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FOREWORD

The principal aim of health care research at IIASA has
been to develop a family of submodels of national health care
systems for use by health service planners. The modeling work
is proceeding along the lines proposed in the Institute's
current Research Plan. It involves the construction of linked
submodels dealing with population, disease prevalence, resource
need, resource allocation, and resource supply.

The work introduced here is an approach that is designed
to aid the location and scheduling of emergency medical facilities
in large cities. Although travel time to a medical center is
not critically important for routine medical services, it is in the
case of emergencies. Thus health authorities must pay close
attention to the spacing of facilities. Unfortunately, because
of congestion effects, seasonal factors, staff shortages, and
other reasons, it is difficult to supply these services effi-
ciently and cheaply. The idea developed in this paper is based
on tsochrones—-the locus of points around a center that can be
reached in a given time. Isochrones delimit the emergency
response areas under varying traffic conditions for different
sets of centers, so that geographical gaps in provision may be
determined and, if necessary, remedied.

Related publications in the Health Care Systems Task are
listed at the end of this paper.

Andrei Rogers
Chairman

Human Settlements
and Services Area
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ABSTRACT

This paper describes a method for the automatic calculation
and graphical reproduction of isochrones that are set for differ-
ent time standards and for varying traffic conditions around
emergency medical centers in large cities. The technique is
based on the concept of a velocity field. It permits a rapid
evaluation of coverage standards under different operating
conditions.
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AUTOMATED ISOCHRONES AND THE LOCATION
OF EMERGENCY MEDICAL SERVICES IN CITIES:
A NOTE

INTRODUCTION

In the planning and operation of accident and emergency
medical centers, the distance of travel between the site of an
accident and the nearest treatment center is recognized as being
important. The types of coverage problems that this travel
constraint generates have been the subject of several studies
(for example, Church and Revelle 1974; Mayhew 1979; Toregas et
al. 1971; and Toregas and Revelle 1973). In urban areas the
time of travel is certainly more important than distance because
of the variation in congestion levels on different roads in
the transport network. Also, a study of a city's emergency
medical centers often indicates a dimension in their behavior
that perhaps is not reflected in the location models developed
to date. Very important, for instance, are the opening hours,
which are different (and sometimes unscheduled) among the centers
during the day and night, thus allowing, in a complicated way,
the substitution of one center for another. The object of this
note is to suggest how the nature of travel in a city and the
operating behavior of the medical centers interact and how they

may be monitored. The results given are preliminary and are



intended as an introduction to a more general approach that will

be developed in subsequent publications.

The idea developed here is based on the notion of automated
isochrones to be drawn on a visual display unit for any time
standard and set of locations. Isochrones are the locus of
points about an emergency center that can be reached in a given
time. The areas the isochrones encompass are called response
areas, because they can be reached by emergency vehicles in less
than the given time. When knowledge of these areas is centrally
located in a command and control center, it becomes possible to
obtain a prompt indication of which parts of the city are
adequately covered by accident and emergency services and which
are not.

The time standard defined by the isochrone is simply the
maximum desirable travel time taken to reach the site of an
emergency. Typically, different operating authorities will
have different views on what constitutes an adequate time
standard. Once selected, however, the standard strongly
influences the character of the system, particularly the
scheduling of services and the number of centers that are open
at any time. Nevertheless, with the response areas easily
displayed on a screen, any significant change that would alter
the accident and emergency coverage would then be quickly
identified and an alternative plan could be devised using this
method.

The premise for mapping the isochrones in the way to be
discussed is that published data on journey times are often
unreliable and do not reflect the daily variations in traffic
conditions, which in most cities are an important factor
influencing journey time. The results shown from this study
are exploratory, but they are encouraging and capable of further
development. The first part of this note gives an outline of
the methods; the second part details the mathematics for a

particular example.



1. METHOD

The basis for this approach to determining response areas
is the concept of a velocity field introduced by Angel and
Hyman (1970, 1971, 1977) for obtaining measures of journey times
between pairs of points in an urban area. In their work, it is
observed that, in cities, the average speed of travel by road
shows an increase from the center to the periphery, and it is
with reference to this property that the authors solve for
minimum journey times. At this level of abstraction the twists
and turns of the actual network are ignored, which seems reason-
able providing the road network in the city is sufficiently
dense. An analysis shows that, if certain conditions are met,
the minimum time paths between two non-centrally located points
will reproduce on a diagram as smooth curves that spiral around
the city center, trading off the increased travel distance
against the deléys caused by traffic congestion. Figure 1
compares this effect for one city against another where the
speed is considered to be uniform for a journey origin that is
south of the city center. 1In the second case the shortest

paths are mapped as straight lines.

In general a minimum time path between A and B can be

evaluated by finding the smallest value of the integral,

B
J 1 ar (1)

where V(r) is the average speed of travel expressed as a function

of r the distance from the city center. If the parameters of
V(r) are z and p, then the time t can be written in functional

form as

t = t(r1e1, r.6

29,50 2,4 p) (2)
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where r.6, and r,0, are the points A and B expressed in polar
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coordinates. If we re-express time as a function of r2 instead,
then in principle we can obtain,
r, = r2(r161, 62, t, z, p) (3)

the equation of the isochrone. By fixing r161, z and p and then
allowing 62 to range through 2II radians, the desired isochrones
0

about a facility located at r can thus be mapped for any
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desired value of t.

It remains to parameterize the function V(r) by empirically
determining values for p and z under varying road and weather
conditions, and then solving for r, in the above equations.

The first part of this would be achieved using special surveys
to determine average speeds under different traffic conditions;
the theoretical part is considered for one class of function in
part two of this note. The accuracy obtained by our method
depends on our ability to characterize journey speeds with the
function we choose for V(r). If a city cannot be characterized
this way at all (that is if speed is clearly not a function of
r) then the method is, of course, invalid. In any event the
results can never be perfect as there is always a stochastic
component in the time attached to any journey. This is true
regardless of how the measurement is made. There may also be
barriers to travel such as rivers for which corrections will be
necessary. Nevertheless, with the method's development, the
measure of time necessary for the journey can be brought to a
level of accuracy that is sufficient for the application intended
and certainly superior to the alternative measure of distance.
The following example will show how the method works and what

possibilities there are for extensions.

Assume that the relationship between distance and the

average speed of travel is given by




It
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V(r) z r 0 <p <1 (4)

This function is flexible, analytically convenient (see part
two), and easily fitted to empirical data. There are two
drawbacks in the performance of this application: firstly,

the journey speed at the city center is defined as zero, which
is arguably impossible even in the most congested of cities;
secondly, speeds can increase indefinitely with no limit for a
large r. Often ambulances are not bound by local speed limits
but only by their physical capabilities, so the second criticism
may not apply over the range of r that we would want to consider.
Nevertheless, this specification of V(r) is not exhaustive, and

it is given here simply as an example.

Figure 2 shows how the results will be produced. The area
covered by the map is the administrative area of the Greater
London Council. The locations are drawn from an existing sub-
set of hospitals currently providing emergency treatment facil-
ities. The entire image is reproduced from a microfilm linked
to a graphics package. The values of z and p are, respectively,
3.0 and 0.75 in example (a) and 10.0 and 0.33 in example (b),
whereas the value of the plotted isochrone t has been set to

ten minutes in both cases.

As is seen the response area served by each center increases
with distance from the city center. Although each area appears
to be circular, a closer inspection shows that the side nearest
the city center is, in fact, slightly compressed. For certain
values of p, z, r1, and t those areas closest to the city center
will distort to cardiods, the cusp lying astride a radial through
r181. This would simply be a reflection of the higher congestion
effects near the center where velocities approach zero. As will
be shown, those facilities at the city center itself possess a
circular response area; this is the only point in the city
where this can occur.
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The question arises in practice: which is the optimum
covering set for our parameter values and time standard? To
answer this the approach must be extended and then linked to
the existing methods of solution while retaining the same
graphical output. 1In the "set coverage problem" (Toregas et
al. 1971), for example, the objective in our formulation would
be to identify from the feasible set the minimum number of
centers necessary to cover demand points within a given time.
(Demand points within a city can be represented on a grid.)

For very strict time standards, this may be impossible. Alter-
natively, we might choose to solve the "maximum covering problem"
(Church and ReVelle 1974), which has the slightly less noble

goal of maximizing the total population covered in a time t

from a fixed number of centers. This would be valuable for
nighttime coverage when staff shortages or budgetary considera-

tions greatly constrain the feasible set.

2. ANALYSIS

In this final section we derive the equations for the
isochrones associated with the velocity field represented in
equation (4). The technique for determining shortest journey
times, and hence the required isochrones, is based on the con-
cept of a two-dimensional time surface, set in three dimensions,
on which the distance between two points A' and B' is equal to
the journey time between the image points, A and B, in the
urban plane. This distance is a geodesic (shortest path) with
respect to the surface on which it lies. Thus its reflection
in the urban plane--a smooth curve connecting A and B--is also
the required shortest paEh between these two points. It is
shown by Angel and Hyman (1977) that for the velocity relation-

ship described by V(r) = z rP

the appropriate time surface is

a cone whose apex is the image point of the city center. Using
the transformation given by them, it can be shown that the
journey time between two points in a city characterized by this

field is given by
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cos [(1—p) 8 ] 2 (5)
12
where r, and r, are the respective distances from the city
center and 612 is their angle of separation (0 < 612 < 1I.
Rearranging (5) and making r, the subject, we obtain
r, = jm cos [(1—p) 612]
A
1-p
2 2 .
iJz t”(1-p) - m"” sin [(1-p) 612] (6)
where m = r1(1-p). Equation (6) is thus of the form specified
in equation (3). We now consider three special cases of it.
Case A
From (6) for a real solution,
z2 £2(1-p)% = m? sin® [(1-p) 912} (7)
Thus, at the limits A and B shown in Figure 3a
_ 1 . =1zt (1-p) | _

On the side furthest from the city center (6) is taken in the

positive, 6 ranging from (e1 - ¢) to (e1 + ¢). On the opposite

12
side (6) is taken in the negative over the same range for 612.
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o, city center

(a) a non-central facility
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(b) a central facility

Figure 3. Case (a) and (b).
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Case B

Also for a real solution, if the negative of (6) is taken,

m cos [(1—p) 612]2'J22 t2(1-p)2 - mzsin2 [(1—p) 912] (9)

implying that

1
r, 2 [zt(1—p)] (1-p) (10)

This means that the radial from an emergency center to the city
center must cut the isochrone en route. If not, the isochrone

cuts all four quadrants as shown in Figure 3b. In this instance,

612 in equation (6) ranges over the interval 0 < 612 < I.
Case C
Suppose r, = 0. Then the emergency center is located at

the city center. Equation (6) then simplifies to

r, = [zt(1-p)] (1-p) (11)

which is a constant. Thus the associated response area for any

value of t is a circle.
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CONCLUSION

A method has been shown that allows the automatic delimi-
tation of response areas in cities around emergency medical
centers for any time standards and different traffic conditions.
In principle, it can be extended to schedule the opening times
of different centers and to develop "optimum" configurations
for various time standards at different times of the day or

year.
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