










             
            

              
          

         
        

           
           

           
              

sists of 80 agents and directions of transitions of agents are not analo-
gous.  A  swarm ball  continuously  contains  internal  turbulence.  Initial
configurations of agents in these gates are randomly given in a desig-
nated  area  in  the  input  position,  where  no  external  noise  is  coupled
with the transition rule for the agent. The performance of these gates
is 100 percent for OR, AND, and NOT gates. Because we can imple-
ment OR, AND, and NOT gates,  we can calculate any propositional
logic sentence. 

Figure 3. A  series  of  snapshots  (1,  2,  3,  and  4)  in  an  AND  gate  of  swarm
balls. Swarm balls located at the x and y positions consist of 40 agents. Each
agent is represented by a square with its 5-step trajectory. Red arrows repre-
sent the direction a swarm ball is moving toward.  

Finally,  we  discuss  the  robustness  of  the  gates.  As  mentioned  be-
fore,  the  OR gate  acts  very  well  against  external  perturbation.  Here,
we estimate the performance of the AND gate under a high rate of ex-
ternal noise. In the simulation, the external noise that is coupled with
the operation of velocity matching is defined as a random value x  se-
lected with equal probability from @-l, lD. When the velocity of each
agent in a two-dimensional space v is projected in the x and y planes
denoted  by  vx  and  vy,  the  external  noise  is  coupled  by  vx + x  and
vy + x  and  then  normalized  to  make  the  length  of  the  velocity  be  1.
We  estimate  performance  within  the  range  0.0 § l § 0.2  when  com-
paring our model of P ! 20 with one with P ! 1. If P ! 20, multiple
potential  transitions  play  a  role  in  mutual  anticipation  that  can  con-
tribute  to  collective  behavior.  If  P ! 1,  coherence  of  swarm  results
only from velocity matching. 

Figure 4 shows performance of  an AND gate  implemented by our
swarm  model  under  a  perturbed  condition.  The  performance  is  de-
fined  by  the  success  rate  of  the  gate. In  each  experiment,  we  set  40
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agents in the input positions x and y. If 80% of the agents (64 agents)
in  a  united  swarm  reach  the  output  exit  of  x  AND  y,  we  determine
the result for the experiment to be a success; otherwise, it is a failure.
The  performance  is  defined  by  the  number  of  successful  experiments
divided by  the  total  number  of  experiments  (100 experiments).  Since
the  swarm  model  with  P ! 1  corresponds  to  the  well-known  boids
model,  the  external  perturbation  directly  influences  the  collective  be-
havior  of  swarms.  Therefore,  as  the  strength  of  perturbation  in-
creases, the performance rapidly decreases. 

Figure 4. Performance of an AND gate implemented by the swarm model. Per-
formance  is  plotted  against  the  strength  of  external  perturbation.  A  swarm
model  with  P ! 20  is  compared  to  one  with  P ! 1.  The  model  with  P ! 1
can correspond to boids.  

In  contrast,  the  performance  of  our  swarm  model  with  P ! 20
does not decrease drastically as the strength of perturbation increases.
A  large  possibility  of  transitions  can  increase  the  probability  of  the
presence of highly popular sites, which increases the possibility of mu-
tual  anticipation  that  results  in  the  collective  behavior  of  swarming.
External perturbation also increases the possibilities of transitions. In
this sense the external perturbation cannot be distinguished from po-
tential transitions, and can produce the same contribution as increas-
ing  the  number  of  potential  transitions.  The  external  perturbation
plays a role in generating and keeping a swarm ball. The directed mo-
tion of a swarm along the wall,  however,  depends on the strength of
velocity  matching.  That  is  the  reason  why  the  performance  of  the
AND gate implemented by swarms with P ! 20 is  slightly decreased.
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Note  that  the  cohesive  power  does  not  weaken  despite  low  perfor-
mance. 

3.2 Experimental Gate Implemented by Real Soldier Crabs  
We first  implemented the  logical  gate  of  swarm collision by  real  sol-
dier  crabs,  Mictyris  guinotae.  The  corridor  is  made  of  acrylic  plastic
plates, and the gradient to move was implemented by using an orange-
colored  intimidation  plate.  The  reason  for  having  an  intimidation
plate  is  because  birds  are  the  main  natural  predators  feeding  on  sol-
dier crabs and there are usually no shadows in the lagoon except for
bird shadows. This is why the crabs are very sensitive to the shadows
made  by  standing  and  moving  objects.  Thus,  the  intimidation  plate
can  trigger  soldier  crabs  to  move  away  from  the  shadowed  region.
The floor of the experimental gate is made of cork to provide a com-
fortable footing for the crabs.

Figure 5(a) shows the AND gate of swarm collision. First, we close
the  gate  and  set  a  swarm  of  solider  crabs  for  either  or  both  input
spaces  surrounded  by  walls  and  a  gate.  The  crabs  are  left  for  about
two  minutes  to  relax.  After  the  crabs  relax,  the  folded  intimidation
plate is extended and placed vertically; then crabs start moving along
the  corridor.  Real-world  crabs  indeed  behave  similarly  to  simulated
crabs.  If  the  input  for  Hx, yL  is  H1, 0L  or  H0, 1L,  a  swarm representing
the value of 1 is set by 40 crabs. If  the input for Hx, yL  is  H1, 1L,  each
swarm representing a value of 1 is set by 20 crabs. 

Figure  5(b)  to  (e)  shows  the  two  results  of  the  AND  gate  experi-
ment for a particular swarm consisting of 40 individuals. First, 40 in-
dividuals are divided into two parts of 20 individuals each, and set for
input  space  Hx, yL ! H1, 1L.  In  other  cases  where  Hx, yL ! H1, 0L  orH0, 1L,  40  individuals  are  set  for  input  space  A  or  B,  respectively.  In
any input case, both intimidation plates are unfolded and stood verti-
cally soon after the gate is opened. The bars of Figure 5(b) to (e) show
the  rate  (%)  of  individuals  reaching  output  1,  2,  or  3.  Red  or  blue
bars  represent  the  result  of  the  first  and  second  experiments  for  the
same population of  individuals.  Two experiments have the same ten-
dency, such that for the input H1, 0L and H0, 1L, most of a swarm goes
straight (i.e., A to 3 or B to 1 in Figure 5(b) to (d)), and for the inputH1, 1L  individuals  derived  from  input  spaces  A  and  B  are  united  and
go to the central part of the output, called 2. These results are approx-
imated by our model simulation. 

Figure  5(e)  shows  experimental  results  for  21  trials,  where  each
trial  was  conducted  for  40  individuals.  Each  bar  represents  the  rate
over  all  trials.  The  frequency  histogram  shows  that  for  inputs  H1, 0L
and H0, 1L,  individuals  of  a swarm go straight or to the central  corri-
dor,  meaning  that  most  of  a  swarm  goes  straight  to  some  extent.  It
also shows that for input H1, 1L,  most of a swarm goes to the central
corridor after the swarms collide. If the output of either 0 or 1 is deter-
mined by the difference in the number of individuals reaching outputs
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Figure 5. (a)  Implementation  of  an  AND  gate  for  real  soldier  crabs.  Input
space  for  input  x  or  y  is  located  at  the  space  behind  the  intimidation  plate.
The symbols 1, 2, and 3 represent output for NOTHxL AND y, x AND y, and
x  AND  NOTHyL,  respectively.  (b)–(e)  The  experimental  results  of  AND  gate
implemented by real  soldier crabs.  (b)  Frequency distribution of output 1,  2,
and 3 for the input H1, 0L. Output 4 represents the rate of individuals that do
not reach the output in a limited time. (c) Frequency distribution for the inputH0, 1L.  (d)  Frequency distribution for  the  input  H1, 1L.  (e)  Frequency distribu-
tion of outputs 1, 2, and 3 over 21 trials.  
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1 and 3, the output is 0 if the difference exceeds 10% of all individu-
als  (i.e.,  four  individuals);  it  is  1  otherwise.  If  the  determinant  is  ap-
plied  to  21  trials  of  the  AND  gate  experiment,  performance  of  the
AND gate for inputs H1, 0L, H0, 1L, or H1, 1L is 0.81, 0.76, or 0.52, re-
spectively. 

Although the experiment implemented by real soldier crabs is just a
preliminary work, the performance of the AND gate is not bad. Since
the OR gate can be easier to implement, the swarm collision computa-
tion  can  be  naturally  constructed.  The  gradient  of  the  corridor  is
tested  by  other  devices  such  as  illumination,  physical  gravitational
stimulus  produced  by  slope,  and  some  combinations.  The  condition
of a swarm in the experiment in a room is different from that in a nat-
ural  lagoon.  If  good  enough  conditions  are  provided  for  the  experi-
ment in a room, robustness of a swarm can be reconstructed.

4. Conclusion  

Soldier crabs that live in tropical lagoons wander as a huge swarm in
the low tidal  period and live under the sand in the high tidal  period.
Each  individual  sometimes  wanders  freely,  and  is  aggregated  into  a
huge  swarm triggered  by  a  natural  enemy  or  tidal  movement  depen-
dent on the lagoon topography. Once a swarm is generated, individu-
als  in  the  peripheral  regions  dynamically  exchange  their  places  and
the  internal  turbulence  of  the  crab  becomes  responsible  for  the  same
swarm  motion.  Therefore,  even  if  the  boundary  of  a  swarm  is  defi-
nitely sharp and smooth, the internal structure of the swarm is dynam-
ical  and random. The mutual  anticipation can negotiate perturbation
and the force to make an order. In this paper, we implement ballistic
computing  [15]  by  using  such  a  robust  swarm.  In  the  natural  imple-
mentation of ballistic computation, it is difficult to refer to robustness
of  computation.  For  example,  ballistic  computation  implemented  by
Belousov–Zhabotinsky  (BZ)  reactions  is  unstable  without  well-
controlled conditions [16]. Our model suggests that biological compu-
tation is more robust even under perturbed environments.  

Ethical Note
No  specific  license  was  required  for  this  work.  The  duration  of  any
single experiment was so short that no crab was ever endangered. The
crabs  were  kept  in  comfortable  conditions  and  after  all  experiments
were released to their  natural  habitat.  Furthermore,  on visual  inspec-
tion, no crabs appeared to have been injured or adversely affected by
the experiments. 
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