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This paper reports the development of an urban area use
model. The model's normative solution is to be utilized in
the allocation of uses to locations sothat net community return
is maximized. A heuristic procedure for finding a good solu-
tionhas beendeveloped and programmed for the computer. The
computer program was tested in an application to simplified
data on the Lafayette, Indiana, plan area. The objective of
urban area use allocations is to maximize the gross utility
return from the usc of area and from economies of scale, less
the utility costs of transportation, of adaptation of locations to
uses, and of incompatibility between proximate uses. In order
to provide a computationally practical means for obtaining a
_near optimal golution to the model norm, we devigsed an itera-
tive solution procedure, using aninitial feasible solution. ¥from
the existing solution, the change in net return, as a result of a
unit change in the allocation of each use to each location, is
evaluated, and a number of the more beneficial interchanges
are made to obtain a better solution, The maximum permis-
sible changes in each use per location are then decreased by
one-half of their current values. If the new limits are greater
than preset minima and if further significant increasesinreturn
may be expected, the cycle is repealed.

SLAND USE ALLOCCATION MODELS attempt to distribute the urban area activities to
the available land in such a way as to achieve certain objectives. A worthy objective
might be the maximization of benefit to all of the citizens of the community. The prob-
lem then would be one of identification and quantification,

The objective of this work was to develop a model of the urban system and to identify
its component parts. In order to test the validity of the model, a computer program
was developed that required reasonable quantifications of the system elements. Further
refinements will result as each component is studied in depth,

The basis for the model is that each urban area will require a somewhat unique set
of activities and uses and that the way these activities are assigned to the land will af-
fect the net benefits received. We further assumed that the benefits, both positive and
negative, are quantifiable and can be expressed in monetary value. The model will tend
toward uplimizalion, given some validity to assumptions made.

MODEL FORM

There are many feasible configurations of activities within any area. The design
problem is to determine the best allocation of given activilies in an urban area, or per-
haps even the allocation of part or all of available activities, in order to maximize re-
turn per person. The latter implies the determination of an optimum size, and thus 1s
a more general problem than allocating given activities to maximize total return, This
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work was restricted to the specific problem of allocating given activities, but this does
notpreclude ana priori assumption regarding optimum population size to determine the
given activities. The solution to the problem will be constrained to some feasible region
by available areal and other resources.

The problem was one of determining from a bounded set of many feasible allocations
of area uses the one that maximizes return. Thus, any one of many mathematical pro-
gramming techniques might be suitable. A heuristic method, which utilizes linear pro-
gramming principles to obtain a good allocation plan, was used.

An urban structure has been shown to be a group of activities linked by communica-
tions. The latter can be divided into 2 classes, the desired flows and the undesirable
by-products of both the activities and the flows. An urban form that accommodates this
structure can be represented by a group of locations, a network of channels linking the
location centroids, and barriers between each pair of locations. It is implied that each
location should be delineated so that it is homogeneous with respect to local and general
topography, flora (natural cover) and fauna, foundation materials, water conditions, and
access to the centroid and, thence, to the channel network. If these characteristics can
be assumed to be similar within the location, then average values for each characteris-
tic for each location can be used in the model,

Barriers to interlocation by-product transmission are assumed to exist between all
pairs of locations, but for proximate locations their e\ffecti\reness tends to approach
zero. The flow channels available for the movement of the generated flows include,
but are not necessarily restricted to, channels in the plan area. In most cases, the flow
channels would consist of major and minor arterials and collector streets. Where there
are large numbers of locations involved, it may be necessary to simplify the computa-
tions on long-distance flow costs. This can be achieved by aggregating locations with
similar major thoroughfare access to form districts. Flows then may be treated in
2 groups, those whose destinations lie within the district containing the origin location
and those whose destinations lie in another district.

The functional relationships between these model factors can now be expressed more
precisely under the following categories:

1. Required activities and uses,
2. Locations and use allocations,
3. Flows, and

4. By-product transmission.

Required Activities and Uses

The number of units of each activity that will take place within the area is a function
of the characteristics of the local population, local natural and cultural resources, and
the extramural interactions with the surrounding region and with urban realms. In a
general model, the amounts of each activity could be variables whose levels are deter-
mined by the solution of the model. But, in the model developed here, the amounts of
each activity are fixed as model inputs. These amounts can be estimated or predicted
from population and economic surveys.

The given data for a model must include not only the number of units of each activity
but also the number of units of an activity that will be accommodated by each use. Fur-
ther, the uses and activities must satisfy the following:

N
> 2 Yok - Xk = A for every T (1)
KEST =1

€ = "an element of the set of,"
St = set of uses that can accommodate activity T,
N = number of locations in the plan area,
YTk = number of units of activity T per acre of use K,
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number of acres of use K allocated to location I, and
number of units of activity T.

X1K
Ar

Locations and Use Allocations

The plan area must be represented as a group of locations, each having a finite area
and homogeneous characteristics. The area of each location is fixed. Because all of
that area must be assigned to one or more uses (one of which may be the vacant use),
the use allocations must satisfy the following:

M
> Xk = Pyfor everyl

where
Xjk = number of acres of use K allocated to location I,
M = number of uses, and
P; = size in acres of location L.
The use allocations musl be non-negative and thus satisty the following:
Xig 2 0 for every pair of I and K (3)

Flows

~Flow costs aq need here, are caused primarily by person trips. Accordingly, to
simplify the model, we can express other significani {lows in terms of person trips.
The total of all types of flows then could be represented as equivalent person trips. To
simulate flow costs more precisely, however, we might weight some types of trips ac-
cording to their peaking or time density characteristics.

Total flows are input to the model as the number of equivalent person trips gen-
erated per acre of origin use. Each use will have associated trip generation rates,
one for each trip purpose as defined by the destination use. The model has assumed
that these rates are fixed. Further, it has been assumed that trip attractions are
balanced by Lrip productions and are distributcd uniformly over all acceptahle destina-
tion use allocations. That is, trip ends must satisfy the following conditions:

O1kIL, = 2k, - Xk for every combination of I, K, and L (4)

equivalent person trip origins of type KL (that
is, originating at use K and destined to use L)
generated by location I

where
Zxgi, = equivalent person trips of type KL generated per acre of use K and
XJK = number of acres of use K allocated to location I,
and
DykL = X OKL - —— for every combination of J, K, and L (5)
I=1
2 XHL
H=1
= equivalent person trip destinations of type KL attracted
to location J
where
X1, = number of acres of use L allocated to location J,
Xgi, = number of acres of use L allocated to location H, and

number of locations.
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The flow route choices are made such that the total flow cost of the entire com-
munity is minimized. Thus the flow routes are fixed for a given allocation of uses and
a given transportation system.

By-Product Transmission

Incompatibility of use allocations occurs only if the harmful by-products are trans-
mitted. Between all pairs of uses there are spatial or physical barriers or both to
such transmission, We assumed for model purposes that these barriers modify the
standard (unrestricted) by-product transmission rate between 2 adjacent locations of
average size, as follows:

1. The transmission values are proportional to the ratio of the given interface length
to a standard interface length determined for each model application.

2. The transmission values are reduced by some factor if there is an intervening
use.

3. The transmission values are reduced by some factor if there is a physical bar-
rier to transmission.

In the general case the transmission rate will not be the same for each by-product.
For example, earth embankments may be effective as noise barriers but not as odor
barriers. However, until further research has been conducted into incompatibility,
we deemed it advisable to assume that all by-products had a single transmission rate.

MODEL NORM

The goal of the normative land use model is to obtain a feasible solution that will
maximize public as well as private utility returns. All the factors of the model norm
can be represented as a net utility return in terms of location return less adaptability
costs, a net utility cost in terms of flows, an incompatibility cost caused by proximity,
and a negative incompatibility cost resulting from economies of scale.

Net Location Returns

An effort was made to recognize that variations in the physical determinants of lands
lend them to one or several uses rather than others. Furthermore, if the model would
optimize with proper weighting given to existing land uses, then adaptation costs must
be included. Based on the literature reviews on adaptability of uses to locations and
on sensitivity of costs and returns to density and organization, we hypothesized that a
net location return (location return less adaptability costs) could be expressed as follows:

RIK = KlK + KZK . Cd-1 + K3K . 1\(1-1 + f4K(TI) + f5K (FI)

+ fgg (D) + f7g (Np) + fgg (Sp) (6)
where
K = the Kthuse, K=1,..,, M;
I = the Ith location, I=1,...,N;

RIK = net location return for use K in location I;

Kjg = constant for use K, J = 1, 2, 3;

fJK() = nonlinear function of the bracketed variable, J = 4, ..., 8;
Cd = channel density;
Ad = areal density;
Ty = topography rating of location I;
Fy = foundation rating of location I;
Dy = drainage rating of location I;
N1 = natural resources (excluding man-made) of location I; and

cultural resources of location I.
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The first 3 terms on the right side of the equation are of no concern if the amount of
each use is fixed because they are constant (not a function of I) for a given use, irre-
spective of location.

Each component of the adaptability costs (the remaining 5 terms) is relatively con-
stant throughout a location, except for the cultural or man-made facilities. When there
are existing structures or other facilities on part of a location, there will be a very
large saving in adaptation costs if the existing use is reallocated back to that part of
the location and thus to the existing structures. Consequently, 2 different net location
returns will be calculated for each use in each location. The net return value that in-
cludes a zero cultural feature cost is applicable only when a use is reallocated to a
currently existing use. It will be designated as Rig - In the other net location return,
Ryk’, there will be a nonzero cultural feature cost that should cover the cost of demoli-
tion and relocation of the existing activity as well as the cost of construction of new
facilities. In practice, however, 1t might be more expedient to add the demolition and
relocation costs as returns in RIK and neglect them in RIK If this were not done, a
separate RIK would have to be calculated for each existing use. This expediency re-
sults in constant terms being added to the objective function, but the relative values of
the returns are correct, and thus the allocations are not affected.

The 2 net location returns are necessary input data, They are independent of the
allocation of uses.

Channel Flow Costs

The total cost of flow on a channel link may be composed of the following:

1 Mhannal nanital ancot
4. waiuaiaali Uapratiia UVULL

2. Channel operation and maintenance costs,

3. Vehicular capital costs,

4, Vehicular operation and maintenance costs, and
5. Time costs.

Several of these components are at least partially fixed, that is, independent of flow
volumes. Furthermore, they are also independent of the area use allocations. Thus
the channel costs will be split into fixed costs, which need not be considered directly in
the allneation proress, and flow casts, which are assumed to be related linearly to flows
and thus must be considered in the allocation process.

The unit flow costs, which are inputs to the model, are user costs for flows from
district centroid to district centroid or location centroid to location centroid. These
are determined by summing the flow costs of the channel links that comprise the least-
cost route, We assumed also that the channel flow costs are independent of the flow
volumes. This implies that there are no capacity limits on any route, unless the flow
costs are set sufficiently high to limit volumes.

Inter-Use Incompatibility

The review of operating and performance standards noted that positive incompatibility
costs will result from differential operating standards. We assumed that the positive
incompatibility cost is (a) proportional to the difference in operating standards of the
incompatible uses, (b) proportional to the length of the interface where the incompati-
bility occurs, (c) reduced by barriers such us wajor lransport routes or topography, and
(d) reduced by spatial separation of the incompatible uses.

The utility cost of incompatibility at a given distance might be determined from what
the user will pay to increase the distance of separation from, or to reduce the operating
level of, the offensive use. By summing the cost distance curve over a typical location
and dividing by area, we obtain a linear unit cost figure.

An example of a possible procedure is shown in Figure 1, where hypothelical values
are used. The figure is based on the assumption that the incompatibility cost of use L
to use K in adjacent locations may be determined by the use of average values for suc-
cessive bands of 200 feet in width. As an illustration, the area of use L within the bands
around use K was set at 65, 80, and 95 acres, for 0 to 200, 200 to 400, and 400 to 600
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Figure 1. Determination of the cost of incompatibility between one acre
of use K and of use L caused by by-product Q.

feet respectively. The difference in operating standards of use K and use L was des-
ignated as A. By entering graph 1 at A, we can determine from 1 and 2 respectively
the differential nuisance level and the unit utility cost for each band at its median sep-
aration distance from use K. Then by utilizing the area of each band, we can deter-
mine from 3 the total incompatibility cost for each band. The aggregate of these band
costs would then be divided by the total area to derive a unit cost for the 2 locations.
This procedure may be applied to 2 average locations for any by-product under the as-
sumptions that all of one location is occupied by use K and all of the other location by
use L,

If we assume that there are P significant by-products, incompatibility costs may be
expressed as follows:

N M P
Ingi = f (Oka - Ora) (7)
IK ;231 L§1 szll kLQOkqQ ~ OLQ)C1iq

where
I.nIK = incompatibility cost of use K in location I to all other uses,
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fk1.Q = functional relationship of cost of differential transmission of by-product Q
between uses K and L,

OKQ = operating standard of use K for the Qth by-product,

OLQ = operating standard of use L for the Qth by-product,

G1JQ = relative incompatibility transmission rate from location I to location J for
the Qth by-product,
N = number of locations,
M = number of uses, and
P = number of by-products.

Little is now known about the quantification of by-product incompatibility costs. Ac-
cordingly, we assumed that an average cost and transmission figure for all transmitted
by-products between any pair of uses would be utilized. That is,

P
BKL, = Q):_:l fxL.QOkq - OLQ) ®)

~ the average utility lost because ol lhe incompatibility effect of one acre
of use L on one acre of use K when allocated to the same location or to
adjacent locations I and J whose Gpy = 1

and

G.__/D 7 . (9)

= the average relative incompatibility transmission rate from location I to
location J for P uses

The incompatibility costs have been based on homogeneous uses in each location. For
a location having a mixture of uses, these assumed costs will be in error for 2 reasons.
The true incompatibility costs will be higher than those assumed in the model because
smaller units have a greater interfacial contact per unit area and also a higher utility
cost because ul a luwer average distance of separation of the incompatible uses. But
on the other hand, the designer will reduce the incompatibility by arrangement of the
uses within the location, and this may tend to reduce the preceding errors.

Economies of Scale

There is a relatively high return from the allocation of some uses in large blocks.
It is in reality a reduction in activity costs, but it may be treated as a return in the ob-
jective function because this maintains the proper relative values for allocation pur-
poses. These scale economies of a use are a cohesive force and thus are equivalent to
negative incompatibility of the use with itself. We assumed thal lhe economy of scale
returns or savings are related linearly to the homogeneous use allocation size. Thus
the incompatibility can be treated simultaneously with economies of scale. The econ-
omies of scale or negative incompatibilities then form the diagonal of the inter-use in-
compatibility matrix.

The Objective Function

The objective function or norm may now be stated as follows: Maximize

N M N N
2 X Rg-Xg-X X Uy-Fy
= =1 J=1

1 K=1
N N M M
“ X z X1k - Xy BrL* Gy - Fec

El J-1 B L=1 (10)
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subject to the constraints in Eqs. 1 through 5,

where
RIKk = net location return from allocating one acre of use K to location I (this can
equal either Rjg’ or Ryg” as discussed previously);
X1k = number of acres of use K allocated to location I;
UlJ = unit flow cost from location I to location J (excluding fixed channel
costs);
Fiy = number of equivalent person trips irom location I to location J;
XJ1, = number of acres of use L allocated to location J;
Fee = fixed (for a given transportation plan) component of channel costs;
Bk, = average utility lost because of the incompatibility effect of one acre of use L
on one acre of use K when allocated to the same location or to adjacent loca-
tions I and J whose Gyj = 1 (Eq. 8);
Gyy = average relative incompatibility transmission rate from location I to

location J (Eq. 9);
N = number of locations;
M = number of uses;

and all trips must be distributed at the least total cost and in such a manner that trip
origins and destinations in each location satisfy constraints in Eqs. 4 and 5.

A PROPOSED ASCENT SOLUTION PROCEDURE
Additional Assumptions

In addition to those made in the formulation of the model and the norm, the following
assumptions were made to devise a practical solution procedure:

1. Given an existing solution, that a satisfactory area use move evaluator may be
formed from an approximation of the change in the objective function that would result
from a unit increase in that allocation in the given location (thus there will be one eval-
uator for each use in each location);

2. That these evaluators may be calculated in 3 separate parts, corresponding to the
first 3 terms of the objective function;

3. That the fourth term of the objective function, fixed channel costs, may be neglected
in the formation of the evaluator (this will result in an attempt to optimize the use allo-
cations for the given transportation plan);

4. That the change in the interactions of the area uses that have been moved si-
multaneously (without updating the evaluators) may be neglected in the formation of the
evaluators, provided that the magnitudes of the allocation moves are limited;

5. That the flow cost contribution to a move evaluator (excluding fixed channel
costs), although dependent on the magnitude of the move, can be approximated by
one of two unit costs, again if it is assumed that the magnitude of the allocation
move is limited; and

6. That a better solution will be obtained by decreasing each use allocation and re-
allocating these uses with the objective of maximizing the sum of the products of the
reallocated uses and their respective move evaluators.

The General Procedure

The solution procedure that has been developed to solve the problem requires an
initial feasible solution (step 1 of the algorithm given in a succeeding section). Then
movements of the allocated uses, which would result in an increase in the objective
function, are identified and some of the more beneficial moves are made. This forms
a new initial feasible solution for repeating the entire process for the second of several
iterations, The iterative procedure is utilized because the interaction effects of si-
multaneous moves are neglected in formingthe evaluators of potential moves. As a re-
sult, the evaluators must be updated periodically. The primary decision variables in
the procedure are the use allocations. But, the channels or transportation system may
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be modified on a judgment basis either between iterations or in some cases during
iterations.

We assumed that the sum of the changes in the objective function terms, when some
use K is superimposed on the existing feasible plan in location I, is a satisfactory eval-
uator of the value of additional allocations of use K to location I. In the algorithm these
changes in the first 3 terms of the objective function are evaluated separately for every
use in every location. Because the fourth term is not changed in land use evaluation,
it may be neglected.

The unit change in the first term of the objective function is known exactly because
it is equal to the appropriate net location return. However, the second term, flow costs,
is not related linearly to the change in allocation. Thus 2 unit flow cost estimators,
which reflect an average change in flow costs for different amounts of change in the
given use allocation, were developed and used in such a manner that the flow costs are
never underestimated. This should result in a conservative evaluator of a potential
move. With each successive iteration the amount of the overestimation is reduced,
permitting the identification of the less desirable moves. These unit flow costs are
calculated in steps 3 and 4 of the algorithm. Interaction effects caused by simultaneous
changes in several uses are neglected. The change in the third term of the objective
function, incompatibility costs, is calculated in step 2 of the algorithm for a unit in-
crease in the given use. Thus, it also neglects interaction caused by simultaneous
changes of several uses.

Once all of the evaluator components have been calculated, they may be combined.
However, there are 2 net location return components (Rjg’ and Rig” as discussed pre-
viously) and 2 flow cost components. The choice of the appropriate values is dependent
on the level of the current allacations. War each use in each location. there are 4 pos-
sible levels of the evaluator.

In order to permit reallocation of the uses, with the objective of increasing return,
the problem is converted to a capacitated transportation problem. In step 5 of the al-
gorithm, the origins (unallocated activities) and destinations (uncommitted areas) are
created by decreasing each use allocation in each localion. The evaluators are then
formed in step 6 for the new decreased allocation level. The evaluator then is equiv-
alent to the flow cost of the transportation algorithm, but the problem is one of maxi-
mization rather than minimization. In step 7 a capacity limit on each additional alloca-
tlon is impused. This capacily is set equal to the lesser of (a) thc maximum amount
that the use can be increased without resulting in an infeasible solution, or (b) the max-
imum amount that the use can be increased without invalidating the evaluator, that is,
up to the level at which either the net location return or the assumed unit flow cost
changes.

Given these capacitated transportation formulations, theinitial levels of the dual vari-
ables are calculated and as much of the unallocated uses as possible are reallocated
(step 8). Because the evaluators are not constant over the entire range of possible
allocations, an optimal solution of the simplified problem may not be determined. In
step 9, the evaluators, capacities, and dual variables are updated simultaneously and
as many additional reallocations as possible are made. This step is repeated until all
uses have been assigned.

Flow Cost Components for the Evaluators

Two unit flow costs, one for allocations at levels less than those of the previous al-
location, X1Kg(a), and one for all other allocations, are developed (Fig. 2). In view of
the basic premise that only one move at a time is considered in the formation of the
unit costs, any increase in the allocation of use K to location I results in the attraction
of trips at increasing cost. Thus, as the allocation of use K increases, lhe uverage flow
cost for trips from use K in location I tends to increase and never decreases (Fig. 2).
However, for low levels of the allocation, the unit flow cost contribution to the objective
function may be negative because some trips are cancelled (this is discussed more fully
later). We assumed that, if the current allocation of use K to location I, XK, is less
than that in the previous plan, XJK(a), then the flow cost will be assumed to be equal to
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Figure 2. Flow costs for use K in location I for a given allocation plan.

Cik(a) Therefore, if Xk is less than Xjg(5) the cost tends to be overestimated. In
all other cases, the unit flow cost will be assumed to be equal to the average unit flow
cost for an increased allocation of use K to location I, where this increase is the maxi-
mum permissible, X1g(c) - X1K(a) = AXJK. The maximum permissible increase is
the lesser of the interchange limit (to be outlined in the next section) or the location
size, PJ less XJK(a). This assumed unit flow cost, CIK', is equal to the area under the
curve ABC divided by AXjg. If, however, the new allocation level is less than XJK(c),
such as Xjg(p), the Cik’ is an overestimate of the theoretical cost, which would be the
area under the curve AB divided by the net change in allocation over the previous solu-
tion. Thus, no flow costs are underestimated and some are overestimated.

As the interchange limit is decreased on successive iterations, the maximum per-
missible allocation change will decrease, and thus the conservative bias of Cyg’ tends
to decrease also. This permits the identification of new moves, even if in lesser quan-
tities and with lower net benefit,

In some cases, CJg(a) may be greater than Ccik’. Cik(a) is calculated from the exist-
ing shadow prices. (The shadow price of an origin is the change in the total optimal
cost of all flows caused by a unit increase in the production at an origin, Similarly,
the shadow price of a destination is the change caused by a unit increase in the trip
attractions of a destination.) But, the shadow prices consider only flow costs and do
not account for the savings resulting from the elimination of some interlocation trips.
When Xy is augmented, each XJ1, is assumed to be augmented in proportion to its cur-
rent level, so that all trips may be allocated. This means, however, that some trips
from location J to location I may now satisfy their destination use desire in location J
resulting in a saving, and similarly some of the new trips originating in location I can
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now satisfy their destination in location I. These savings are not accounted for by the
shadow prices because they consider only additional trips from pure origins to pure
destinations, while in the preceding some of the locations became both origins and des-
tinations. On the other hand, these savings are accounted for in CIKJ because it con-
siders the total change in the objective function, which sums the cost of new flows less
the savings caused by flows that are eliminated. If Cyg(y) is greater than Cik’, then
Cik(a) is assumed to be equal to Cik’. This will still result in an overestimation of the
flow cost in many of these cases and thus the positive bias of the assumed unit flow
costs is maintained.

Interchange Limits

We assumed that the average change in the objective function caused by a temporary
additional amount of a given use in a given location is an evaluator of the worth of in-
creasing that use in that location. Provided that only one move is made and provided
that its magnitude is equal to that of the temporary addition, then the evaluator is exact.
However, if more than one move is made without recalculating the evaluator, the second
and subsequent moves are based on incorrect evaluators. The error in the evaluator
is caused by neglect of the interaction term between the changed uses. Also, because
the unit flow cost for a given use in a given location is dependent on the magnitude of
that use allocation, the magnitude of the proposed move must be equal to that assumed
in the formation of the unit flow cost for the move evaluator to be exact.

Both of these errors may be neglected, provided that only small moves are made be-
fore the evaluators are recalculated. Thus maximum interchange limits have been
eslablished. The magnitude of the limits will vary considerably according to the type
of use,

In step 10 of the solution algorithm (the conclusion of one iteration), the interchange
limits are arbitrarily decreased by one-half of their current values. Because the larger
of the assumed unit flow costs (one of the move evaluator components) is calculated for
a maximum permissible increase in the allocation, the decrease in the limits results
in a decrease in the assumed unit flow cost for the next iteration. The new flow cost
leads to a less conservative move evaluator, and thus it permits the identification of
less beneficial moves on the next iteration. The choice of the fraction (one-half) for
the decrease in the interchange limit per iteration was completely arbitrary.

Minimum interchange limits have been provided as a device for terminating the al-
gorithm, However, termination based on the rate of convergence toward an upper bound
on the objective function certainly would be preferable if a reasonable estimating pro-
cedure for this bound could be devised. '

Evaluator Synthesis

The formation of the unit move evaluators, the second phase in the solution proce-
dure, is shown in Figure 3. The appropriate location return is selected in step A. In
step B, the unit incompatibilily cost is subtracted from this return., Finally, in step C
the algorithm selects one of the two unit flow costs, depending on the relationship of
XK to Xjg(a) as outlined earlier, and subtracts this cost from the output of step B. The
result, Ejg, is an evaluator of the return, net of cost, for allocating one acre of use K
to location 1. Because the assumed flow costs have a positive bias, the evaluator tends
to be conservative.

The Solution Algorithm

The general solution algorithm proceeds according to the following steps. All terms
are defined at the conclusion of the algorithim,

1. Find a feasible allocation of the required uses to the available locations (a good
starting solution, such as an existing plan, will speed convergence toward the optimum).
2. Calculate the unit incompatibility cost, Infg, resulting from both negative and
positive incompatibility, for an infinitesimal increase in Xjg. Repeat for every I and

K. SetK=0.
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Figure 3. Move evaluator formation.

3. Calculate the interdistrict flow costs and the interdistrict components of the as-
sumed unit flow costs as follows:

3.1 SetK=K +1., fKis greater than the number of uses, go to step 4. Otherwise,
set the flow evaluators Cpg and Cpg(y) = 0 for every D. Set L = 1.

3.2, Using the appropriate input inter-use and intra-use flows per activity unit and
the current allocations, calculate origins and destinations for flow type KL (a flow type
is designated by the origin and destination uses respectively). Allocate these flows at
least cost by means of a transportation algorithm, recording the district shadow prices,
the individual total cost for each flow type, and the total cost for all flows allocated.

3.3. If adecrease in the allocation of use K to district D, Xpk, is feasible, utilize the
shadow prices to calculate the cost savings for the reduction in interdistrict flow type
KL that would result from an infinitesimal decrease in Xpk, that is, the products of the
shadow prices for the destinations and their respective fractions of the destination totals
summed over all possible destinations, plus the shadow price of the origin. Add twice
this saving to Cpg(y). Repeat for every D.

3.4. Temporarilyincrease Xpg by Rmg, the maximum interchange limit for use K
Assume that the destination use L is augmented at each district E in proportion to the
current Xgy,, such that the total number of new destinations is equal to the number of
new origins created by augmenting Xpg. Calculate the new flows of type KL and al-
locate them at least cost. Record the change in total cost for flow type KL divided by
Rmyg. Add twice this figure to CDK'. Decrease Xpg by Rmg in order to revert to
XpK(a) Repeat for every district, D.

3.5. Set L= L + 1. If L is less than or equal to the number of uses, return to step
3.2. Otherwise, return to step 3.1.
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4. Calculate the interlocation flow costs and the interlocation components of the as-
sumed unit flow costs (within the origin district only) as follows:

4,1. SetD=0.

4.2, Set D=D + 1. If D.is greater than the number of districts, go to step 5. Set
K=0.

4.3. SetK=K + 1, If Kis greater than the number of uses, go to step 4.2. Other-
wise, set CIK' = CpDK’ and Cik(a) = CDK(a), where D denotes the district containing
location I. Repeat for every IeSp. Set L = 1.

4.4. Using the appropriate input inter-use and intra-use flows per activity unit and
the current allocations, calculate origins and destinations for flow type KL. Allocate
these flows at least cost by means of a transportation algorithm, recording the location
shadow prices, the total cost for flow type KL, and the total cost for all flows allocated.

4.5. If adecrease inXjk is feasible, calculate the intralocation cost savings for the
reduction in flow type KL that would result from an infinitesimal decrease in Xyg, that
is, the products of the shadow prices for the destinations and their respective fractions
of the destination totals, summed over all locations within the district. Add twice this
saving to Cig(a) Repeat for every IeSp.

4.6. Temporarily increase Xjg by the maximum permissible amount, A XJjg. Assume
that the destination use L is augmented at each location J in proportion to the current
XJL, such that the total number of new destinations over all destinations in all districts
is equal to the number of new origins created by augmenting Xyi. Calculate the new
intradistrict flows of type KL and allocate them at least cost. Record the change in
total cost for flow type KL divided by AXjk. Add twice this amount to CIK'- Decrease
XyK by AXJK in order to revert to Xjg(;). Repeat for every IeSp.

4.7 8ct L=L 11 TET ig lege than or equal to the number of uses, return to step
4.4, Otherwise return to step 4.3.

5. Reduce every XIK [XIK = XIK(a) prior to this reduction] by either 0.5 - Rmg or
X[K(a), Whichever is the lesser. Record the amounts of each use left unallocated and
of each location left uncommitted.

6. Calculate the move evaluator Ejg for every I and every K (Fig. 3).

7. For every I and K, calculate Capygk, the maximum amount that Xjg may be in-
creased without invalidating Ejg as calculated in step 6. Capyk is the least of (a) the p
location size (sizey) minus Xy; (b) Xpe’ minus Xy, for Xyy less than Xy " only (Xpg
denoted the physically exisling level of use K in location I); (¢) Xyg(z) minus Xy, for
XiK less than Xyg(y) only; or (d) Xjg(a) plus Rmg minus Xjg.

8. Allocate as much of the unallocated uses as possible by means of a capacitated
transportation algorithm at the initial shadow price (dual variable) levels.

9. Reevaluate all Ejg and Capjg and then revise the shadow prices. Allocate as
much of the unallocated uses as possible. Repeat this step until all uses have been
allocated.

10. Reduce Rmy by one-half of its current value for every K If the new values are
more than the minima set as criteria and if further improvements seem possible, re-
turn to step 2.

The terms of the algorithm are defined as follows:

Injg = incompatibility cost produced by allocating one acre of use K to location I

N M
=Y X (Bgr, +BrLk) - XL - Gy
1 Tmi

Bk, = average utility lost because of the incompatibility effect of one acre of use
L on one acre of use K when they are allocated to the same or adjacent
locations;
Xj1, = allocation of use L to location J;
Gyy = average relative incompatibility transmission rate from location I to location
J;
N = number of locations;
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number of uses;

"an element of the set of";

average cost of interdistrict flows resulting from the increase in alloca-
tion of use K from XpK(a) to XpK(a) + RmK

M p M P

=2-|Y X FpekrL' *Cpe- ¥ X Fpgxky- Cpg|/Rmgk;

L:l E:l L=1 E—‘-‘l

number of districts;
allocation of use K to district D;
net flow of type KL from district D to district E for Xpg = Xpg(a)

(XpK ‘- XEL)
Tg, e Fepkrs for Fppky, < the first term,
y. XFL
F=1

0 in all other cases;

net flow of type KL from district D to district E for XpK = XpK(a) +
Rmyg;

numIE)er of trips from one acre of use K destined to some use L;
minimum cost of flow for one trip from district D to district E;

average saving in interdistrict flow costs caused by an infinitesimal de-
crease in XpK

M

M P P
= 2% E PI'D . TKL - LEI Ezl PI‘E . TKL . XEL ! Fz:l XFL;

i

L=1

shadow price of district D;

allocation of use L to district E;

average cost of flows resulting from an increase in Xyg, where location
I is in district D

M M
2-| X X Fygr Cy- X X Fygr- Cu)/AXx +Cpk'
L=1 J(SD L=1 JGSD

net flow of type KL from location I to location J for JeSp and Xy =
X1K(a)s

net flow of type KL from location I to location J for JeSp and Xyi =
XiK(a) * AXIK

set of locations comprising district D;

minimum cost of flow for one trip from location I to location J;
maximum permissible increase of allocation of use K to location I;
average saving in flow costs caused by an infinitesimal decrease in Xyg
where location I is in district D

M N
Cpk@@)+2'{\ X X Pry- Tk X5 )/ X XuLs
L=1 JeSp =1

shadow price of location J;

location return for conversion of land in location I to use K from some
other use; and

location return for reallocation of land in location I to the existing use
K
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Computer Programs

Two series of computer programs were developed to carry out the calculations. The
first series was used to test the algorithm on a hypothetical case of 7 uses allocated to
9 locations. Based on the excessive time consumed, adjustments were made in the
second series, which computed flow costs in 2 parts. One component of the flow cost
was for interdistrict flows and the other was for intradistrict flows,

All the programs except INCOMP, which carried out step 2, made extensive use of
variants of the out-of-kilter network algorithm. This algorithm was chosen because it
offers ease of programming and because it rapidly solves network and transportation
problems that are minor modifications to the problems attacked here.

SUMMARY

The work that culminated in the formulation of this model was initiated to provide a
normative means of area use allocation resulting in maximum net community return.
We decided that the factors to be incorporated in the objective function were transporta-
tion, incompatibility, and adaptability costs. We recognized, however, that a great deal
of research will be required to quantify these costs accurately and precisely, and that
some assumptions regarding the inputs were required.

The primary assumption was that all costs can be represented satisfactorily by
piecewise linear approximations. This requires that the data supplied to the model be
chosen for the expected range of the solution variables. Because land use allocation
is not sensitive to small changes in the inpul data, this should not be a serious limitation.

A second major assumption in the solution procedure was that the transportation

-costs are fxed. . This is a serious drawback, becauac it requires that each transporia-
tion plan be studied separately. kven so, if the initial iterations iu e sclution proce
dure indicate that improvements, such as upgrading arterials to freeway status, may
reduce overall costs, the new plan may be evaluated by changing a few data plus a min-
imal amount of computation. Because the interdistrict and intradistrict flow costs are
computed separately, changes in the major thoroughfare plans and addition of conges-
tion tolls to reduce unrealigtically high volumes might be made without repeating lhe
entire iteration.

The third major assumption required for the solution was that the rate of generation
of trips, and thus the major cost, was independent of the solution. This may nol be Lrue,
but by proper calibration of the trip rates the resultant errors will be minimized.

Finally, the solution procedure considers only a deterministic static case. If the
static case is a distant horizon year, the resultant solution may not be satisfactory for
the aggregate of the intervening years. A potential modification of the model to provide
a good solution over a long term would be to construct the evaluators as the sum of
several components. Each component should reflect the average value of a given al-
location over a given period.

The consideration of the deterministic case has led to the deletion of all intra-use
flows. In the transportation algorithm utilized, all intra-use flow destinations and ori-
gins are allocated to the same location because this results in least cost. The true
selection of a trip destination is not always to the least cost location even though the
probability of such a selection is high. Thus errors are introduced. Certain types of
trips, such as the interresidential social-recreation trips, may be best deleted from
the model because the destinations of these trips deviate considerably [rom the econ
omist's rational choice and are not easily predicted. ‘Thus, the Intraresidential [lows
were deleted from the Lafayette input data, Some inter-use flows may be deleted ad-
vantageously if their volumes are so low that their effects on the solution are insignif-
icant. These deletions could reduce the computations considerably.

Although external-internal trips were not considered in the Lafayette model, this
may not be advisable in practice because such trips will affect some use allocations.
Dummy external zones, whose trip loading points are placed at the intersection of major
arterials or highways near the plan area boundaries, may be used to consider their
effect.
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One of the drawbacks to the solution algorithm proposed here is that successive ap-
plications of the transportation algorithm to various trip types preclude capacitation
of transport routes. We have assumed that such route capacities can be increased as
required. However, it is hoped that the multicommodity transportation algorithms will
be improved to the point where they may be substituted with desired capacity constraints,
for the present algorithm. If the present algorithm is used, volumes could be limited
only by calibrating the flow costs to reflect congestion,

Because of the macroscopic nature of the model, the data it requires need not be
more detailed than conventional land use model data. However, there is very little
known on area use economies of scale (negative incompatibility), positive incompati-
bility caused by by-product transmission, and the dollar-utility transform. All of
these areas currently are considered on a subjective basis in planning. The provision
of this model permits their quantitative consideration and, it is hoped, may help stimu-
late research in each of the areas. Also, the area of goals formulation and evaluation
requires further research.

Incompatibility costs were considered only between adjacent locations in the Lafay-
ette application. This can be extended to any number of locations for such by-products
as smoke, which may cover a considerable area on the lee side of prevailing winds. The
additional computation time is trivial, and additional computer storage requirements
would likely not be a problem.

Although the model was developed for use on one urbanized area, the same meth-
odology could be applied, for example, to the design of a region or neighborhood. Major
modifications would be required in the input data. For instance, in neighborhood de-
sign the walking trip would be a significant factor.

In the Lafayette application, economies of scale were neglected. This was partly
because of a lack of knowledge of the appropriate data, but a more important reason
was that the use categorization used for the test did not appear to be sufficiently de-
finitive to realistically apply average scale economy factors. Although this certainly
casts some doubt on the true value of the results, the test served its purpose, which was
merely to test whether the procedures are practical.





