
MODEL INDEPENDENT ECONOMICS BASED ON SWARMENGINEERINGS. KAZADIAbstra
t. In the 
lassi
al approa
h to e
onomi
s, 
on
lusions about the wayin whi
h e
onomi
 systems behave are drawn from the analysis of the 
onse-quen
es of assumptions about how the system 
onstituents (individuals, �rms,governments, et
.) will behave. Like other nonlinear dynami
 systems, theanalysis of su
h systems is di�
ult, and the detailed behaviors of the systemsare highly dependent on the systems' initial 
onditions and spe
i�
 design.Small 
hanges in parameters 
an have very signi�
ant e�e
ts on the detailedfun
tion of the system. Careful s
rutiny of the assumptions and initial 
on-ditions must be undertaken to ensure that the 
on
lusions are relevant to thereal world. Su
h an approa
h represents an if-then approa
h to e
onomi
s,and has a spe
i�
 weakness in that it is highly dependent on the 
reativity ofthe group generating the assumptions.We des
ribe an alternative, only-if, approa
h to e
onomi
s. Adapted fromswarm engineering, this approa
h is a model-independent approa
h to e
o-nomi
s. We demonstrate how, using a parti
ularly simple model, the globale
onomi
 goal 
an be des
ribed mathemati
ally and used to determine a 
on-dition under whi
h the global goal 
an be rea
hed. We then provide severaldi�erent types of vendor/
onsumer agent pairs whi
h satisfy this goal. We alsoprovide an example of a simple system and global goal that is impossible toa
hieve, demonstrating how this 
an be determined in a model-independentway. 1. Introdu
tionE
onomi
 systems are systems made up of a large number of autonomous agentsintera
ting in pairs and groups. The intera
tions between agents is generally 
om-plex, nonlinear, and di�
ult to analyze. In order to understand what global out-
omes these intera
tions will generate, a great deal of e�ort must be expended using
omplex mathemati
al tools. The main di�
ulty of su
h an analysis is that they arevalid only within the s
ope of the assumptions governing the intera
tions and thebehaviors of the agents. Deviations from these behaviors or assumptions requiresthat the system be analyzed again, and the results 
an vary widely from thoseof even 
losely related systems. Mu
h of the disagreement between e
onomists de-rives from the detailed assumptions about relatively minute aspe
ts of the e
onomi
system or the intera
tions between agents.Re
ently, mu
h work has been done on generating understanding of e
onomi
systems using 
omputational models of e
onomi
s[5, 6, 7, 4℄. The advantage of usingsu
h systems is that global trends 
an be generated from 
omplex lo
al intera
tionsof agents that are independent, thereby freeing the user from some of the 
omplexityof solving 
omplex mathemati
al equations that are di�
ult to solve, and may orKey words and phrases. swarm engineering, swarm e
onomi
s.1



MODEL INDEPENDENT ECONOMICS BASED ON SWARM ENGINEERING 2may not pertain to the varied e
onomi
 situations one might wish to examine.By making subtle 
hanges to the behaviors of agents, resear
hers 
an explore howglobal 
hanges are a�e
ted by lo
al intera
tions, 
ommuni
ation methodologies,and various te
hnologies in use at di�erent points in e
onomi
 systems.The main drawba
k with these systems is that the 
on
lusions are limited to thes
ope of the systems that have been either envisaged by resear
hers theoreti
allyor implemented in 
omputational models. However, e
onomi
 systems are, by theirnature, nonlinear dynami
 systems, subje
t to wide variations in behavior due tothings like potentially small 
hanges in the behaviors of individuals or information,however erroneous, that moves through the system. It is advantageous, then, tothink about the 
reation of e
onomi
 theory based, not on models of human behav-ior, but on e
onomi
 prin
iples that trans
end human behavior. If su
h a theorymight exist, 
on
lusions about how to get to spe
i�
 desired out
omes might bemade in the pla
e of analysis of how behaviors result in spe
i�
, potentially unde-sirable, out
omes.This 
hapter examines a method based on swarm engineering of generating globalrequirements for e
onomi
 systems that are not based on the model of the agents.We examine, in parti
ular, how the model yields the requirements for the behaviorsof agents in order to a
hieve spe
i�
 global out
omes. This is a

omplished in the
ase of a very simple e
onomi
 system, though our results are intended to be generalenough to apply to other e
onomi
 systems. We examine the limits of the system,determining methodologies for examining whether or not a parti
ular out
ome ispossible. 2. Model Free Analysis of a Simple E
onomi
 SystemWe start with an analysis of the equations that govern simple e
onomi
 systems.For extremely simple e
onomi
 systems, 
onsisting of a single 
ommodity, and aset of 
onsumers and vendors of the 
ommodity, we assume that there are severalquantities that 
onsumers 
an measure and several quantities that vendors 
anmeasure.2.1. Basi
 de�nitions. Vendors 
on
entrate primarily on pur
hasing or produ
-ing 
ommodities, and presenting them for sale. Vendors are aware of the 
ost ofpur
hasing or produ
ing 
ommodities (cc), the �xed 
osts asso
iated with main-taining a store front (virtual or otherwise)(cf ), the pri
e they are 
harging (p), thenumber of 
onsumers regularly entering their store (Nc), and the likelihood thatthey'll make a sale at a given pri
e (after making a few sales)(g (p)). If the vendordoes not utilize other 
ommuni
ation or information gathering te
hniques or tools,this is the 
omplete set of things that 
an be dire
tly measured.Consumers 
on
entrate primarily on pur
hasing and subsequently 
onsuming
ommodities, spending resour
es that may be subje
t to a regular, irregular, ornonexistent replenishment a
tivity. Ea
h 
onsumer is governed by a likelihoodto pur
hase the 
ommodity (g (p)) whi
h is a fun
tion of many di�erent thingsin
luding the nature of the 
onsumer (internal state whi
h may in
lude mood,per
eptions of various things in the world, the amount of money one has, per
eptionof ne
essity of the 
ommodity, et
.). Consumers 
an measure the pri
e of the
ommodity (p), the in
lusive 
ost of the 
ommodity (for instan
e, by observingvendors) (cv = cc + cf), the resour
es in their possession (m). In physi
al lo
ations,



MODEL INDEPENDENT ECONOMICS BASED ON SWARM ENGINEERING 3
onsumers 
an get an idea of how many other 
onsumers are pur
hasing the sameprodu
ts (Nc,vi
), whi
h is a vague measure of the global demand (D).Other indire
t quantities 
an be measured by vendors and/or 
onsumers. Forinstan
e,(1) I =

(

α
dC
dt

C
+ β

dP
dt

P

)

=

(

α

2

(

dcf

dt

cf

+
dcc

dt

cc

)

+
β

Nv

Nv
∑

i=1

dpi

dt

pi

)

may be identi�ed as the in�ation rate. α and β are the relative importan
e of thetwo parts of the e
onomy. α+β = 1. Note that if dC
dt

C
=

dP
dt

P
then the pri
es and �xed
osts are in
reasing at the same rate, so that relative pro�ts remain un
hanged.Global demand for a produ
t at a pri
e p 
an be 
al
ulated by(2) D (p) =

k
∑

i=1

Nc,i
∑

j=1

gj (p)where Nc,i is the number of 
ustomers per time period that enter the ith establish-ment and gj (p) is the probability that 
ustomer j will pur
hase a produ
t at thepri
e p. If pri
es are not ne
essarily 
onstant a
ross vendors, the demand may bedenoted by(3) D =

k
∑

i=1

Nc,i
∑

j=1

gj (pi) .Interestingly, demand is an emergent property [1℄, as ∂g
∂D

= 0; the individual
onsumer's likelihood to pur
hase a produ
t at a given pri
e is in no way in�uen
edby the overall global demand for the produ
t. As a result, this and many otherproperties may be identi�ed as emergent properties of the group of 
onsumers. Asa result, swarm engineering is a reasonable approa
h to this kind of problem in thedesign of e
onomi
 systems.E
onomi
 systems are de�ned by their 
onstituent parts and the di�erentialrelations between them. We 
an examine the di�erential relations between themgenerally in order to explore the way in whi
h e
onomi
 systems behave. ∂cc

∂cfdenotes the relation between the produ
tion and �xed 
osts of produ
tion of a
ommodity. The detailed value of this relation 
annot be examined, though some
on
lusions might be in order, as detailed below.The time derivatives of the various 
omponents give information about the var-ious quantities. In Table 1, we list the various quantities identi�ed above, anddetermine their identities and some of their relationships.



MODEL INDEPENDENT ECONOMICS BASED ON SWARM ENGINEERING 4Quantity Time Derivative Identi�
ation
cc

dcc

dt

omponent of In�ation

cf
dcf

dt

omponent of In�ation

cv = cc + cf
dcv

dt

omponent of In�ation

p dp
dt


omponent of In�ation
Nc

dNc

dt

omponent of demand

gp
dgp

dt

omponent of demand

m dm
dt

in − E

D dD
dt


hange in demand
in din

dt
rate of in
ome growth

E dE
dt

individual expenditure 
hange
pr = p − cv

dpr
dt

= dp
dt

− dcv

dt
rate of 
hange of pro�t

I dI
dt


hange in in�ation
Nc,vi

dNc,vi

dt

omponent of demandTable 1: This table lists the various quantities that vendors and 
onsumers 
anmeasure, and des
ribes their time derivatives.The quantities identi�ed in Table 1, along with their identities are important forlater work, as we begin to understand what 
an and 
annot be said about e
onomi
systems without in
luding spe
i�
 models.We look next at the relationship between the various quantities. Table 2 givesthe various partial derivatives of the quantities given in Table 1. Of interest to us,and what de�nes these e
onomi
 systems, is the relationship of ea
h variable tothe other variables in the system. As an example, 
onsider the di�erential relation

∂cv

∂cf
. This quantity is generally a positive quantity in e
onomi
 systems be
ausean in
rease in the �xed 
ost 
reates an in
rease in the overall vendor 
ost. Inparti
ular,(4) ∂cv

∂cf

= 1.On the other hand, suppose that we 
onsider ∂D
∂cf

. This value is not easy to de-termine. Some 
onsumers might have no response or a positive response to thevendor 
osts de
reasing. On the other hand, the 
onsumers might have a negativeresponse if they are aware of the 
hange, as the vendors might not then pass it onto the 
onsumers. It all depends on the 
onsumer, whi
h is not something that isuniform. Therefore, we 
on
lude the(5) ∂D

∂cf

=?.We list these relations in Table 2



MODEL INDEPENDENT ECONOMICS BASED ON SWARM ENGINEERING 5/ cc cf cv p Nc Nc,vi
gp m in E D pr I

cc 1 0 1 ≥ 0 ? ? ? 0 0 0 ? -1 ≥ 0
cf 0 1 -1 ≥ 0 ? ? ? 0 0 0 ? -1 ≥ 0
cv 1 -1 1 ≥ 0 ? ? ? 0 0 0 ? -1 ≥ 0
p 0 0 0 1 ? ? ? 0 0 ? ? 1 ≥ 0

Nc ≤ 0 ≤ 0 ≤ 0 ? 1 ? ? 0 0 ? ? 0 0
Nc,vi

≤ 0 ≤ 0 ≤ 0 ? ≥ 0 1 ? 0 0 ? ? 0 0
gp 0 0 0 ? ? ? 1 0 0 ? ≥ 0 0 0
m 0 0 0 0 ? ? ? 1 0 ? ? 0 0
in 0 0 0 0 ? ? ? 1 1 ? ? 0 0
E 0 0 0 0 ? ? ? -1 0 1 ? 0 0
D 0 0 0 ? ? ? ≥ 0 0 0 ? 1 0 ?
pr 0 0 0 0 ? ? ? 0 0 0 ? 1 0
I 0 0 0 ? ? ? ? 0 0 ? ? 0 1Table 2: This gives the di�erential relations between the various quantities.Note in this table that there are spe
i�
 numbers su
h as 1 or −1. In these 
ases,there are dire
t fun
tional relations between the various elements of the system,and the partial derivative 
an be dire
tly 
al
ulated. On the other hand, oftentimes there are ranges su
h as ≥ 0. In this 
ase, the value is non-negative, but it'sexa
t value 
annot be generally pinned down. If there is a 0 value, this indi
atesno dire
t relation between the variables. Finally, a ? value indi
ates that the valueor range 
annot be determined be
ause this is a fun
tion of the behaviors of theagents whi
h 
annot be generally predi
ted. These indi
ate the areas where thesystem designer has the opportunity to exert 
ontrol.We may now pro
eed to examine the system using these di�erential relations.2.2. Model independent stationary pri
e. One of the measurables we mightinterest ourselves in is the average pri
e of a 
ommodity. In our one-
ommoditysystem, the average pri
e is dire
tly related to things su
h as in�ation, pro�t margin,and value. The average pri
e of a 
ommodity may be 
al
ulated as follows.(6) P =

1

Nv

Nv
∑

i=1

pi.where Nv is the number of vendors in the system and ea
h pi is vendor i's pri
e.In this 
ase, the rate of 
hange of the pri
e may be 
al
ulated as(7) dP

dt
=

1

Nv

Nv
∑

i=1





Np
∑

j=1

∂pi

∂Kj

dKj

dt



 ,where NP is the number of other properties and ea
h Kj is a property. Referringba
k to Table 2 and ignoring derivative or emergent properties, we 
an expand thisequation to(8) dP

dt
=

1

Nv

Nv
∑

i=1

(

∂pi

∂cv

dcv

dt
+

∂pi

∂Nc,vi

dNc,vi

dt
+

∂pi

∂gp

dgp

dt
+

∂pi

∂I

dI

dt

)

.



MODEL INDEPENDENT ECONOMICS BASED ON SWARM ENGINEERING 6Taking average values, this means that(9)
dP

dt
=

1

Nv

Nv
∑

i=1

(

∂p

∂cv

dcv

dt

)

+
1

Nv

Nv
∑

i=1

(

∂p

∂Nc

dNc

dt

)

+
1

Nv

Nv
∑

i=1

(

∂p

∂gp

dgp

dt

)

+
1

Nv

Nv
∑

i=1

(

∂p

∂I

dI

dt

)sin
e all other terms are zero. If we want the pri
e to stabilize to a stati
 pri
e,we must have that the sequen
e of values { dP
dt

(t) , dP
dt

(t + ∆t1) , dP
dt

(t + ∆t2) , . . .
}forms a Cau
hy sequen
e 
onvergent to 0 and whi
h has a �nite sum, where ∆tivalues represent the intervals at whi
h pri
e 
hanges are made.A general solution to this problem is that whenever dP

dt

∣

∣

k−1
> 0(10) dP

dt

∣

∣

∣

∣

k

≤
1

(k − l)α
dP

dt

∣

∣

∣

∣

k−1where l is some positive integer and α is some real number su
h that α > 1.Whenever dP
dt

∣

∣

k−1
< 0(11) dP

dt

∣

∣

∣

∣

k

≥
1

(k − l)
α

dP

dt

∣

∣

∣

∣

k−1where l is some positive integer and α is some real number su
h that α > 1.In parti
ular, this 
ondition is true whenever(12) sgn

(

dP

dt

∣

∣

∣

∣

k

)

= −sgn

(

dP

dt

∣

∣

∣

∣

k−1

)and that(13) ∣

∣

∣

∣

dP

dt

∣

∣

∣

∣

k

∣

∣

∣

∣

≤

∣

∣

∣

∣

∣

dP

dt

∣

∣

∣

∣

k−1

∣

∣

∣

∣

∣

.This result is generally true, and does not depend on the parti
ular model that isbeing employed. Therefore, the result is model-independent, and 
an be used todesign vendors and/or 
onsumer groups whose behaviors will lead to the desiredglobal goal of limited in�ation.3. Examining Agent ModelsThe minimal 
ondition required for the in�ation rate of a simple e
onomi
 systemto settle zero is that the set of pri
e 
hanges forms a Cau
hy sequen
e 
onvergentto 0. While a general solution to this problem is given in equations (10) and (11),we fo
us on the weaker 
ondition given in equations (12) and (13). On
e su
h a
ondition is put into pla
e, one may examine the requirements of a system in orderto keep it in 
omplian
e with this requirement. We examine systems whose designis governed by these equations. Note that we have not yet settled on a model, andthe 
onditions may therefore be 
onsidered to be model-independent design 
riteria.3.1. Stati
 
osts, population, and no in�ation in pri
ing model. Let us
onsider the extremely simple 
ase of a system in whi
h the 
osts to the vendorsare 
onstant, the in�ationary rate is not part of the 
onsideration of the pri
e, andthe number of 
onsumers entering shops is 
onstant.(14) dP

dt
=

1

Nv

Nv
∑

i=1

(

∂p

∂gp

dgp

dt

)

,



MODEL INDEPENDENT ECONOMICS BASED ON SWARM ENGINEERING 7Now, expanding the term dgpi

dt
a

ording to Table 2, we have that(15) dP

dt
≥

1

Nv

Nv
X

i=1

∂pi

∂gpi

„

∂gpi

∂pi

dpi

dt
+

∂gpi

∂m

dm

dt
+

∂gpi

∂cv

dcv

dt
+

∂gpi

∂pr

dpr

dt
+

∂gpi

∂in

din

dt
+

∂gpi

∂E

dE

dt

«

.If we then assume that ∂gpi

∂pr
= dm

dt
= din

dt
= dE

dt
= 01, then we are left with(16) dP

dt
=

1

Nv

Nv
∑

i=1

(

∂pi

∂gpi

∂gpi

∂pi

dpi

dt

)

.Now, in order to apply the requirement (12), (9) we must have that in 
y
le k, thenew 
hange in pri
e be
omes a fun
tion of the previous 
hange in pri
e. Moreover,we must have the inequality given in (13). Together this gives us(17) dP

dt

∣

∣

∣

∣

k

≥
1

Nv

Nv
∑

i=1

(

∂pi

∂gpi

∂gpi

∂pi

dpi

dt

∣

∣

∣

∣

k−1

)where dP
dt

∣

∣

k
represents the rate of 
hange of the average pri
e P at iteration k. Tosimplify the analysis, we 
an assume that all agents (
onsumers and vendors) areidenti
al to others from ea
h 
lass. Then, equation (17) be
omes(18) dp

dt

∣

∣

∣

∣

k

≥
∂p

∂gp

∂gp

∂p

dp

dt

∣

∣

∣

∣

k−1

.Thus we must have that ∣∣∣∂gp

∂p
∂p
∂g

∣

∣

∣ < 1 and ∂gp

∂p
∂p
∂g

≤ 0. All stable systems subje
t tothe above assumptions must therefore satisfy this relation. The same requirementfollows from the 
ase that the r.h.s. is positive in equation (15). Let us 
onsidertwo sample systems.Example 3.1. An example of fun
tions (whi
h represent models for vendors and
onsumers) whi
h have this relation at all points are p = cv +kg and g = g0− p
k
. Inthis 
ase ∂p

∂g
= k and ∂gp

∂p
= − 1

k
. The 
ondition holds for all pri
es, and therefore,the pri
es remain stable at all pri
es.We 
an examine a se
ond example for a more 
omplex system.Example 3.2. Another set of equations, whi
h represents another model of vendorsand 
onsumers, might be p = cv + kg and g = g0

(

cv

p

). Then ∂p
∂g

= k and ∂g
∂p

=

− g0cv

p2 . This system has an equilibrium pri
e at pe =
cv+

√
c2

v+4cvkg0

2
. At this pri
e,

∂p
∂g

= k and ∂g
∂p

= − g0cv

cvpe+gocvk
. Therefore, ∣∣∣∂gp

∂p
∂p
∂g

∣

∣

∣ = kg0

pe+g0k
< 1 for any equilibriumpri
e, value of g0, cv, and k. This means that at the equilibrium pri
e pe, the swarm
ondition holds independently of the pre
ise pri
e; pe

g0

+ k ≥ k at all pri
es.3.2. Applying the swarm requirement. In the previous subse
tion, we exam-ined the requirements of a simple one 
ommodity system 
onsisting of vendorsand 
onsumers, ea
h making independent de
isions based on their own privatelydetermined 
riterion. A

ording to our analysis, as long as the requirement that
∣

∣

∣

∂gp

∂p
∂p
∂g

∣

∣

∣ < 1 and ∂gp

∂p
∂p
∂g

≤ 0 is maintained, the system's pri
e is stabilized. Thisshould happen no matter the vendor model or the 
onsumer model. This is a1This might happen if the average 
onsumer is not in
urring debt and not saving.



MODEL INDEPENDENT ECONOMICS BASED ON SWARM ENGINEERING 8powerful tool in determining how to 
onstru
t behaviors that generate the vendorand/or 
onsumer models that generate a desired overall e
onomi
 behavior. Wetheoreti
ally analyzed two di�erent vendor and 
onsumer models, both of whi
hsatisfy these 
onditions. This analysis indi
ated that both models would stabilizepri
es, but one would be sele
tive and the other would not.This 
ondition 
an be tested using a simulation of the simple one-
ommoditye
onomy. We use a simulation 
onsisting of repeated sales intera
tions between agroup of 
onsumers and vendors. Ea
h vendor and ea
h 
onsumer a
ts indepen-dently in ea
h intera
tion, sharing no information with any other agent. Prior tothe �rst 
y
le, ea
h vendor determines the pri
e of the 
ommodity. During ea
h
y
le, ea
h 
onsumer randomly 
hooses a vendor to �visit�. The 
onsumer deter-mines a �likelihood� that he will make a pur
hase, given the pri
e of the vendor.This likelihood is a number between 0 and 1 and represents a probability that theintera
tion will result in a sale. A random number is 
al
ulated between 0 and
1. If the value ex
eeds the 
onsumer's likelihood, then the sale is made. On
eall 
onsumers have had a 
han
e to visit all the vendors, the vendors update theirpri
es. Ea
h vendor estimates the demand using the ratio of the number of salesversus the number of visits during the last 
y
le. This estimate forms the basis fortheir new pri
e.Initially, the vendors' pri
es are randomly s
attered throughout a range of pri
eswhi
h may be deemed from low to high pri
es. The average pri
e typi
ally beginsThe program produ
es a running average pri
e and demand. Sin
e the intera
tionsbetween the groups of agents are sto
hasti
 in nature, the values of the individualquantities 
an 
hange from iteration to iteration. However, it is the average valuesthat are of interest to us. A

ording to our analysis, these average values shouldbe 
ontrolled by the same requirement that 
ontrols 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 
onsumerand vendor behavior. The 
onsumer and vendor models used to produ
e Figure3.1 have a vendor model given by p = cv + kg and a 
onsumer model given by
g = g0 − 2.5p

2k
+ cv

2k
. The 
onsumer and vendor models used to produ
e Figure 3.2are those from Example 1 above. Finally, those used to produ
e Figure 3.3 arethose from Example 2 above. All programs are run with 500 vendors and 100,000
onsumers in order to provide a large enough pool to redu
e random �u
tuations.Clearly, the 
onsumer model yielding the behavior given in Figure 3.1 
annotsatisfy the requirement of (18). Despite this, the behavior of the system is quitedramati
. Initially, the average pri
es initially start at a mid-range pri
e. However,the average pri
es rapidly begin to �u
tuate. The system settles into a behavior inwhi
h the average pri
es 
ontinually �u
tuate, and never settle down to an average.

A.
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MODEL INDEPENDENT ECONOMICS BASED ON SWARM ENGINEERING 9Figure 3.1 The average pri
e and 
onsumer demand for the vendor model p =

cv + kg and 
onsumer model g = g0 −
2.5p

k
+

cv
2k
. The averages �u
tuate wildly,with initially small �u
tuations settling on relatively large �u
tuations.Figure 3.2 represents the average pri
e and demand levels of the 
onsumer modelsgenerated by Example 1 of subse
tion 3.1. These are identi
al to the models fromFigure 3.1 with the ex
eption that the pri
e dependen
e of the demand is four timessmaller than the previous one. This makes the system satisfy equation (18). Theaverage behavior is quite di�erent from that given in Figure 3.1, with the averagepri
e and 
onsumer demand rapidly settling to a mid-range value. The stability
ontinues inde�nitely on
e established.
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Variation of Average Price (Model 2)
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Figure 3.2 The average pri
e (A) and 
onsumer demand (B) for the �rst Example ofSe
tion 3.1. The average pri
e and demand, though 
ontrolled, still exhibit limited�u
tuation.Figure 3.3 represents the average pri
e and demand levels of the 
onsumer modelsgenerated by Example 2 of subse
tion 3.1. This model is quite di�erent from theother two. The 
onsumer model 
onsists of an adaptive s
ale in whi
h ex
essivepro�t lowers the demand. This model therefore has a me
hanism for in
reasing andlowering the pri
e. In
reasing the pri
e enough pushes the model beyond the pointwhere the pri
e is stabilized, yielding a system that is self-stabilizing. The graphsbear this out quite ni
ely, as they are remarkably smooth and 
ontrolled.
A.
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Figure 3.3 The average pri
e (A) and 
onsumer demand (B) for the se
ond Exampleof Se
tion 3.1. The average pri
e and demand are stri
tly 
ontrolled and remainvirtually stati
 throughout the simulation.The various average behavior of the three models yields good eviden
e that ourprovable 
ondition provides adequate predi
tive power to 
on
lude that one or theother 
onsumer/vendor model will yield the desired 
ondition.It is, of 
ourse, possible for our analysis to have 
ome from the models dire
tly.We 
ould have generated the vendor and 
onsumer models and then used thesemodels to predi
t the behavior. However, on
e the behavior had yielded undesirablebehavior, we would have had no intuition about what other 
onsumer models to
hoose. We would then have had to determine what parameters might 
hange inthese behaviors so as to produ
e the kind of behavior we were looking for. Despite
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hange from the example of Figure 3.1 to that in Figure 3.2, yielding themu
h more 
ontrolled behavior of Example 1, the behavior in Figure 3.2 is stillnot optimal. It would have been di�
ult to generate Example 2, given Example 1only. On
e we had generated it, after mu
h 
onsideration, we 
ould have analyzedits behavior quite handily. It is in the generation of the model that we la
k power,and pre
isely that aspe
t of the swarm design that gives us the power.4. Generalizing ModelsThe models given in Se
tion 3 are de�nitely simple. The natural thing to assumeis that it is one thing to handle a simple one-
ommodity e
onomy made up ofvendors and 
onsumers of only that one 
ommodity e
onomy without worry aboutin�ation, 
ost in
rease, money supply, et
., and quite another to handle a 
omplexe
onomy in the real world made up of all these things and more. Moreover, thepower of the swarm methodology lies not only in its ability to determine whenthings are possible, but also in its ability to dis
ern when things are not possible.Finding su
h a 
ondition allows us to sidestep mu
h work on erroneous e
onomi
models trying to understand things that 
annot be.In order to examine di�erent system 
lasses with di�erent 
onditions, we mustbegin by generating a set of equations as we did in Se
tion 2. Re
alling equation(9), we have that(19)
dP

dt
=

1

Nv

Nv
∑

i=1

(

∂p

∂cv

dcv

dt

)

+
1

Nv

Nv
∑

i=1

(

∂p

∂Nc

dNc

dt

)

+
1

Nv

Nv
∑

i=1

(

∂p

∂gp

dgp

dt

)

+
1

Nv

Nv
∑

i=1

(

∂p

∂I

dI

dt

)

.If we assume that dNc

dt
= ∂p

∂I
= 0, we have(20) dP

dt
=

1

Nv

Nv
∑

i=1

(

∂p

∂cv

dcv

dt

)

+
1

Nv

Nv
∑

i=1

(

∂p

∂gp

dgp

dt

)

.Note that we have not assumed that dcv

dt
or ∂p

∂cv
are zero. This means that thevendors 
osts and the rate at whi
h these are passed on to 
onsumers are nonzero.In this 
ase, in order to limit the pri
es of things, the set of equations yields(21) dP

dt

∣

∣

∣

∣

k

=
1

Nv

Nv
∑

i=1

(

∂p

∂cv

dcv

dt

)

+
1

Nv

Nv
∑

i=1

(

∂pi

∂gpi

∂gpi

∂pi

dpi

dt

∣

∣

∣

∣

k−1

)

.On
e again, assuming a uniform set of vendors and a uniform set of 
onsumers, wehave that(22) dp

dt

∣

∣

∣

∣

k

=

(

∂p

∂cv

dcv

dt

)

+

(

∂p

∂gp

∂gpi

∂pi

dp

dt

∣

∣

∣

∣

k−1

)

.Sin
e the sequen
e of dP
dt

values is a Cau
hy sequen
e, we 
an guarantee 
onvergen
eif2(23) ∣

∣

∣

∣

dp

dt

∣

∣

∣

∣

k

∣

∣

∣

∣

≤

∣

∣

∣

∣

∣

dp

dt

∣

∣

∣

∣

k−1

∣

∣

∣

∣

∣2This is the same weaker 
ondition given above. We do not solve the stronger 
ondition here.
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(

dp

dt

∣

∣

∣

∣

k

)

= −sgn

(

dp

dt

∣

∣

∣

∣

k−1

)

.Again, if dp
dt

∣

∣

∣

k−1

is in
reasing, this means that dp
dt

∣

∣

∣

k
must be de
reasing. In this
ase, using the more general result from (10), we have that(25) 1

(k − l)
α

dp

dt

∣

∣

∣

∣

k−1

≥
∂p

∂cv

dcv

dt
+

∂p

∂gp

∂gp

∂p

dp

dt

∣

∣

∣

∣

k−1

.Also, we have that(26) ∂p

∂cv

dcv

dt
+

∂p

∂gp

∂gp

∂p

dp

dt

∣

∣

∣

∣

k−1

≥ −
dp

dt

∣

∣

∣

∣

k−1

.Together this means that(27) (

1

(k − l)α −
∂p

∂gp

∂gp

∂p

)

dp

dt

∣

∣

∣

∣

k−1

≥
∂p

∂cv

dcv

dt
≥ −

(

1 +
∂p

∂gp

∂gp

∂p

)

dp

dt

∣

∣

∣

∣

k−1

.This equation essentially says that the quantity ∂p
∂cv

dcv

dt
is sandwi
hed between twovanishing quantities. Re
all that { dp

dt

∣

∣

∣

k

}∞

k=1

is a Cau
hy sequen
e 
onvergent tozero. This means that the limit is(28)
− lim

k→∞

(

1

(k − l)
α −

∂p

∂gp

∂gp

∂p

)

dp

dt

∣

∣

∣

∣

k−1

≥
∂p

∂cv

dcv

dt
≥ − lim

k→∞

(

1 +
∂p

∂gp

∂gp

∂p

)

dp

dt

∣

∣

∣

∣

k−1or(29) 0 ≥
∂p

∂cv

dcv

dt
≥ 0.In order for this to be possible, the rate of in
rease of vendor 
osts must be zero.However, this would 
ontradi
t our assumption that dcv

dt
> 0. Therefore the two
onditions are in
onsistent3. Thus, it is impossible to hold pri
es steady with anymeasurable positive rate of 
hange of vendor 
osts using any model of 
onsumerbehavior. Moreover, it is impossible to hold pri
es steady using any model of vendorbehavior unless ∂p

∂cv
= 0.This last result is a stunning result. What makes it so surprising is the way inwhi
h it was rea
hed. It makes intuitive sense, yet without the de�nitive proof inhand, the sneaking suspi
ion that some behavior somehow de�es this 
onventionalwisdom exists. It is somehow satisfying to prove that the intuition is not intuitionalone, but rather a statement of rigorous proof.5. Dire
tionsSwarm engineering is now entering a relatively mature state with respe
t to itsstate sin
e its in
eption more than ten years ago. At that time, the general questionrevolved around roboti
 systems. The original question for roboti
 systems waswhether or not it was possible to determine the 
hara
teristi
s of a swarm thatwould a

omplish a given task simply from the statement of the task. This swarm3In
identally, prior to fully understanding what equation (27) was saying, we built a simulationto test an update model for g. In ea
h 
ase, g 
onverged to zero. The result stymied us until werealized that this was the only way 
onsumers 
ould satisfy the requirement.
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astes of robots and the 
hara
teristi
s ofea
h 
aste. Ea
h 
aste behaviors, sensors, and requisite 
omputational 
apabilitywould naturally result from the design. Moreover, we wanted a system that wouldprovably design the swarm of robots so that it was not ne
essary to build andtest, re�ne and retest, and potentially rebuild over and over to generate the desiredswarm. A great deal of progress has been made on this approa
h to swarm design.The methodology that has arisen has been applied su

essfully to many roboti
systems (though all have been simulated)[1℄ and to thermodynami
 systems whoseproperties were designed using swarm methodologies[2℄.The basi
 starting point for swarm engineering design is a listing of all measur-ables that are available to the various agents for inspe
tion and potential rea
tion.This would in
lude, in the present system, the pri
es of things, the number of 
on-sumers, and others. This would not in
lude quantities su
h as GDP, exa
t numberof pie
es sold in the market, total in
ome of the 
onsumers, or other quantities.Though estimates might be provided, the a
tual number is not known or availableto any of the agents and so does not form part of their de
ision-making pro
ess.Thus, these quantities only should be used to 
onstru
t the global goal, whi
h mightbe one of the quantities that isn't available to the agents. The reason is that theirderivatives represent a
tions of the agents, and they are things that the agents 
an
ontrol. Using a property designed in this way gives a

ess to the designers of thesystem to the very things that the agents 
an do, and allows one to make stri
tstatements about required behaviors whi
h lead to the desired global goal.In the present work, we extend the swarm methodologies to e
onomi
 systems,along the same lines as [3℄. Our general assumption is that individual 
onsumers andvendors a
t like autonomous agents, and in that sense, may be modeled as swarms.We have indi
ated the various quantities available to the individuals in our system,and also worked through their di�erential relations. The relations between thedi�erent quantities would seem to be the de�ning qualities of the systems we 
alle
onomi
 systems, and many of these 
annot be predi
ted as they are subje
t to thedis
retion of the individual agents. Using these, however, we 
an begin to 
reateexpressions for the 
onditions under whi
h 
ertain out
omes may be expe
ted too

ur. On
e these expressions have been understood, we 
an generate agents thatsatisfy them knowing that the desired out
ome will be the natural result of thesystem. Moreover, any agent model whi
h satis�es these 
onditions will provablygenerate the desired system-wide behavior.In this paper, we have applied this approa
h to very simple e
onomi
 systems
onsisting of a single 
ommodity. In both 
ases, we have attempted to determinea general 
ondition for the vendor and 
onsumer agents whi
h will yield a stableset of pri
es. In one 
ase, we derived a model-independent 
ondition whi
h, on
esatis�ed, would generate stability. In the other 
ase, we derived an expression fora requirement for stability, and then reasoned that this 
ondition 
ould not ever besatis�ed. In both 
ases, the results were general, and not limited by assumptions
on
erning agent behavior or intera
tions.The methodology represents a novel approa
h to the design of e
onomi
 systems.Rather than 
on
entrating on working out ever more pre
ise and relevant modelsof 
onsumer or business behavior and using these to generate group behaviors, theapproa
h uses the group behaviors to generate the 
onsumer or business behaviors.If the 
onsumers or businesses 
onform to these 
onditions, the global out
ome
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onsumers and/or businesses to a
tually behave in thisway would seem to be a separate issue. However, the method has the ability tomake real provable statements about global out
omes that depend only on meetinga behavioral goal. It would seem that using this, it would be possible to deter-mine if parti
ular e
onomi
 systems are feasible, derive the design of the systems,and qui
kly test them in simulation on
e the system has been designed. Futureuse of this approa
h may allow the design of new e
onomi
 systems along withrequirements for the behavioral models needed to put them into pla
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