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A simple model was created that captures several major aspects of the response of an LGMD
neuron to a looming stimulus. In an impending collision scenario, the projected size of the obstacle
onto the photoreceptors within the locust’s eye will increase over time as the distance between the
two entities is reduced. This perceived increase in size of the obstacle will provoke an inhibitory
and excitatory response in the two dendritic branches of the LGMD neuron. The combination of
excitatory and inhibitory responses leads to a non-monotonic escape response that manifests as a
peak in the spiking activity of the neuron that occurs well before the time of collision. The
relationship between the firing rate of an LGMD neuron and the projected size of a looming

stimulus can be expressed using Eq. S1 [1] shown below.

f(t) = exp[logS' — aS] = S'exp[—aS]; a = tan_l(#) [S1]

Here, t represents time, while S and Sy represent the perceived size of the looming object at time
t and the perceived size threshold of the object, respectively. Sy 1s an insect species dependent
parameter that determines the perceived size threshold where the neural firing response reaches its
climax [2]. To model the neural responses of the LGMD neuron, we assumed an object of size 50
mm approaching the insect from an initial distance of 900 mm at different approach velocities of
1.5 m/s, 0.6 m/s and 0.4 m/s. Sy was taken empirically as 40 mm? for ease of calculation. Both
the projected area (S) and the derivative of the projected area (S') were observed to increase with
time. Even though S increases over time, the factor exp(—aS) exponentially decreases as
described in Fig. 1c, designated as the inhibitory neural response of the model. The time rate of
change of S’ is the excitatory neural response of the model, given in Fig. 1d. Finally, the

multiplicative neuronal output combining the inhibitory and excitatory modeled responses shows



a non-monotonic trend in neuronal spike frequency over time. A maximum spike frequency is
reached prior to collision. The frequency values of the output were observed to be real fractions
between 0 and 1. For simplicity of computation and discernable visual representation, we have
multiplied the frequency with a factor of 10 and rounded off to the nearest integer values. As a
result, adjacent points in time with similar spiking frequencies have been grouped together and
represented with spikes corresponding to the relative magnitude of the firing frequency throughout
the time interval. The firing frequency increases, reaches the maximum, and subsequently
decreases in discrete steps, as evident from Fig. le. This variable discretization used in this bio-

realistic model emulates the LGMD neuronal spiking responses found in biological studies.
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Figure S1. Py plotted as a function of the distance (d.) between the collision detector and the
approaching car.
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Figure S2. Response of the inhibitory circuit to looming stimulus presented at various V. ite,

i.e., the temporal evolution of Vi, measured at Vy,pqq = 0.5 V for various v,.
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Figure S3. Time to inhibition (t;,y,) plotted against different v, and V. ite-
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Figure §4. Response of the excitatory circuit to looming stimulus presented at various V. ite,
i.e., the temporal evolution of Vi, measured at Vyponqq = 0.5 V for various v,.
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Figure S5. Time to excitation (tgy.) plotted against different v, and Vite.



Supplementary Information 7.

(a) (b)

5 T 5 T
s S
=25 Q25 ]
£ w
> >
0 i | ik} ! 1 il i 0 PTTRTTTTTITIITT YT TTTIITL TATTTPITTTETITIrTTIITIons 4
0 5 10 15 20 0 5 10 15 20
T, (s) T, (s)

Figure S6. a) Inhibitory and b) excitatory circuits show no transition, or, in other words, do not
exhibit inhibition and excitation responses when measured in the absence of a looming stimuli.
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1. Empirical Model of Excitatory and Inhibitory Circuit Qutputs

Experimental results thus far have indicated the ability of the collision detector to generate spikes
in response to impending collisions under varied looming rates and exposure conditions. In this
section, we have described all empirical methods used to model outputs from individual modules
and finally the escape response of the collision detector. Eq. S2, shown below, was used to model

the output voltage of the inhibitory circuit.

v
Vinh = ——o22yes [S2]

+e-2VIN-Vsw)

Here, V},, 1s a function of the input voltage, Viy = V3, threshold switching position, Vgyy, drain
voltage, Vpp, and a fitting parameter, «, that accounts for the slope of the circuit output while it is
switching from Vpp to 0 V. The excitatory circuit was also modeled using the same function. Fig.
S7a,b visually demonstrates the goodness of fit for these circuit characteristics while Table. S1

tabulates the parameters used for each circuit.

(a) (b)
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Figure S7. a) Inhibitory and b) excitatory circuit characteristics and the corresponding fit using
Eq. S2.
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Vop (V) | Vsw(V) a
Inhibitory |5 | 05621 | -2.691
Circuit
Exertatory | 55| 03001 | 72.16
Circuit

Table S1. Parameters used to fit excitatory and inhibitory circuit characteristics.

11. Relation Between Switching Threshold of Inhibitory Circuit and Threshold Voltage of MT2
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Figure S8. a) Nine separate analog conductance states of MT2 corresponding to b) inhibitory
circuit characteristics. c¢) Fit of the switching threshold of the inhibitory circuit (Vg,,) as a
function of the threshold voltage of MT2 (V).

An empirical model was used to relate the switching threshold of the inhibitory circuit, V;,,,, to the
threshold voltage of MT2, V;;. As shown in Fig. S8a above, MT2 was initially set at a low
conductance state before being programmed eight times to create a total of nine differing
conductance states. The constant current method was then used to extract the threshold voltage at
each conductance state. Additionally, the output characteristics of the inhibitory circuit were

measured at each conductance state of MT2 and are shown in Fig. S8b. The switching threshold
of the inhibitory circuit was extracted as the point, V;y, where Vi, = V%D Fig. S8c shows V%, of

the inhibitory circuit as a function of Vi, of MT2. A linear function, Eq. S3, was used to model
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this relationship. The difference in @; and a, values between the inhibitory and excitatory V;,, will

be negligible.

Vew = a1V + a3 [S3]

II1. Empirical Model of Photogating Behavior of MT 2

An empirical model was used to simulate the photogating behavior of MT2. The shift in threshold
voltage, AVry, as a function of the incident power seen at MT2, Py, the write voltage applied to
MT?2, Viyrite> and the time interval where the LED is turned on, t; gp, were experimentally extracted

and modeled using Eq. S4 given below.

_ B Vramax—VTH
AVrg = —y * By * Texp * y — [S4]
THmax TH,init

Here, y and f are fitting parameters that determine the magnitude of the shift in threshold voltage
of MT2 in response to an incident illumination for a given V,,ite. These parameters follow a linear
relationship with Ve and can be expressed using Eq. S5a,b given below. Here, § and € are fitting
parameters. Vry mqy and Vry in;e represent the maximum threshold voltage and the initial threshold
voltage of MT2 before any light has been introduced, respectively. Furthermore, Vy represents

the threshold voltage of MT2 that varies at each time step, every time the device is exposed to new

PIN.
Y =61 * Viprite + 62 [S5a]
B =& *Vyrite + & [S5b]
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Several P;, and V,,,;¢, scenarios for fixed Tg,, were evaluated experimentally and used to fit the
y and f parameters. Fig. S9a demonstrates the goodness of fit of Eq. S4 at three differing V., ,ite
levels. Fig. S9b,c visually demonstrates the linear dependence of ¥ and f on V. and the

goodness of fit for these parameters respectively.
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Figure S9. a) Change in the threshold voltage, AVry, of MT2 as a function of incident power
at three separate Vit magnitudes. b) Fit of vy as a function of V,,,ite using Eq. Sa. c) Fit of
B as a function of Vyyrite using Eq. S5b

1V. Empirical Model of Incident Illumination Intensity

The incident power of the front headlights of a 2021 Honda Accord were sampled at several
distances between 58 ft and 454 ft. The incident power of the headlights was modeled as a function

of distance using Eq. S6.
Py = a x eP*de [S6]

Here, a and b are fitting parameters. Fig. S1 visually demonstrates the goodness of fit of Eq. S6.
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V. Empirical Model for Comprehensive Evaluation of Collision Detector

Thus far, empirical methods have been used to model the output characteristics of the inhibitory
and excitatory circuits using Eq. S2 and the photogating behaviors of these circuits using Eq. S3
through SS5. Field experiments of incident headlight illumination intensity have been modeled
using Eq. S6. A compact model has been constructed that combines each of these individual
equations and yields the spike output of the collision detector. For a given collision scenario,
initially, the impending car will be at an initial position, d., from the ego vehicle, moving with a
relative velocity, v.. Eq. S6 is used to determine the incident power that would be seen at the
collision detector. This changing incident power when presented to the collision detector over a

time period of 7g,, dictates a threshold shift in the inhibitory or excitatory circuits following Eq.

S7.

— E1¥Vwritet€2 VTHmax—VTH
Asz = —ap * (51 * Vwrite + 52) * PIN * TExp * v Vs i [87]
THmax TH,init

Next, the output voltage of the inhibitory and excitatory circuits is determined using Eq. S2. The
inhibitory and excitatory circuits feed their output voltages into the gates of MT3 and MT4,
respectively. The total charge in the channel of these transistors was simulated using Eq. S8a,b

given below.

4V mh=Viknee,MT3)

Qurs = Qoe  ™XeT [S8a]

AVExc—Vknee,MT4)

Qurs = Qo€ m+KpT [S8b]

Here, m, Kz, T, and q represent the body factor of MT3, the Boltzmann constant, temperature, and

the elementary charge of an electron, respectively. Vi, represents the knee point of MT3, i.e.,
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the input voltage corresponding to the Ips = 10 pA. Q, is a constant. The charge values in the
channels of MT3 and MT4 are then converted into conductance values which can be summed as

resistors in series. Finally, the output current of the collision detector is calculated using Ohm’s

Law.
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