
Chapter 13
Finite Automata

In Paelinck (2002), attention was drawn to a special algebra—called a min-
algebra—that might rule quite a few spatial econometrics specifications; hereafter,
applications of this idea are be presented in the form of finite automata.

A finite automaton specification (for a formal definition, see Linz, 1996, p. 2) can
be viewed as an “if ”-specification; in symbolic terms

y: if(αxi + β < γzi + δ; αxi + β; γzi + δ), (13.1)

which reads as follows: if αxi + β < γ zi + δ, then αxi + β, else γzi + δ.
Hereafter, a two-region example of a dynamic finite automaton is outlined.

13.1 A Finite Automaton Bi-regional Dynamic Model

Consider the following numerical case, for which the variables are defined as
follows

xit: joint location factors (i = 1, 2);
yit: production levels (i = 1, 2).
The model is specified as follows

x1,t + 1: if(y1t/x1t < y2t/x2t; 3; 1), (13.2)

y1,t + 1: if(y1t/x1t < y2t/x2t; 1.05 y1t; 1.02 y1t), (13.3)

x2,t + 1: if(y2t/x2t < y1t/x1t; 1.5; 1.2) (13.4)

y2,t + 1: if(y2t/x2t < y1t/x1t; 1.05 y2t; 1.02 y2t) (13.5)

The logic of the model is as follows: as long as one region has its joint location
factors “undercharged” compared to those of the other one—in the sense that they
are still attractive for further activity locations—, their joint value stays at a higher
level, the growth rate there also being higher, and vice versa.
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Fig. 13.1 Simulation of a dynamic finite automaton

With the initializing vector

(x10, y10, x20, y20) = (3, 1, 1.2, 1) (13.6)

the resulting simulation is that presented by Fig. 13.1.
This figure portrays a dynamics in which regions at times lose their competitive

edge in attracting activities.
The following problem is that of estimating such a model, possibly using an if-

condition. Eight parameters have to be computed, to wit for each region the two
levels of the location factors, xi and xi

∗, and the growth rates, ρi and ρi
∗, the lower

levels being denoted by asterisks.
An example of an if-constraint is the following

if(y1t/ξ1t < y2t/ξ2t; 1; 0) (13.7)

where ξit is one of the values of xit, xit
∗ determined according to conditions (13.2)

and (13.4). The specification of conditions (13.7) implies the introduction of a norm
for the xit, xit

∗ values. Expression (13.7) was combined with the following term
appearing in the objective function ϕ—sum of some function of those terms, as will
be seen subsequently—for minimization purposes

r1t − λ1tρ1 − (1 − λ1t)ρ1*, (13.8)

where, for region 1 and time t, r1t is the observed growth rate, and λ1t is a binary
variable, the value of which is determined by condition (13.7) for the previous
period, which reproduces condition (13.3) above.

Table 13.1 presents the data used; mark the split of the rit-values in four opposite
groups (e.g., for t=1,. . .4, r1t<r2t, then the reverse occurs).
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Table 13.1 Data for estimating finite automaton parameters

t r1t y1t r2t y2t

1 0.05 1.00 0.02 1.00
2 0.06 1.05 0.01 1.02
3 0.04 1.11 0.03 1.03
4 0.01 1.14 0.06 1.06
5 0.03 1.15 0.05 1.12
6 0.02 1.18 0.04 1.18
7 0.06 1.20 0.01 1.22
8 0.05 1.27 0.03 1.23
9 0.04 1.33 0.02 1.27

10 0.02 1.38 0.04 1.30
11 0.03 1.41 0.06 1.35
12 – 1.45 – 1.43

Table 13.2 Parameter values of the estimated finite automaton

ρ1 ρ1
∗ x1 x1

∗ ρ2 ρ2
∗ x2 x2

∗ ϕ

0.05 0.022 0.8911 1.0022 0.05 0.02 1.0526 1.0541 0.00148

Table 13.2 presents the estimated parameters, ϕ being the obtained minimum of
the objective function, in which expression (13.8) was squared; use was made of a
reduced gradient method (Fylstrom et al., 1998)

The split into four periods mentioned earlier is correctly pictured by the binary
variables λit; to improve the estimates of the parameters, the exercise was repeated
keeping the binary variables stable and endogenizing the yit-values, as is explained
in the ensuing discussion.

Figure 13.2 portrays results of a simulation of the estimated model over the first
twelve time periods. The four-period pattern just mentioned is fully reproduced, but
the values, especially in region 1, deviate from the observed ones.

Fig. 13.2 Simulation of the estimated finite automaton
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A possible alternative to objective function (13.8) is to reformulate the specifica-
tion in terms of the production levels yit, and use SDLS (see Sect. 11.1.3) with the
computation of an optimal starting point for an endogenous simulation (Paelinck,
1990b). This method minimizes some difference between the observed values and
the endogenously simulated values of the yits, those simulated values being at the
same time generated within the estimating procedure. This approach is described
next.

Of note is that condition (13.7) is expressed in terms of strict inequalities, which
implies that if an equality is present, the higher xi and ρi levels automatically are
assigned to the other region. An alternative is furnished by

(λ1t − ω)(y1t/ξ1t − y2t/ξ2t) ≤ 0, (13.9)

with 0 < ω < 1, which adds another degree of freedom (to be taken up by the estima-
tion procedure) when the second factor in expression (13.9) is zero. This procedure
has been applied to the yit data of Table 13.1, again with a quadratic objective func-
tion, and subsequently keeping binary variables—which correctly split the overall
period into four components—stable.

Table 13.3 presents the obtained parameters; ϕψ is the value of the objective
function, ϕρ that of ϕ in Table 13.2.

Figure 13.3 presents the simulated values over the first 12 time periods, again
showing that the four characteristic groups mentioned earlier are still correctly

Table 13.3 Parameter values introducing conditions (13.9)

ρ1 ρ1
∗ x1 x1

∗ ρ2 ρ2
∗ x2 x2

∗ ϕψ ϕρ

0.0483 0.0215 0.9704 1.0134 0.0442 0.0196 .1.0022 1.0139 15.3791 0.0015

Fig. 13.3 Second simulation of the estimated finite automaton, parameters from Table 13.3
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Fig. 13.4 Figure 13.3 results extended over 100 periods, parameters from Table 13.3

represented, as well as that the fit is considerably improved; Fig. 13.4 extends the
projection.

To conclude, in the estimation procedure, dependence on initial conditions and
multiple solutions do seem to be crucial. The latter especially holds for the xit and
xit

∗ values, which is due to the multiplicities that can satisfy conditions like (13.7)
or (13.9). These points are left for further investigation.

13.2 An Empirical Application

To subject the model developed above to an empirical test in a well-documented
case, gross regional product numbers for the Netherlands have been investigated.
They were divided in two macro-regional sets, one for the western provinces
(Noord-Holland, Zuid-Holland, Utrecht, the so-called “Rimcity”), the other one
comprising the data for the remaining provinces (source: CBS, 2003; 109 EUROS).
Given the low inflation rate (in the order of 1% annually) no price correction was
applied. Table 13.4 presents the data.

The data were analyzed with the methodology discussed in Sect. 13.1, using a
quadratic objective function for the product levels, and, alternatively, a binary and
a fuzzy version. Table 13.5 summarizes the results. The λt parameters are gener-
ated by constraints (13.9), and are relative to the Rimcity, their values for the other
provinces being the complements to 1.

The curious finding, at first sight, is the respective values of the growth rates
for the non-Rimcity provinces: whatever the state of their location factors’ attrac-
tiveness, they follow the ups and downs of the Rimcity growth rates. This result is
completely in line with the Rimcity indeed being the “motor” of the Dutch econ-
omy (Paelinck, 1973, pp. 25–40, especially pp. 37–40), imposing its evolutionary
rhythm on the other regions, which corresponds to a sort of Fick diffusion in
thermodynamics (Braun, 1975, pp, 645 a.f.; Philibert, 2005, pp. 2–3).
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Table 13.4 Gross regional product data for two macro-regions in the Netherlands

Years Rimcity Other provinces

1998 111.0 103.7
1990 116.5 110.0
1991 122.4 116.6
1992 127.3 121.6
1993 131.3 125.5
1994 136.9 130.3
1995 142.8 136.1
1996 147.3 141.3
1997 156.5 147.3
1998 166.8 156.5
1999 176.5 164.7
2000 189.8 177.1

Table 13.5 Parameter values of the model defined by Eqs. (13.2), (13.3), (13.4), and (13.5) with
data from Table 13.4

Parameters Values, binary case Values, fuzzy case

ρ1 0.0638 0.0794
ρ1

∗ 0.0385 0.0386
x1 1,8797 1.1099
x1

∗ 00.9001 0.9675
ρ2 0.0409 0.0394
ρ2

∗ 0.0538 0.0705
x2 1.4010 0.9278
x2

∗ 0.6084 0.9564
λ1 1 0.5976
λ2 0 0.1
λ3 0 0.1
λ4 0 0
λ5 0 0
λ6 0 0
λ7 0 0
λ8 1 0.4112
λ9 1 0.6291
λ10 1 0.5021
λ11 1 1
ϕy 16.3326 9.4769

From a technical point of view, the constraint parameter estimates are consistent
with one another, which hints at the adequacy of the binary estimation; the lower
ϕy-value is in line with the Le Châtelier-principle (Samuelson, 1955, pp. 36 a.f.).

Figures 13.5 and 13.6 further down portray the binary and fuzzy cases, respec-
tively.
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Fig. 13.5 Dutch model, binary case

Fig. 13.6 Dutch model, fuzzy case

13.3 Conclusion

It has been shown that finite automata models can be an appropriate specification
for multiregional models; the reason is that the development logic of a multiregional
system needs for its modeling a special algebra, and a corresponding set-up of the
corresponding estimation procedure.

Three more points should still be made.
First, starting an exercise in spatial econometric modeling with a complexity

analysis of the data is advisable; obvious candidates for simple exogenous variables
are their space-time coordinates. An example can be found in Getis and Paelinck
(2004), where regional product data for the Netherlands were analyzed. A model
specification implies the choice of exogenous variables, and possibly endogenous
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ones—in interdependent models—or lagged endogenous variables—in dynamic
models—, therefore, they too should be implied in a complexity approach.

Second, the specifications presented can readily be generalized to three or
more alternatives (regions, test specifications). For the finite automaton version,
for example, the following specification shows how and and or statements can be
added

yi: if ((czi + d < axi + b) and (eui + f < axi + b) ; (czi + d) or (eui + f) ; axi + b)
(13.10)

Finally, one cannot escape from the fact that hypothesis testing is fundamentally
theory-laden (Aznar Grasa, 1989, p. 10). Accordingly, theoretical spatial economics
will remain an indispensable guide to spatial econometric modeling.


	13 Finite Automata
	13.1 A Finite Automaton Bi-regional Dynamic Model
	13.2 An Empirical Application
	13.3 Conclusion



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




