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Abstract

A microsimulation of development decisions in Ohio is described in which land developers respond to construction costs and floorspace rents.   The simulation incrementally changes the spatial built form of Ohio over several decades by changing the state variables of 4 acre units of land covering the entire state and a surrounding halo.  A mixed discrete-continuous logit model is used, with the utility of the discrete choice of future development type being the expected maximum of the choice of development intensity within the range development type.  The utility of one particular development-type/intensity option is a function of construction cost variables and the rent revenue.  The continuous formulation is shown to provide appropriate expected values as long as reasonable ranges of intensity are allowed and dispersion parameters are appropriate.

Initial residential data consisted of Census data and acres of land by development type.  Initial continuous intensities for residential space were developed through a simultaneous two-level optimization procedure.  The first level is a Langrangian optimization of the relative use of development types by zones, the second level a genetic algorithm to determine the average consumption rates of land by different household income and size categories.  The residuals of this procedure were interpreted as the variation in intensity within development types.

User input data for land attributes consists of discrete distributions by TAZ. Joint distributions of pairs of attributes are sometimes also specified, in which case matrix expansion is used to ensure consistency with the single-variable distributions.  From the distributions land is discretized, to support the microsimulation approach and future integration with GIS grid-cell layers.

Introduction

The Land Development (LD) model for the Ohio Statewide Modelling Project is a microsimulation of development events.  It runs year-by-year, synthesizing the development of land in response to rent signals that are generated by a separate Activity Allocation (AA) module (a short term equilibrium allocation of location, technology/lifestyle and interactions.)

An initial synthetic inventory of developed land was created based on the observed population and employment, with land coverage information informing the intensity of development.  Zoning regulations are a policy input that restrict and influence future development.

A mixed continuous and discrete choice model has been used.  The discrete choice model is used for the future development type.  The continuous model is used for the future intensity of development, expressed as Floor Area Ratio (building square feet per acre of land), employee spaces per acre, or housing units per acre. 

The utility function is a comparison of rent against cost – developers are likely to pursue future states that have a lower construction cost and/or a higher rent.  The AA module produces zonal average rent by floorspace type.  The LD module makes adjustments to the rent to account for intensity and age of development.   The LD module calculates construction cost based on site characteristics, future and current development type and intensity of development.   

The LD module is being calibrated over a time period.  A 1990 version of the AA module has been constructed, and run together with the LD module to 2000.  The quantities of development by different types between 1990 and 2000 are being compared against the modeled development, and certain LD parameters are adjusted.  In particular, a matrix of Alternative Specific Constants controlling the transition rates between development types can not be established using regressions on cost and rent data, and so are being established during this calibration.

The synthetic inventory of developed land will only be viewable when aggregated to the TAZ level.  Future improvements in the model could attach location information to each of the small units of land in the microsimulation using land development and zoning information from the sub-TAZ level.  This would allow viewing using aggregations other than the TAZ boundaries.
Theoretical Basis
The land development model is based on a utility function for the future state of units of land.

Consider the option for a landowner to change the development state of a contiguous portion of land p to contain quantity j of the development improvements (called space, and often representing the floorspace within buildings) associated with development state h.  The utility of the state change option is specified as
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where
Thjp
=
Net utility per unit of space, calculated as the expected revenue per unit of space, accounting for rent revenue and maintenance and amortized construction costs, constant for a given p, h and within a range of j

l
=
the size of the land under consideration

Trhjp
=
Net utility per unit of land (in addition to the utility of space, above), calculated accounting for the amortized transition cost per unit of land, constant for a given p, h and within a range of j


s
=
a random component of utility associated with the space type alternatives S (b ( S, h  ( S).


q
=
a random component of utility associated with the continuous quantity alternatives in the interval 
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Quantity choice

Consider the probability of choosing future quantity of space j* (e.g. a given size of building) given the choice of future state h (e.g. a given type of building).  This is the probability that a particular quantity will have a higher utility than any of the other alternatives:
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s is constant given h.   Assume that q is Gumbel distributed with location parameter 0 and scale parameter q, then the probability density function for quantity j (Ben-Akiva et al, 1985) is 
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Since Trhjp and Thjp are not, in general, constant across the range  
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 the sum across the range in the denominator will be performed in sections. 

To select a quantity j* from this probability density function given a random draw x in the interval [0,1] we select
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Where 
Dx
=
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and 
Qb
=
the highest boundary point defined by the discontinuities in Trhjp and Thjp for which 
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Thus we have an operational continuous logit model for the development intensity simulation.  A random number x is drawn and 
[image: image12.wmf]b

Q

D

is evaluated at successively lower boundary points in the intensity range allowed by zoning regulations.  j* is calculated at the first valid boundary; being the first boundary for which 
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Development state choice

Consider the probability of a future development state h having a higher utility over any other development state h’.  
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From continuous logit theory (Ben-Akiva et al, 1985):
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Where 
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 has the same distribution as 
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.  Again the evaluation across the range will have to be performed in sections if Trhjp and Thjp take on different values within the range.
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, i.e. if only one exact development intensity is available, then 
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We choose a Gumbel distribution for 
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, with scale parameter s requiring a greater variance on the sum than on the second term:
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with 
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Thus with a piecewise constant per space unit and per land unit utility function, the utility of choosing a space type can be calculated as the expected maximum utility of choosing one particular development intensity from within a range of continuous allowable development intensities, and the probability of choosing a space type follows.

Monte Carlo Simulation 

The land development model is a Monte Carlo simulation.  This means that samples are taken from the various probability functions, and the probability functions are not used as shares in an allocation framework.  For a Monte Carlo simulation to work it is important that each sample is not too important, and that an average is taken over many samples, so that the random effect of sampling does not impact the average results to a large degree, when such averages are taken over ranges of space and time that are of policy interest.  To ensure enough samples, and an appropriate level of unimportance for each individual sample, small units of land are used, with only one event per year for each such small unit of land.  When the small units of land are aggregated together into a geographic level that is of spatial interest (e.g. the TAZ), enough samples are aggregated together so that the random effect is small.  In this way the model is a “geosimulation” model (for a review see Benenson and Torrens, 2004).
Utility function parameters

The utility function values are generated from observations of costs.  The utility of a state is the expected net annual revenue of that state, with adjustments for amortized construction and transition costs.  An average rent for each development type is calculated in the Activity Allocation module, which accounts for the global and local supply and demand of space, the local accessibility required by the users of space, and various quality of life measures.  This average rent is taken as the rent of brand new space, at typical intensity of development (floor area ratio).  Adjustments are made in LD to account for the age of development and the intensity.  Maintenance costs are calculated, adjusted for the age of the space.  Construction and transition costs are calculated, according to the quantity of space and quantity of land, and amortized into an annual rate.  A transition alternative specific constant is looked up (in a table indexed by current development state and future development state) and the constant is adjusted based on the region-wide average rent for the future space type.  These various calculations give Thjp and Trhjp, the utility of a future state as a piecewise linear function of the quantity of future space j and the quantity of land l. 

Quantity Definitions and Categories
The LD model uses a number of separate categorizations.  First there are the categories of development type, the Development States, which are used to categorize land.  Then there are the Space Types which are defined in the Activity Allocation model, and used to measure the quantity of development improvements.  

Each Development State is associated with no more than one Space Type in the Ohio implementation, but different quantities of Space Types are allowed within the development state.  These relationships are shown below:
	Development State
	Space Type

	Agricultural
	Agricultural employee spaces 

	Office
	Office sq ft of building

	Commercial 
	Commercial sq ft of building

	Heavy industrial 
	Heavy industrial employee spaces

	Light industrial 
	Light industrial employee spaces

	Retail 
	Retail employee spaces

	K-12 school land
	K-12 school employee spaces

	Government and institutional 
	Government and institutional employee spaces

	Military base 
	

	Residential Urban High Density
	Residential sq ft at urban high density

	Residential Urban Medium Density
	Residential sq ft at urban medium density

	Residential Urban Low Density
	Residential sq ft at urban low density

	Residential Rural Subdivision 
	Residential sq ft at rural subdivision density

	Residential Rural Acreage 
	Residential sq ft at rural acreage density

	Forestry and protected 
	

	Vacant land
	


Office, commercial and residential improvements are measured in building size; improving land for office, commercial or residential use involves constructing buildings.  Other non-residential improvements are measured in employee spaces; improving non-residential land involves creating space for employees, which may involve constructing buildings but may also involve other types of improvements, especially in the case of agriculture and industrial uses.

Zoning schemes are defined, and can be applied to units of land in which case they restrict and/or discourage the types of development.  When a zoning scheme is associated with a unit of land it specifies which Development Types are allowed on the unit of land, the allowed intensities of development (the range of allowed Space Types per unit of land), and any fees or subsidies for allowing each Development Type, which can be expressed per unit of land as well as per unit of Space Type.

Zoning schemes are a user input and can be created or changed as part of a scenario development.  The following matrix shows the zoning schemes in the base case scenario, and how they relate to Development States and Space Types.  Blank cells in the table indicate no such development is allowed in that zoning scheme.  Numerical values indicate the maximum amount of the Space Type allowed per acre, in the units used for that Space Type (either square feet or employee spaces.)  The X’s represent States that are allowed where there is no corresponding Space Type.
	ZoningScheme
	Ag
	For

est
	Govt

Inst
	Hvy

Ind
	K12
	Lt

Ind
	Mil
	Office
	Res

RHi
	Res

RLow
	Res

UHi
	Res

ULow
	Res
UMed
	Vac

No

Serv
	Vac

Serv

	Agricultr
	0.07
	X
	17424
	20
	 
	15
	 
	 
	53
	26
	 
	 
	 
	X
	X

	Any
	0.07
	X
	43560
	66
	17
	50
	145
	21780
	7881
	1022
	30492
	5125
	23087
	X
	X

	Comm_Ofc
	
	
	87120
	
	
	
	
	21780
	
	
	
	
	
	X
	X

	Gen_Ind
	
	
	
	20
	
	99
	
	
	
	
	
	
	
	X
	X

	Hvy_Ind
	
	
	
	20
	
	99
	
	
	
	
	
	
	
	X
	X

	Institutn
	
	
	87120
	
	17
	
	145
	
	
	
	
	
	
	X
	X

	Lt_Ind
	
	
	
	
	
	99
	
	
	
	
	
	
	
	X
	X

	Protected
	
	X
	
	
	
	
	
	
	
	
	
	
	
	X
	X

	PubFacs
	
	
	87120
	
	17
	
	145
	
	
	
	
	
	
	X
	X

	ResGen
	
	
	13068
	
	17
	15
	
	
	7881
	
	30492
	5125
	23087
	X
	X

	ResRur
	
	
	17424
	
	17
	25
	
	
	2102
	511
	
	
	
	X
	X

	ResRurAc
	
	
	17424
	
	17
	15
	
	
	2102
	511
	
	
	
	X
	X

	ResSub
	
	
	17424
	
	17
	25
	
	
	2102
	
	
	
	
	X
	X

	ResUrb
	
	
	13068
	
	17
	15
	
	
	
	
	43560
	6233
	31799
	X
	X

	RsComInd
	
	
	87120
	
	17
	99
	
	130680
	
	
	130680
	5125
	65340
	X
	X


The small units of land used in the Ohio simulation are ungeoreferenced portions of the land within a transport analysis zone.  The full quantity of land in each transport analysis zone is divided into 4 acre portions, and each such portion is assigned a development state in the floorspace synthesis procedure. 
Component Models
Development state transition

The Space Type model is applied to each parcel of land in each year of the simulation runs.   The order of application is not important, only that each parcel is considered once and only once.

The development states h for the parcel consist of all of the allowed development states in the Zoning Scheme that is associated with the land.  In addition, if the land already has a non-vacant state, there is the additional development state which is the possibility of adding existing development of the current state to the parcel, intensifying the development.  There is also an additional development state which is the “no change” alternative:


[image: image28]
The value of Thjp (utility per unit of space) and Trhjp (utility per unit of land) for each alternative are calculated as follows:


Thjp 
= 
Renthp – Costhp 


Trhjp 
= 
Rentlh + (h,regprice · ( RegPriceh - RegPRefh )  + TrConshb - 
DemoCostv · Areab· int /l  - LandPrepCosthp
with


Renthp 
=
Pricehz · ( 1 – AgeRenth  )^Agehp – Rentlh/FARtyp,h

Costhp =   
Costh · ( 1 + AgeCosth )^Agehp + ConstCosthp

Pricehz
=
Price generated by the Activity Allocation module per unit of space type h in the land use zone z that parcel p is located


AgeRenth =
Parameter to be calibrated affecting the change in the rent revenue with the age of development for development type h

Agehp
=
0 for the new development alternatives of different types; the current year less the development year associated with the parcel for the “no change” alternative; and ½ of the current year less the development year associated with the parcel for the “more the same” alternative.


Rentlh
=
Rent rate associated with consuming land when developed with development state h (as opposed to the rent associated with consuming space)


FARtyp,h
=
Typical Floor Area Ratio for development state h

(h,regprice=
Parameter controlling the effect of region wide average prices


RegPriceh = Region wide weighted average price associated with development state h, calculated in activity allocation model


RegPRefh = Reference average price for development state h (parameter)


TrConshb = Transition constant for transitioning from existing development state b to new development state h, a table of parameters to be calibrated.


DemoCostv = Cost of demolishing unit of space of type v, except for the “more the same” alternative, where this is the cost of renovating and renewing existing space in preparation for adding additional space of the same type.

Areab 
=
Quantity of space to be demolished (existing space in parcel p for the redevelop alternatives, 0 for the “no change” or “more the same” alternative.)

l 
= 
Size of the land under consideration

LandPrepCosthp = (ServicesTrCosthv+ServicesTrFeehp) · int, ammortized cost of preparing land for development state h in parcel p


ServicesTrCosthv= Servicing cost per unit land for development state h, given that it was already serviced for development state v, includes environmental clean up costs.

ServicesTrFeehp = From the zoning scheme associated with p, any per-unit-land development fee (or subsidy, if negative) associated with developing space type h in parcel p.

Costh 
= 
Maintenance cost per unit of space of type h

AgeCosth = 
Parameter controlling how maintenance becomes more expensive for older properties of type h

ConstCosthp = (ConstructFactorp·ConstCosth+ZoningFeehp) · int , ammortized construction cost for building new space of type h in parcel p


ConstCosth = Construction cost for new space type h


ZoningFeehp = From the zoning scheme associated with p, any per-unit-space development fee (or subsidy, if negative) associated with developing space type h in parcel p

int
=
amortization factor for capital costs, based on the future discount interest rate (a user input)


ConstructFactorp = a parcel specific adjustment on building construction costs
Additional values are needed:


q 
=
a parameter associated with the space type h under consideration



[image: image29.wmf]max

hp

Q


=
Maximum quantity of h allowed on parcel p: MaxFarhp * l,
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=
Minimum quantity of h allowed on parcel p.  For the transition alternatives this is MinFarhp * l .   For the “more of the same” alternative it is the current quantity of space on the parcel.


MaxFarhp= From the zoning scheme associated with p, the maximum floor area ratio (intensity of development) allowed for h 

MinFarhp= From the zoning scheme associated with p, the minimum floor area ratio (intensity of development) allowed for h 
Once Thjp and Trhjp and these additional values are calculated for each space type h, equation 4 is used to calculate the probability of transitioning to each space type h.  A random number is then drawn and a selection made from the probability.

If the selection from the probability is a development change alternative, then:

· The development state is changed to h from the selected alternative

· The year of development is set to the current year

· A quantity of development is sampled as discussed below.

If the selection from the probability is the “more the same” alternative, then

· The year of development is set to halfway between the current year and the previously set year of development for the parcel

· A quantity of development is sampled as discussed below.

Note that for the vacant development states j  is zero so Thjp does not need to be calculated.
Space quantity

If a new development state alternative is selected, or if the “more the same” alternative is selected, a space quantity must be sampled for the parcel.  Otherwise a random number x between 0 and 1 is drawn and equation 2 is used to calculate the quantity of space developed.  Note that 
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have already been calculated in the determination of the space type probabilities.
Base-year Space Estimates
Space quantities

An initial quantity of space on each of the parcels p needed to be synthesized.  Land cover data is not sufficiently accurate, and may not be consistent with population and employment data, so it can not be used directly for space cover.  

Census data were used to develop a population (number of households) by zone and income type.  Land cover data was available describing the quantities of land under different cover, including Multifamily, Urban Single Family, Rural Subdivision and Rural Acreage 

A two stage optimization was performed to determine a likely distribution of housing type use by different income categories in each zone.  The lower level optimization allocated the population in each zone to the different Development States: Residential Urban High Density, Residential Urban Medium Density, Residential Urban Low Density, Residential Rural Subdivision land, Residential Rural Acreage land.  These were proportions of the households in each space type in each zone.  A Lagrange optimization technique was used, with an objective function being



[image: image33.wmf]å

å

÷

ø

ö

ç

è

æ

-

=

h

income

h

h

z

h

income

z

income

h

z

OL

S

L

P

W

Obj

2

,

,

,

2


with


h
=
the different space types


Wh
=
weightings associated with different space types
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=
population (households) of income category in zone z
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=
typical quantity of land used by one household of income category when they are in space type s
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portion of population in zone z who are in space type h
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The lower level optimization was for each zone z, and determined the Sz,h that minimized the objective function for the zone.

The higher level optimization determined values for Lincome,h, optimizing 
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A genetic algorithm was used, which gave the following parameters for space use, for acres of land used per household at typical development intensity:

[image: image39.emf]INC<20K INC20-40KINC40-60KINC60-75KINC75-100KINC100K+

Residential Urban High  0.087181 0.087181 0.087181 0.087181 0.087181 0.087181

Residential Urban Medium 0.139055 0.139055 0.139055 0.139055 0.139055 0.139055

Residential Urban Low 0.163386 0.32874 0.494094 0.659449 0.824803 0.990157

Residential Rural High 0.768504 0.831496 0.894488 0.95748 1.020472 1.083465

Residential Rural Low 14.99213 15.26772 15.54331 15.8189 16.09449 16.37008


These parameters are used to develop quantities of land that would be used at normal region wide floor area ratios in each zone, and used to allocate the residential land in each zone amongst the residential development types.

Floorspace Synthesis Algorithm

Since the parcel database initially contains no information other than the zone number in which it is located, there is no reason to georeference (assign an x-y position to) the parcels.  Instead the total amount of land in each Transportation Analysis Zone (TAZ) can be stored in an unordered collection of parcels.  The total land in each TAZ is divided into equally sized parcels.  Parcels are assigned zoning regulations, development states, development year, and quantities of Space Types in accordance with the following rules, applied to each TAZ:

· Quantities of employees were compared with quantities of land in each of these categories, to calculate an average intensity (employees per acre):

Heavy industrial land, containing employees of types 04_HvyInd production,02_Metal production,05_Transp production

Light industrial Land, containing employees of types 03_LightInd production, 06_Whlsl production, 11_TrHndl, and a portion of employees of type 12_OthSvc

K-12 school land containing a portion of employees of type 13_K-12

Office Land, containing employees of type 01_AgForFish office support, 02_Metal office, 03_LightInd office, 04_HvyInd office, 05_Transp office, 06_Whlsl office, 07_Retail office and a portion of employees of type 10_Health, 11_TrHndl,  13_K-12, and 15_Govt.

Commercial Land and Retail Land, containing employees of type 07_Retail production and 08_Hotel

Higher Educ Land, containing employees of type 14_HigherEd

Healthcare Institution Land containing a portion of employees of type 10_Health

Government Land, containing a portion of employees of type 15_Govt

Agricultural Land, containing employees of type 01_AgForFish production

· The average intensity for each of the above are compared with a minimum intensity.  If the intensity is below the minimum, the minimum is used to calculate the number of parcels required for the development type and additional grid cells are created to “fill up” the land quantity in the Land database.  These additional grid cells are assigned a vacant current coverage, and a zoning is selected for them which allows future coverage of the type under consideration.

· The average intensity is compared with a maximum intensity.  If the intensity is above the maximum, the maximum is used to calculate the number of grid cells required.  The amount of land created thusly that is above the land quantity in the Land database is subtracted from the inventory of Agriculture and Forestry and Protected lands in proportion to their remaining quantities.  

· The quantities of land at average intensity for residential use (as calculated in the two-stage optimization described above) are compared with the quantity of observed land in each residential land category.  An intensity adjustment is calculated.  The comparison with a minimum and maximum is performed as described above for the non-residential categories.

· Quantities of employees in 01_AgForFish production are compared with the remaining quantity of land in Agricultural to determine an average intensity of agricultural land use. 

· At this point the number of grid cells of each development type is known by dividing the quantity of space in the input data by the intensity and by the grid cell size.  The grid cells are created in the database, each with a development type, and added to any vacant grid cells already created.

· A seed table of zoning category by actual use is factored up using a Fratar method to match zoned land inventory and the calculated total parcel inventory.

· Grid cells are created from the resulting entries in the factored matrix of use and zoning, each with the average intensity that has been calculated.

· The year of development is sampled from observed distributions of building age.

In more general application (outside of Ohio, or in future implementations within the Ohio Statewide Modelling System) grid cells do have location.  In such cases a floorspace synthesis algorithm can be used such as one of the three described in Abraham et al, 2005
Calibration
A three-stage calibration process has been followed. (Abraham and Hunt, 2000)  In stage 1 data is analyzed, sometimes using statistical methods, and initial values for all parameters are established, although some may not be established with much confidence.  In stage 2, the model is run with a full set of input data and a full set of parameters, and model outputs are compared with target values.  Some parameters, called S2 parameters, are adjusted to improve the model’s fit to the targets.  In stage 3, the model is run together with other models (the AA model, for instance) so that some input values are synthesized by other modules.  Certain parameters, called S3 parameters, are adjusted to further match the model’s outputs to targets.  

In the Ohio LD model, the S1 parameters include the AgeRenth, h,RegPriceh, RegPRefh, Rentlh, FARtyp,h, and AgeCosth which have been established through the analysis of Census data and disaggregate price data from another similar modelling effort.  Other cost variables were established based on reported construction cost information.  
During S2 calibration, parameters to be calibrated include q for each space type, and s.  In addition there is a table of parameters that is dependent on the transition; the type of previous state and the type of the current state.  These are the TrConshb which are S2 parameters to be estimated in calibration.

During S3 calibration, the AA module and the LD module are run together through time.  The focus will be to ensure that the land development module provides enough new floorspace when demand increases.  Test scenarios leading to an increase in local demand will be determined.  The increase in demand could be due to increased transportation infrastructure, or it could be due to a simple change in the local import/export function for certain commodities in the activity allocation module.

When the local demand for space increases, we will expect to see an increase in space price, and then a suitable increase in space quantities through the action of the LD module.

The only parameters that are expected to be S3 parameters are s, the dispersion parameter for space development, and the alternative specific constant for the “keep as same” alternative in the matrix of transition alternative specific constants.

Conclusions

The Ohio LD model has been developed as a microsimulation model of land development, focusing on the revenue associated with different development states and the costs associated with constructing those development states.

This approach, together with the logit formulation that is used, allows land costs to be irrelevant.  They are considered sunk costs, with those that control land looking to explore the “highest and best” use of the land.

Information on land was generally not available in consistent formats to allow a georeferenced grid representation nor a legal parcel representation of the land in Ohio and a surrounding halo.  Instead information was collected for each of about 5000 zones, and then the land in each zone was broken out into 4 acre cells.  The number of cells was large enough to allow a representation of the diversity within a zone, even though each cell only has one development state, one year of construction, and one zoning code.  Future work should focus on georeferencing each grid cell, and including local neighbor effects.  This would include agglomeration economies that occur at shorter distances than are represented in the zone-based transport model, and the model would become a more complete implementation of a Cellular Automata model (for example, see Batty et al, 1999), and could be used to explore many of the issues raised in the recent review by Parker et al, 2003.
The continuous logit formulation connects intensity decisions to development type decisions, allowing a consistent representation.

Land cover data are difficult to reliably and consistently obtain, especially in a statewide modeling effort where data may come from a wide variety of local jurisdictions.  Employment and population data was much more homogenous and consistent, so land cover was synthesized with the employment and population driving the process, and information on land cover used mostly to decide between different intensity options for holding the required population and employment.

Zoning can be quite different than land cover.  Zoning is often very permissive or visionary, describing one allowed development type or one preferred development type.  In our experience in a number of jurisdictions (other than Ohio) zoning information is often mistaken for land cover data.  The use of a seed matrix of zoning vs. current use, expanded to match the total quantities of current use (as synthesized from population and employment) and the total quantities of zoned land, forces a direct consideration of the relationship between zoned use and current use.
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