MODEL INDEPENDENT ECONOMICS BASED ON SWARM
ENGINEERING

S. KAZADI

ABsTrRACT. In the classical approach to economics, conclusions about the way
in which economic systems behave are drawn from the analysis of the conse-
quences of assumptions about how the system constituents (individuals, firms,
governments, etc.) will behave. Like other nonlinear dynamic systems, the
analysis of such systems is difficult, and the detailed behaviors of the systems
are highly dependent on the systems’ initial conditions and specific design.
Small changes in parameters can have very significant effects on the detailed
function of the system. Careful scrutiny of the assumptions and initial con-
ditions must be undertaken to ensure that the conclusions are relevant to the
real world. Such an approach represents an if-then approach to economics,
and has a specific weakness in that it is highly dependent on the creativity of
the group generating the assumptions.

We describe an alternative, only-if, approach to economics. Adapted from
swarm engineering, this approach is a model-independent approach to eco-
nomics. We demonstrate how, using a particularly simple model, the global
economic goal can be described mathematically and used to determine a con-
dition under which the global goal can be reached. We then provide several
different types of vendor/consumer agent pairs which satisfy this goal. We also
provide an example of a simple system and global goal that is impossible to
achieve, demonstrating how this can be determined in a model-independent
way.

1. INTRODUCTION

Economic systems are systems made up of a large number of autonomous agents
interacting in pairs and groups. The interactions between agents is generally com-
plex, nonlinear, and difficult to analyze. In order to understand what global out-
comes these interactions will generate, a great deal of effort must be expended using
complex mathematical tools. The main difficulty of such an analysis is that they are
valid only within the scope of the assumptions governing the interactions and the
behaviors of the agents. Deviations from these behaviors or assumptions requires
that the system be analyzed again, and the results can vary widely from those
of even closely related systems. Much of the disagreement between economists de-
rives from the detailed assumptions about relatively minute aspects of the economic
system or the interactions between agents.

Recently, much work has been done on generating understanding of economic
systems using computational models of economics[5, 6, 7, 4]. The advantage of using
such systems is that global trends can be generated from complex local interactions
of agents that are independent, thereby freeing the user from some of the complexity
of solving complex mathematical equations that are difficult to solve, and may or

Key words and phrases. swarm engineering, swarm economics.
1



MODEL INDEPENDENT ECONOMICS BASED ON SWARM ENGINEERING 2

may not pertain to the varied economic situations one might wish to examine.
By making subtle changes to the behaviors of agents, researchers can explore how
global changes are affected by local interactions, communication methodologies,
and various technologies in use at different points in economic systems.

The main drawback with these systems is that the conclusions are limited to the
scope of the systems that have been either envisaged by researchers theoretically
or implemented in computational models. However, economic systems are, by their
nature, nonlinear dynamic systems, subject to wide variations in behavior due to
things like potentially small changes in the behaviors of individuals or information,
however erroneous, that moves through the system. It is advantageous, then, to
think about the creation of economic theory based, not on models of human behav-
ior, but on economic principles that transcend human behavior. If such a theory
might exist, conclusions about how to get to specific desired outcomes might be
made in the place of analysis of how behaviors result in specific, potentially unde-
sirable, outcomes.

This chapter examines a method based on swarm engineering of generating global
requirements for economic systems that are not based on the model of the agents.
We examine, in particular, how the model yields the requirements for the behaviors
of agents in order to achieve specific global outcomes. This is accomplished in the
case of a very simple economic system, though our results are intended to be general
enough to apply to other economic systems. We examine the limits of the system,
determining methodologies for examining whether or not a particular outcome is
possible.

2. MoDEL FREE ANALYSIS OF A SIMPLE ECONOMIC SYSTEM

We start with an analysis of the equations that govern simple economic systems.
For extremely simple economic systems, consisting of a single commodity, and a
set of consumers and vendors of the commodity, we assume that there are several
quantities that consumers can measure and several quantities that vendors can
measure.

2.1. Basic definitions. Vendors concentrate primarily on purchasing or produc-
ing commodities, and presenting them for sale. Vendors are aware of the cost of
purchasing or producing commodities (c.), the fixed costs associated with main-
taining a store front (virtual or otherwise)(cy), the price they are charging (p), the
number of consumers regularly entering their store (NNV.), and the likelihood that
they’ll make a sale at a given price (after making a few sales)(g (p)). If the vendor
does not utilize other communication or information gathering techniques or tools,
this is the complete set of things that can be directly measured.

Consumers concentrate primarily on purchasing and subsequently consuming
commodities, spending resources that may be subject to a regular, irregular, or
nonexistent replenishment activity. Each consumer is governed by a likelihood
to purchase the commodity (g (p)) which is a function of many different things
including the nature of the consumer (internal state which may include mood,
perceptions of various things in the world, the amount of money one has, perception
of necessity of the commodity, etc.). Consumers can measure the price of the
commodity (p), the inclusive cost of the commodity (for instance, by observing
vendors) (¢, = c. + ¢y), the resources in their possession (m). In physical locations,
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consumers can get an idea of how many other consumers are purchasing the same
products (Ng,,,), which is a vague measure of the global demand (D).

Other indirect quantities can be measured by vendors and/or consumers. For
instance,

ac apP a dﬁ dc. 6 Ny dp;
1 I=|a%d At = | 2 4 4 dt i dt
(1) g+ B3 o\ e e +Nv;pi

may be identified as the inflation rate. a and 3 are the relative importance of the

¢ ap
two parts of the economy. a+ 3 = 1. Note that if -5 = ~& then the prices and fixed
costs are increasing at the same rate, so that relative profits remain unchanged.
Global demand for a product at a price p can be calculated by

k Nec,i

(2) D)= g;(p

i=1 j=1

where N, ; is the number of customers per time period that enter the it" establish-
ment and g, (p) is the probability that customer j will purchase a product at the
price p. If prices are not necessarily constant across vendors, the demand may be
denoted by

k Nc,i

(3) D=3 g;(p).

i=1 j=1

Interestingly, demand is an emergent property [1], as g—f) = 0; the individual
consumer’s likelihood to purchase a product at a given price is in no way influenced
by the overall global demand for the product. As a result, this and many other
properties may be identified as emergent properties of the group of consumers. As
a result, swarm engineering is a reasonable approach to this kind of problem in the
design of economic systems.

Economic systems are defined by their constituent parts and the differential
relations between them. We can examine the differential relations between them
generally in order to explore the way in which economic systems behave. gi;
denotes the relation between the production and fixed costs of production of a
commodity. The detailed value of this relation cannot be examined, though some
conclusions might be in order, as detailed below.

The time derivatives of the various components give information about the var-
ious quantities. In Table 1, we list the various quantities identified above, and
determine their identities and some of their relationships.
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| Quantity | Time Derivative Identification
Ce d;tc component of Inflation
cy dditf component of Inflation
Cy =Cc+cf dst” component of Inflation
P % component of Inflation
N, dé\ic component of demand
9p ddif component of demand
m d—T in—F
D % change in demand
n %l rate of income growth
E % individual expenditure change
Pr=1p-—_cy % = % - ddct” rate of change of profit
I % change in inflation
Ne v, dj\;ct’” component of demand

Table 1: This table lists the various quantities that vendors and consumers can
measure, and describes their time derivatives.

The quantities identified in Table 1, along with their identities are important for
later work, as we begin to understand what can and cannot be said about economic
systems without including specific models.

We look next at the relationship between the various quantities. Table 2 gives
the various partial derivatives of the quantities given in Table 1. Of interest to us,
and what defines these economic systems, is the relationship of each variable to
the other variables in the system. As an example, consider the differential relation
gi;. This quantity is generally a positive quantity in economic systems because
an increase in the fixed cost creates an increase in the overall vendor cost. In
particular,

dey,
4 =
(4) 5

On the other hand, suppose that we consider gTDf. This value is not easy to de-

termine. Some consumers might have no response or a positive response to the
vendor costs decreasing. On the other hand, the consumers might have a negative
response if they are aware of the change, as the vendors might not then pass it on
to the consumers. It all depends on the consumer, which is not something that is
uniform. Therefore, we conclude the

We list these relations in Table 2
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|/|CC|Cf|CU|p|Nc|Nc,vi

g |m[in[E] D [pr] I |

Ce 1 0 1 >0 ? ? ? 0]101]0 ? -11>0
;g |0 | 1 |1 =0 2] 7 |2 ]0]0oJ0] ? [-1]>0
Cy 1 -1 1 >0 ? ? ? 0]01]0 ? -11>0
D 0 0 1 ? ? ? 0|07 ? 11>0
N, | <0]|<0|<0]| 7 1 ? ? 0|07 ? 0 0
New, | <0 <0 <0] 7 | >0 1 ? 0|07 ? 0 0
Ip 0 0 0 ? ? ? 1 0]0]?7]|>0]0 0
m 0 0 0 0 ? ? ? 11017 ? 0 0
mn 0 0 0 0 ? ? ? 1|17 ? 0 0
E 0 0 0 0 ? ? ? ;1101 ? 0 0
D 0 0 0 ? ? ? >0[0]0]|7? 1 0 ?
pr 0 0 0 0 ? ? ? 0|00 7 1 0
I 0 0 0 ? ? ? 007 ? 0 1

Table 2: This gives the differential relations between the various quantities.

Note in this table that there are specific numbers such as 1 or —1. In these cases,
there are direct functional relations between the various elements of the system,
and the partial derivative can be directly calculated. On the other hand, often
times there are ranges such as > 0. In this case, the value is non-negative, but it’s
exact value cannot be generally pinned down. If there is a 0 value, this indicates
no direct relation between the variables. Finally, a ? value indicates that the value
or range cannot be determined because this is a function of the behaviors of the
agents which cannot be generally predicted. These indicate the areas where the
system designer has the opportunity to exert control.
We may now proceed to examine the system using these differential relations.

2.2. Model independent stationary price. One of the measurables we might
interest ourselves in is the average price of a commodity. In our one-commodity
system, the average price is directly related to things such as inflation, profit margin,
and value. The average price of a commodity may be calculated as follows.

L
(6) pP= Ez;pi.

where N, is the number of vendors in the system and each p; is vendor i’s price.
In this case, the rate of change of the price may be calculated as

~ Op; dK;
) e (Tt
= 3K dt
where Np is the number of other properties and each K is a property. Referring
back to Table 2 and ignoring derivative or emergent properties, we can expand this
equation to

() 1 Al (8})Z dcv Op; dNcn, Opidg, Op; dI)

de, dt aNC,W dt ' dg, dt ' oI dt

Ny i=1
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Taking average values, this means that
(9) N

Op dc, 1 <=/ 9dp dN, 1 dp dgp 1 & Bp dl
T () s (v ) w S () S (0
since all other terms are zero. If we want the prlce to stabilize to a static price,
we must have that the sequence of values {2E (t), 4 (t + Aty), 22 (t + Ats), ...}

forms a Cauchy sequence convergent to 0 and which has a finite sum, where AtZ
values represent the intervals at which price changes are made.

A general solution to this problem is that whenever ‘2—1: ‘k_l >0
dP 1 dP
(10) —| So—7a o
dt |, = (k=0 dt|,_,

where [ is some positive integer and « is some real number such that o > 1.

dP
Whenever 7|, | <0

dP 1 dP

dt |, — (k=0D% dt

where [ is some positive integer and « is some real number such that o > 1.
In particular, this condition is true whenever

(11)

k—1

dP dP
12 — —5
(12) Sgn<dt > sgn <dt 1)
and that
P P
(13) ey 4B
dt || = | dt |,

This result is generally true, and does not depend on the particular model that is
being employed. Therefore, the result is model-independent, and can be used to
design vendors and/or consumer groups whose behaviors will lead to the desired
global goal of limited inflation.

3. EXAMINING AGENT MODELS

The minimal condition required for the inflation rate of a simple economic system
to settle zero is that the set of price changes forms a Cauchy sequence convergent
to 0. While a general solution to this problem is given in equations (10) and (11),
we focus on the weaker condition given in equations (12) and (13). Once such a
condition is put into place, one may examine the requirements of a system in order
to keep it in compliance with this requirement. We examine systems whose design
is governed by these equations. Note that we have not yet settled on a model, and
the conditions may therefore be considered to be model-independent design criteria.

3.1. Static costs, population, and no inflation in pricing model. Let us
consider the extremely simple case of a system in which the costs to the vendors
are constant, the inflationary rate is not part of the consideration of the price, and
the number of consumers entering shops is constant.

dp dgp
(14) dt N Z <ng dt >
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dgp;
dt

Now, expanding the term according to Table 2, we have that

(15) dP _ 1 M ap; (agpi dpi  9gp, dm  dgp, dc, gy, dpr  Bgp, din N Agp, dE)
dat = NU et 99p; Op; dt om dt Oc, dt Opr dt din  dt OFE dt
dgp. ; .
If we then assume that % =dm — din _ dE _ ! then we are left with
DT dt dt dt
dP Lo/ Op; Dgy, d
dt N, P Ogp, Op; dt

Now, in order to apply the requirement (12), (9) we must have that in cycle k, the
new change in price becomes a function of the previous change in price. Moreover,
we must have the inequality given in (13). Together this gives us

Z 3171 89;:1 dpl
N ngi Ip; dt Bl
‘k represents the rate of change of the average price P at iteration k. To

simplify the analysis, we can assume that all agents (consumers and vendors) are
identical to others from each class. Then, equation (17) becomes

@

(17)

where & -

8p dgp dp

1
(18) 8gp Op dt

k—1

Thus we must have that ‘aaif gf}" < 1and aq” ap < 0. All stable systems subject to
the above assumptions must therefore satlsfy th1s relation. The same requirement,
follows from the case that the r.h.s. is positive in equation (15). Let us consider
two sample systems.

Example 3.1. An example of functions (which represent models for vendors and

consumers) which have this relation at all points are p = ¢, + kg and g = go— 2. In
this case g—f; =k and 8gp = 1 . The condition holds for all prices, and therefore,

the prices remain stable at all prlces
We can examine a second example for a more complex system.

Example 3.2. Another set of equations, which represents another model of vendors

and consumers, might be p = ¢, + kg and g = go (%’) Then g—g = k and g—g =

. iqeq - . cyt/c2+4cq, ke . .
— 2% This system has an equilibrium price at p, = ”“f“qo. At this price,
op _ 89 — __ ot 99p p kgo Tibri
59 = kand 32 = PR Therefore, oy 09| = poteok <1 for any equilibrium

price, value of go, Cv, and k. This means that at the equilibrium price p., the swarm
condition holds independently of the precise price; ’;—; + k > k at all prices.

3.2. Applying the swarm requirement. In the previous subsection, we exam-
ined the requirements of a simple one commodity system consisting of vendors
and consumers, each making independent decisions based on their own privately

determined criterion. According to our analysis, as long as the requirement that

9gp 9p
Op 9g

should happen no matter the vendor model or the consumer model. This is a

< 1 and 8‘7” gf}’ < 0 is maintained, the system’s price is stabilized. This

LThis might happen if the average consumer is not incurring debt and not saving.
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powerful tool in determining how to construct behaviors that generate the vendor
and/or consumer models that generate a desired overall economic behavior. We
theoretically analyzed two different vendor and consumer models, both of which
satisfy these conditions. This analysis indicated that both models would stabilize
prices, but one would be selective and the other would not.

This condition can be tested using a simulation of the simple one-commodity
economy. We use a simulation consisting of repeated sales interactions between a
group of consumers and vendors. Each vendor and each consumer acts indepen-
dently in each interaction, sharing no information with any other agent. Prior to
the first cycle, each vendor determines the price of the commodity. During each
cycle, each consumer randomly chooses a vendor to “visit”. The consumer deter-
mines a “likelihood” that he will make a purchase, given the price of the vendor.
This likelihood is a number between 0 and 1 and represents a probability that the
interaction will result in a sale. A random number is calculated between 0 and
1. If the value exceeds the consumer’s likelihood, then the sale is made. Once
all consumers have had a chance to visit all the vendors, the vendors update their
prices. Each vendor estimates the demand using the ratio of the number of sales
versus the number of visits during the last cycle. This estimate forms the basis for
their new price.

Initially, the vendors’ prices are randomly scattered throughout a range of prices
which may be deemed from low to high prices. The average price typically begins
The program produces a running average price and demand. Since the interactions
between the groups of agents are stochastic in nature, the values of the individual
quantities can change from iteration to iteration. However, it is the average values
that are of interest to us. According to our analysis, these average values should
be controlled by the same requirement that controls individual values. Moreover,
these are the very global quantities of interest to system designers.

In Figures 3.1 through 3.3, we graph the behaviors of three models of consumer
and vendor behavior. The consumer and vendor models used to produce Figure
3.1 have a vendor model given by p = ¢, + kg and a consumer model given by
g =go— % + 5¢. The consumer and vendor models used to produce Figure 3.2
are those from Example 1 above. Finally, those used to produce Figure 3.3 are
those from Example 2 above. All programs are run with 500 vendors and 100,000
consumers in order to provide a large enough pool to reduce random fluctuations.

Clearly, the consumer model yielding the behavior given in Figure 3.1 cannot
satisfy the requirement of (18). Despite this, the behavior of the system is quite
dramatic. Initially, the average prices initially start at a mid-range price. However,
the average prices rapidly begin to fluctuate. The system settles into a behavior in
which the average prices continually fluctuate, and never settle down to an average.

Variation of Average Price (Model 1) Variation of Average Demand (Model 1)

Price
Demand

A Iteration Number B Iteration



MODEL INDEPENDENT ECONOMICS BASED ON SWARM ENGINEERING 9

Figure 3.1 The average price and consumer demand for the vendor model p =

¢y + kg and consumer model g = go — % + ;—}é The averages fluctuate wildly,

with initially small fluctuations settling on relatively large fluctuations.
Figure 3.2 represents the average price and demand levels of the consumer models
generated by Example 1 of subsection 3.1. These are identical to the models from
Figure 3.1 with the exception that the price dependence of the demand is four times
smaller than the previous one. This makes the system satisfy equation (18). The
average behavior is quite different from that given in Figure 3.1, with the average
price and consumer demand rapidly settling to a mid-range value. The stability
continues indefinitely once established.

Variation of Average Price (Model 2) s Variation of Average Demand (Model 2)

Price
mand

A Iteration B Iteration

Figure 3.2 The average price (A) and consumer demand (B) for the first Example of

Section 3.1. The average price and demand, though controlled, still exhibit limited

fluctuation.
Figure 3.3 represents the average price and demand levels of the consumer models
generated by Example 2 of subsection 3.1. This model is quite different from the
other two. The consumer model consists of an adaptive scale in which excessive
profit lowers the demand. This model therefore has a mechanism for increasing and
lowering the price. Increasing the price enough pushes the model beyond the point
where the price is stabilized, yielding a system that is self-stabilizing. The graphs
bear this out quite nicely, as they are remarkably smooth and controlled.

Variation of Average Price (Model 3) Variation of Average Demand (Model 3)

Price
al

s T T T T T T T T T 00 T T T T T T T T T

A Iteration B Iteration

Figure 3.3 The average price (A) and consumer demand (B) for the second Example

of Section 3.1. The average price and demand are strictly controlled and remain

virtually static throughout the simulation.
The various average behavior of the three models yields good evidence that our
provable condition provides adequate predictive power to conclude that one or the
other consumer /vendor model will yield the desired condition.

It is, of course, possible for our analysis to have come from the models directly.
We could have generated the vendor and consumer models and then used these
models to predict the behavior. However, once the behavior had yielded undesirable
behavior, we would have had no intuition about what other consumer models to
choose. We would then have had to determine what parameters might change in
these behaviors so as to produce the kind of behavior we were looking for. Despite
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the change from the example of Figure 3.1 to that in Figure 3.2, yielding the
much more controlled behavior of Example 1, the behavior in Figure 3.2 is still
not optimal. It would have been difficult to generate Example 2, given Example 1
only. Once we had generated it, after much consideration, we could have analyzed
its behavior quite handily. It is in the generation of the model that we lack power,
and precisely that aspect of the swarm design that gives us the power.

4. GENERALIZING MODELS

The models given in Section 3 are definitely simple. The natural thing to assume
is that it is one thing to handle a simple one-commodity economy made up of
vendors and consumers of only that one commodity economy without worry about
inflation, cost increase, money supply, etc., and quite another to handle a complex
economy in the real world made up of all these things and more. Moreover, the
power of the swarm methodology lies not only in its ability to determine when
things are possible, but also in its ability to discern when things are not possible.
Finding such a condition allows us to sidestep much work on erroneous economic
models trying to understand things that cannot be.

In order to examine different system classes with different conditions, we must
begin by generating a set of equations as we did in Section 2. Recalling equation
(9), we have that
<19)

Z(@pd%) L§<8p dNC)_FiNv (@%)_FLNV <@£
dt N dc, dt N, 4 ON, dt N, 4 g, dt N, 4 ol dt

=1

dN. _ Op _
dt -

If we assume that 0, we have

N N
dP 1 <=/ Op dc, 1 <~/ Op dgp
20 = = =)+ = =P
(20) dt N, 4 (801, dt>+Nv;<8gp dt

i=1

Note that we have not assumed that ddct“ or aan are zero. This means that the

vendors costs and the rate at which these are passed on to consumers are nonzero.
In this case, in order to limit the prices of things, the set of equations yields

N

dp dcy 1 <~ [ 9pi Ogp, dp;
(21) dt NZ<8 dt) FZ ) ap- dt '

Cy v i 9p; ODi k—1
Once again, assuming a uniform set of vendors and a uniform set of consumers, we
have that
(22) @ = p @ + @39101- @ .

dt |, dc, dt Ogp Op; dt|,_,

Since the sequence of ‘2—1: values is a Cauchy sequence, we can guarantee convergence
if?

dp
dt |,

dp

(23) 7

k—1

2This is the same weaker condition given above. We do not solve the stronger condition here.
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and
dp dp
24 - .
" an(8]) o (2] )
Again, if % s is increasing, this means that % . must be decreasing. In this

case, using the more general result from (10), we have that

(25) 1 dp Op dey, | 9p gy dp
(k—l) dt w1 Ocy dt gy Op dt|,
Also, we have that
Op dc, . Op Og, dp dp
26 P P TR s .
(26) Oc, dt + Ogp Op dt|,_, dt b1

Together this means that

1 dp ng) dp
27 - %)
(27) ((k—l) D4y Op

dt
This equation essentially says that the quantity 8f ey i sandwiched between two

2@@2_(1+@%> dp
k—1 Oc, dt 8gp Op dt

k—1

o0
vanishing quantities. Recall that {E k} is a Cauchy sequence convergent to
k=1

zero. This means that the limit is

(28)
— lim %_@% = >6pdcv2_1 1.,.@% @
k—o0 (k—l) 8gp 8]) dt k—1 an dt k—o0 8gp 8[) t k—1
or
Op dcy
29 0>-—=——>0.
(29) — Oc, dt
In order for this to be possible, the rate of increase of vendor costs must be zero.

However, this would contradict our assumption that ddct“ > 0. Therefore the two

conditions are inconsistent®. Thus, it is impossible to hold prices steady with any
measurable positive rate of change of vendor costs using any model of consumer
behavior. Moreover it is impossible to hold prices steady using any model of vendor
behavior unless 2 T =0.

This last result is a stunning result. What makes it so surprising is the way in
which it was reached. It makes intuitive sense, yet without the definitive proof in
hand, the sneaking suspicion that some behavior somehow defies this conventional
wisdom exists. It is somehow satisfying to prove that the intuition is not intuition
alone, but rather a statement of rigorous proof.

5. DIRECTIONS

Swarm engineering is now entering a relatively mature state with respect to its
state since its inception more than ten years ago. At that time, the general question
revolved around robotic systems. The original question for robotic systems was
whether or not it was possible to determine the characteristics of a swarm that
would accomplish a given task simply from the statement of the task. This swarm

SIncidentally, prior to fully understanding what equation (27) was saying, we built a simulation
to test an update model for g. In each case, g converged to zero. The result stymied us until we
realized that this was the only way consumers could satisfy the requirement.
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design would extend to the number of castes of robots and the characteristics of
each caste. Each caste behaviors, sensors, and requisite computational capability
would naturally result from the design. Moreover, we wanted a system that would
provably design the swarm of robots so that it was not necessary to build and
test, refine and retest, and potentially rebuild over and over to generate the desired
swarm. A great deal of progress has been made on this approach to swarm design.
The methodology that has arisen has been applied successfully to many robotic
systems (though all have been simulated)[1] and to thermodynamic systems whose
properties were designed using swarm methodologies|2].

The basic starting point for swarm engineering design is a listing of all measur-
ables that are available to the various agents for inspection and potential reaction.
This would include, in the present system, the prices of things, the number of con-
sumers, and others. This would not include quantities such as GDP, exact number
of pieces sold in the market, total income of the consumers, or other quantities.
Though estimates might be provided, the actual number is not known or available
to any of the agents and so does not form part of their decision-making process.
Thus, these quantities only should be used to construct the global goal, which might
be one of the quantities that isn’t available to the agents. The reason is that their
derivatives represent actions of the agents, and they are things that the agents can
control. Using a property designed in this way gives access to the designers of the
system to the very things that the agents can do, and allows one to make strict
statements about required behaviors which lead to the desired global goal.

In the present work, we extend the swarm methodologies to economic systems,
along the same lines as [3]. Our general assumption is that individual consumers and
vendors act like autonomous agents, and in that sense, may be modeled as swarms.
We have indicated the various quantities available to the individuals in our system,
and also worked through their differential relations. The relations between the
different quantities would seem to be the defining qualities of the systems we call
economic systems, and many of these cannot be predicted as they are subject to the
discretion of the individual agents. Using these, however, we can begin to create
expressions for the conditions under which certain outcomes may be expected to
occur. Once these expressions have been understood, we can generate agents that
satisfy them knowing that the desired outcome will be the natural result of the
system. Moreover, any agent model which satisfies these conditions will provably
generate the desired system-wide behavior.

In this paper, we have applied this approach to very simple economic systems
consisting of a single commodity. In both cases, we have attempted to determine
a general condition for the vendor and consumer agents which will yield a stable
set of prices. In one case, we derived a model-independent condition which, once
satisfied, would generate stability. In the other case, we derived an expression for
a requirement, for stability, and then reasoned that this condition could not ever be
satisfied. In both cases, the results were general, and not limited by assumptions
concerning agent behavior or interactions.

The methodology represents a novel approach to the design of economic systems.
Rather than concentrating on working out ever more precise and relevant models
of consumer or business behavior and using these to generate group behaviors, the
approach uses the group behaviors to generate the consumer or business behaviors.
If the consumers or businesses conform to these conditions, the global outcome
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will follow. Getting the consumers and/or businesses to actually behave in this
way would seem to be a separate issue. However, the method has the ability to
make real provable statements about global outcomes that depend only on meeting
a behavioral goal. It would seem that using this, it would be possible to deter-
mine if particular economic systems are feasible, derive the design of the systems,
and quickly test them in simulation once the system has been designed. Future
use of this approach may allow the design of new economic systems along with
requirements for the behavioral models needed to put them into place.
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