:00h. Experiments were performed within the first 2 weeks after the animals arrived. Crabs 121 
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 5 
were fed rabbit pellets (Nutrients, Buenos Aires, Argentina) every 3 days and after feeding the water 122 

was changed. Following experiments, animals were returned to the field and released in a location 123 

separated by 30 km from the capture area. 124 

 125 

Visual stimuli and behavioral recording setup  126 

Computer-generated visual stimuli can be projected either simultaneously or alternatively on 127 

five flat screen monitors (Phillips 107T; horizontal and vertical screen dimensions were 32 cm by 24 128 

cm respectively, refreshing rate 60 Hz), located at 20 cm in front, back, above and on both sides of 129 

the animal (Oliva et al., 2007). The monitors were covered with anti-glare screens to reduce 130 

reflections between them. All visual stimuli were generated with a PC using commercial software 131 

(Presentation 5.3, Neurobehavioral Systems Inc., Albany, CA, USA). Since in this study we were 132 

particularly interested in investigating the response initiation and running speed, the experiments 133 

were performed with stimuli presented only on the monitor located at the animal’s right; in order to 134 

keep the image of the approaching stimulus at a fixed position on the lateral pole, as the crab runs 135 

sideways (Land and Layne, 1995). We have previously shown that the initial response time is the 136 

same for stimuli approaching frontally or laterally (Oliva et al., 2007). However, when the stimulus is 137 

approaching frontally, the escape response includes an initial rotational component that allows the 138 

animal to run sideway. This rotation maneuver makes the analysis of the run velocity more difficult, 139 

a complication that we wished to avoid at this stage. Besides, stimuli appearing from the lateral pole 140 

are seen by the animal monocularly, which made our results comparable with those obtained in 141 

locusts and pigeons (reviewed in Rind and Simmons, 1999; Fotowat and Gabbiani, 2011). 142 

The effectiveness of 2D computer images to elicit the crab’s escape response has been already 143 

shown (Oliva et al., 2007). Moreover, in recent experiments we found no differences between the 144 

escape response elicited by a black sheet of cardboard approaching the animal and the computer 145 

simulation of an object of the same size and speed of approach (Oliva, 2010). 146 

The locomotor activity of the crab was investigated in a walking simulator device that has 147 

been described in detail elsewhere (Oliva et al., 2007). Briefly, it consisted of a floating styrofoam 148 

ball that could be freely rotated by the locomotor activity of an animal, attached in a standing 149 

position to a weightless rod through a piece of rubber glued to its dorsal carapace. The rod was 150 

introduced inside a metal guide, positioned vertically above the ball, where it could slide up and 151 

down with little friction (Fig. 1A). This allowed the animal to feel its own weight and thus adopt its 152 

natural posture while performing on the ball. The rod and guide both had square sections, which 153 

prevented rotational movements and thus assured that the animal always saw the stimulus with the 154 

same side of the eye (the lateral pole in this study). The styrofoam ball (16 cm in diameter) floated 155 

within a bowl-shaped container partially filled with water. Horizontal displacements of the ball were 156 

prevented by four set points provided by two optical mice and by two flexible sheets located at right 157 
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 6 
angles from each other. The rotation of the ball was recorded by the two mice, with their optical 158 

reading systems protected by transparent acetate sheets, which also guaranteed the smooth movement 159 

of the ball. Locomotion signals were acquired using the recording facilities of the same commercial 160 

software that generated the visual stimuli. Mice data were taken at each frame update (16.7 ms), 161 

which assured an accurate correspondence between the recorded response times and the stimulus 162 

features (size, border speed, etc). Two Presentation programs were run in two separate PCs. The PC 163 

that generated the visual stimuli (PC1) was used to record one of the mice, and to trigger the 164 

recording by the second mouse in the second PC (PC2). Hence, the program that generated the visual 165 

stimulus synchronized the recording of the two mice just before stimulus onset. The data from mice 1 166 

and 2 during a trial generated two Presentation files, which contained a list of times associated with 167 

each data record and frame update. Further detail on data recording and analysis can be found in 168 

Oliva et al. (2007). Behavior was also monitored by visually observing the animal on-line through a 169 

video camera. 170 

 171 

Kinematics of object approach  172 

The stimuli used simulated dark squares of various sizes approaching with constant speeds on 173 

a direct collision course to the animal (Fig. 1B). Let l denote the object half-size. The distance 174 

between the animal eye and object at time t is x(t) and the object subtends an angle θ(t) on the eye. 175 

Thus, we can write: 176 

 ( )
)(

2/)(tan
tx

l
t =θ            Eqn 1  177 

With the chosen coordinates system and time definitions, we have x(t)≥0, t≥0. Objects were 178 

simulated to start their approach from a distance L = 5 m. The position of the object is defined by:  179 

 tvLtx ⋅−=)(              Eqn 2 180 

Where v, is the absolute value of the approach speed.  181 

The square drawn on the monitor screen (Fig. 1B) has a half-size lscreen(t) and depends on the distance 182 

from the monitor to the eye of the animal xeye-screen, as follows:  183 

( )
)(

2/tan
tx

l

x

l

screeneye

screen ==
−

θ          Eqn 3 184 

Replacing  x(t) from Eqn 2,  and solving for lscreen(t) we get: 185 

tvL

lx

tx

lx
tl screeneyescreeneye

screen ⋅−
⋅

=
⋅

= −−

)(
)( .                                Eqn 4 186 

Eqn 4 describes a half-size square drawn on the screen monitor as a function of time. Due to the 187 

limits imposed by the screen’s size and distance to the animal’s eye, maximum stimulus expansion 188 

was θ(t)=60º. 189 
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 In the literature regarding looming detection the dynamic of a stimulus expansion is usually 190 

characterized by the relation l/v (Gabbiani et al., 1999). By replacing x(t) from Eqn 2  in Eqn 3 we 191 

get: 192 

 193 

( )
)//()2/tan(/1

1

//

1
2/tan

0 vltltvlLtvL

l

−
=

⋅−
=

⋅−
=

θ
θ         Eqn 5 194 

 195 

From Eqn 5 it can be observed that in the present study each stimulus is characterized by a value of 196 

l/v and of θ0. 197 

 198 

Stimuli used   199 

We used a total of 8 stimuli (Table 1). For stimuli 1-4 we maintained the approach speed 200 

v=142.5 cm/s and varied the size l from 8.5 cm to 64 cm. The subtended angle of the smallest 201 

stimulus at the initial distance was 1.8˚, which is well above the sampling resolution of the crab’s 202 

eye. In fact, in the lateral part of the eye the resolution reaches values between 0.83 and 1.2 203 

cycles/deg, corresponding to interommatidial angles between 0.6° and 0.4° respectively (Berón de 204 

Astrada et al., 2012). Thus, animals would not have optical limitations to detect differences between 205 

initial sizes of the smaller stimuli used here. For stimuli 5-8 we kept l=17 cm and varied v from 35.5 206 

cm/s to 286 cm/s. These speeds tried to simulate predators that approach the animal faster than its 207 

ability to run away (Neohelice’s highest escape speed is 35 cm/s). Moreover, this minimized the 208 

compensation of the stimulus growth by the animal’s speed developed while attempting to get away. 209 

Stimuli 2 and 7 had the same size and expansion dynamics, hence, they were indistinguishable by the 210 

animal from each other. The similarities in the results obtained with them served as an internal 211 

control for each experimental series. 212 

 213 

Conditions of stimulation   214 

In Oliva et al. (2007) we described some important features of the escape response and 215 

optimal stimulation parameters such as interval between trials, the direction of approach and object 216 

contrast against the background. Based on those results, we began stimulation after the animal had 217 

remained visually undisturbed for 10 min inside the setup. In all trials the stimulus remained 218 

stationary for 30 s at its initial position before starting to increase in size. The inter-trial interval was 219 

set to 3 minutes to reduce habituation and fatigue effects (Fig. 5 in Oliva et al., 2007). Stimuli were 220 

applied only from the right to reduce variability (Fig. 6 in Oliva et al., 2007). We used black squares 221 

expanding on a white background (Fig. 10 in Oliva et al., 2007). Radiance on the monitor screen was 222 

4 mW/m2 (black square) and 240 mW/m2 (background). The eight stimuli in Table 1 were applied to 223 

each animal in a random order, and only once. 224 
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  225 

Animal and response selection  226 

All the animals challenged with the looming stimulus in the present study consistently 227 

displayed escape responses. In some trials animals were walking when the expansion started. Results 228 

of ongoing experiments suggest that this does not affect response initiation times. However, to 229 

simplify the analysis, we used only those trials where the animals were motionless before the 230 

beginning of the expansion (>85% of trials). Additionally, we excluded those responses in which the 231 

traveled distance during the expansion was below 10% of the mean response for that stimulus ( this 232 

corresponded to less than 5% of responses).  233 

 234 

Criteria for the beginning of the escape response 235 

We defined the beginning of the escape run as the moment in which the recording trace 236 

showed the animal’s first movement after the expansion of the image had initiated. This first stepping 237 

movement is easily detected and is characteristically followed by a progressive increase in the 238 

animal’s speed (see Fig. 4 in Oliva et al. 2007, and Fig. 3A in this article). The time of escape 239 

esct then corresponded with the time interval between the beginning of the stimulus expansion ( 0=t ) 240 

and the moment when the animal initiated the escape. Each trace was examined separately and esct  241 

was obtained for every trial in all the animals.  242 

 243 

Data analysis  244 

To estimate the animal’s speed we convolved the instantaneous speed with a 100 ms square 245 

window and normalized the resulting waveform (Gabbiani et al., 1999). Least squares regressions of 246 

the animal’s speed with respect to stimulus optical variables described later in the results were used 247 

to fit the input-output relation between these variables and the escape speed. The Kruskal–Wallis test 248 

(KWT) was used to compare the medians of samples across different stimuli. Unless otherwise 249 

stated, the p values were derived from the KWT. When no significant differences were found we 250 

report average values across treatments. To analyze the visuomotor delay we computed the Pearson 251 

correlation coefficient between different kinematic variables with the parameters l/v and θ0  (Table 1) 252 

at a fixed processing delay δ  before escape (Fotowat and Gabbiani, 2007). Data analysis procedures 253 

were written in Matlab (TheMathWorks). Further procedures are explained in the results section. 254 

 255 

 256 

RESULTS 257 

The aim of the present study was to identify which optical variable in a looming stimulus (e.g. 258 

angular size, angular velocity) is first used by the crab to decide to begin an escape run and, second, 259 

to regulate its speed. In other words, we expected to find a variable and a mathematical function that 260 
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 9 
would allow us to predict the initiation and speed of the response to looming stimuli. This required 261 

the analysis of responses to different stimulus sizes and speeds of approach, thus exhibiting distinct 262 

expansion dynamics, and the search for the threshold value of an optical variable common to all 263 

stimuli at the time that a particular behavioral event occurred (e.g. when the escape response started 264 

or when the crab ran at a particular speed).   265 

Fig. 2 shows the mean responses of a group of 20 crabs to the 8 looming stimuli that were 266 

used in this study (Table 1). Because all stimuli approached from the same side, the responses were 267 

highly directional (Fig. 6 in Oliva et al. 2007). The temporal course of the responses was as follows:  268 

animals were initially motionless and remained so even when the stimulus had begun its expansion. 269 

Suddenly they started running in the opposite direction to the stimulus (arrows in each trace mark the 270 

mean escape time, esct ). Statistical differences between the mean esct of stimulus 1 and 2 (arrow 271 

below the pink and red trace respectively,  p <0.05), indicates that animals were able to distinguish 272 

between the smaller stimulus sizes used in this study. After the initial movement, the animals 273 

gradually increased their speed as the object grew larger, as if they were “tracking” the object over its 274 

approach until the expansion was completed, after which speed was suddenly reduced. For all 275 

stimuli, we found the same response stages previously described for a single stimulus (Oliva et al., 276 

2007). Individual responses can be observed in Fig. 3A of this paper and in Figs. 3 and 4 of Oliva et 277 

al. (2007).  278 

 279 

Optical variables that may predict the onset of escape run  280 

We assumed that crabs made the decision to initiate the escape from looming stimuli based on 281 

threshold criteria, i.e. the escape began after a certain optical variable had reached a particular value. 282 

The analysis therefore sought to identify a variable with a common value for all the stimuli at the 283 

moment the animal made the decision to escape. In our analyzes we took into consideration several 284 

optical variables Z (Table 2) that the crab could compute to decide the escape, some of which have 285 

been shown to be important in studies with different animal species (see Introduction). The following 286 

is a description of these variables. All of them are described at tesc-δ, where δ is the delay between the 287 

animal decision for escape and the actual behavioral measurement (see below). 288 

Time elapsed since the beginning of the expansion. The animal begins the escape a fixed time after 289 

detecting the beginning of the expansion. We called this variable: Z1=tesc-δ. 290 

Time to collision: Some animals (e.g. pigeons) have neurons that are activated a fixed time before the 291 

collision occurs (Wang and Frost, 1992). Therefore we measured the time to collision ct , δ 292 

milliseconds before the escape and named this variable: Z2=tc(tesc-δ). 293 

Angular size, angular velocity or angular acceleration: Some animals produce collision avoidance 294 

responses when the angular size of the stimulus has reached a threshold (Fotowat and Gabbiani, 295 

2007). Angular velocity (Hemmi 2005b) or angular acceleration, are two other alternatives that might 296 
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be taken into consideration. Therefore, we evaluated angular size Z3=θ(tesc-δ), angular velocity 297 

Z4= )( δθ −esct& , and  angular acceleration Z5= )( δθ −esct&& . 298 

Angular Increment: Finally, animals might consider the angular increment which we named 299 

Z6=Δθ(tesc-δ)=θ(tesc-δ)-θ(t=0). The crayfish defensive reflex occurs when the angular size of the 300 

approaching object increases by 8 degrees (Glantz, 1974). 301 

 302 

Time delay between the decision and the measurement of the escape 303 

Once the decision to initiate the escape has been made, additional time is required for the 304 

behavior to occur, such as the time consumed in conveying the message downstream through the 305 

neural system and to the muscles, and to generate the forces necessary to move the legs and 306 

overcome the inertia of the recording device. Consequently, the optical variables must be analyzed in 307 

a time tesc-δ, where δ is the delay between the moment the animal decided to escape and its associated 308 

motor response (see Fig. 3B). The magnitude of δ is then crucial for ascertaining the value attained 309 

by the optical parameters at the time of the escape decision. An error in the value of δ would render 310 

differential errors in the values of the optical variable associated with the escape decision for the 311 

different looming stimuli. Thus, we were required to measure the magnitude of δ as precisely as 312 

possible. For this reason we performed an experiment where we challenged the animals with a visual 313 

stimulus that could be taken as a threat as soon as it appeared, consisting of a black edge spanning 314 

60° in elevation that progressed horizontally from one side to the other of the lateral monitor (see 315 

inset on Fig. 4). Unlike approaching objects, which usually begin subtending a small angular size that 316 

does not provoke an escape until growing up to some extent, a large visual stimulus moving fast 317 

enough would be interpreted as an immediate danger, thus instantly prompting an escape response. 318 

Therefore, the delay between the visual input and the motor output for this stimulus likely 319 

corresponds to the minimal latency obtained between the onset of stimulus motion and the onset of 320 

escape. Fig. 4 shows the latency of the escape response as a function of the angular velocity of 321 

stimulus’ tangential motion. The delay was about 1 second at low angular velocities (20°/s), but was 322 

reduced gradually to an asymptotic minimum value of 170 ms for angular velocities of 180 °/s and 323 

beyond. From this experiment we concluded that the delay between visual input and behavioral 324 

measurement of the escape was 170±25 ms (mean±s.e). The decision, however, can not be thought to 325 

occur just as the visual stimulus reaches the retina, but at a deeper brain level. A substantial amount 326 

of evidence suggests that the decision to escape from visual stimuli may arise at the level of the giant 327 

neurons of the lobula (e.g. Tomsic et al., 2003; Sztarker and Tomsic, 2008, 2011), which present a 328 

response delay to visual stimuli of about 35 ms (Medan et al., 2007). This time has to be subtracted 329 

from the visual input to motor output delay calculated above in order to obtain a realistic estimation 330 

of the elapsed time between the decision making process and the actual escape recording. Therefore, 331 

δ=170 – 35=135 ms.  332 
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 333 

What optical variable best predicts the onset of escape run?  334 

All optical variables were measured at tesc-δ in every trial for each animal. We then analyzed 335 

whether any of the variables Z1-6  attained a constant value for all the stimuli at the moment the 336 

animals decided to initiate their escape run. Fig. 5 shows the results. Of the six variables analyzed, 337 

angular increment was the only one whose value remained constant throughout the stimuli (p = 0.6). 338 

All the other variables did not meet this criterion and presented significant differences among the 339 

stimuli (p <0.001). Therefore, we concluded that the escape is initiated when angular increment 340 

exceeds a value of approximately 7 ± 0.3 degrees (mean ± s.e) (dashed line in Fig. 5F). 341 

The previous analysis was made with the δ value derived from experiments using a translating 342 

stimulus (Fig 4). It could be argued that the effective delay used by the crab for approaching stimuli 343 

may not be the same than the one used for translating stimuli, thus casting doubts on our conclusions. 344 

Therefore, we performed a different analysis to test whether angular increment or any other 345 

kinematic stimulus variable was equal to a constant threshold at a fixed delay before escape 346 

initiation. This analysis, used by Fotowat and Gabbiani (2007) to identify the optical variable best 347 

related to the locust takeoff time upon looming stimuli, allows to determine the delay directly from 348 

the experimental data obtained with the looming stimuli. According to this analysis, a necessary 349 

condition for angular increment to be constant at a certain delay before escape initiation is that its 350 

correlation coefficient with l/v be zero at that delay. Therefore, we systematically computed the 351 

correlation coefficient between angular increment and l/v as a function of time before escape (Fig. 6, 352 

blue curve). In the case of angular increment, the correlation coefficient was zero around 140 ms 353 

before escape initiation time. This estimation of the delay resulted in close agreement with that 354 

obtained experimentally by using translating stimuli (135 ms). Furthermore, the analysis based on the 355 

correlation coefficients clearly shows that angular increment is the only kinematic stimulus variable 356 

that crosses the zero correlation level within the time window expected for a functional delay. 357 

Because our stimuli are characterized by l/v but also by θ0, we checked if for 140 ms delay the 358 

angular increment also showed a zero correlation coefficient with θ0. The analysis revealed that in 359 

fact, with 140ms delay, the correlation value is not significantly different from zero (ρ=-0.10±0.14, 360 

95 % confidence intervals estimated using the bootstrap method)(Wasserman 2004).  361 

The two different methods of analysis described above led us to the same conclusion: crabs 362 

make the decision to initiate the escape when the stimulus angular increment reaches 7 degrees (Fig. 363 

5F). 364 

 365 

The escape run is under continuous visual regulation. 366 

In many animals, the escape behavior to predator attacks often represents a ballistic 367 

movement (e.g. the crayfish tailflip: Linden and Herberholz, 2008; the C start escape response of 368 
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fish: Preuss et al., 2006). Thus, once the response has been launched it goes to completion without 369 

adjustments related to changes in the eliciting stimulus. This does not seem to be the case for the 370 

crab’s escape run. To investigate the dependency of the escape response on the incoming visual 371 

information, we performed an experiment using the same looming stimulus, but we stopped it at 372 

different stages of its growth. Fig. 7 shows that immediately after the stimulus finished growing the 373 

escape run always decelerated. The result clearly shows that the escape run is under continuous 374 

visual regulation, rather than ballistic.  375 

 376 

An Input-Output relation for the regulation of the animal escape speed. 377 

The result of Fig. 7 shows that the crab is sensing the stimulus expansion continually and 378 

adjusts the motor output accordingly. Moreover, a cursory inspection of Fig. 2 suggests that the 379 

escape speed of the animals is related to the dynamics of the stimulus expansion. In fact, those 380 

stimuli presenting fastest expansion dynamic (corresponding to the smaller or the faster approaching 381 

objects of the series) exhibited the steepest gain of escape speed, whereas those presenting the slower 382 

expansion rate (corresponding to the larger or slower approaching objects) resulted in more gradual 383 

speed changes. Therefore, it is quite apparent that crabs adjust their speed as a function of the image 384 

expansion rate. We then attempted to find a phenomenological Input-Output relation (fIO) that 385 

depended only on one of the optical variables of the looming stimuli Z1-6(t) to describe the animal’s 386 

escape response. Ideally, this function should be able to describe the condition when animals are still 387 

(vc(t)=0) as well as the changes in speed after escape initiation. The relationship between the speed of 388 

the crab vc, the optical variable Z, and the input-output relation is given by: vc(t)=fIO[Z(t-δ)]. A 389 

description of this type implies searching for different potential optical variables Z and fIO functions. 390 

Among the optical variables Z described in Table 2, the only one that could describe the entire escape 391 

response (both the initiation and the speed of the escape run) is the variable Δθ (remember that the 392 

escape run starts invariably when Δθ  reaches a threshold value of  Δθesc=7º). Therefore, we 393 

incorporated Δθ  in our description, as it is the optical variable that best predicts whether the animal 394 

is at rest or escaping. Our first approach was to extend the prediction on escape initiation to escape 395 

speed by using Δθ only. To write this hypothesis mathematically, we defined the variable u1(t-396 

δ)=Δθ(t-δ)-Δθesc to fulfill: If Δθ<Δθesc, then u1  is negative and the animal remains still. If Δθ≥Δθesc, 397 

then u1 is positive and the animals escape with speed vc(t)>0. 398 

In Fig. 8 we illustrate our analysis using a hypothetical case. Fig. 8A shows the angular 399 

increment Δθ as a function of time and Fig. 8B shows the variable u1(t-δ). The variable u1 is obtained 400 

by moving down the variable Δθ  at a fixed Δθesc value (note the difference in the y axis scale). This 401 

determines two regions separated by the black horizontal dashed line: for values of  u1 below the line 402 

the animal would decide to remain motionless (exemplified by the blue circle). When u1 intercepts 403 

the line the animal would decide to initiate the escape (green circle), and for greater u1 values the 404 
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animal would decide to escape (red circle). Once u1 has been defined we need to propose a 405 

possible function fIO to describe the speed of the animals. For this, it is important to take into account 406 

that animals operate with motor and sensory processes that have saturation limits (Blickham and Full, 407 

1987; Gabbiani et al. 1999). These limits constrain the performance of the animal and, hence, must 408 

be considered in a description of the escape speed. We propose : 409 

1%50,1

1
max,11 )(

uu

u
vufv IOc +

⋅==      if   u1≥0.      Eqn 6  410 

0)( 1 == ufv IOc                     if   u1<0.   411 

This saturating function is described by the parameters v1,max and u1,50%. The parameter v1,max 412 

corresponds to the maximum speed the animal can reach and the parameter u1,50% is the value of the 413 

variable u1 when the animal reaches 50% of v1,max. Fig. 8C shows the function fIO and the geometric 414 

representation v1,max and u1,50%. Another important parameter to characterize fIO is with its slope at 415 

u1=0. The slope, called m1, depends on v1,max and u1,50% as follows: m1= v1,max / u1,50%  (Fig. 8C). m1 416 

will be used later to compare responses to the different stimuli. Fig. 8 then, shows step by step how 417 

we obtained a prediction of the animal’s speed vc(t) using the  fIO  function: 1) We started with a 418 

stimulus value of  Δθ  (Fig. 8A). 2) We calculated u1(t-δ)=Δθ(t-δ)-Δθesc  (Fig. 8B). 3) We introduced 419 

the value of u1(t-δ) in fIO  (black curved dashed arrow from Fig. 8B to Fig. 8C) to calculate the crab's 420 

speed vc(t)=fIO[u1(t-δ)] (vertical arrows in Fig. 8C). 4) Finally, we obtained the speed predicted by  421 

fIO as a function of time (horizontal arrows from Fig. 8C to Fig. 8D). 422 

Fig. 9A shows examples of speed fits using the fIO of Eqn 6 for the eight stimuli in a single 423 

crab. We fitted individual records (N = 20 animals, 8 stimuli per animal) for the time interval ranging 424 

from tesc to the end of the expansion. For each record we determined tesc as explained in the methods. 425 

Then we obtained Δθesc and u1. Finally, we determined fIO parameters (v1,max , u1,50%  and m1) by least-426 

square fits in each record. After obtaining the fIO parameters for all trials, we tested whether each of 427 

these values was the same or they differed among the different stimuli (Fotowat and Gabbiani, 2007). 428 

As for escape initiation, common values mean that with the proposed fIO, using u1 alone, we could 429 

predict the speed of each crab with independence of the stimulus applied. However, Fig. 9B-C shows 430 

that the values of v1,max , u1,50% and m1 ,  are significantly different among stimuli (p ≤ 0.01 for the 431 

three parameters). Therefore, the proposed function failed to describe the escape response. 432 

An inspection of Fig. 9D, reveals that m1 is highest for stimuli with the fastest expansion 433 

dynamics (stimulus 1 and 8). This suggests that the angular velocity of the stimulus affects the speed 434 

of the escape response. In fact, angular velocity )(tθ& is an optical variable central to those models 435 

describing the response of looming sensitive neurons in different animal species (e.g. locust: 436 

Hatsopoulos et al., 1995; Gabbiani et al., 2002; pigeons: Sun and Frost, 1998). The simplest 437 

operation available to include angular velocity in our description of the crab’s escape response would 438 
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be to add it to the stimulus angular increment in the form u2(t) = u1(t)+β⋅ )(tθ& , where β is a 439 

proportionality constant. But, because )(tθ& has a positive value from the very beginning of the 440 

stimulus approach, this u2(t) does not satisfy the requirement of crossing the zero value when the 441 

decision to escape is made (see Fig. 5D).  442 

Another way of including the stimulus’ angular velocity would be as a multiplicative factor. 443 

In fact, a multiplicative computation proved to be performed by visual neurons sensitive to looming 444 

(Gabbiani et al., 2002). We then propose a new variable u2(t) that incorporates the angular velocity 445 

)(tθ& as a product: 446 

 447 

)())(()()()( 12 ttttutu esc θθθθ && ⋅Δ−Δ=⋅=        Eqn 7 448 

 449 

This proposal is justified as: 1) u2(tesc -δ)=0 when the escape initiates, because u1(tesc-δ)=0, as shown 450 

before; 2) the product of u1(t) and )(tθ&  results in a greater reduction of m1 for those stimuli with the 451 

fastest expansion dynamics, which contributes to cancel out the differences in the slopes obtained 452 

with the former variable u1(t) (Fig. 9D, stimulus 1 and 8).  453 

Fig. 10A shows examples of speed fits using the fIO of Eqn 7 for the eight stimuli in a single crab. 454 

Following the procedure described above, but now using Eqn 7, we obtained v2,max , u2,50%  and m2 in 455 

every trial and evaluated their independence. Fig. 10B-D shows that, indeed, but now using the 456 

variable u2(t), the parameters  v2,max, u2,50% and m2 do not differ significantly among the stimuli (v2,max 457 

: p =0.4 ; u2,50%  : p =0.7 ; m2 : p = 0.5). These results suggest that we have found a phenomenological 458 

input-output relation entailing the product of the stimulus angular increment Δθ and the angular 459 

velocity θ& , which successfully predicts the escape performance upon a wide variety of looming 460 

stimuli. 461 

The following equations summarize our visuo-motor tranformation model of the crab’s escape 462 

performance. 463 

 464 

)())(()()()( 12 ttttutu esc θθθθ && ⋅Δ−Δ=⋅=     465 

[ ]
)(

)(
)()(

2%50,2

2
max,22 δ

δδ
−+

−⋅=−=
tuu

tu
vtuftv IOc   if   u2 (t-δ) ≥0    Eqn 8 466 

0)( =tvc                            if  u2 (t-δ) <0   467 

 468 

Fig. 11 shows the animals’ speed as predicted by Eqn 8, superimposed to the mean speed of 469 

the group of crabs (N= 20) of Fig. 2. The prediction was made by estimating the values of Δθesc , 470 

v2,max and u2,50%  as follows: Δθesc=7º was the mean data value of Fig. 5F, whereas v2,max =17 cm/s, 471 
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u2,50% =490 deg2/s and m2=0.035 cm/deg2 were the mean values in Fig. 10B,C,D. The good 472 

matching between the predicted and the actual mean speed of crabs for all the stimuli tested indicates 473 

that the fits performed with these optical values are largely satisfactory. 474 

 475 

 476 

DISCUSSION 477 

 478 

The relevance of studying the mechanisms by which animals detect approaching objects and 479 

avoid collisions is well recognized (see reviews of Rind and Simmons, 1999; Fotowat and Gabbiani, 480 

2011). Studies in pigeons revealed that specialized visual neurons carry out several different 481 

computations in parallel to analyze signals from approaching objects such as predators (Sun and 482 

Frost, 1998), indicating that information to avoid collisions can be achieved in different ways 483 

(Laurent and Gabbiani, 1998). On the other hand, the motor network and muscular machinery for 484 

generating escape behavior in animals like pigeons, fish, locusts or crabs are largely different. Thus, 485 

comparative studies have been called for to understand how sensory-motor integration contributes to 486 

decision making in the context of collision-avoidance behaviors and learn whether common sensory-487 

motor transformation rules are exploited by different species (Fotowat and Gabbiani, 2011). 488 

In a previous study we introduced the crab as a new model to study collision-avoidance 489 

behaviors. We have shown that the behavior of crabs upon the sight of a predator attack happening in 490 

the wild, can be reliably elicited and thoroughly measured in the laboratory using 2D computer 491 

simulations and a treadmill-like device. We also showed that identified neurons of the lobula (similar 492 

to those studied in the locust) that seem to play a central role in this behavior can be recorded in the 493 

living animal (Oliva et al., 2007). Therefore, crabs emerge as an attractive model to contribute to our 494 

understanding of the processes involved in collision avoidance behaviors. 495 

In the present study we performed a systematic behavioral analysis of responses to a wide 496 

variety of looming stimuli to identify which parameters are used by the crab to initiate an escape run 497 

and to determine its speed. The main findings can be summarized as follows: a) the decision to 498 

initiate the escape response is made on fixed criteria, i.e. when the angular size increases by 7˚ (Fig. 499 

5F). b) The escape run is not a ballistic all or none kind of response, because its speed is adjusted 500 

concurrently with changes in the stimulus optical variables (Fig. 2 and 7). c) The escape performance 501 

can be faithfully predicted (Fig. 11) by a phenomenological input-output relation depending on a 502 

multiplicative operation of the stimulus angular increment and angular velocity (Eqn 8).  503 

 504 

The decision to initiate the escape run 505 

A central issue regarding avoidance responses to approaching objects is knowing which one 506 

of the various optical parameters of the expanding image is used by the animal to decide when to 507 
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start the response. Coincidently with our present results in Neohelice, studies in other crustacean 508 

have shown that the decision is made based on an increase in the apparent size of the stimulus. For 509 

instance, the critical stimulus parameter to initiate the escape run in the crab Heloecius was found to 510 

be an increase of 5.6˚ (discussed in Hemmi, 2005b), whereas in the crayfish the required increase 511 

was about 8˚ (Glantz, 1974). In a previous study using a single looming stimulus we reported that 512 

Neohelice (=Chasmagnathus) started the escape when the angular size of the stimulus has grown 513 

approximately by 10˚(Oliva et al., 2007), which is 3˚ above the angular increment reported here. 514 

This discrepancy comes from the fact that in our previous study we did not take into account the 515 

delay time between the visual stimulus and the response recording, as was considered in the present 516 

study (Fig. 3). The present value of Δθesc=7º is in perfect agreement we those reported for Heloecious 517 

and crayfish.  518 

On the other hand, studies with fiddler crabs performed in the field by Hemmi and colleges 519 

depicted a different scenario (Hemmi, 2005ab; Hemmi and Pfeil, 2010). These studies showed that 520 

the escape response to an approaching dummy predator includes different stages, each of which 521 

would be triggered by a different parameter of the visual stimulus. For instance, retinal speed may 522 

lead to an initial freeze followed by a run towards the burrow entrance, where the crab may stay and 523 

assess for an increase in the stimulus’ apparent size before deciding to descend into the burrow. The 524 

progression along these different response stages has been related with an escalation of the predation 525 

risk imposed by the stimulus closeness (Hemmi, 2005a).  These field studies in fiddler crab have 526 

been carried out using a dummy that always approached the crabs with variable deviations away from 527 

the collision course. Such stimuli would stand for a lower risk than a similar one that approaches the 528 

crab directly. Surprisingly, however, the indirect stimulus elicited earlier responses than the direct 529 

one. This is because, at a long distance, an object moving tangential to the crab generates greater 530 

retinal motion than a pure looming stimulus, which can be used by the animal to perform an earlier 531 

kind of startle response (for a discussion of this apparent paradox see Hemmi, 2005ab). In contrast 532 

with these field studies, our laboratory experiments enabled us to disentangle the looming stimulus 533 

from any translational motion component, and therefore to investigate the computations underlying 534 

the detection of visual stimuli approaching on direct collision course to the animal. 535 

 536 

The regulation of the escape speed 537 

In crabs, the escape behavior to visual stimuli is far from a simple reflex, but rather a finely 538 

tuned, complex behavioral sequence that is modulated at all levels of organization   (for a review on 539 

this subject see Hemmi and Tomsic, 2011). Therefore, our finding that crabs continuously adjust their 540 

escape speed according to ongoing information provided by the visual stimulus (Figs. 2 and 7), is not 541 

surprising. However, the possibility of measuring the changes in the speed of the escape run and 542 
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relating them to concurrent changes in the stimulus optical parameters offers a remarkable 543 

opportunity for studying the visuo-motor transformation underlying a non-ballistic kind of behaviour. 544 

Early studies of Wiersma and collaborators on crustaceans revealed the existence of neurons sensitive 545 

to different types of visual motion (reviewed in Wiersma et al., 1982). More recently, we identified a 546 

few classes of lobula giant (LG) neurons that are highly sensitive to looming stimuli (Medan et al., 547 

2007; Oliva et al., 2007). Moreover, we showed that the firing rate of these neurons increases with 548 

the stimulus angular expansion, in a way that appears to anticipate the animal’s speed of run (Fig 9 in 549 

Oliva et al., 2007). That study, however, was performed using a single looming stimulus, which 550 

precluded making quantitative analyses relating the stimulus’ expansion dynamics to the LG 551 

neurons’ firing rates, and of these with the animals’ speed. The results presented here will make it 552 

possible to investigate these relations. We are currently recording the response of the LGs to the full 553 

set of looming stimuli used in the present study. Our preliminary results indicate that the LGs may 554 

indeed play a central role in the visuo-motor transformations occurring during the escape response to 555 

approaching objects in the crab.     556 

 557 

Behavioral studies in simplified laboratory conditions and the complexity of the real world  558 

An animal behaving in its natural environment has to relentlessly make behavioral decisions 559 

based on the flow of incoming information and on its previous experience. Although at first sight the 560 

crab’s avoidance response to an approaching predator may appear as a simple reflex behavior, this is 561 

clearly not the case. Upon detection of the approaching stimulus, crabs, like many animals, have to 562 

decide whether, when, in which direction, and how intensely to perform an escape response. Each 563 

one of these decisions is known to be strongly affected by environmental and behavioral contexts, 564 

such as the animal’s position relative to a refuge and by the animal’s learnt experiences (Hemmi and 565 

Tomsic, 2011). But if the environment is so important in shaping the avoidance behavior, what can 566 

we learn about the results from studies performed in simplified and rather artificial laboratory 567 

conditions? The answer is straightforward. As long as the essence of the behavior is preserved, we 568 

can use the well controlled stimulation conditions to investigate the fundamental features of the 569 

response. Characterizing the response to simple stimuli is a requisite for identifying neurons 570 

important for such behavior, and for understanding the way these neurons perform their fundamental 571 

operations. 572 

 573 
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FIGURE LEGENDS: 679 

 680 

Figure 1. (A) Measurement of the escape response. Locomotor activity was studied in a walking 681 

simulator device which consisted of a styrofoam ball that could be freely rotated by the animal. The 682 

crab was held in position by a weightless rod attached to its carapace that could slide up and down 683 

within a guide located above the animal. Both the rod and the guide sleeve had square cross-sections, 684 

which prevented the animal from rotating around its yaw axis. Locomotion was assessed by 685 

recording the rotations of the ball with two mice as described elsewhere (Oliva et al., 2007). The ball 686 

and the crab were surrounded by 5 screen monitors, each located at 20 cm from the animal. (B) 687 

Simulation of an object’s approach at constant speed. The right eye of the crab was stimulated from 688 

the right side by presenting squares of half-size l approaching at a constant speed v toward the center 689 

of the eye, at 90° relative to the animal’s body axis. The figure shows the virtual object at two 690 

different times during the simulated approach. x(t) is the position of the object in a reference system 691 

centered at the crab’s right eye, θ(t) is the total subtended angle for the object at the crab’s eye, and 692 

lscreen is the half-size of the square drawn on the monitor screen.  693 

 694 

Figure 2. Average instantaneous speed of escape to different stimuli.  The lower part shows the 695 

expansion dynamics for the 8 stimuli listed in Table 1. Above is the mean speed of the animals to 696 

each stimulus, identified by a color code. Thin lines represent standard deviation of the mean. The 697 

left part corresponds to stimuli number 1-4 in Table 1, which share the same speed but have different 698 

sizes. The right part corresponds to stimuli 5-8, which share the same size but have different speeds. 699 

Arrows below each trace mark mean escape initiation times ( esct ). Each animal received all the 700 

stimuli, one every 3 min, in random order (N=20 animals). Notice the matching between stimulus 701 

expansion dynamics and response performance throughout the stimuli. Dashed line rectangles 702 

enclose the portion of the response corresponding to the time of stimulus expansion (used later in Fig. 703 

11). 704 

 705 

Figure 3.  Representation of the measurement of an optical variable when the animal decides to 706 

begin the escape run. (A) Speed of an individual response to a looming stimulus. (B) Angular size 707 

θ(t) of the stimulus as a function of time. The optical variable (in this case angular size θ) should be 708 

assessed at time tesc-δ, where δ is the delay between the moment at which the animal decides to 709 

escape and the associated measured response. The value of δ in the figure is drawn out of scale. 710 

 711 

Figure 4. A) Estimation of the delay between the visual input and the motor output. The upper right 712 

inset depicts the stimulus used for this experiment. It was a black edge of 60º height advancing on a 713 

white background with constant angular velocity. The graph shows the latency between the start of 714 
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the stimulus movement and the measured response as a function of the stimulus angular velocity. 715 

The latency decreased with increasing stimulus speeds to a minimum asymptotic value of 170 ms. 716 

This value would correspond to the minimum time required to convey visual information 717 

downstream towards the motor system and move the walking device. A realistic estimate of  δ , 718 

however, must also consider the time elapsed between the moment when the visual information 719 

reaches the retina and the moment when the decision is made (see further explanations in the text). B) 720 

 721 

Figure 5. Stimulus optical variables and the decision to escape.  We analyzed whether any of the 722 

variables  Z1-6 (tesc-δ ) described in Table 2 attained a constant value with all the stimuli when animals 723 

decided to initiate the escape run. Out of the six variables analyzed, angular increment was the only 724 

one whose value remained constant throughout the different stimuli (p = 0.6). On average, crabs 725 

made the decision to escape when the apparent size of the stimulus increased beyond 7 ± 0.3 degrees 726 

(mean ± s.e; dashed line in the lower right panel of Fig. 5F).  727 

 728 

Figure 6: Correlation between stimulus l/v and five kinematic variables as a function of time. 729 

Twenty crabs were presented with the 8 looming stimuli with different l/v values reported in Table 1 730 

(one trial per stimulus and per crab). Correlation coefficients between l/v and instantaneous angular 731 

size, increment, velocity, acceleration, and time to collision were computed in 10ms steps. The only 732 

kinematic stimulus variable that crosses the zero correlation level within the time window expected 733 

for a functional delay is angular increment. See the text for details. 734 

 735 

Figure 7. The escape run is under continuous visual regulation. To investigate the dependency of the 736 

escape speed on the incoming visual information, we performed an experiment using the same 737 

looming dynamics (l=17 cm, v=71.5 cm/s), but stopping its expansion at different angular sizes (θmax 738 

= 23º, 34 º, 44º, 54 º, 62 º).  Traces show average speed of animals in response to the five stimuli 739 

shown below. Note that immediately after the stimulus stopped growing, the escape run always 740 

decelerated. Each stimulus was applied twice to each animal  (N=6 animals).  741 

 742 

Figure 8. Diagram that illustrates the escape response model using a phenomenological input-output 743 

relation fIO.  To attempt to characterize the escape response within each trial, we used a model 744 

described by the input-output relation given by vc(t)=fIO[u1(t-δ)].  (A) Stimulus angular increment Δθ  745 

as a function of time. (B) Input optical variable u1(t-δ)=Δθ(t-δ)-Δθesc as a function of time. This 746 

variable allowed us to determine whether the animal was still (u1<0, blue circle), the time of the 747 

escape decision (u1=0, green circle) or if the animal was escaping (u1> 0, red circle). (C) The 748 

variable u1 was inserted in the input-output relation  fIO , which provided the predicted animal’s speed 749 

vc. Note that fIO depends on the value of Δθesc , v1,max and u1,50%. Besides, fIO is also characterized by 750 
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its slope at u1=0. The slope, called m1, depends on v1,max and u1,50% as follows: m1= v1,max / u1,50. 751 

(D) Prediction of the animal’s speed as a function of time using the  fIO  model. See text for further 752 

explanations. 753 

 754 

Figure 9. (A) Example of escape response fits using the input-output relation vc= fIO[u1], for the 8 755 

stimuli in a single crab. Fits were made for the time interval ranging from tesc to the end of the 756 

expansion. For each record tesc was determined as explained in methods, then we obtained Δθesc and, 757 

finally,  u1(t-δ)=Δθ(t-δ)-Δθesc was calculated. The parameters of fIO (v1,max , u1,50% ) were determined 758 

by least-square regression for each record using Eqn 6. Left and right panels show fits of responses to 759 

stimuli 1-4 and 5-8 of Table 1, respectively. Responses were individually fitted for all the animals (N 760 

= 20 animals, 8 stimuli per animal). (B-D) Values of v1,max, u1,50% and m1 obtained after fitting the 761 

input-output relation vc= fIO[u1] for all trials. After obtaining fIO using u1 (Eqn 6), we tested whether 762 

v1,max, u1,50% and m1 remained constant throughout the stimuli. As shown in panels A-C, the analyses 763 

revealed significant differences for the three parameters. 764 

 765 

Figure 10. (A) Example of escape response fits using the input-output relation vc= fIO[u2], for the 8 766 

stimuli in a single crab. Fits were made for the time interval ranging from tesc to the end of the 767 

expansion. For each record tesc was determined as explained in methods, then we obtained Δθesc and, 768 

finally,  u2(t-δ)  was calculated. The parameters of fIO (v2,max , u2,50% ) were determined by least-square 769 

regression for each record using Eqn 7. Left and right panels show fits of responses to stimuli 1-4 and 770 

5-8 of Table 1, respectively. Responses were individually fitted for all the animals (N = 20 animals, 8 771 

stimuli per animal).  772 

(B-C) Values for v2,max, u2,50% and m2 obtained by fitting the input-output relation vc= fIO[u2] for all 773 

trials.  After obtaining fIO using u2 (Eqn 7), we tested whether v2,max, u2,50% and m2 remained constant 774 

throughout the stimuli. As shown in panels A-C, the analyses did not reveal significant differences 775 

for any of the three parameters. 776 

 777 

Figure 11.  Average speed and predicted speed responses using the input-output relation vc= fIO[u2] 778 

(Eqn 8).  The curves illustrate the segment of data of Fig. 2, corresponding to the time of stimulus 779 

expansion (dashed line rectangles in Fig 2). Mean speed response values (in color ) and  predicted 780 

speed (black traces) for all the tested stimuli (left: stimuli 1-4 of table 1, right: stimuli 5-8). The 781 

predicted values were obtained by using the proposed input-output relation vc=fIO[u2], with mean 782 

parameters’ values estimated from experimental data (Δθesc=7º , v2,max=17 cm/s, and u2,50%=490 deg2 783 

/s ).  784 

 785 

 786 
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TABLE LEGENDS: 787 

 788 

Table 1. Parameters of looming stimuli (see Fig. 1B).  l is the half-size of the object, v is the 789 

approach speed, L is the initial distance and θ0  is the initial angular size of the object.  790 

 791 

Table 2.  Variables Z that animals could compute to decide to start an escape run.  792 
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Table 1 

 

Stimulus 

Number  

l(cm) v 

 cm/s 

l/v 

(ms) 

L (m) T (s) 0  

(deg.) 

1 8.5 142.5 60 5 3.5 1.8 

2 17 142.5 120 5 3.5 3.9 

3 32 142.5 225 5 3.5 7.3 

4 64 142.5 450 5 3.5 14.5 

5 17 35.5 479 5 14 3.9 

6 17 71.5 238 5 7 3.9 

7 17 142.5 120 5 3.5 3.9 

8 17 286 60 5 1.75 3.9 

  

Table 1. Parameters of looming stimuli  (see Fig. 1B).  l is the half-size of the object, v 

is the approach speed, L is the initial distance and θ0  is the initial angular size of the 

object.  
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Table 2 

 

Variable  Notation Description 

Z1 tesc Elapsed Time  

Z2 tc. Time to collision 

Z3  Angular Size 

Z4   Angular Velocity 

Z5   Angular Acceleration 

Z6  Angular Increment 

 

Table 2.  Variables Z that animals could compute to decide to start an escape run.  

 


