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Abstract—We developed a cost-effective fish-like Autonomous 
Underwater Vehicle (AUV) with a sophisticated intelligence. The 
robot fish, named Fisho, is able to avoid obstacles in a swimming 
pool, reflecting the usual behavior of a biological fish.  As a 
general rule, a robot captures external stimulus by means of 
electrical sensors; Fisho has infrared sensors to find the distance 
to close objects and pressure sensors to estimate its vertical 
physical position (depth).  Its brain is a small-sized 200-MHz 
Single Board Computer (SBC), that collects information from the 
sensors and sends decisions to electro-mechanical servos (in 
order to act on its tail and flippers, thus control its trajectory). 
Fisho’s behavior is signed by its velocity and the vibration mode 
of its tail. Inspired in real fish, we designed its intelligence with a 
three-layer Markov chain by means of a full characterization of 
tasks, purposes and fish-moods.  Its  design  and  physical 
structure is both  non-expensive  and simple,  trying   to  emulate 
a  real  fish,  whereas   addressing  all  typical challenges  in an 
AUV.  In this paper we discuss Fisho’s physical implementation: 
sensing platforms, electro-mechanical structure and intelligence. 
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I. INTRODUCTION

Unmanned underwater vehicles are usually classified into 
two categories: autonomous underwater vehicles or AUVs -
which do not require human assistance-, and remotely operated 
underwater vehicles or ROVs.  This work, discusses the 
physical implementation of a robot-fish, i.e. an AUV whose 
shape is based on the morphology of real fish.  A highly 
remarkable work in this field is a fully autonomous robot fish 
developed at the University of Essex [1].  Although Liu et al. 
[1] developed a highly effective fish-like AUV, its
implementation cost reached half a million dollars. Moreover,
in spite that efficient propulsion methods [2], [3] and
mechanical implementations [4], [5], [6] are highly available in
the literature, these are not often applied into fully autonomous
systems.

This paper gives a succinct description of Fisho, a fully 
autonomous cost-effective biologically-inspired intelligent 
robotic fish. The main features of its fish-like movement and 
behavior are: (a) its stochastic intelligence that reflects that 
from real fishes, and (b) its novel swimming mechanical 
implementation, which uses two joints in order to produce 
smooth tail movements. The design is simple, and its 
production cost is just a few hundred dollars. 

In order to address a full implementation of a robot-fish 
several design aspects should be tackled: (i) its physical 
architecture, (ii) communications with the external world, (iii) 
highly sensible sensor platforms -suitable for underwater-, and 
(iv) dynamic motion based on kinematic equations to predict
and decide its movement/trajectory. Biological inspiration is a
primary need at the moment of design.  The carangiform fish
has been selected as a natural reference from previous studies
of fish propulsion [7], [8] and by taking into account the trade-
offs between implementation complexity and movement
likeness. The swim style is based on a mechanical architecture
with two degrees of freedom for the tail motion. Once the robot
motion implementation was chosen, we selected suitable
sensors for underwater environments -in order so that Fisho
can discover its surrounding world-.  Infrared sensors (IR)
were employed to determine the presence and distance to close
objects in the horizontal plane, whereas a relative-pressure
sensor was selected to estimate its depth.

Fisho’s novel stochastic intelligence was inspired in the 
behavior of real fish, defining tasks, moods and purposes 
through a three-level Markov chain, which imprints a highly 
dynamic behavior to the resulting prototype. Prior to the 
prototype construction, Matlab based simulations were carried-
out inspired by Ref. [9]; this way, the control algorithms for the 
robot tasks were developed and tested. Given the angular 
functions for its joints, and the simulated sensor readings, the 
Matlab model can adjust the robot trajectory in “real time”. 

This paper is organized as follows. A description of the 
mechanical implementation and signal processing is discussed 
in Section II. The hardware architecture and stochastic 
intelligence are presented in Section III and IV, respectively. 
The results and Matlab simulation are addressed in section V. 
Finally, section VI presents our concluding remarks and 
discusses future work. 

II. MOTION GENERATION AND MECHANICAL 
IMPLEMENTATION 

From the three fish swimming styles (carangiform, 
ostraciform and anguiloform, see Ref. [7]), carangiform is the 
fastest and mechanically most efficient.  For implementing this 
style, we developed a two joint realization as shown in Fig. 1. 
In this case, two actuators (servos) were employed, which 
control the tail and tail-fin movement by modifying its 
oscillation frequencies, amplitude and offset in relation to the 



fish body-axis. Each movement (straight swim
turn) can be constructed by controlling θi as a 
i.e. θi   = θi (t), where θi is the relative angle of
t represents time.  By means of employing s
signals, it is possible to generate every move
changing some signal parameters (see Ref. 
signals of the form: 

θ1 (t) = A1 sin(ωt) + K1     ,  

θ2 (t) = A2 sin(ωt) + K2     ,  

when K1 = K2 = 0, the resulting movement bec
with respect to the body-axis, thus the fish
Turns can be achieved by inserting offsets w
body axis. The other controllable parameter
amplitude (Ai) and frequency (ω), affect the fi
i.e. velocity in the direction of the fish displace
The larger the oscillation amplitude and frequ
the linear speed. For the case of straight-line
can be easily understood from the mathematic
the fish terminal speed [7]: 

U = f A / St    ,  

where U is the fish terminal speed, f is th
frequency and A the maximum tail oscillation
the Strouhal number, which is a constant (depe
geometry) and usually takes values between 0.

Fig. 1. Detail of the joint design, which has two controll
Each joint is controlled with a servo-motor. 
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skin). The particularity of this design consist
skin is made from a unique very flexible pie
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very small joint oscillations.  Figures 2 and 3
tail skeleton and a side view of Fisho, respecti

III. SYSTEM ARCHITECTURE
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Fig. 3. Side view of Fisho and detail of the 
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IV. INTELLIGENCE

A fish performs several tasks during the da
purposes and moods. In this section, 
characteristic tasks and discuss their re
carangiform fishes in order to design Fisho’s in

As many other animals, it is well known 
even if they do not have eyelids to close. Surp
some species need to keep swimming while
sharks),  and  fishes do  not  present  REM  p
human beings. However, sleeping is a fund
fishes in order to recover their energy and stru
For this reason, Fisho will be programmed to 
time.  We will use the term “rest”, since 
sleeping in human beings is quite different than

The other tasks Fisho will perform are ma
and greatly inspired in the movements 
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follow a wall, that is, to swim along th
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Another usual feature in fishes is to make rou
straight line, with regular returns of 18
necessarily when reaching the border of th
will call this task “swim straight”.  If we f
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(straight lines), which we will call “polygonal
A limit case of this polygonal trajectory is a 
rather frequent movement: to move in a circl
call “swim in circles”. Finally, the fish will fi
the aquarium with the “find border” task, an
the “ touch border” task. We are aw
movements are not all the possibilities; howe
faithfully represent the most usual ones. To
aim to represent the basic movements of f
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5) Swim in circles

6) Find border

7) Touch border
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between the different tasks within the respective purposes. 
The moods do not alter the transition probabilities, but affect 
Fisho’s linear velocity. For completeness, one should define an 
additional transition matrix Q between the different purposes, 
and choose time slots to decide when to change purposes, 
tasks, and moods. 

So far, a mood is easily understood by a change in velocity 
(velocity in “excited” mode is faster than that in “quiet” 
mode); transition probability matrices Pi between different 
tasks should be defined for each fish purpose i ∈ {1, 2, 3}, 
where i=1, 2, 3 represent the “rest”, “exhibition” and “preying” 
purposes respectively.  Provided  that  five  seconds  is  time 
enough for the sensors to discover a new object and for the 
robot to respond in consequence, we define a time slot Tt  = 5 
seconds for transition between different tasks. The transition 
between different purposes was arbitrarily defined with a time 
slot Tp = 15Tt in order to have a clear perception of the 
development of the purpose. The slowest transition is 
considered to be that between moods, for which we chose Tm = 
300 seconds. After this time is elapsed Fisho either stays in the 
current mood state (“quiet” or “excited”) or moves to another 
state with equal probability of 1/2. 

Now, we are free to choose the different matrices Q and Pi. 
We start with the purpose-matrix Q, which contains the 
different  transition  laws  between purposes.  First, we chose 
its elements in the diagonal, to determine the expected sojourn 
time in each purpose. Let us assign equal expected sojourn 
time T0 = 4Tp  for purposes 1 and 2 (“rest” and “exhibition”), 
whereas the “preying” purpose is assigned T0 = 2Tp . 
Alternatively, the transition probabilities Q = (qi,j)1≤i,j≤3 follow 
q1,1  = q2,2  = 3/4  and q3,3 = 1/2. The matrix Q is stochastic (i.e. 
its rows must add to unity); the  three degrees of  freedom were 
fixed choosing a stationary distribution. Precisely, we assigned 
more weight to the “exhibition” purpose, whereas the purpose 
that we assumed less often to occur is the “preying” purpose. 
Mathematically, if the stationary vector  π  = (π1 , π2 , π3 )t   : 
πQ   = π  is  chosen so  that π  = ( 1/2 , 3 /8, 1/8 ),  then the 
local homogeneous Markov Chain given by Q is ergodic.  By 
the ergodic theorem, Fisho stays in purpose 1 (“rest”) 1/2 of 
the time, in purpose 2 (“exhibition”) 3/8 of the time, and the 
remainder 1/8 of the time Fisho is acting as a predator. The so-
designed matrix is: 

3/4 1/4 01/8 3/4 1/81/4 1/4 1/2  

For completeness, one needs to define the transition 
matrices (Pi)i=1,2,3 between tasks under each purpose. The main 
observation is that not all tasks are feasible for a certain 
purpose. For instance, under the rest purpose, only tasks 1 
(“rest”), 5 (“swim in circles”) and 6 (“find border”) make sense 
thus are available. The respective transition probabilities 
between these tasks are given by: 

29/30 1/40 1/1200 3/4 1/43/32 1/32 7/8  

For the “exhibition” purpose, only tasks 2, 3, 4 and 6 will 
be available; if we assign that order to the tasks, the reduced 
transition matrix P2   (between the latter tasks) is given by: 

7/8 1/800 15/16 1/10 1/103/64 1/640 4/1001/24 1/24 19/20 1/1001/24 7/8  

Finally, the “ preying” purpose is the most sophisticated 
one, and combines the feasible tasks 2, 3, 4, 6 and 7; we 
employed the following design for P3   (again, the transitions 
exclude non-mentioned tasks and order the feasible tasks by 
numerical order): 

9/10 1/1000 9/100 5/48 6/100 1/100 2/1006/90 2/90 1/907/8 0 1/480  1/213/20 1/20 1/21  2/3  5/211/20   0  3/4
It is worth to remark that if Fisho chooses to change to a 

new purpose wherein the task in execution is unfeasible, a new 
task will be chosen between the feasible set of tasks in that 
purpose with equiprobability. The reader can check that all 
matrices Pi are ergodic. As a consequence Fisho’s behavior is 
locally ergodic (precisely, ergodic in each purpose). A full 
diagram of the main program implementation is depicted in 
Fig. 6. 



Fig. 6.  Flow chart for different routines in Fisho’s intell

V. RESULTS

Figure 7 shows the contrast between the bo
swimming) of a “real” carangiform fish an
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robotic fish. The main elements th
behavior  are  its  stochastic intel
three-layer Markov chain), its 
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