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Urban spatial interaction

S Angel, G M Hyman
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Abstract. This paper centres on the development of a geometrical representation of movement and
spatial interaction in urban areas, as distinct from the network representation commonly used in
modern studies. All quantities are treated as distributions over geographic space, rather than
concentrations at nodes of a network. We present a continuous model of spatial interaction and
calibrate it for Greater Manchester. The model is a trip distribution model which produces an
allocation of trips from any area to all other areas in accordance with a derived trip density
function. The inputs to the model are density functions for residences and workplaces of car
commuters, and a velocity field. The velocity field defines a measure of the travel time between
different locations.

The outputs of the model are spatial distributions of accessibility of locations to jobs and
residences, and a spatial distribution of traffic flow. We find that the location most accessible to
jobs in Manchester is not in the centre of the city, but in a ring more than half a mile away from
the centre. The maximum accessibility to residences is found to be approximately five miles away
from the centre. The flow of traffic is derived as a spatial pattern and is found to peak
approximately three miles from the centre of Manchester. The paper restricts itself to vehicular
traffic and to radially symmetric spatial distributions. It should be seen as an attempt to introduce
three major elements: time, distribution, and traffic assignment into a geometrical framework for
dealing with problems of urban spatial interaction.

1 A geometrical representation of urban space

Any attempt to discern a spatial pattern in cities involves a large measure of
abstraction. Students of spatial structure and spatial interaction are usually concerned
with two types of abstraction: a geometrical representation, and a network
representation. The distinguishing characteristic of the geometrical representation is
that all the quantities which are discussed are associated with a continuous coordinate
system, where every point is located in a unique position in geographic space.

The distinguishing characteristic of the network representation is that all quantities
are associated with a discrete set of coordinates, where every point in geographic space
is assigned to a particular zone and every zone is associated with one or more nodes
in the network. Since the geometric representation involves the use of a continuous
coordinate system, all findings can be described in terms of distributions of quantities
in space. Many of the interesting findings in urban ecology, geography, and
economics are of this nature. Park and Burgess identify five rings of changing land
uses in the city (Park et al., 1925). Clark (1951) approximates residential densities in
cities by a negative exponential function. Alonso (1964) and others suggest a
structure of rents declining with distance from the city centre. In all of t_hese :
examples, quantities (or qualities in the case of land use) are associated “_’lf‘h s:patlal
coordinates. The pattern is discerned from the distribution pf these quant1t1_es in space.

In the network representation such patterns cannot be disce_rned. The city is
partitioned into a set of zones and the quantities associatef:l with each zone are
assigned to a node or a set of nodes. Hence nodes are assigned numbers.or setg of
numbers. These numbers do not form a spatial pattern, but are helpful in fleahx:lg
with movement in urban areas. A generation of transportation studies has mvarfably
adopted the network representation of urban space as a framework for analysis.
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The major contribution of transportation studies to the field was the development and
refinement of a variety of spatial interaction models. These models were used
effectively even though the number of zones and links in the system was relatively
large. Since the variables involved were all of a discrete nature, they yielded a fairly
simple mathematical treatment, and a straightforward application of computers. Each
study gave some insight into the particular structure of a given urban area, but the
contribution of these studies to a general understanding of urban spatial structure and
spatial interaction has been disappointing. Very few significant pattern properties of
cities or of movement in cities have emerged.

The search for pattern properties leads us back to the geometrical representation of
urban structure. The current weakness of the geometrical representation is the lack
of a consistent theory of interaction in continuous two-dimensional urban space.
Earlier studies of location theory have considered geographical space as a continuous
terrain where movement proceeded in straight lines. Thus in classical location
problems the optimal location of a parish school for children of three nearby villages
is found by minimising the sum of straight line distances travelled by the children.
While this may be an approximate representation in rural areas, it is far from
satisfactory in the city. In urban areas straight line distances are not good indicators
of travel cost or relative proximity. A mile in the centre of the city takes much
longer to traverse than a mile on the periphery, due to the heavy concentration of
traffic in central areas. A continuous theory of spatial interaction in cities must
therefore concern itself directly with the variations in the velocity of travel in urban
areas. We have chosen to treat velocities as continuously varying in space and
1n§1e'penden-t of the direction of travel, and to describe travel as taking place along
minimum time paths, bending away from regions of congestion. This approach has
been .described in a previous paper in this journal (Angel and Hyman, 1970a). The
velocity _field in this case functions as a continuous representation of the transportation
system, in the same manner that the abstracted set of major road links functions as a
transportation system in the network representation.

H.owgver, this does not yet tackle the problem of the continuous representation of
spatlal,}nteraction: “how are trips, particularly commuter trips, distributed in urban
space? _In the network representation this problem can be stated as follows: “how
mar.ly work trips originating in a given zone terminate in a given zone, and how many
Yehlcles travel through a given link?” In the continuous case we have to ask: ‘“‘what
is thfe density of trips between any two areas, and what is the spatial distribution of
traffic flqw?” In general the latter problem is more difficult, for while the first
pr_oblem involves summations, the second involves integrations. It is possible, however,
W1th_ very few simplifying assumptions, to construct a continuous model of urban
spatial interaction.

This paper focuses on the construction of such a model and its application to a
metropolitan area. It should be seen as a missing link in an integrated theory of
urban space based on a geometrical representation of urban structure. All variables
are treated as continuous distributions over the urban plane. Residences and work
places are given as density functions over the plane. The system of streets is
represented by a continuous scalar velocity field in the urban plane, where travel can
proc.eed in any direction. Spatial interaction is represented as an interaction density
ar'ld is used for the derivation of continuous accessibility functions and a continuous’
distribution of traffic flow.

. It was seen as particularly important to calibrate a continuous model of spatial
interaction in an existing urban area, so as to test the relative applicability of the
geon_letrical representation. The construction and calibration of the model was made
possible with two major simplifications. To avoid the problem of modal split we have
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considered only people commuting to work by car, and to simplify the mathematical
treatment we have regarded the density functions and the velocity field as radially
symmetric functions, varying only with distance from the city centre. The model
was calibrated for the Greater Manchester urban area for 1965, using data made
available by SELNEC (South East Lancashire-North East Cheshire) Transportation
Study™. A comparison between our results and those obtained by SELNEC
indicates that the continuous model gives reasonable results. Since the computational
and data requirements of the continuous model are small, it could become a powerful
research tool for urban spatial analysis.

The remaining sections of this paper are devoted to the presentation of the
continuous model of spatial interaction. Section 2 introduces the continuous trip
distribution model. The model requires two kinds of inputs: the spatial distribution
of residences and workplaces (section 3), and minimum travel times between locations
(section 4). It produces two major kinds of outputs: the spatial distribution of
accessibilities (section 5) and the spatial distribution of traffic flow (section 6). Each
section incorporates theoretical development with experimental results.

2 A continuous model of trip distribution

Trip distribution theory concerns itself with relating individual travel behaviour to the
overall pattern of travel. The theory centres around the derivation of a trip
distribution model which predicts, from limited information, the number of trips
between different locations in the city. These models have formed an integral part of
41l modern transportation studies, where their predictions are used to estimate the flow
of traffic on the various links of a transport network. The theory has also been used
to derive shopping models, residential location models, commodity flow, and various
other topics in the field of human spatial interaction.

Traditional trip distribution models are all of a discrete nature, using a zonal system
and a network representation of space. The main aim of this section is to present
and interpret a continuous model of trip distribution which utilises a geometrical
representation of urban space. We have chosen to introduce this model by ‘
familiarising the reader with the discrete trip distribution model derived b3_’ Wlls_on
(1967)®. The discussion of the continuous model parallels exactly the discussion of
the discrete model.

The discrete model 3
The city is divided into n zones. We assume that estimates of ‘the number of. trips
originating in each zone have been made. These could be 0bta1|1eq frgm a ‘Frlp
generation model which estimates the expected numb?r of work trips in a given area
from population, occupation, and income characteristics of the area.

We also assume that the number of trip destinations in each zone has been :
estimated from employment characteristics of the al.'ea.. Let' O; be t}_le nu1'rnber of trip
origins in zone i, and D; be the number of trip destinations in zone j. It is

(1) We wish to thank A. Hawkins and M. Hammerstone of the Mathemat‘ical Ana_lysis Uni't in the
Ministry of Transport, London, for their continuous assistance in obta1'mng and interpreting the
data. The SELNEC distribution model is described in Wagon and Hawkins (1970).

@) A similar model has been derived by Tomlin and Tomlin (1968). The ideas presented have ?Iso
been developed by Schneider (1967), Cohen (1961), and others. For a more extensive introduction
to the literature on trip distribution models the reader is referred to the April, 1970 (Volume 4, i3
number 1) issue of Transportation Research devoted to an exposition of recent developments in this
field.


























































