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1.1. Introduction 

Information theory has been applied to ecology beofre. Information Theory in ecology 
can be traced back to MacArthur (1955). Margalef (1968) considered the dynamical 
processes in an ecosystem to constitute a channel that projects information into the 
future. Rutledge et al. (1976) were the first to incorporate conditional probabilities in 
their information measures when they used the Average Mutual Information (AMI) as 
an intermediate in their attempts to quantify the redundancy of ecological networks. 
Ulanowicz (1980, 1986, 1997) later used the AMI to formulate the Ascendency, a 
measure of how well an ecosystem is processing material and energy. A core feature of 
the notion of organization is the coherence of the elements or the mutual constraints 
that hold the system together. Under the rubric of Network Analysis, Ulanowicz (1980, 
1986, 1997; Hirata and Ulanowicz 1984; Ulanowicz and Norden 1990) has developed a 
set of information-theoretic measures to quantify the degree of constraint (Average 
Mutual Constraint, or AMC) inherent in the organization of any ecological or economic 
system. These measures can be generalized and extended so as to pertain to multiagent 
systems.  Following Ulanowicz (1980, 1986), we used an analog of the AMI, the 
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Average Mutual Constraint, to quantify spatial, structural and combined correlations 
within multiagent models of ecological systems (Krivov et al., 2003). To achieve this, it 
became necessary to represent a multiagent system as a statistical ensemble. 

Below we discuss the possible application of the information-theoretic measure of 
spatial organization to the quantitative studies of ecosystems dynamics by employing a 
multiagent model to illustrate how this measure behaves in four different hypothetical 
ecological systems.  

2.1. The Multiagent System as a Statistical Ensemble  

In this section, we represent ecological interactions and other ecological happenings as 
stochastic events, which occur in space and time with certain probabilities. Insofar as 
we talk about the properties of agents and their interactions, our notations resemble 
those employed in LMSD (Krivov et al., 2002): 
 

1. Agents:  We assume that our universe of discourse consists of agents of various 
types: plants, animals, humans, enterprises, etc., and that all can be treated as agents. 
We use the letters a, b, c, d with indexes (or without) as the unique names for agents. 
Further, we assume that the agents we are dealing with are divided into different 
species C1,….Cn, which may also have specific names. Hence, the notation Ci(a) will 
imply that agent a belongs to species Ci.   

 
2 Time and Space:   We assume, that our ecosystem space is organized as a two 

dimensional grid of sites. Each site has its own characteristic dimensions and can host a 
certain number of agents depending on the species of the agents. The sites are indexed 
by x,y. We assume that time is discrete - that is, it is a linear sequence of intervals, each 
of a certain characteristic duration. The length of the time intervals corresponds to the 
characteristic length of events that take place in the ecosystem. Since many processes in 
ecosystems exhibit a periodic character, we will assume that time can be divided into 
phases (such as hours of the day). Furthermore, we use as subscripts the letters t, t1, t2 to 
denote the time-phases. We assume that all time phases consist of an equal number of 
atomic time-intervals. We call the duration of the total cycle interval the total period. 
The description of events is considered in terms of specific discrete partitions of time 
and space. The values of the probabilities of events depend upon the properties of the 
partitions we employ.  

 
3. Events: We consider spatial events in the context of a selected spatial 

organization. The notation for the events is adapted so as to facilitate immediate 
recognition of events involved in the given probabilistic computations. We consider 
four kinds of spatial events: (1) Ai,t,x,y(a) indicates that an agent a of species i has 
arrived at location (x,y) during time phase t; (2) Di,t,x,y(a) denotes that an agent  a of 
species i has departed from location (x,y) during time phase t; (3) Pi,t,x,y(a) signifies that 
an agent a of species i has remained stationary (stayed) within the location (x,y) during 
time phase t; and (4) Abi,t,x,y(a) means that an agent  a of species i has been absent in 
location (x,y) during time-phase t. These events are obvious for animal-like agents; in 
case of plant-like agents, the ‘arrival’ and ‘departure’ would represent the birth and 
death of a plant, respectively, and ‘stay’ would depict its growth period.  A generic 
indexing of all these event-categories is required in order to treat spatial events. We use 
notation Sk

i,t,x,y, where index k takes on the values 1,2,3,4 corresponding to spatial 
events of the first, second, third and fourth kinds, respectively. As is often done, we 
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associate the probabilities of events with their relative frequencies. Probabilities of 
events are measured over a long interval of time, which must exceed at least a few total 
periods. We assume that the probability P(Sk

i,t,x,y (a)) is the ratio between the number of 
time-intervals for which  Sk

i,t,x,y (a) is true and the total number of time-intervals in 
time-phase t that fall within the interval of measurement. Issues relating to the counting 
of probabilities in multiagent systems have been discussed in Krivov et al. (2003). 

3.1. The information theoretic measure of spatial organization 

The quantitative measure of spatial organization was developed in Krivov et al. (2003) 
based on Average Mutual Constraint by Ulanowicz, (1980, 1986, 1997, 2000a &b).   

Following Boltzmann (1872), who anticipated information theory by quantifying 
the indeterminacy, Ulanowicz (1980, 1986) used average mutual constraint (AMC):  

 
 
 
 

where {Ai} and {Bj} are two sets of events, which presumably occur in some statistical 
ensemble. One may use this measure of constraint between any arbitrary pair of events 
A i and Bj to calculate the amount of constraint inherent in the system as a whole: one 
simply weights the mutual constraint of each pair of events by the associated joint 
probability, p(Ai, Bj ), that the two will co-occur and then sums over all possible pairs.  
This yields the expression for the expectation value of the mutual constraint, or the 
average mutual constraint, AMC. If we deal with complete sets of events, then AMC 
becomes the familiar Average Mutual Information function (AMI). The detailed 
derivation and description of AMC is available in Ulanowicz, (1986, 1997). Because 
we do not assume the completeness, however, it is more appropriate to retain the new 
term, AMC. The following idea, then, constitutes the cornerstone of the theoretical 
constructions: AMC({Ai},{B j}) quantifies the strength of coupling between two sets 
of events {Ai} and {Bj}. If a system is totally random, i.e. p(Ai,Bj)= p(Ai)p(Bj), then 
AMC({Ai},{B j}) = 0. In any nonrandom system, AMC({Ai},{B j})>0 . Depending on how 
we select the two sets of events, {Ai} and {Bj}, AMC could be used to quantify various 
aspects of system organization. If events {Ai} and {Bj} happen to be related to spatial 
movement, then AMC measures the correlation between spatial events and provides an 
index of spatial organization.  If the events {Ai} and {Bj} pertain to trophic interactions, 
AMC provides an index of trophic organization (Ulanowicz, 1986, 1997).   

Krivov et al. (2003) used AMC for quantifying spatial and behavioral correlations in 
multiagent models of ecological systems and developed the spatial index. We consider 
the correlations between the spatial events Sk

i,t,x,y(a) (where k corresponds to any of the 
spatial events: 'arrival at', 'stay put', 'departure from' and 'absence at' the site (x, y 
associated with the agent a of species i, in a two dimensional space, at time t) and the 
coupling of the set of all spatial events pertaining to the agents of species Ci that 
happened at site (x, y) at time t. The index of spatial organization is calculated as 
follows:                                                                 
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Another index measures the same spatial organization as it pertains to the whole 
community, rather than just to a single species. The details of derivation and description 
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of these two indexes (and others viz. the structural and combined or spatial-structural-
temporal indexes of organization) are in Krivov et al. (2003). In the index described 
above, the value SCi(t, x, y) represents the correlation between the arrival, staying put, 
departure and absence at a site (x, y) of the agents of species Ci at time t. The intuitive 
interpretation of AMI (average mutual information) suggests that, if these events are 
correlated, then the behavior of species Ci is organized, and the value of SCi(t, x, y) 
will be high. We may illustrate this by an example: assume that Ci consists of N birds. 
In the first case, we assume that the motion of the birds is entirely random. In this case, 

all correlation coefficients ))(),(C( bSaS k
i,t,x,y

d
i,t,x,y  will be zero and thus ),,,( yxtiSC  is 

also zero for all t, x, y. In a second case, we assume that birds move as an ideal flock - 
that is, they enter, stay and depart from each location simultaneously. In the latter case 
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1 if d=k and is 0 otherwise. In the example of ideal flocking, the index SCi(t, x, y) is a 
positive number, which (in case of ideal organization) will grow in proportion to the 
size of the organization N. The bigger the size of a flock, the larger is its index. These 
observations justify our choice of SCi( t, x, y) as our index of spatial organization. The 
reader is invited to confirm that, whenever the population is divided into two 
completely independent ideal flocks F1 and F2, with sizes N1 and N2, then the flocking 
movement index will become:  
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In addition to the spatial index, two more indexes have been developed by Krivov et 
al. (2003): the structural index quantifies the interactions between species, such as 
predation, competition, symbiosis, etc. and reveals how closely a species is connected 
to other species. An intuitive interpretation of AMC is that species of animals and 
plants having strong connections with only certain other species will possess a 
relatively higher value of this structural index. The combined measure of structural, 
spatial, and temporal organization indicates how much each species contributes to the 
total organization of the ecosystem. 

Earlier, in Krivov et al. (2003) we discussed the problem of estimating the 
probabilities of various events occurring in multiagent systems and got to the point that 
any method leading to the estimation of probabilities in such systems will necessarily 
be based on some well-defined source of homogeneity in the system: 1) Homogeneity 
in Time: If we assume that all instants of time are equivalent, we can use the frequency 
of an event to measure its probability. For example, the probability, Pi,x,y(a), that an 
agent a of species i remains  stationary within location (x,y) is estimated to be the 
fraction of the units of time that the agent remains stationary within this location, 
divided by the total interval of time considered. Such probabilities must be associated 
with a large interval of time over which observations are made. It becomes meaningless 
to consider such things as the probability of an event A happening at a particular 
moment t1. As a consequence, causal correlations like C(At1 ,Bt2) would fail to have 
meaning. Furthermore, we would not be able to identify any patterns of periodic 
behavior, such as periodic migrations. 2) Periodicity in Time: We can divide time into 
periods, such as 24 hours, or 48 periods of half an hour each, and then equate all 
periods that belong to the same classes. This approach would allow us to quantify some 
aspects of temporal periodic organization and would be natural for those systems where 
agents exhibit periodic behavior that is essential to the problem being considered. 
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4.1. The Model and results 

The model we developed to illustrate the measure of spatial organization was built in 
Simile1, a simulation platform that supports the diagrammatical representation of 
multiagent systems. The model (named SpatialOrg) is available online2.  

4.1.1. The approach, model parameters and model structure 
To demonstrate the spatial importance index, we designed four different hypothetical 
cases of ecological systems that portray the movement of individuals in a 2-d space. 
The model represents a single-species fixed membership population, which means that 
the number of individuals remains fixed. This model could readily be extended to the 
community level by adding interdependent multiple species (including plants). Initially, 
the population is randomly dispersed among the middle four cells. The number of 
individuals/agents is equal to 20. The spatial domain is a collection of cells arranged in 
a rectilinear, two-dimensional lattice of 10 cells per side. The edges of the simulated 
habitat are continuous (wraparound). The speed of movement is adjusted to 1.5 so that 
an individual cannot jump across a cell.  All the model parameters were held constant 
during a simulation (except for the second case in which the state of a cell was allowed 
to change over the interval from 0 to 1). A sensitivity analysis was carried out on each 
configuration. In the first configuration agents represent an animal-like individual, and 
the spatial events 'arrival at', 'stay put', 'departure from' and 'absence at'  site x, y are 
associated with an  agent a of species 'i' in a 2-d space at time 't'. The spatial index, 
which is a correlation between spatial events, is calculated as per the spatial index 
equation (section 3).  

The calculation of probabilities included the following steps: 1) calculation of the 
occurrence of a spatial event ('arrival', 'stay', 'departure' and 'absence') in a cell for each 
agent; 2) calculation of the occurrences of combinations of events in a cell, i.e., every 
agent per agent per cell; 3) a count of the numbers of events – individual occurrence 
and  combined occurrences; 4) calculation of the probability of particular events and 
combinations of events; 5) calculating the sum of all six combinations to obtain a 
spatial index for the given; 6) Summing up all the spatial indexes from all the cells to 
obtain the total spatial index.  

4.1.2. Hypothetical ecological systems and results of model experiments 
In the first experiment, the individuals move randomly about their 2-d habitat without 
any interaction. The direction of movement is calculated using trigonometric functions 
supported by Simile using three state variables, an individual’s x-coordinate, y- 
coordinate, and its direction.  

In the second experiment, we modeled a system having preferable or more suitable 
locales similar to the natural systems where a species prefers certain favorable 
conditions for foraging, breeding/nesting, resting, refuge and escape cover. In the 
model experiment, favorable habitats in the random movement model were designated 
by adding a state variable that altered the state of a cell from 0 (unsuitable) to 1 
(desirable) at regular intervals according to its previous state. Agents then followed the 
simple rule that if the state of a cell is 1, it will stay; otherwise it will move. Individual-
based models pivot upon rules of behavior for individuals (or an assemblage of 

                                                 
1  Simile homepage: http://www.simulistics.com/ 
2 The model: http://www.simulistics.com/examples/catalogue/modelpages/SpatialOrg.html 
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individuals) that vary according to spatial constraints and opportunities (DeAngelis and 
Gross, 1992). Cogent examples include the ATLSS models (Wolff, 1994) and others 
(Saarenmaa et al, 1988; Turner et al., 1994).  

In the third experiment, we modeled flocking/grouping/herding in an ecosystem. 
The flocking/grouping behavior was implemented by a simple rule adopted from Boids 
model (Reynolds, 1987): an individual moves closer to its immediate neighbor if the 
predetermined distance to it is larger than some norm. In the model, the x and y 
coordinates of the individual’s immediate neighbor were used by the individual to 
determine whether or not it should move, and if it is to move, then for what distance.  

The fourth experiment was designed to simulate a flock/group following a pre-
determined route in an ecosystem. Earlier, inspired by the route selection behavior of 
animals and humans, Dahiya & Krivov (2000) developed a multiagent model of pattern 
formation based on field studies of peafowl that has been studied in human-systems, too 
(Batty et al., 1999). One flock of 20 individuals was distributed among a patch of four 
cells that mark the first landmark or local stopover on the route. The route consists of 
seven consecutive landmark patches of four cells each. The individuals were allowed to 
move around randomly, but were programmed to return at regular intervals to the 
specified landmark patch.  

Initially, the models were run for a while to bypass any startup transients. Figures 1-
4 depict the spatial importance index over 10,000 time steps (x-axis), measured at a 
regular interval of 100 time steps during each of the four experimental runs. The 
progressive increment of favorable sites recorded at 2000, 6000 and 10,000 time steps 
accords with the increasing spatial index shown in Figure 2. A higher spatial index 
indicates a higher level of activity at that site.  

 
Figure 1. Spatial index (y-axis) in the random 
case.   

 
Figure 2. Spatial index (y-axis) in the case of 
the favorable state of the cell. 

 
The results show that the spatial index (or the value of SCi(t, x, y) which represents 

the correlation between arrival, staying put, departure and absence at site (x, y) of 
species Ci at time t) approaches a value of zero in the random case, as shown by the 
damped oscillations seen in Fig. 1. For the other three cases (favorable sites (Fig. 2), 
flocking (Fig. 3), and a flock following a route (Fig. 4), the spatial index values are all 
relatively higher (highest in the second case), suggesting that a higher correlation of 
events exists, i.e., organized behavior on the part of the species in question. Beyond 
these straightforward results, other trends are worthy of attention: the sensitivity 
analysis reveals that an increase in population can affect the spatial index positively. 
Alternatively, even when the number of individuals is kept constant (as in the three 
experimental cases), higher spatial organization can be achieved whenever the 
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population adopts certain direct behaviors such as flocking or routing, or when it is 
subject to indirect influences such as the independent change in cell-state desirability. 

 

Figure 3. Spatial index (y-axis) in the Flocking/ 
grouping model experiment 

 

Figure 4. Spatial index (y-axis) in the Route-
based model experiment. 

8. Discussion  

The definition of the spatial index (SC(t,x,y)) raises certain theoretical concerns, such as 
whether and how this index depends upon spatial and temporal scales. Such concerns 
have been discussed in Krivov et al. (2003). We anticipate that the magnitude of the 
index will tend towards zero whenever spatial and temporal scales become either too 
large or too small. As long as the probabilities of events depend on a characteristic 
dimension of space and time, all attributes of organization that depend on such 
probabilities will also depend on scales. One way of obtaining scale–invariant 
expressions is to work with probability densities and with densities of AMC. The 
definition of such densities would require extra caution, however, for, in general, we 
are not able to resolve infinitely small areas or infinitely small intervals of time via 
traditional procedures. 

Can the spatial index be put to any practical use? Following Krivov et al., (2003), if 
the spatial index (and other two indexes – the structural and combined) indeed reflects 
the degree of organization, then we hypothesize that any disturbance of an ecosystem at 
a particular location (associated with a high spatial Importance Index) or affecting 
certain species (with high individual importance indexes) will have a greater impact on 
the population dynamics than will a similar disturbance occurring at a place or 
impacting a species where the value of this index is less. We can also use the index to 
test whether the ascendency of an evolving system has a propensity to increase.  
     The multiagent model of spatial organization presented is the first of a series of 
models to be developed to demonstrate the feasibility that such quantitative measures 
can be extended to real ecosystems. Validating this intuition with empirical data will be 
the subject of future research. Here we have focused on demonstrating the utility of the 
importance index for at least hypothetical ecological systems.  
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