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Abstract — Autonomous Nano-Technology Swarm (ANTS) from NASA employs numerous, autonomous, l-kg solar 
sails for surveying and studying asteroids in the Asteroid Belt. There is no convincing work on a simulator that 
validates the solar sail’s behaviors and weak propellant system in the extreme space environment. Thus, we have 
developed and verified an Environment Agent (EA) that simulates gravity and light force based on well-understood 
Newtonian and sound light force equations. Sail Agents (SA) simulate swarm behaviors that are able to turn their 
reflective surface in four orthogonal directions and produce 3-D maneuvers. The simulator is able to convincingly 
model key behaviors of SAs. We also provide a model that has the simplest swarm behaviors and unorthodox 
sensors for testing feasibility of ANTS using EA. The communication is done via on-off light patterns – firefly. 
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1.0 Introduction 
 

The main goal of Autonomous Nano-Technology 
Swarm (ANTS) is to employ systems of up to 1000 
autonomous solar sails with l-kg mass each for 
surveying and studying asteroids in the Asteroid 
Belt around the year 2025 [2, 18, 19, 20, 21]. The 
propellant system uses the force created by light 
photons striking on the thin, reflective sail surface. 
This light force is only 9.12 * 10-6 N/m2 (1 N=1 kg 
* 1 m/s2 ) at 1 Astronomical Unit (AU) [1, 4]. 
ANTS is among very few NASA projects that 
employ swarm behaviors.  
The authors have studied swarm behaviors for the 
U.S. Air Force and Navy [9, 10, 11] in Unpiloted 
Air Vehicle (UAV) applications. We view the 
required swarm behaviors are similar but note the 
following differences between ANTS and UAV: 1) 
the UAV’s forces are well understood and ample 
experimental data are available, 2) the UAV’s 
engine is much more powerful and flexible in 
maneuvering, and 3) a UAV is much heavier than 
1 kg and thus has fewer restrictions on navigation 
sensors and communication.  
Since ANTS is a novel concept, basic feasibility 
questions arise. E.g., for a 1-kg sail with 100 m2 
reflective surface, the light force is 9.12 * 10-4 N 
(9.12 * 10-6 N/m2  *  100 m2) at 1 AU. The 
acceleration generated by this force is 9.12 * 10-4 

m/s2. At 3.3 AU, it is 8.37 * 10-5 m/s2 (9.12 * 10-4/ 

(3.3 * 3.3)). Therefore, it is of interest to 
understand what useful swarm behaviors are 
feasible under such conditions.  
We devised a simple and accurate simulator to 
provide answers to key feasibility questions. This 
simulator must simulate the gravity and light force 
everywhere within a discrete time step chosen (i.e., 
one second) and provide numerical values and 
animations that verify swarm behaviors. 
 

2.0 Related Work 
 

There is little work pertaining to spacecrafts 
propelled by light force. The available literature 
concentrates on theoretical mathematical formulae 
about light force [3, 8]. However, mathematics 
cannot describe the gravitational effects for more 
than three bodies, independent of the role of light 
force. This classical n-body problem can only be 
addressed by simulation. In addition, for emergent 
swarm behaviors, we rely heavily on a simulator 
that can reveal the global effects resulted from 
local heuristics exercised by individual swarm 
members. To the best of our knowledge, there is no 
convincing work on a simulator that validates the 
solar sail’s behaviors and propellant system in an 
extreme space environment. The development of 
such a simulator is our basic contribution. 
  

 



3.0 ANTS Simulator 
 

The simulator consists of the EA and SA parts. The 
EA component simulates the gravity and light 
force in the solar system at each location and 
second. The SA component simulates the 
behaviors that are responsible for turning the 
reflective surface of the sail. EA will not be part of 
a real sail, but SA will. EA serves in the simulator 
to enforce physical laws over all behaviors, 
including non-swarm behaviors or algorithms.  
Gravity and light force are approximated (thus, 
errors) via vectors and assumed to be constant 
throughout the second. The accumulated error in 
each second is passed to the next. We prove that 
this error is so small that it does not significantly 
affect the accuracy of the force vector calculations 
described in section 4.0. 
At the beginning of each simulated second, EA 
calculates: 1) the change of acceleration as a 
consequence of the forces of gravity and light 
acting upon a sail, 2) the change of the sail’s 
velocity resulting from acceleration, and 3) the 
change of the sail’s position (displacement) caused 
by the velocity. EA will move the sail to that 
position at the end of the second, and the steps are 
then repeated for the next second. SA cannot affect 
the gravity in any way; but nevertheless, can 
control the light force by turning its surface in four 
orthogonal directions. 
EA is the basic model for testing the feasibility of 
ANTS system. The following simplifications are 
assumed for EA: 1) Newton’s mechanics and 
Galileo's relativity are employed since they are 
simple and sufficiently accurate for the 
simulations, 2) a second is constant everywhere in 
the space as described by Galileo's relativity, 3) 
modeling the large gravity of the sun, but ignoring 
all other planets, and 4) the sail can still receive the 
light force when a small object is blocking part of 
the rays of the sun.  
The force-vector calculations in EA are validated 
through a mathematical induction argument: 1) 
there are n equal simulated seconds, 2) the net 
acceleration, velocity, and displacement can be 
verified for the first second (i.e., for n=1), 3) the 
mechanism is the same in each second (i.e., the 
shape of any n and n+1 seconds is the same), 4) 
second n+1 continues the results from second n, 
and 5) by mathematical induction the simulated 
result is valid for each n (n is finite). 
 

4.0 Gravity in EA  
 

4.1 The Design 
 

Gravity is a major component of EA that we 
develop in detail from the bottom up to provide 
validation in three ways: 1) the universal gravity 
equations implemented in coding are validated to 
ensure that they provide the intended results, 2) the 
simulated results meet accuracy standards, and 3) 
the underlying force-vector model is sound. 

The three properties can be proven via the validity 
of the Newtonian universal equations (1), (2), & 
(3) stated below. Equation (1) and (2) describe 
gravity everywhere, including a perfect circular 
orbit, but equation (3) describes gravity 
specifically that results in a perfect circular orbit. 
Theoretically, with the same initial values, both 
groups of equations describe the same orbit. We 
based our code on equation (1) and (2), but not 
equation (3). We demonstrate the three validations 
by establishing that our computational results have 
high fidelity to a theoretical perfect circular orbit.  
Gravity from the sun acting upon the sail is 
computed using Newton’s gravitational law:  

Gravity = GMm/r2 
            Gravity =  GM/r2                                       (1) 
Where G = constant of gravitation 

=  6.6742 * 10-11 m3 kg-1s-2  [6] 
M = sun’s mass = 1.9891 * 1030 kg [5] 

m = sail’s mass = 1 kg 
r = distance between sail and sun 

Equation (1) is simple to use since the only 
variable is r. Once the gravity is known, the 
acceleration is given by Newton’s second law: 

F  = ma 
Where F = sun’s attractive force on sail 

m = sail’s mass = 1 kg 
a = sail’s acceleration 

Since the sail’s mass = 1 kg, the equation can be 
simplified: 

                     F  = a                                                (2) 

If the acceleration is known, the change of the 
sail’s velocity and position within a given second 
can be calculated. For example, the sail’s 
acceleration at 1 AU, 149597870000 meters [5], 
from the sun is computed as: 

(2) = (1), by Galileo’s Principle of Equivalence 
a = GM/ r2 

a = 6.6742 * 10-11m3kg-1s-2 * 1.9891 * 1030 kg / (149597870000 m)2 

a = 5.9321 * 10-3 m/s2 

Since the acceleration a is a vector, one cannot 
determine the change of velocity and displacement 
without its direction. Some possible directions of 
sail’s starting acceleration, velocity, and 
displacement are depicted in the left of Fig. 1 



below. 5.9321 * 10-3 m/s2 means the change of 
velocity in 1 second is 5.9321 * 10-3 m/s (Newton’s 
2nd Law) in vector a’s direction. If we assume 
velocity v’s magnitude is 0.018 m/s and 90 degrees 
(for this case only) from acceleration a, then the 
net velocity, u, is computed by vector addition 
shown in the right of Fig. 1: 
 

 

 
Fig. 1. Sail’s vectors in Java 3D 

 

The vector u’s magnitude is the square root of 
(5.9321 * 10-3 m/s)2 + (0.018 m/s)2, which is 
1.8952 * 10-2 m/s in velocity u’s direction. The 
new displacement represents the new sail’s 
location at the end of the second. The process is 
repeated again for the next second. Note that 
equation (3) is not involved. 

Newton’s second law can also be applied in 
circular motion: 

ma = mv2/r 
                      a = v2/r                                              (3) 

Where v is velocity and the other factors are 
defined above. Equation (3) is well tested through 
experiments. It indicates that for a perfect circular 
orbit, r is constant since it is the radius of the 
perfect circle. If r is constant, then acceleration a 
must be constant (since this is the same force at 
equal distance and thus the same acceleration, 
equation (1) & (2)), and by the validity of equation 
(3), the magnitude of velocity v is constant, as well 
too. The direction of velocity v is a tangent to the 
circle since any other directions will either increase 
or decrease the magnitude of the velocity. 

 

4.2 Empirical Observation and Experiments   
 

Animations were developed and numerical data 
used available for gravity verification. At the start 
of the simulation, EA positions the sail at 
coordinate (149597870000, 0, 0). That is, 1 AU at 
the X-axis from the origin (0, 0, 0). Since we need 
to show that EA pushes the sail around a near 
perfect circular orbit, equation (3) is used to 
calculate the theoretical starting velocity (i.e., at 
time = 0 second only) at 1 AU for the sail, which is 

2.9789 * 104 m/s. We noted visually that the sail 
moved in a circle. With regard to numerical data, 
the speeds and radii of the sail at 1 AU confirm the 
same observation. Table 1 shows 10 speeds and 
radii (from sail to sun) at the nth second. Unlike the 
theoretical starting values, the nth-second speed and 
radius are accumulated approximations calculated 
from equation (1) & (2) by EA. 
 

Table 1. Sail’s orbiting seconds, speeds, and radii at 1 AU. 
 

  Theoritical starting speed for sail = 2.9789 * 104 m/s 
  Theoritical starting radius from sail to sun = 149597870000 m 

Orbiting Time 
(nth second) 

nth-second speed  - 
starting speed (m/s) 

nth-second radius - 
starting radius (m) 

3155296 1.7434 * 10-3 -8.7549 * 103 
6310592 2.8209 * 10-3 -1.4166 * 104 
9465888 2.8209 * 10-3 -1.4166 * 104 
12621184 1.7434 * 10-3 -8.7549 * 103 
15776480 -7.3487 * 10-9 7.1442 * 10-2 
18931776 -1.7434 * 10-3 8.7550 * 103 
22087072 -2.8209 * 10-3 1.4166 * 104 
25242368 -2.8209 * 10-3 1.4166 * 104 
28397664 -1.7434 * 10-3 8.7550 * 103 
31552960 -5.3878 * 10-9 8.4320 * 10-2 

 
From Table 1, the accumulated speeds and radii 
are nearly constant throughout the simulated 
seconds. For example, the difference between the 
31552960th-second (about 1 year) and theoretical 
starting speed is -5.3878 * 10-9 m/s. Similarly, the 
difference in radius is 8.4320 * 10-2 m. Over 
simulation runs of hours, the differences in speed 
and radius at the 6.988 * 1010th second (2215 years) 
were -2.7537 * 10-3 m/s and 1.3828 * 104 m. Other 
numerical data at other locations such as 3.3 AU 
confirm the same observations of Table 1. Thus, 
the sail travels in a near perfect circle as predicted 
in our design in section 4.1. This establishes the 
three validations. 
 

5.0 Gravity and Light Force in EA 
 

5.1 The Model Design 
 

After validating the underlying force-vector model, 
the next step is to add light force vectors to the 
proven model. Blomquist’s equations [3] are 
employed since the light force equations are in 
vector forms. The equations are as follow: 

drag = 9.12 * 10-6 * s (fr cos3θ + 1/2 ( 1 - fr) cos θ) 
lift = 9.12 * 10-6 * s (fr cos2 θ sin θ) 

Where θ = the angle between incident light & sail surface’s normal. 
s = total sail’s surface in square meters. 

9.12 * 10-6 N/m2  = light force/m2 due to normal incident light (i.e., θ 
= 0) at 1 AU. 

lift   = a force component along orbit. 



drag  = a force component away from sun. 
fr = sail material’s reflectivity, 1 means all reflected, and 0 means all 

absorbed. 

Graphically, they are depicted in Fig. 2: 
 

 
 

Fig. 2.  Light force components. 
 

From Fig. 2, drag is the force vector that is in the 
direction of incident light, where lift is the force 
vector that is perpendicular to the incident light. 
The light force equations are formulated at 1 AU 
only. We modify them into universal equations for 
any sail that is r meters away from the sun with 
100 m2 sail surface as: 

drag = 9.12 * 10-4 (AU/r)2 (fr cos3θ + 1/2 (1 - fr ) cos θ)         (4) 
Lift = 9.12 * 10-4 (AU/r)2 (fr cos2 θ sin θ)                     (5) 

A few observations about equation (4) & (5) are 
noted here. First, since the sail’s mass is 1 kg, the 
light force vectors in the equations are equal to 
their respective accelerations using equation (2). 
Second, θ describes how the sail turns its surface. 
Third, if θ = 90o, both drag and lift becomes 0 and 
thus has no light force – this means the edge of 
solar sail’s surface is facing the sun directly. 
Fourth, if θ = 0o & f r = 1, then lift = 0, but drag = 
9.12*10-4 m/s2 [1, 4] – this implies that the sail’s 
entire reflective surface is facing the sun directly. 
Fifth, if θ = 35.3o & f r = 1, lift has maximum value 
of 3.51 * 10-4 m/s2. Sixth, for light force 
simulations, we assume fr = 1 for all θ. Finally, all 
lifts have drag counterparts, which imply that a sail 
moving in a circular orbit around an asteroid (one 
of the main goals of ANTS) could be difficult, if 
not impossible, as none of the drags or lifts are 
pointing towards the sun.  

The light force calculations are similar to the 
gravity example above except for their directions. 
Nevertheless, the following points should be 
mentioned: 1) the proven acceleration a is always 
orthogonal to lift  but parallel and opposite to drag, 
2) Java 3D will compute the net force by vector 
addition of a, lift , and drag, 3) the net acceleration 
will change the sail’s velocity v, 4) the changed 
velocity v will change the displacement at the end 
of the second, and 5) the process is repeated in the 
next second. 

SA can turn its surface counterclockwise (CC), 
clockwise (CW), up, and down as shown in Fig. 3.  
 

 
 

Fig. 3. Four ways in turning sail’s surface 
 

CC is turning the cross counterclockwise 
horizontally with Up-Down arrows fixed. The 
opposite is CW. Up is turning the cross clockwise 
vertically with CC-CW arrows fixed. The opposite 
is Down. SA can only choose one of the four 
turnings in each second. Without them, the sail 
cannot move in a 3-D space. Equation (4) & (5) 
can repeatedly be applied in each direction as we 
have intentionally designed the surface as a square.  
Unlike the gravity design, there is no other well-
established theoretical universal light force 
equations to prove the validity of equation (4) & 
(5) in coding. However, if the equations are 
incorrect (not likely), we could potentially replace 
them with others as the underlying model in EA is 
still sound. 
 

5.2 Empirical Observation and Experiment 
 

One way to verify light force without well-
established theoretical universal equations is to 
compare its behaviors against those proven ones 
from gravity. Thus, an asteroid ball (that obeys 
gravity only) and a sail (that obeys both gravity 
and light force) are available for animations and 
numerical analysis. At the beginning of the 
simulation, both objects will start together at the 
same location and velocity. With a default θ = 90o, 
they move out together in the same circular orbit as 
described in section 4.0 until the user changes the θ 
value from GUI. 
 

 
 

Fig. 4.  Light force reduces (left) or increase (right) sail’s velocity 
 

In Fig. 4, the left picture shows that the sail’s speed 
is slower than the ball by setting θ=-35.3o. The 
opposite setting will increase the speed as depicted 



in the right picture. We have visually confirmed 
that the sail was able to maneuver in 3-D space 
using the four turnings manually, even at 3.3 AU. 
We analyzed the numerical data and the values 
agree with equation (4) & (5). However, it was 
difficult to make the sail closed to the ball via SA 
by using the four turnings manually. Hence, the 
initial results indicate that it may not be possible to 
have useful maneuvers around the asteroid, which 
is basic experimental contribution of our work.  
In summary, we established that the light vectors 
are sound because: 1) the underlying light vector 
calculations are based upon mathematical 
induction as explained in section 3.0, 2) the much 
weaker light vectors are added to the validated 
gravity vectors, 3) the observed light force effects 
in the simulator were consistent, 4) all vector 
calculations were monitored in one short Java 
method, and 5) we used Java 3D methods like 
vector1.angle (vector2) to check the orthogonality 
of gravity, lift, and drag in each calculation; thus, 
we are assured that the direction (which is more 
useful than magnitude) of each vector is correct. 

 

6.0 SA 
 

It will be a waste of effort and time in developing 
higher-level and complex swarm behaviors if there 
is evidence that some of ANTS’ useful maneuvers, 
like orbiting around an asteroid, are in doubt. 
Hence, we designed a simple, reactive model that 
consists of avoid and attract behaviors for SA to 
see whether the sails can form a group. Grouping is 
crucial in ANTS, and if EA fails it, ANTS project 
will not be feasible. To design a practical swarm 
application, we need to consider the constraints 
imposed by the navigation sensors. Unfortunately, 
the sensors today weight much more than 1 kg and 
threaten the survival of ANTS. Thus, we need to 
consider unorthodox sensors and the protocols for 
using them. This model is inspired by fireflies that 
use light patterns to pass messages to each other 
when they group together at night. Light is 
abundant in the solar system. If we can use light 
effectively in our designs, it would minimize the 
required sensor weight. 
 

6.1 ANTS with Firefly Scenarios 
 

The scenarios for the firefly model are described 
below:  
• A group of sails and an asteroid ball start out 

together. The ball’s only behavior is to orbit the 

sun. The sail will use light to communicate with 
other sails and determine their distances by 
estimating the calibrated light intensity. 

• They will follow a protocol in flashing their 
communication lights. 

• The sail will be attracted to each other or the 
ball when they are in “attraction” zone; but will 
repelled by each other or the ball when they are 
in a “close” zone. 

• Each sail will choose the closest neighbor to 
attract or repel. 

• Each sail will select a random sail orientation 
and tack to move. 

• The agent will be rewarded for a sail orientation 
and tack that has the desired result and continue 
to use that configuration; if it does not have the 
intended effect, the agent will choose another 
configuration at random. 

• The sail does not know its velocity and does not 
have access to a centralized, shared clock. 

 

6.2 SA’s Sensors 
 

Four simple, unorthodox navigation sensors are 
proposed for basic navigation.  

1. Sun sensor – the sensor could be a charge 
coupled device (CCD) such as those used in digital 
cameras. A CCD-based sensor is chosen because: 
1) it is very sensitive – able to detect single 
photons [7], 2) it is lightweight and small, 3) it can 
measure the incident angle of incoming light, and 
4) it requires little power. The CCD-based sensors 
can be further developed to provide sails for the 
following navigation functions: 1) to provide a sun 
line as a reference in turning the sail’s surface, 2) 
to provide an estimate distance from the sun based 
on calibration and the inverse-square law, and 3) to 
measure distances from other nearby sails by 
estimating calibrated light intensity emitted from 
other sails. 

2. LEDs for light communication – sails could 
use light patterns generated by high-intensity LEDs 
for communication. LEDs are used because they 
can efficiently generate bright light, and the 
technology is already used extensively and more 
efficient products are in development. LEDs can be 
used by solar sails to transmit simple messages. A 
light-flashing protocol is needed for cooperation 
and execution of scalable swarm behaviors: 1) if a 
solar sail transmits first, the others will stop and 
observe the message, 2) the others will take note of 
the message if it concerns them, 3) if the message 



concerns them, they will give up their option to 
transmit, 4) nevertheless, they will answer a 
service requested by the requesting agent, and 5) 
once the sail stops transmitting, the others will 
contend to transmit next. 

3. Cameras – all solar sails are basically “blind.” 
However, they can build a relative frame of 
reference using cameras. E.g., once the sun sensor 
has determined the sun line, the sail can build the 
XYZ-coordinate system that records the relative 
positions of the sun, sails, and other objects. Sails 
cannot estimate distances from dark objects like 
asteroids since the reflected light is not calibrated 
like LED or sun light. Thus, the sails need a new 
way to estimate the distance to an asteroid or other 
dark objects. We suggest a sensor that consists of 
two movable cameras mounted and fixed on a 
movable board to determine the distances of 
asteroids and dark objects.   
 

 
Fig. 5. Movable cameras and board 

 

Two cameras in Fig. 5 are placed at both edges of 
the board. When the asteroid’s image is visible, 
both camera A and B will capture it at their view 
centers as shown by the respective camera lines. 
Angle a and b are calculated each time the cameras 
change their camera lines relative to the normals. 
The cameras communicate with each other to 
ensure angle a = angle b. If not, both cameras and 
the board will move until they are equal. If a = b, 
then a’ = b’. The line h, the distance from the sail 
to asteroid, can be determined by the trigonometry 
of isosceles triangle. The accuracy of h depends 
on: 1) a common algorithm that enables both 
cameras to spot the same location on the asteroid, 
2) the ability of the cameras to repeat the same 
process above precisely as angle a & b approach to 
0, and 3) the length of the board. 

4. High speed camera shutters for mass 
communication. For example, once the worker 
sails have finished surveying the asteroid with their 
special sensor, the large data must be passed to a 
messenger sail that will travel back to earth. LEDs 
are limited for this function. We propose that light, 
durable, high-speed shutter rows be placed at the 

back of a control box where its front end allows 
sun rays to pass through when necessary. During 
mass transmission, the messenger sail will use its 
camera to observe the worker sail’s shutters’ light 
patterns created by opening and closing the 
shutters rapidly. E.g., if each shutter can open or 
close 10,000 times/second and there are 64 
shutters, the worker sail can pass 640,000 bits of 
information per second to messenger sail. 

 

6.3 SA’s basic Behaviors 
 

Two behaviors, attraction and avoidance are 
enough for sails to form a group. A sail classifies 
two spheres as close or attraction with critical or 
safe vision range, respectively. The sail will avoid 
the closest neighbor in close sphere but attract to 
the closest neighbor in attraction sphere. The 
avoidance has a higher priority than attraction. The 
authors have implemented these two behaviors 
successfully on UAVs in future work of [10], 
which are able to group and move autonomously at 
a safe distance of each other despite the fact that 
only the closest neighbors are considered. 

 

7.0 SA’s Architecture 
 

SA's control structure utilizes a decentralized 
behavior-based architecture inspired by the 
subsumption architecture [12], motor schema [13], 
[14], and force fields [15], [16], [17]. The two 
basic behaviors in this architecture are shown in 
Fig. 6. 
 

 
Fig. 6. Control structure. 

 

At each simulated second, the control architecture 
reads both the external sensors and internal state 
to invoke the appropriate behavior by which a 
sail’s turning is set. If there is no input from the 
state, the higher behavior layer will inhibit and 
subsume the lower layer(s) as required by the 
subsumption scheme. The behavior layers will 
grow vertically as more behaviors are added. The 
original Brook’s subsumption scheme does not 
have an internal state. We added it for practical, 
purposeful swarm applications based on our 
experience. For example, the state, which always 
has the highest priority than sensors, can ask SA to 



self-destruct by choosing only attract behavior with 
the goal of colliding with other objects. 
Nonetheless, we view the tight coupling between 
the sensors and state and behaviors is still 
responsible for SA’s reactive maneuvers as in [10] 
that implements the same architecture. The pure 
subsumption may consider the state as a 
monolithic internal control that will hamper the 
emergence of intelligence. 

 

8.0 Future Work 
 

There is considerable future work for ANTS: 1) the 
authors would like to add more objects to EA, 2) 
the firefly agent model should be coded and tested 
by EA, 3) synchronized orbiting behavior around 
an asteroid needs to be tested by EA, and 4) higher 
and complex behaviors will be introduced and 
tested by EA once the basic maneuvers are 
established. 
 

9.0 Conclusion 
 

We believe that we have laid a solid foundation for 
solving this problem. We conclude the relative 
importance of the concepts we have established in 
the following implications: no proven gravity 
vectors imply no light force vectors imply no EA 
implies no SA implies no solution to the ANTS 
problem. 
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