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1Abstract—Filamentous fungi have a structure called 

mycelium which is the vegetative part of the organism that 
forms the body or colony, which can function as a support, 
reproduction and absorption structure of nutrients and is 
composed of a tangle of hyphae that can grow without stopping 
while the fungus finds food and favorable conditions to survive. 
Inspired by fungi, it is possible to directly equate the structure 
of the mycelium with that of a communication network, so 
hyphae can be compared to links, and the tips and derivations 
of hyphae with nodes of the network. In this context, the 
growth process of filamentous fungi to explore the environment 
in which they live can serve as a metaphor for routing 
algorithms that seek a path between a source and a destination 
node. Based on this idea, this paper investigates a functional 
routing algorithm (HyphaNet) for wireless communication 
networks. Analytical modeling and validation tests proved that 
HyphaNet converges to more advantageous routes while 
exploring the search space. Finally, it can deliver good 
performance on the metrics packet delivery rate, average end-
to-end delay and overhead, when compared to other well-
known protocols. 

 
Index Terms—mobile communication, routing protocols, 

biological system modeling, learning systems, performance 
analysis. 

I. INTRODUCTION 

Currently the use of artificial intelligence (AI) assists in 
the design of algorithms bioinspired by the collective 
behavior of social insects and other animal societies. Within 
AI, there are swarm intelligence (SI) -based systems where, 
for example, it is found the classic ant colony optimization 
(ACO) model that is inspired on how ants find food. In this 
context, there are also other approaches based on nature, 
such as the artificial bee colony (ABC) that simulates the 
intelligent behavior of a bee swarm in search of nectar, as 
well as optimization metaheuristics inspired by the behavior 
of fireflies (firefly algorithm - FA), bats (bat algorithm - 
BA), birds (cuckoo search - CS), among others. Most of 
these natural systems have achieved this behavior after 
evolving for millions of years [1-4]. Thus, it attracts the 
interest of researchers for the development of nature-
inspired algorithms for efficient solutions to the most 
diverse problems. 

Recently another frontier of nature has been a source of 
inspiration for the development of new solutions: fungi. 
Fungi are living organisms that usually feed on decaying 
matter and live in damp and shady environments, popularly 
known as mushrooms, molds, yeasts, among others. They 
grow and expand through hostile regions to discover new 

resources. Along with bacteria, they are the main 
decomposers of the planet. Many fungal species form 
complex filament networks (hyphae), which transport 
nutrient material, to survive in heterogeneous environments. 
The vegetative part of the organism that forms the body is 
known as mycelium. Unlike other biological transport 
networks, such as plants or vascular systems in animals, the 
network formed by these organisms is not part of the 
organism it is the organism itself. These networks develop 
as the organism expands in an irregular environment looking 
for new resources. They must transport nutrients between 
spatially separated production and consumption regions and 
also maintain the integrity of the network in the face of 
predation or random damage [5]. 

 
 

In the context of communications, a communication 
network is a decentralized set of nodes that exchange 
information temporarily through peer-to-peer transmission 
using a wired and/or wireless infrastructure. The network 
topology may or may not be structured; nodes act as 
terminals and/or routers, and may enter or leave the network 
freely. This way, a node can communicate with any node 
within the network, directly with those nearby or through 
multi-hop routing. Especially in mobile networks, nodes 
have the characteristic of mobility, so self-organizing 
mechanisms capable of working with the dynamic nature of 
the topology, failure recovery and security, as well as 
heterogeneity, resource constraints and scalability, are 
required [6-9]. 

Just as many technologies were inspired by the behavior 
of social insects, fungi also demonstrate triumphant 
behavior in the struggle for survival and suggest a complex 
ability to self-assemble robust, resilient, adaptive control 
networks and desirable transport mechanisms in various 
protocols and, especially, in the routing algorithms present 
in modern communication networks. In this context, the 
growth process of filamentous fungi to explore the 
environment in which they live can serve as a metaphor for 
routing algorithms that seek a path between source and 
destination nodes. The mycelium can be compared with a 
communication network, so hyphae can represent links, and 
the tips and derivations of hyphae are nodes of the network.  

This paper is an extension of a recent study [10] that 
proposes a routing algorithm for wireless networks called 
HyphaNet. This extension covers, in addition to the protocol 
presentation itself, the proof of concept, results from new 
simulations, and mainly the algorithm convergence analysis 
(which is not covered in the original article). 

This paper is organized as follows. In order to have the 
necessary knowledge about fungi, their morphology, their 
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growth process, and their nutrient transport mechanisms are 
presented and discussed in Section II. Section III presents 
examples of filamentous fungi-inspired algorithms. The 
investigation of the functional routing algorithm (HyphaNet) 
for wireless communication networks is presented in Section 
IV. This section also presents the convergence analysis of 
the algorithm, as well as, results of experiments involving 
network scenarios aiming to validate and test the proposal. 
Conclusions and future work are presented in Section V. 

II. FUNGI COLONY 

A. Definitions and Morphology 

Fungi are unicellular or multicellular eukaryotic 
organisms that have microscopic and macroscopic 
structures, heterotrophic and facultative aerobic or anaerobic 
structures (yeast). They belong to the Fungi kingdom 
according to the classification of Whittaker [11] or to the 
Eukarya domain proposed by Woese, Kandler and Wheelis 
[12].  

Some fungi exist in the form of yeasts, being unicellular, 
and others in the form of filaments being pluricellular. The 
structure that represents the body or the colony of fungi is 
called fungal mycelium. The mycelium is formed by the set 
of filaments, called hyphae, which can function as a 
structure of sustentation, reproduction and absorption of 
nutrients. The hypha is a kind of filament with a hollow 
inner tube that is responsible for nutrient transport and 
fungal growth and is usually a structure that grows with 
elongation at the extremities [13]. Certain fungi, commonly 
known as mushrooms, have reproductive structures called 
fruiting bodies, which are above ground (Fig. 1).  

 
Figure 1. Structure of a mushroom-like fungi. 

B. Mycelial Fungi Growth 

The growth mechanisms of mycelial fungi can be divided 
into four main stages: spore germination, hyphal growth, 
branching and, finally, fungal differentiation, as shown in 
Fig. 2. After spore germination, a tube (germination tube) 
extends through tip growth initiating the formation of the 
hyphae. The hyphae branching process allows the mycelium 
expansion, ensuring an increase in the surface area of the 
colony (presumably increases the likelihood of finding and 
assimilating nutrients). Branches can also cause fusions 
between hyphae from different sites. Finally, differentiation 
refers to the process of changing hyphae. For convenience, 
during colony ripening, vegetative hyphae may change to 
specialized hyphae for reproduction [14]. 

 

 
Figure 2. Stages of mycelial fungi growth (adapted from [13]) 

 
The fungal mycelium grows as it receives nutrient 

biomass, in this case it is a combination of two types of 
biomass: immobile and mobile biomass [15], as described 
below: 

a) Immobile Biomass – It is the material that constitutes 
the mycelium and the complex network of tubes inside the 
hyphae, through which the mobile biomass can flow. 
Immobile biomass can be in one of two states:  

– Non-insulated, which is the biomass associated with 
hyphae capable of significant absorption of external 
resources and corresponds mainly to the active hyphae tips 
within a colony;  

– Insulated, which is the biomass of the mycelium present 
in areas with little or no absorption of nutrients. These are 
areas of the mycelium basically used for sustentation. 

b) Mobile biomass – It is the material that flows through 
the hyphae's communicating tubes in order to provide 
nutrients to the mycelium ends. Mobile biomass tends to 
become immobile biomass when and where it is useful to 
the organism. 

 Many types of fungal mycelia exhibit autolysis of older 
parts of the colony, especially when growing in nutrient-
poor environments [14]. Thus, fungal networks progress 
from a radial branching tree to a grid net (lattice-like) 
through a process of fusion and reinforcement to selective 
removal of loops and recycling of the redundant material 
[16]. Fungal growth is influenced by stimuli from internal 
(autotropism) and external (tropism) factors. Growing 
hyphae seem to actively avoid each other, an example of 
negative autotropism [17]. 

C. Tero's Experiment 

In order to demonstrate the ability of fungi to solve 
problems Tero et al. performed an experiment on cultivation 
of slime mold Physarum polycephalum to simulate the 
interconnection of Tokyo railway stations and its 
metropolitan region [18]. To represent the P. polycephalum 
growth scenario, a smooth wet container was used as a 
surface and oat flakes were deposited representing the main 
cities in positions corresponding to the region map. The 
initial mold was placed in a central position, which would 
represent the position of Tokyo. To complete the picture, 
obstacles that could produce changes in direction and speed 
of growth (e.g., mountains, rivers, lakes, among others) 
were represented by spotlights, as P. polycephalum avoids 
bright light. Initially the mold filled the branching space 
densely, and then diluted, leaving only a network whose 
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branches joined themselves to connect the food sources. The 
resulting network was strikingly similar to the Tokyo rail 
system. The authors conclude that P. polycephalum fungi 
are able to build optimized nets in a natural way. 

D. Spatio-temporal Evolution Model for Fungi 

In [15] a theoretical mathematical model is presented to 
help understanding the space-time dynamics of fungal 
network growth. Eqs. (1) to (5) show the mathematical 
model of Falconer et al. relating the processes of absorption, 
production and recycling of biomass and transport of mobile 
biomass: 
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where, the formulations are based on the following 
considerations: 

a. Mobile biomass diffuses in the colony and depends on 
a diffusion coefficient Dn, which, in turn, depends on the 
local concentration of mobile biomass n. Db is a constant 
representing the diffusion coefficient of non-insulated 
immobile biomass. The value of n0 is a constant representing 
the moving mass concentration threshold (Eq. (1)); 

b. Immobile biomass is mobilized locally at a 
mobilization rate  proportional to the local mobile biomass 
concentration, ., where  =n/(bn+bi). The mobilization 
rate may vary the coefficient for n or i for regions 
comprising non-insulated biomass (bn) and insulated 
biomass (bi), respectively; 

c. Mobile biomass is locally immobilized at an 
immobilization rate  as per ..  The coefficient may vary 
to n or i, in regions comprising non-insulated and 
insulated biomass respectively, and  is a constant that 
regulates the immobilization sensitivity according to the 
moving mass concentration. Mobile biomass is converted to 
immobile biomass with efficiency denoted by ; 

d. Mobile biomass is produced at a rate proportional to 
local absorption. The rate of absorption of resources is 
assumed to be proportional to the local concentration of 
immobile biomass and the external substrate concentration 
(Eq. (5)). 

Eq. (2) represents the dynamics of insulated immobile 
biomass production. The immobile biomass production rate 
is proportional to the diffusion coefficient, the surface 
biomass rate, the difference between mobile and immobile 
biomass conversion rates (i.e., .  .), considering only 
insulated and non-insulated biomass regions. In the 
expression, the constant  indicates the conversion rate of 
non-insulated biomass to insulated biomass. Eq. (3) shows 

the production rate of non-insulated immovable biomass, in 
this case, comprising only non-insulated biomass regions, as 
insulated biomass does not convert to non-insulated 
biomass. Eq. (4) shows the dynamics of mobile biomass 
concentration and the conversion ratios of immobile to 
mobile biomass and vice versa, where 1 and 2 are the 
absorption rates for non-insulated and insulated biomass, 
respectively. Finally, equation (5) shows the dynamics of 
the nutrient concentration of the external substrate, where  
is the substrate replacement rate, s indicates the value of the 
external substrate concentration and sm is the maximum 
value of this concentration. 

    The simulation results show that this model explores 
the range of types of mycelium growth by relating the 
processes of absorption, conversion of mobile biomass to 
immobile biomass and recycling of immobile biomass for 
different configurations in biomass production and recycling 
rates. 

III. FUNGI BIOINSPIRED ALGORITHMS 

The ability to explore environments in search of nutrients 
and the ability to form and maintain adaptive networks are 
drawing researchers' attention to new paradigms in building 
functional problem-solving algorithms. In this section, we 
consider how the skills of fungal colonies can inspire the 
creation of algorithms for space searching and for 
communication networks.  

A. Space Searching Algorithms 

The combination of hyphal growth and tip branching 
allows some specific species of fungi to explore complex 
physical environments using a variety of efficient space 
searching algorithms. Hanson et al. [19] present a natural 
space search algorithm with good results obtained by 
studying the behavior of different species of basidiomycete 
fungi in micro-confined structures (labyrinths), of the order 
of 100 µm in diameter, currently found in microfluidic 
technology. This natural algorithm has a main structure and 
comprises two sub-algorithms called directional memory 
(DM) and collision response (CR) that simulate directional 
memory and branching in response to collisions, 
respectively, which are two features inspired by the 
observation of fungi while expanding and solving the maze. 
Similar experiments were presented with different fungi to 
observe variations in DM/CR sub-algorithms. It was 
observed that mazes can be solved by some fungal species, 
and what changes is the response to collision and the degree 
of memory.  

The performance of natural spatial search algorithm has 
been tested and compared with some classic graph search 
algorithms such as the uninformed type algorithm, Depth 
First Search, and the informed types, A*, Best First Search, 
Jump Point Search and Dijkstra. To measure the algorithms 
efficiency, the following metrics were considered: 
completeness, optimality and state space. In general, the 
fungal algorithm showed better results only in relation to 
DFS, e.g., 20-40% better, depending on the maze size, but 
lower than the uninformed algorithms. Nevertheless, these 
findings suggest that research into natural space searching 
algorithms used by microorganisms is justified and 
promising [20-21].  
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B. The FunNet Protocol 

FunNet is a protocol proposal, bio-inspired by fungal 
networks, that seeks to solve routing and management 
problems in wired communication networks, which suffer 
from network size growth, traffic increase and topology 
variation [22]. 

The description of hyphae behavior in FunNet is based on 
the original mathematical model developed by Falconer et 
al. [15] (see section II.D). This formulation suggests a 
mapping between fungal and communication networks 
showing how a fungal network can represent a 
communication network. The basic idea corresponds to 
establish a relationship between the structure of the 
mycelium and a communication network. In this way, 
filaments (or hyphae) can be compared to the links, the tips 
and the derivations of the hyphae to the routing nodes. 

Routing in FunNet: The FunNet introduces an algorithm 
with a new routing concept. FunNet's key point is based on 
the idea that data flow can be described by the fungal mobile 
biomass transport mechanism. In this model there are no 
routing tables, nodes need not have information from the 
network as a whole, but only know who their immediate 
neighbors are. Thus, FunNet proposes new tools and 
techniques based on how the fungus grows extending its 
hyphae, generating derivations and self-organizing itself as a 
complex network structure. 

Based on the mapping between fungal and 
communication networks, the work in [22] shows the 
meaning of the fungi analogies and terms applied to FunNet, 
as described below: 

a. The fungal mycelium represents the topology of a 
communication network; 

b. Each node has the associated parameters of mobile (M) 
and immobile biomass (I). Mobile biomass should be 
diffused in the path of a successful routing, and immobile 
biomass represents a node attractiveness factor for new 
traffic;  

c. When a request to send a data packet is initiated in a 
communication network, an amount of mobile biomass will 
be generated. This amount of mobile biomass will diffuse 
evenly along the route over which node the data packet 
passed; 

d. Biomass recycling in a fungal network means the 
transformation of mobile biomass into immobile biomass. 
This concept is used in communication network in the way 
to increase local immobile biomass concentrations;  

e. The direction of a data packet sent in a communication 
network is associated with the transport mechanisms of 
mobile biomass in a fungal network. Data traffic will always 
flow from a region of higher mobile biomass density to one 
of lower density;  

g. In a fungal network, biomass consumption will reduce 
the concentration of immobile biomass over time. 

  Route selection: The FunNet's route selection process 
uses a heuristic to calculate the next hop of the data packet; 
the result will be the direction of the highest concentration 
of immobile biomass that implies the locations with the 
highest transport capacity. Thus, the node with the highest 
local concentration of immobile biomass has greater 
attractiveness of data flows. 

Let Cn, Tn, Mn, and In, respectively, be the capacity, 

current traffic, mobile biomass and immobile biomass, 
directly associated with node n. Let Ni be the set of nodes 
adjacent (neighbors) to node i. Eq. (6) shows the calculation 
of probability which indicates the probability of node i 

select a certain neighbor n as the next hop, toward a 
destination d. 

d
niP ,

, ,
i

d n
i n i

jj N

G
P

G


n N  
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where, 

j j j jG C I T    (7) 

Mobile biomass diffusion: A constant amount E of 
mobile biomass will be generated when a data packet needs 
to be sent to its destination. When the data packet reaches its 
destination, mobile biomass spreads evenly across the nodes 
through which the packet passed, i.e., these nodes will 
increase their value of M by E/R, where R is the number of 
nodes in the route. 

Biomass recycling: Biomass recycling represents the 
changing of level of immobile biomass, which is influenced 
by current network status. In FunNet, biomass recycling 
happens after every successful routing and will transfer (for 
each node k of the route) an amount of mobile biomass into 
immobile biomass, i.e., each node will have its mass Mk 
reduced by  and its mass Ik  increased by the same amount, 
where 

. .k k k k
k

k k
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Biomass consumption: Biomass consumption reduces 
the value of immobile biomass when its value is larger than 
a threshold, i.e.,  

, ifk k kI I K I     (9) 

The quantities , , , K and  are FunNet’s operating 
parameters. Therefore, the processes of diffusion, recycling 
and consumption of biomass, characteristic of fungi, 
constitute a learning process capable of refining routing 
decisions. 

IV. A FUNCTIONAL ROUTING ALGORITHM 

When considering the FunNet proposal [22], it is 
observed that the research is still in its early stages and the 
article does not provide an in-depth description of the 
model's operation. At first, the Eq. (7) directly relates 
different quantities. Capacity and traffic quantities interact 
directly with a biomass quantity (immobile biomass) 
without data normalization. The same is true in Eq. (8) 
where it relates traffic to mobile and immobile biomass. In 
addition, the parameter   makes the convergence of the set 
of equations a nonlinear process, which can cause great 
instability in route maintenance. These aspects are of 
fundamental importance for the correct operation of the 
system. Route discovery and maintenance are not separate 
procedures, but are carried out concomitantly by using Eqs. 
(6) to (9). In addition, the article [22] does not perform an 
in-depth analysis of FunNet performance, but simply 
presents the average number of hops for each successful 
routing. 

A. The HyphaNet Protocol 

This section investigates a functional routing algorithm 
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for wireless networks, called HyphaNet. HyphaNet is a 
multipath protocol whose algorithm converges to the most 
advantageous route while exploring the search space. It has 
specific procedures for route discovery (based on the 
diffusion of RREQ and RREPLAY packets) and for route 
maintenance and optimization (based on diffusion, recycling 
and biomass consumption processes) [10]. 

By considering wireless networks, in HyphaNet the 
concepts of capacity and traffic are replaced by the concepts 
of storage and load. Let Bj be the size and Lj the average 
number of packets present in the network interface buffer 
(MAC) associated with node j. Let ABSj = 1 – Lj/Bj be the 
available buffer space. We then adopt Gj = (Ij)

.(ABSj)
, 

which favors the best routes without incurring in 
normalization problems.  

    In HyphaNet, after every successful data routing to the 
destination, the following equations are updated (for each 
node k of the route): 

. kM   (10) 

.k kM M E    (11) 

k kM M    (12) 

k kI I    (13) 

.k kI I  (14) 

The objective function 2
jj

Λ= ABS /R  provides the quality 

of the route, where j corresponds to the nodes in this route, 
Eq. (10) allows eliminating nonlinearities in the 
convergence of the algorithm, Eqs. (11) to (13) represent the 
biomass diffusion and recycling processes and Eq. (14) 
describes the consumption of immobile mass. The quantities 
, , µ and  are HyphaNet’s operating parameters. 

B. Convergence Analysis  

The action of the HyphaNet over time allows establishing 
that mobile and immobile mass updates occur, respectively, 
according to the following equations: 

( ) ( 1) ( )(1 ). . , 1n n nM M E     n
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 1 1 1( n ) ( n ) ( n )I . I .M , n     (16) 

 It is noted that Eq. (15) corresponds to a form of 
exponential moving average (EMA) of the function . In 
turn, Eq. (16) is a form of EMA for mobile biomass 
(resulting in a double EMA of function ). 

Applying the recursive principle in Eq. (15) yields: 
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Performing the same procedure for Eq. 16 gives: 
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where: M(0) and I(0) are the initial values of mobile and 
immobile biomass, respectively. Substituting Eq. (17) into 
Eq. (18) gives: 
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In order to evaluate the convergence of the system, we 
can determine the step response by doing ),(.)( nHn   

where   is the average of the objective function over a time 

interval, and H(n) is the Heaviside function. If  < 1 e  < 1, 
disregarding the values of M(0) and I(0), the immobile 
biomass converges to:  

1
( n )

n

.E.
lim I








 (20) 

Considering a set of routes between origin s and 
destination d, where the route whose next hop p is the most 
favorable, i.e., 

p q , p q,      it is concluded that the 

protocol acts correctly, because ( n ) ( n )
p qI I , n ,   resulting in 

d d
s ,p s ,qP P .  

The values of  and  are fundamental in the protocol 
performance. If  is small and  is high, the immobile 
biomass will converge slowly and the routes may become 
more unstable. On the other hand, if  is high and  is small, 
the routes may not react to topological variations. Fig. 3 
shows the behavior of the immobile biomass (normalized) 
for a set of values of  and   (where Inorm = (1-).I/  and 

1E.  ), considering M(0) = 0 and I(0) = 0.   

C. Proof of Concept 

In HyphaNet the most advantageous routes tend to add 
more immobile biomass. In order to prove the algorithm 
convergence, this section shows simulation results 
considering a 10-node fixed topology, as shown in Fig. 4. 
For the purposes of this validation, and without loss of 
generality, it was considered that µ = 2.0,  = 1.0,  = 0.1 
and  = 0.95. 

 
Figure 3. Immobile mass (normalized) versus number of HyphaNet 
equation system updates 

 
Figure 4. The 10-node test topology 

 
HyphaNet was simulated using the NS-2.35 [23] network 

simulator considering IEEE 802.11 standard [24-25]. The 
radio transmission range has been set to a maximum of 150 
m. The topology has source on node 1 and destination on 
node 10. This topology allows observing, step by step, the 
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behavior of the algorithm in creation and route selection 
processes and its effectiveness in convergence. The shortest 
route is the path 1-5-8-10. In this scenario, the common 
sense shows that this route and its node components should 
register higher selection probabilities and, consequently, 
higher utilization rates. We repeated each simulation 60 
times and took their average as simulation results. Finally, 
we computed 95% confidence interval for each performance 
data and a confidence interval bar is plotted for each data 
point of the average curves.   

Fig. 5 and Fig. 6 show graphs of probability estimates and 
node utilization. For each simulation all moments of the 
selection process in which the probability of each node 
appears were recorded, obtained as a function of its 
attractiveness. Utilization was obtained as a function of the 
number of times the node was selected as the next hop in 
relation to the total data packets transmitted. 

According to the topology, at the beginning of a data 
transmission, the source node can select a node from nodes 
2, 3, 4, and 5, which are within the radio range. In this case, 
node 5 achieved approximately 60% utilization with an 
average probability around 50% during the simulations. The 
average probability of node 8 is almost 100% because this is 
the only route seen by node 5. Similarly, nodes 7 and 9 have 
high average probabilities because they are unique routes 
when one of nodes 3 and 4 is selected. Therefore, the 
probability estimates and utilization values at node 5 show 
that there is convergence to the best route. 

 
 Figure 5. Probability of  selection  

 
Figure 6. Use of the node in the route to the destination 

 
Fig. 7 shows the use of the routes between source and 

destination nodes. This information was obtained by 
recording the routes used during each packet sent. The 
routes are the following: R1: 1-2-6-8-10, R2: 1-5-6-8-10, 

R3: 1-5-8-10, R4: 1-3-7-9-10, and R5: 1-4-7-9-10. Thus, it 
was possible to calculate the percentage of utilization of 
each route in relation to the total data packets transmitted. 
For example, it is observed that route 3, relative to the 
shortest path, obtained around 55% of occupation in 
simulations, showing that the algorithm converged to the 
best route. 

D. HyphaNet Evaluation 

In this section, we present a set of simulations results 
demonstrating the effectiveness of our proposal. The 
simulations ran by 180 seconds considering the same traffic 
pattern, but with different mobility scenarios. Average 
values were obtained from simulations with 120 rounds and 
with 95% confidence interval. The configured simulation 
parameters are shown on Table I.  

The traffic pattern used was based on CBR/UDP 
connections between randomly chosen source-destination 
pairs. Once started the sources, the transmission lasts until 
the end of the simulation. The scenario was tested using this 
traffic pattern, with variations in the sources send rate. 

 
Figure 7. Use of  routes 

 
TABLE I. SETTING OF THE SIMULATION PARAMETERS 

Parameters Settings 
Simulator   NS-2.35 
Number of simulation rounds 120 rounds of 180 s 
Simulation area  1000 m  1000 m 
Number of  nodes 100 nodes 
Number of sources 10 nodes 
Mobility model  random way point 
Nodes speed range 1-20 m/s 
Transmission range  250 m 
Packet length  512 bytes 
Traffic pattern CBR/UDP  
Radio propagation model  two ray ground 
MAC/PHY layer  IEEE 802.11b 
Transmission rate 11 Mbps 
Buffer size (MAC)  50 packets 

 
Two routing protocols were selected for comparison 

purposes: AODV [26], being a well-known classic protocol 
with widespread utilization; and SARA [27], as an example 
of a high-performance ACO-based protocol. Both have an 
implementation in the NS-2 simulator. SARA protocol 
configuration details come from [27]. HyphaNet 
configuration details are those of Section IV.C. 

The routing protocols were evaluated based on the 
following metrics: 
 Packet Delivery Rate: It is the ratio of data packets that 

are successfully delivered to a destination to the number 
of data packets that have been sent out by the sender. It is 
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desired that maximum number of data packets has to be 
reached to the destination. 

 Protocol's Routing Overhead: It is the number of routing 
packets transmitted to the total number of packets (data + 
control) sent to the destination. A good routing protocol 
should incur lesser routing overhead. 

 Average end-to-end delay: It refers to the average time 
taken for a packet to be transmitted across a network 
from source to destination. A good routing protocol 
should incur lesser average end-to-end delay. 
Fig. 8, Fig. 9 and Fig. 10 present the results obtained for 

the performance metrics versus send rates (in packets/s). 
HyphaNet presented results very close to SARA considering 
packet delivery rate and end-to-end delay; both of them 
were better than AODV in this case. Considering the 
overhead, HyphaNet presented results very close to AODV 
and both were better than SARA. 

 
Figure 8. Packet delivery rate versus send rates 

 
Figure 9. Routing overhead versus send rates 

 
Figure 10. End-to-end delay versus send rates 

V. CONCLUSION 

Inspiration in natural systems has attracted the interest of 
researchers for the development of new algorithms seeking 
efficient solutions to the most diverse problems. Recently a 
new frontier of nature has been a source of inspiration for 
the development of solutions: fungi. Taking inspiration from 

fungi, this paper considered the process of filamentous 
fungus growth as metaphor for building a functional routing 
algorithm for wireless communication networks, the 
HyphaNet. It has specific procedures for route discovery and 
for route maintenance and optimization. Analytical 
modeling and validation tests proved that HyphaNet 
converges to more advantageous routes while exploring the 
search space. In simulations, HyphaNet has shown that it 
can deliver good performance on the metrics: packet 
delivery rate, average end-to-end delay and overhead. 

Future work will explore a more extensive group of 
simulations focusing on deeply verifying the effect of the 
control parameters on the performance of the proposed 
protocol and the study of approaches that may reduce the 
routing overhead. 

REFERENCES 
[1] G. Lindfield, J. Penny, “Artificial bee and ant colony optimization,” 

Editor(s): Lindfield and Penny, Introduction to Nature-Inspired 
Optimization, Academic Press, pp. 119-140, ISBN 9780128036365, 
2017 

[2] D. Karaboga and B. Basturk, "A powerful and efficient algorithm for 
numerical function optimization: artificial bee colony (ABC) 
algorithm," Journal of Global Optimization, vol. 39, no. 3, pp. 459-
471, Oct. 2007. doi:10.1007/s10898-007-9149-x 

[3] X. S. Yang, “Firefly algorithm, levy flights and global optimization,” 
Department of Engineering, University of Cambridge. 2010. 
ArXiv:1003.1464v1 

[4] X. S. Yang, “Nature-inspired metaheuristic algorithms,” 2. ed. Frome, 
Luniver Press, 160 p, 2010,  ISBN 1905986289 

[5] David. Moore, “The algorithmic fungus,” Create Space Independent 
Publishing, 2017, ISBN: 978-1545439258  

[6] N. Chakchouk, "A survey on opportunistic routing in wireless 
communication networks," IEEE Commun. Surv. Tutorials, vol. 17, 
no. 4, pp. 2214-2241, 2015. doi:10.1109/COMST.2015.2411335 

[7] L. Junhai, Y. Danxia, X. Liu, and F. Mingyu, "A survey of multicast 
routing protocols for mobile Ad-Hoc networks," IEEE 
Communications Surveys & Tutorials, vol. 11, no. 1, pp. 78-91, 2009. 
doi:10.1109/SURV.2009.090107 

[8] J. Alves Junior, E. C. G. Wille. “Improving VANETs connectivity 
with a totally ad hoc living mobile backbone,” Journal of Computer 
Networks and Communications, vol. 2015, article ID 273031, 2015. 
doi: 10.1155/2015/273031 

[9] J. Alves Junior, E. C. G. Wille, "Exploiting the inherent connectivity 
of urban mobile backbones using the P-DSDV routing protocol," 
Advances in Electrical and Computer Engineering, vol.20, no.1, 
pp.83-90, 2020. doi:10.4316/AECE.2020.01011 

[10] C. R. da C.  Bento, E. C. G. Wille, “Bio-inspired routing algorithm for 
MANETs based on fungi networks,” Ad Hoc Networks, vol 107, 
2020. doi:10.1016/j.adhoc.2020.102248. 

[11] R. H. Whittaker, “New concepts of kingdoms of organisms,” Science 
163, 1969, ISS 3863 

[12] C. R. Woese, O. Kandler, and M. L. Wheelis, "Towards a natural 
system of organisms: proposal for the domains Archaea, Bacteria, and 
Eucarya," Proceedings of the National Academy of Sciences, vol. 87, 
no. 12, pp. 4576-4579, Jun. 1990. doi:10.1073/pnas.87.12.4576 

[13] J. H. Coradin, “Mathematical modeling of the growth of filamentous 
fungi on moist and nutritious surfaces in contact with air,” M.Sc. 
Thesis, 2010, UFPR, Curitiba, Brazil 

[14] S. Olsson, "Colonial growth of fungi," in Biology of the Fungal Cell, 
R. J. Howard and N. A. R. Gow, Eds. Berlin, Heidelberg: Springer 
Berlin Heidelberg, 2001, pp. 125-141. doi:10.1007/978-3-662-06101-
5_6 

[15] R. E. Falconer, J. L. Bown, N. A. White, and J. W. Crawford, 
"Modelling interactions in fungi," J. Royal  Society Interface., vol. 5, 
no. 23, pp. 603-615, Jun. 2008. doi:10.1098/rsif.2007.1210 

[16] L. Heaton et al., "Analysis of fungal networks," Fungal Biology 
Reviews, vol. 26, no. 1, pp. 12-29, Apr. 2012. 
doi:10.1016/j.fbr.2012.02.001 

[17] A. Meskkauskas, L. J. McNulty, and D. Moore, "Concerted regulation 
of all hyphal tips generates fungal fruit body structures: experiments 
with computer visualizations produced by a new mathematical model 
of hyphal growth," Mycological Research, vol. 108, no. 4, pp. 341-
353, Apr. 2004. doi:10.1017/S0953756204009670 

       65

[Downloaded from www.aece.ro on Friday, March 29, 2024 at 10:11:20 (UTC) by 54.175.5.131. Redistribution subject to AECE license or copyright.]



Advances in Electrical and Computer Engineering                                                                      Volume 21, Number 2, 2021 

 66 

[18] A. Tero et al., "Rules for biologically inspired adaptive network 
design," Science, vol. 327, no. 5964, pp. 439-442, Jan. 2010. 
doi:10.1126/science.1177894 

[19] K. L. Hanson, D. V. Nicolau, L. Filipponi, L. Wang, A. P. Lee, and D. 
V. Nicolau, "Fungi use efficient algorithms for the exploration of 
microfluidic networks," Small, vol. 2, no. 10, pp. 1212-1220, Oct. 
2006. doi:10.1002/smll.200600105 

[20] E. Asenova, E. Fu, D. Nicolau Jr, H.-Y. Lin, and D. Nicolau, "Space 
searching algorithms used by fungi," presented at the 9th EAI 
International Conference on Bio-inspired Information and 
Communications Technologies (formerly BIONETICS), New York 
City, United States, 2016. doi:10.4108/eai.3-12-2015.2262591 

[21] E. Asenova, H.-Y. Lin, E. Fu, D. V. Nicolau, and D. V. Nicolau, 
"Optimal fungal space searching algorithms," IEEE Trans.on 
Nanobioscience, pp. 1-1, 2016. doi:10.1109/TNB.2016.2567098. 

[22] X. Hao, R. Falconer, D. Bradley, and J. Crawford, "FUNNet - A 
novel biologically-inspired routing algorithm based on fungi," in 2009 
Second International Conference on Communication Theory, 
Reliability, and Quality of Service, Colmar, France, Jul. 2009, pp. 97-
102. doi:10.1109/CTRQ.2009.23 

[23] S. Samaoui, I. El Bouabidi, M. S. Obaidat, F. Zarai, W. Mansouri, 
“Wireless and mobile technologies and protocols and their 

performance evaluation,” Modeling and Simulation of Computer 
Networks and Systems, Morgan Kaufmann, Editor(s): M. S. Obaidat, 
P. Nicopolitidis, F. Zarai, 2015, ISBN 9780128008874. 
doi:10.1016/B978-0-12-800887-4.00001-8 

[24] D. Chen, "A Survey of IEEE 802.11 Protocols: Comparison and 
prospective," 5th International Conference on Mechatronics, 
Materials, Chemistry and Computer Engineering (ICMMCCE 2017), 
Chongqing, China, 2017. doi:10.2991/icmmcce-17.2017.106 

[25] Hua Zhu, Ming Li, I. Chlamtac and B. Prabhakaran, "A survey of 
quality of service in IEEE 802.11 networks," in IEEE Wireless 
Communications, vol. 11, no. 4, pp. 6-14, Aug. 2004. 
doi:10.1109/MWC.2004.1325887 

[26] C. E. Perkins and E. M. Royer, "Ad-hoc on-demand distance vector 
routing," in Proceedings WMCSA'99. Second IEEE Workshop on 
Mobile Computing Systems and Applications, New Orleans, LA, 
USA, 1999, pp. 90-100. doi:10.1109/MCSA.1999.749281 

[27] F. Correia and T. Vazão, "Simple ant routing algorithm," in 2008 
International Conference on Information Networking, Busan, South 
Korea, Jan. 2008, pp. 1-8. doi:10.1109/ICOIN.2008.4472772 

 

  
 

[Downloaded from www.aece.ro on Friday, March 29, 2024 at 10:11:20 (UTC) by 54.175.5.131. Redistribution subject to AECE license or copyright.]


